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Abstract

Accurate flux densities at 887 GHz have been determined with the Parkes 64 m
telescope for 195 radio sources, using an on-off integration method. The sources
were selected from the Parkes 408 and 2700 MHz catalogues as those having estimated
flux densities at 8-87 GHz greater than 0-5f.u. and relatively small angular sizes.
Eighty of the selected sources are identified with QSO’s, 40 with galaxies, and one with
an HII region, while 74 have not been identified. The estimated accuracy of the flux
density is +0-02 f.u. (r.m.s.) due to system noise and +3-5% due to other causes.
A list of known or newly suspected radio variables in the sample is given.

1. INTRODUCTION

This paper presents accurate flux densities at 8:87 GHz (). = 3-4cm) of
195 radio sources. The sources were taken from either the Parkes 408 MHz catalogue
(Ekers 1969) or the currently completed parts of the new Parkes 2700 MHz catalogue
(Wall et al. 1971; Shimmins 1971; Shimmins and Bolton 1972b; and unpublished
Parkes data). The sources were selected as having estimated flux densities at 8-87 GHz
greater than 0-5f.u.t and angular sizes small compared with the 2’-55 arc beam
of the telescope at this frequency.

The work was undertaken partly to extend the present program of observations
of spectra of radio sources to a higher frequency and partly to investigate an on—off
technique for the measurement of flux densities under conditions of low signal to
noise ratio.

Some of the observed sources are common to other source lists at almost the
same frequency: 130 sources at 8-55 GHz by Andrievskii et al. (1969), 99 sources
at 8-55 GHz by Gorshkov et al. (1970), and 60 sources at 8-00 GHz by Stull (1971).
In Section VI the present measurements are compared with those of the above authors
together with measurements of 146 sources at 10-63 GHz by Doherty ez al. (1969)
and 101 sources at both 6-63 and 10-7 GHz by Bell et al. (1971). A number of new
variable sources are suggested.

II. EQUIPMENT AND OBSERVATIONS

The observations were carried out at the Parkes Observatory in a single observ-
ing session, 4-9 February 1972 (1972-10). The 64 m (210 ft) parabolic reflector was
equipped with a cryogenically-cooled parametric receiver developed by the Division
of Radiophysics, CSIRO. The centre frequency was 8-87 GHz, the bandwidth
30 MHz, and the system noise temperature 250 K, giving an r.m.s. noise fluctuation
of 0-033 K (0-115 f.u.) for an output time constant of 2s. A noise diode was used
to produce a calibration signal of approximately 1 K (3-25 f.u.) at the receiver input.

* Division of Radiophysics, CSIRO, P.O. Box 76, Epping, N.S.W. 2121.
11 flux unit (f.u.) = 10-26Wm~2Hz"1,
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The receiver was switched between two feeds, one on axis and another producing
a beam 20’ arc off axis. The on-axis feed was of the two-hydrid-mode type described
by Thomas (1970) and was phased to receive circular polarization. The main beam
was circular, with an approximately Gaussian shape of half-power width 2’-55 arc.
At high frequencies, the axial focus, lateral focus, and aperture efficiency of the
telescope and also the atmospheric extinction are all functions of zenith angle. For
the present observations the telescope axial focus was fixed at the optimum value
for zenith angle 40° and the lateral focus at the optimum value for zenith angle 45°,
while observations were made within the zenith angle range 30°-50° wherever possible.
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Fig./ 1.—Zenith angle correction factor to compensate for changes in both
atmospheric extinction and aperture efficiency and for the telescope being out
of axial and lateral focus (axial focus -+1-6 cm, lateral focus +4-0 cm).

The combined effects of all variations with zenith angle were determined from obser-
vations of the source PKS0915—11 (Hydra A) over a wide range of zenith angles
and from additional data supplied by D. E. Yabsley (personal communication).
The zenith angle correction factor is shown in Figure 1.

