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Telescope: the 5C2 Region (Part I)
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Sterrewacht Leiden*
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Summary. The 5C2 region, observed originally with the
Cambridge One-Mile Telescope at 408 MHz, has been
reobserved at 1415 MHz. The resulting source list
contains 238 sources with attenuated flux densities
exceeding the catalogue limit of 6.25 m.fu. Out of a
total of 190 5C2 sources (i.e. all 5C2 sources within the
10 dB attenuation contour of the present survey)
128 were detected with flux densities above the catalogue
limit. Another 22 5C2 sources were detected with flux
densities below the catalogue limit.

A discussion is given of the procedures used for deter-
mining source parameters. Special attention has been
given to the determination of flux density and angular

size, as well as to the question of completeness of the
source list as a function of flux density and angular size.
Below attenuated flux densities of about 12.5 m.fu.
both systematic underestimation of flux densities and
selection against extended sources cannot be neglected
and must be accounted for. ‘

A detailed discussion of source counts, spectral index
distributions and angular size distributions will be given
in a following paper.

Key words: radio source survey — flux densities and
angular sizes of extended sources — completeness of
source list

1. Introduction

This is the first of two papers dealing with a 1415 MHz
survey of the 5C2 region (ax=11"00™, J=49°40),
carried out with the Westerbork Synthesis Radio
Telescope.

The two main reasons for carrying out this survey
were a) to produce an accurately defined radio source
catalogue with a limiting flux density of the order of
tmfu (=107 W m 2 Hz™!) at a frequency of
1415 MHz and b) to obtain spectral index information
for a well-defined sample of weak radio sources (hence
the selection of the 5C2 region which was earlier
observed at a frequency of 408 MHz, cf. Pooley and
Kenderdine, 1968).

In order to reach a flux density limit of about 1 m.fu.
and, at the same time, detect as many 5C2 sources as
possible the survey was divided into two parts. In the
central part of the 5C2 region two fields were observed
for sixteen twelve hour periods each. The results of these
observations (with a limiting flux density of about
1.4 m.f.u.) will be discussed in a second paper (Le Poole,
in preparation).

In this paper we present and discuss the results of twenty-
four fields (observed for twelve hours each) which cover
all of the 5C2 region except the central part. The total
solid angle covered by these twenty-four fields is
5.52 1073 steradians of which 3.24 10~ 3 steradians lie
within the 7 dB attenuation contour of the 408 MHz 5C2
observations. The limiting attenuated flux density (i.e.

* Now at Institute of Astronomy, Cambridge, U.K.

the completeness limit) of the source catalogue is
6.25 mfu. for non-extended sources, and degrades
to 12.5 m.fu. for sources with an equivalent diameter
larger than about 26”.

The present survey will provide radio source count
data up to source densities that exceed the maximum
source density of the 5C2 survey (Pooley and Ryle,
1968). These 1415 MHz radio source counts will be
discussed in a third paper (Katgert, in preparation),
together with other radio statistics derived from this
survey (such as angular diameter distribution, spectral
index distribution etc.).

It will be clear that, due to the quality of the radio
positions (which is generally better than 2-3"), the
present survey is a valuable basis for systematic deep
optical identifications of weak radio sources. In our
opinion such radio surveys merit a considerable effort
on the part of optical astronomers to try and obtain
deep optical identifications either by direct photo-
graphy or by more advanced optical detection tech-
niques. Recent work by Katgert (J.LK.) and Spinrad
(1974) shows that such efforts may indeed yield a large
gain in identification percentage.