In the past, measurements of flux density at high frequencies, i.e. 27 and
5-0 GHz, have consisted of forward and reverse scans through the position of the
source in both coordinates. On-line analysis with a PDP-9 computer provided simul-
taneous measurement of the flux density and apparent position of the source. Correc-
tions were subsequently applied for pointing errors (i.e. for the differences between
the set and measured coordinates). The large collecting area of the telescope com-
bined with the low system temperature and large bandwidth made possible the
determination of the flux density of a source to an accuracy of 0-02 f.u. in an observing
time of less than 5 min.

As the efficiency of the telescope at 8-87 GHz is somewhat lower, the receiver
noise temperature some three times higher, and the bandwidth only one-tenth that
of the other receivers, the use of a similar technique would have involved an increase
in observing time of at least an order of magnitude. It was therefore decided to use
an on-off technique in which a larger fraction of the effective observing time was
spent on source. However, as the telescope pointing error, typically 0'-4 arc, is
significant compared with the beamwidth, pointing corrections are larger than in
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the lower-frequency measurements and must be determined during the flux
measurement.

The observational procedure adopted was as follows. The telescope was set
approximately 5'-0 arc away from the source and the receiver sensitivity was deter-
mined by measuring the difference between the receiver output with and without
the injection of a calibration signal of approximately 1 K. An integration time of
30 s was used and the measurement retained by the computer. The telescope was then
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Fig. 2.—Telescope drive cycle for on-off integration series, with times in seconds and off-source
locations in beamwidths (bw) as indicated.

set on the nominal position of the source and the on—off drive cycle in declination,
shown in Figure 2, was initiated by the computer. At the end of the cycle the data
printed out by the computer were:

(1) The values of the deflections from the on-source-off-source integrations,
their mean value, and the scatter.

(2) The flux density obtained by dividing the mean value by the previous deflection
due to the calibration signal and multlplylng by the adopted flux equivalent
of the calibration signal.

(3) The values of the deflections at -4-1/8 beamwidth.

(4) Two estimates of the displacement between the set and the measured declina-
tion. These were computed from the ratio of the 4-1/8 beamw1dth deflections
to the mean on-source deflection.

(5) The percentage correction to the flux density due to the mean of the two
displacements calculated in (4).

If the value of the pointing correction was 109, or greater, i.e. the displacement
in declination 30" arc or greater, the declination cycle was repeated at an on-source
declination indicated by the displacement in (4). Otherwise a new flux calibration
was applied and the cycle repeated in right ascension. i

For most sources satisfactory observations were obtained with one cycle in
each coordinate. In a few extreme cases repeat observations were made in declination
and right ascension and a further repeat in declination at the final value for the right
ascension.
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1II. DATA REDUCTION AND CALIBRATION

Previous flux density measurements at Parkes have been tied to the spectrum
of PKS0915—11 (Hydra A), for which a power law has been assumed. At 8-87 GHz
the source is partially resolved with the 2’55 arc beam but the structure is not suffi-
ciently well-known to permit the calculation of an accurate size factor (which is
between 1:05 and 1-10). This is because of the unknown spectrum of the halo
component, which at 1425 MHz contributes 26 9; of the flux density and is approxi-
mately 200" arc in diameter (Fomalont 1971). At 8-87 GHz the halo is not obvious
from scans through the source and consequently its spectrum must be very steep.

The flux density scale for the present measurements was determined by compar-
ing measured and estimated values of flux density for 10 stable small-diameter sources
which have well-established power-law spectra between 1410 and 5009 MHz. These
spectra were extrapolated to 8-87 GHz to determine the estimated flux densities.
Some properties of the calibration sources are given in Table 1.

TaBLE 1
FLUX DENSITY CALIBRATORS
o @ 3) @ ® ©) @

Parkes Other Identi- Size Flux density Ratio
source No. cat. No. fication factor Sest Steas Sest/Smeas
0003 —00* 3C2 QSO 1-000 0-91 0-94 0-968
0023—26 MSH 10 — 1-000 2-59 2-45 1-057
0034—01 3C15 E 1-006 1-03 1-00 1-030
0035—02 3C17 E 1-017 1-72 1-82 0-945
0159—11 3C57 QSO 1-000 0-90 1-00 0-900
0410—75 MSH 1 — 1-000 2-65 2-54 1-043
0521 —367% MSH 6 N 1-005 7-20 7-11 1-013
1116412 QSO 1-000 1-32 1-33 0-992
1932—46 MSH 6 g 1-052 2-03 1-93 1-052
2121424 3C433 db 1-025 2-30 2-31 0-996

* Possibly a variable (see Table 3). Flux density given by Andrievskii et al. (1969) is in
conflict with other flux density data which support a stable power-law spectrum.
+ A slow variable. Value is that estimated for 1972-1.

Subsequent to the observations, corrections for differences between the set
and measured coordinates of each source were applied to the flux densities from the
on—off series. (These corrections were obtained graphically from the beam pattern
obtained from a scan through a strong small-diameter source.) The flux densities
from the two on—off series for each source were then averaged. The final flux densities
were determined by multiplying these averages by a scale factor obtained from the
calibration sources given in Table 1. The measured flux densities of the 10 calibrator
sources are given in column 6 of Table 1. The r.m.s. scatter in the ratio of estimated
to measured flux densities (column 7) is 4-8 9.

The size factors (used in correcting the peak flux densities for partial resolution)
have been estimated from all available data on angular structure by means of the
formulae given by Shimmins and Bolton (1972a). Most of these data are from obser-
vations at frequencies lower than the present measurements (e.g. 408, 1425, and
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2650 MHz). In the case of core-halo sources, allowances were made for changes in
structure with frequency. The computed size factors for 150 of the 195 sources
measured were not significantly different from unity, and in only 20 cases were the
factors greater than 1-05.

IV. ESTIMATION OF ERRORS

In the present observations errors in flux density due to polarization, confusion,
and receiver nonlinearity are negligibly small. Flux density errors arise from:

(1) uncertainties in the zenith angle correction factor,

(2) changes in atmospheric extinction,

(3) system noise and telescope tracking “noise”,

(4) short-term changes in receiver sensitivity,

(5) measurement of the amplitude of the calibration signal, and

(6) uncertainties in the off-source pointing factors arising from errors in the
measured coordinates of the source.

Errors from the uncertainties in the zenith angle correction factor and from
changes in atmospheric extinction are estimated at 3-09, as indicated by the scatter
in the observations used to determine the curve given in Figure 1 and from the scatter
in a few repeated observations of strong sources. Future repeated observations will
establish the value with more certainty, this being the predominant error in the flux
densities of the stronger sources.

The error due to system noise and telescope tracking “noise” has been estimated
as 0-020 fiu. plus 1-59 of the flux density (r.m.s. errors). The telescope tracking
error is typically 2” to 3" arc, which results in fluctuations in output signal when
the telescope beam is not exactly on source. For sources weaker than 1-5f.u. a
typical r.m:s. scatter of 0-030f.u. is calculated from the four amplitude changes
obtained from each on-off series. For the same sources the half-differences between
the measured amplitudes of the first on—off series (corrected for the off-source pointing
factor) and the second on-off series have an r.m.s. scatter of 0-020 f.u. Figure 3
is a histogram of these half-differences. The error agrees well with the estimate
obtained from the scatter in the individual amplitudes and indicates that the errors
in the first off-source pointing correction factors do not make any significant contri-
bution to the overall errors. For the strong sources the corresponding scatter in the
half-differences between the first and second on—off series is estimated as 1-59 of
the flux density. This arises principally from tracking “noise”, with only a small
contribution from errors in the first off-source correction factors. It should be noted
from Figure 3 that the half-differences do not have a normal distribution in that
there is a long tail to the distribution, approximately 159 of the sources having
half-differences greater than two standard deviations and 8% of the sources having
half-differences greater than three standard deviations.

Errors due to short-term changes in receiver sensitivity and in the measured
amplitude of the calibration signal are estimated as 1:09 r.m.s. The scatter in the
amplitude of the calibrations is 1-4 9, which is due partly to short-term changes in
receiver sensitivity but which to a large extent is due to errors in the measurement
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of the amplitude of the calibration signal. This is confirmed by the fact that the
scatter in the half-differences of flux densities from the first and second on—off series
is significantly less when the mean calibration amplitude is used than when the
individual calibration amplitudes are applied separately to the associated on-off
measurements.