II. Observations and Calibration

The observations were done between the end of January
and the beginning of April 1971. The sensitivity centres
of the twenty-six fields were chosen such as to enable
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Table 1. Sensitivity centres of the twenty-four fields

No.  a(1950) 5(1950) No.  «(1950) 5(1950)
1 10%50m06°  50°57'30" 3 11%00m09°  50°50'30"
2 1050 30 495930 14 1100 57 524030
3 1051 06 47 5800 15 110209 472400
4 105157 49 0600 16 1104 45 48 0830
5 1055 18 48 4300 17 1104 45 49 4530
6 105524 502600 18 110503 504300
7 1056 03 49 4030 19 1106 03 512930
8 1056 03 521200 20 1107 45 48 4900
9 1056 18 51 1900 24 1109 15 50 2630

10 1057 54 474930 22 1109 36 49 3630

11 1059 15 4873300 23 1109 42 512100

12 105927 49 1830 24 1111 48 482900

detection of essentially all 5C2 sources whose spectral
indices (between 408 and 1415 MHz) are larger than
about —0.7. Moreover, we tried to avoid the presence
of strong sources near the field centres in order to
minimize the dynamic range requirements. The sensitivi-
ty centres of the twenty-four single twelve hour period
fields are given in Table 1.

All observations have been done with the movable
telescopes at distances of 54 and 126 m from the nearest
fixed one. The measured baselines therefore range from
54 to 1422 m (255 to 6707 A). The increment between
consecutive baselines is 72 m (340 4), which results in
elliptical grating responses with semi minor axes of
10/, 20’ etc.

During the survey the instrument was operated in its
twelve hour period observing mode, i.e. all observations
extend over a full 180 degrees of hour angle. When part
of an observation had to be discarded due to external
or internal interference it was reobserved.

In these observations the dipoles in the two movable
telescopes were parallel to those in the ten fixed tele-
scopes, i.e. all dipoles were in position angles of either
0 or 90 degrees. The four polarization channels of each
interferometer therefore consisted of two “parallel”
channels, which contain all information on total intensity
(Stokes parameter I) and two “orthogonal” channels,
which together with the parallel channels contain the
polarization information (Stokes parameters Q, U
and V).

Realizing that the signal to noise ratios for Q, U and V
are (for almost all sources) too low to derive useful
polarization information, we decided not to use the
orthogonal channels, thereby considerably reducing
the time required for the Fourier inversions. If desired,
it is still possible to obtain polarization information
because we did calibrate the orthogonal interferometer
channels.

Before the start of the survey the pointing accuracy
(at the declination of the survey) of all twelve telescopes
was improved to about 0.02 degrees. As a result the
antenna pattern of the twenty interferometers (and
therefore of the telescope) is slightly wider than it was
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Fig. 1. The attenuation due to the primary beam pattern of the
telescope. Dots indicate measured values, averaged over 40 inter-
ferometer channels and over all position angles. The line indicates the
function that was used in correcting the attenuated flux densities
to real-sky flux densities

during the first 1415 MHz survey (Katgert et al., 1973).
The antenna pattern of the telescope was measured by
observing the sources 3C48 and 3C147 off-axis. More
than sixty points in the sensitivity pattern were measured,
out to a radial distance of 0.6 degrees and in several
position angles. We found no evidence for deviations
from circular symmetry. The average attenuation func-
tion is shown in Fig. 1. The analytic expression (a
Gaussian with slowly varying dispersion) fits the data
with an average quality of 1.2%, excluding the point at
0.5 degrees which deviates by 6.2%. This deviation is
most probably due to an intrinsic property of the
telescopes, and its reality has been confirmed by
independent measurements.

Every day at least two calibration observations were
done of fifteen minutes or more. From these observa-
tions we derived, for each day, gain corrections (mainly
from 3C48) and instrumental phases (mainly from
3C295 which has a declination close to that of the survey).
Occasional long runs on both calibrator sources were
used to check the corrections of the twenty inter-
ferometer baselines with respect to a perfect East-West
baseline. In order to ensure maximum consistency in
the calibrations, we used one set of baseline parameters
throughout the period.

The accuracy of the gain corrections is about 1.5%
(per channel per day). The instrumental phases have an
estimated accuracy of 2 degrees, while the baseline
corrections are estimated to be accurate to within
2 millimeters (in length and orientation). The assumed
positions and flux densities of the calibrator sources are:

S1415

2(1950.0) 6(1950.0)
3C 48 - 173449383 32°54'20%8 15.67 fu
3C295 14" 933344 52°26'1317 217 fu.
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Occasionally we observed the calibrator sources with a
different dipole setting, i.e. with a relative position angle
of 45 degrees between the dipoles in the movable and
fixed telescopes. From these observations we deter-
mined the relative gains and phases of the forty ortho-
gonal interferometer channels.

III. Fourier Transforms and First Stages of Data
Analysis

The Fourier transform programme which, from the
observed two-dimensional complex visibility function,
produces a map of the sky brightness distribution is
based on a fast Fourier transform algorithm due to
Cooley and Tukey. For a detailed description of the
programme we refer to Brouw (1971).

The actual properties of a map (and of the theoretical
synthesized antenna pattern) can be specified by the
user of the programme. One important property of all
the maps that we made is that the number of synthesized
intensities per half-power beamwidth is the same in right
ascension and declination direction. This means that
the synthesized antenna pattern is circular with respect
to the two-dimensional grid of synthesized intensities.
Also, the dimensions of all maps are identical, namely
1.5 degrees in right ascension and 1.5cosecd, in
declination direction.

In producing a map one can specify the relative weights
to be given to the complex visibilities at the different
baselines. These weights (or rather their distribution)
determine the width and the shape of the synthesized
antenna pattern and, at the same time, affect the noise
per beam in the maps produced. By choosing the proper
weight function it is possible, for instance, to produce
maps with a minimum noise per beam. Unfortunately,
the corresponding synthesized antenna pattern differs
significantly from zero between the grating ellipses, and
therefore is not very suitable for survey work.

For the observations of the present survey we used two
sets of weight functions (grading functions). Firstly, we
made high-resolution maps by applying weights that
are proportional to baseline length, and which con-
sequently compensate the relatively lower sampling
density at the longer baselines. With this grading func-
tion, the weight per unit area in the aperture plane is
constant. A cross-cut (in right ascension direction)
through the resulting synthesized antenna pattern is
shown in Fig. 2a. The half-power beamwidth is 22” in
right ascension direction and 22" cosec J, in declination
direction. For the purpose of combining our 1415 MHz
data with the 408 MHz 5C2 data these high-resolution
maps certainly are not ideal, because the large difference
in beam solid angle will lead to a systematic under-
estimation of spectral indices of extended sources (the
solid angle of the 5C2 beam is about thirteen times larger
than that of our high-resolution beam).

I I I T I
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Fig. 2. Cross-cuts (in right ascension) through the two synthesized
antenna patterns

We therefore also made low-resolution maps, in which
all baselines larger than 702 m (3311 1) were given zero
weight. In addition to the weights that are proportional
to baseline length we applied a Gaussian grading func-
tion with a value of 0.072 at the maximum baseline of
702 m. A cross-cut through the resulting synthesized
antenna pattern is shown in Fig. 2b. It will be seen that
this low-resolution beam has quite small inner sidelobes
which is of great advantage for the determination of the
integrated flux density of extended sources.

The differences between the high- and low-resolution
maps may be summarized as follows:

a) the ratio of the half-power beamwidths is 2.65 but,
due to the difference in beam shape, the ratio between the
effective beamwidths is 3.2 (cf. Section IV)

b) assuming the noise figures of the twelve receivers to
be identical, one finds that, theoretically, the noise per
synthesized beam should be a factor 1.24 larger in the
low-resolution maps than it is in the high-resolution
maps

c) the correlation between adjacent synthesized inten-
sities in the low-resolution maps is larger than in the
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high-resolution maps due to a relatively higher sampling
density per beam area

d) in the low-resolution maps confusion contributes
relatively more to the errors in the flux density estimates
than it does in the high-resolution maps.