Errors in the off-source pointing factors, which arise from uncertainties in the
measured source coordinates, are estimated to be less than 0-7%;. (It is estimated
that for sources stronger than 2 f.u. the r.m.s. errors in the measured coordinates
are less than 5” arc, while for sources of 1 f.u. they are approximately 8”.)

30

Fig. 3.—Histogram of half-differences between
flux density from first on—off integration

series (corrected by off-source correction
factor) and that from second series, for
sources with Sgg70 < 1-50 f.u.
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The resultant errors in the flux densities due to the sources of error discussed
above are given by a standard error of {(0-020)>+4(0-0355)%}* f.u., where S is the
flux density at 8-87 GHz. Approximately 109, of the sources show abnormally
large differences between the flux densities from the declination and right ascension
measurements, and these sources have been given larger estimated errors. Finally,
it should be noted that for the 20 sources with size factors greater than 1-05, an
additional error corresponding to 109 of the size factor has been given.

V. NoTes ON TABLE 2

Table 2 contains details of the measured sources, the flux densities at 8-87 GHz,
and the estimates of errors. All flux densities are at epoch 1972-10. Additional
information is:
Column 1. Parkes source number. Sources from the Parkes 2700 MHz catalogues
have three digits in the declination part of their number.
Column 2. 3C, Third Cambridge catalogue (Edge et al. 1959); 4C, Fourth Cam-
bridge catalogue (Pilkington and Scott 1965; Gower ef al. 1967); MSH, catalogues
of Mills et al. (1958, 1960, 1961).
Column 3. The measured peak flux density.
Column 4. The size factor to correct for partial resolution with the 2’-55 arc beam.
Column 5. The integrated flux density at 8-87 GHz.
Column 6. The estimated standard error in the peak flux density.
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Column 7. Optical identification or field class for the source where known. These
data are mainly drawn from published or unpublished identification work of the
Parkes Observatory. The following abbreviations apply: QSO, quasi-stellar object;
QSO?, possible quasi-stellar object; S, E, D, db, and N, galaxies with these optical
classifications; g, galaxy too faint to classify from the Palomar Sky Atlas; II, field
contains several faint galaxies within positional errors; III, a few stars of normal
colour; IIA, as for III, with some obscuration possibly present; IIIB, a blank
field; IIIC, a very crowded star field; IV, an obscured field; HII, an ionized hydrogen
region.

Column 8. Abbreviations used are: doub., a two-component source; sepn.,
angular separation; PA, position angle; trip., a three-component source; NS,
north-south; EW, east-west; D., diameter. Where two angular sizes are given, the
north—south size is given first, followed by the east-west size.

Column 9. Remarks, including other catalogue numbers not given in column 2.
Abbreviations (in addition to those given above for column 8) used are: BSO, blue
stellar object; comps, components; CTA, Caltech list A of Harris and Roberts
(1960); CTD, Caltech list D of Kellermann and Read (1965); DA, catalogue of
Galt and Kennedy (1968); DW, catalogue of Davis (1967); M, Messier catalogue;
NGC, New General catalogue; n.p., north preceding; NRAO, catalogue of Pauliny-
Toth et al. (1966); PHL, Palomar Haro Luyten (Haro and Luyten 1962); scint.,
source shows interplanetary scintillation; UVX, ultraviolet excess; var., source is
known to vary at centimetre wavelengths; var?, source is thought to vary at centimetre
wavelengths.

VI. CoMPARISON WITH OTHER RESULTS
(a) Flux Density Scales and Error Estimates

In order to compare the present measurements with those of Bell et al. (1971)
at6-63 and 10-7 GHz, a flux density at 8-87 GHz has been estimated by interpolation
for each source in common. A plot of these flux densities against the present obser-
vations indicated that the flux density scales are the same to within the statistical
uncertainty. Many of the sources common to the two lists are variable in flux density
at centimetre wavelengths. The scatter in the plot reflects these variations together
with any errors introduced by the interpolation procedure, and thus cannot be used
to verify error estimates.