Originally, the reason for making the low-resolution
maps was to minimize an observational bias that affects
the combination of the 5C2 data with our data. However,
the low-resolution maps serve another purpose. In
combination with the high-resolution maps, they enable
us to determine total flux density and angular extent
more consistently and with higher reliability than was
possible in the first 1415 MHz survey. In Section IV we
will discuss in more detail how we actually determined
total flux densities and angular extent.

From every observation (i.e. for each of the twenty-four
fields) we made four maps, viz. two high-resolution
and two low-resolution maps. In addition to the two
maps made direct from the observations, we also made
maps from which all sources with an attenuated flux
density larger than 20 m.f.u. were subtracted.

All ninety-six maps were analyzed by means of a source
finding programme. This programme searches the map
for all intensities that exceed a specified level. For the
fifty strongest “possible” sources an iterative least
squares fitting with the central part of the theoretical
synthesized antenna pattern is done. This fitting pro-
cedure simultaneously determines the position and
intensity of possible sources. The intensity levels defining
such possible sources were set at 3.0 m.fu. for all high-
resolution maps and at 4.5mfu. for all low-resolu-
tion maps. ‘

For all twenty-four fields we combined the results of the
four maps into one list of all possible sources with
S,=5.5mfu. and/or §;>88mfu. (§, and S, denote
estimates of attenuated flux density in the high- and
low-resolution maps respectively). All possible sources
in these twenty-four lists were finally inspected on
contour plots, either of small parts of the original maps
(subtracted sources) or of the complete subtract maps
(all other sources). This inspection enabled us to deter-
mine which of the sources most probably were not real.
At the same time we measured position angles of sources
that, on the contour plots, appeared to be extended.

As a last step, we defined for every field a sample
containing all real sources with §,>6.25 and/or
5,=10.75 m.fu. It should be stressed that these samples
are complete (to the above limits) with respect to
estimated attenuated flux density, as opposed to real
attenuated flux density. Real sources with flux densities
below the completeness limits have not been included
in these samples because, firstly, they have little or no
value for statistical work and secondly, the two deep
fields will provide much better information about sources
below the present completeness limits.

All sources that are considered to be positive detections

of 5C2 sources, but which have estimated flux densities A

below the completeness limits have been entered in a
separate list (cf. Section VII).

IV. Source Definition and Source Parameters

IV a. Source Definition

Before giving a description of how we determined source
parameters, it is essential to discuss the source definition
that we used. Ideally, one would like to be able to give a
physically relevant definition of what constitutes a
source. Unfortunately such a physical definition cannot
be based on radio data alone. At best it can be based on
combined radio and optical observations.

Because optical identification work on complete samples
of weak radio sources so far yields identification
percentages of at most 50%, one cannot but use source
definitions that are based solely on radio observational
criteria. Although such purely observational definitions
are instrument- and frequency-dependent, they are
statistically more relevant than definitions based partly
on optical data (if available) and partly on radio data.
Observational source definitions are, generally, based
on a predefined solid angle. An intensity distribution
with a characteristic scale less than or not much larger
than the scale of the predefined solid angle is then
loosely defined as a source. In an attempt to base the
source definition on a resolution criterion we used an
analogy of the classical Rayleigh criterion. Our source
definition is therefore based on the absence of a relative
minimum in the intensity distribution. Taking into
account the contour values used in the contour plots,
such a relative minimum can have been detected only
when its intensity is less than about 75 % of the maximum
intensity (this is an average value, for individual sources
this value ranges from about 65 % for the weakest sources
to about 90% for the strongest sources).

This criterion was applied to the data from the low-
resolution maps, for the following reasons. Firstly, the
data from the low-resolution maps cannot be used when
the source definition is based on the high-resolution
data. Secondly, the source definition based on the low-
resolution data is, for all practical purposes, identical
to the one used for the 5C2 data (a notable exception
being 5C2.50).

For accurate statistical work involving radio observa-
tions at several frequencies, one should obviously try
to obtain observations made with more or less fre-
quency-scaled aerials, in order to have the same source
definition at the different frequencies. The difficulties
that result from radically different source definitions
(for instance in spectral index work) are illustrated
in Table 2.