When the 8-55 GHz flux densities from the Crimean Astrophysical Observatory
(Andrievskii ef al. 1969; Gorshkov et al. 1970) are plotted against the present obser-
vations, it is clear that there is a significant difference between the flux density scales.
If the small difference in frequency is taken into account by means of a representative
spectral index, the 8-55 GHz flux densities appear to be scaled about 149, lower
than the present measurements. The scatter in the plot cannot be used to verify
the error analysis of Section IV because the errors in the 8-55 GHz flux densities
are considerably larger than those in the flux densities presented here.

Stull (1971) has observed 60 radio galaxies from the Parkes catalogues at
8:0 GHz. There are six sources in common for which the 8-0 GHz flux densities
are greater than 1 f.u. and believed not to vary. The mean ratio of 8-87 GHz flux
density to 8-0 GHz flux density is 0-9674-0-015. A ratio of 0-92 is expected on the
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basis of the frequency difference and a representative spectral index of 0-8. Con-
sequently the scale used by Stull appears to be about 5 7 higher than that adopted
here. The error estimates for the two sets of observations are comparable and the
r.m.s. scatter of 3-6 9, in the flux density ratios for the six sources is in good agreement
with these estimates.

(b) Variations in Flux Density

Table 3 is a list of the sources in the present sample which are either known or
thought to vary in flux density at centimetre wavelengths. The list comprises all sources
labelled “var.” or “var ?” in column 9 of Table 2. For a number of sources a compari-
son has been made between the present observations and those by other observers
at earlier epochs, and “var?” in these cases indicates that the source probably varies
in flux density. Several sources suggested by other observers as being variable at
centimetre wavelengths have been included, although the present observations do
not necessarily support these suggestions.

Columns 3, 4, 5, and 6 of Table 3 contain the ratios of flux densities, indicated
by the abbreviations (for other abbreviations see Section V.): PKS, present
(8-87 GHz) observations; BSB, 6-63 and 10-7 GHz observations at Algonquin
Radio Observatory (Bell et al. 1971) interpolated for estimates of 8-87 GHz flux
densities; CRI, 8-55 GHz observations at the Crimean Astrophysical Observatory
(Andrievskii et al. 1969; Gorshkov et al. 1970); M, 8-0 GHz observations at the
University of Michigan Observatory (Brandie and Stull 1971; Stull 1971); Z,
10-69 GHz observations at Bochum (Zimmermann 1970); DMP, 10-63 GHz
observations at Algonquin Radio Observatory (Doherty et al. 1969).

The ratios have been adjusted to remove the effects of the different flux density
scales noted above. A colon following an entry in columns 3-6 indicates that the
entry as it stands does not imply flux density variations. No reference in column 8
indicates that variations in the flux density of the source have not been suggested
previously. It is clear that repeated observations for such sources are required to
establish variations with certainty, as comparisons of single flux density measurements
from different observatories can be misleading. :

The apparent variations in PKS0240—00 (3C71; NGC 1068) are of particular
interest. The source is known to be very luminous at infrared wavelengths (Kleinman
and Low 1970), and some observers have suggested variations in flux density at
millimetre wavelengths (Epstein and Fogarty 1968; Rather 1970; Fogerty et al.
1971). The radio spectrum (see e.g. Kellermann and Pauliny-Toth 1971) does not
suggest the presence of compact components from which variations in flux density
might be anticipated.

VII. CONCLUSIONS

We have demonstrated a satisfactory technique for measuring the flux densities
of small-diameter sources with a relatively narrow beam under conditions of low
signal to noise ratio. Comparison with measurements from other observations
indicates that the flux scale at 8-87 GHz is satisfactory, and suggests variation in
the flux density at this frequency for at least 309, of the sources in the sample. The
use of a stronger calibration signal would reduce the error due to system noise in
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its measurement, and determination of the source position with integrations at
-+ 1/4 beamwidth prior to the main on-off cycle could reduce the errors due to telescope
pointing.
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