IV b. Source Positions

The source finding programme provides position esti-
mates as well as errors in these estimates. These errors
are based on the differences between the scaled syn-
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Table 2. Differences in source definition

Source (1) ?2) 3)

| 1054 + 51W2 5C247

2 1054 4+ 51W3 5C2.48

3 1054 + 51W4 GB1054 +51.4
4 1054 + 51W5 } 5C2.50

5 1054 + 51W6

(1): present paper
(2): Pooley and Kenderdine, 1968
(3): Maslowski, 1972

thesized antenna pattern and the observed intensities.
However, they have not been corrected for the cor-
relation between adjacent synthesized intensities. Con-
sequently, the errors given by the source finding
programme are too small by a constant factor which,
in first order, depends on the sampling density (number
of synthesized intensities per beam area). Because the
sampling density is not the same in the high- and low-
resolution maps, the position errors in the two types of
map have not necessarily been underestimated by the
same factor. .

Yet, analysis of the ratio of high- and low-resolution
position errors, as given by the source finding pro-
gramme, shows that the average position error ratio is
equal to the ratio of the effective beamwidths. This must
be caused by the different shapes of the two synthesized
antenna patterns (i.e. by the different forms of the two
correlation functions). For this reason we have assumed
that source finding programme position errors in high-
and low-resolution maps are too small by the same
factor.

About one third of all sources was detected in only either
the high-resolution or low-resolution map. For the
remaining two thirds we have two estimates of the source
position. Considering the totally different weighting of
the complex visibility functions in the two types of map,
these two position estimates are almost completely
independent. From these two position estimates we
therefore made a weighted average, with weights that
are inversely proportional to the squares of the source
finding programme errors. The error in the average

position estimate was derived from the two errors, as-

suming complete independence of the two estimates.
About thirty sources were detected in more than one
field. Analysis of their positions in the different fields
served to determine the constant factor by which all
position errors yielded by the source finding programme
should be multiplied. After multiplication of the errors
by 1.3, seventy per cent of the position differences were
less than their combined errors. The position errors
in the source list (which have all been corrected ac-
cordingly) can therefore be considered to represent mean
error estimates.

The internal consistency of the positional systems in the
different fields is estimated to be better than 0.3 s of arc.
Those position errors that, formally, are smaller than
0.3 s of arc were consequently set equal to this limiting
value. Finally, it is estimated that the positional system
of the present survey agrees to within 0.3 s of arc with the
system defined by the sources 3C48 and 3C295.

IV c. Flux Densities

The determination of the flux densities is slightly more
complicated than the determination of the positions.
As with the positions, we have for about two thirds of
the sources two almost completely independent at-
tenuated flux density estimates, viz. S, and S, In
principle, these two flux density estimates together
contain information on the gross characteristics of the
intensity distribution of a source.

Such characteristics can only be quantified on the as-
sumption of a specific model of the intensity distribution.
The simplest possible model is that of an equal double
source, characterized by the following parameters:
a) total flux density and b) separation between the two
(equal) components. It is clear that the majority of the
sources can, in reality, not be fitted in such a simple
model. One obvious improvement with respect to the
equal double source model would be the introduction
of unequal components. However, one must have a
rather detailed knowledge of the distribution function
of component flux density ratios in order to improve
drastically on the equal double source model.

We therefore decided to use this equal double source
model, and calibrated the effects of the high- and low-
resolution synthesized beams on the flux density of
equal double sources with known separation and total
flux density. To this end we injected such well-defined
equal double sources into an artificial map. We found
the following relations:

S — §#—0.108. Tk 1.108 (1)
and
W =28.65 (in(S?/5})* @

where S*, S¥ and S} denote real (noise-free) total, high-
and low-resolution flux densities respectively, while
¥, denotes the real separation (in seconds of arc)
between the two components. Due to the ellipticity of
the synthesized antenna pattern, this equivalent separa-
tion is related to the actual separation ¥* by:

¥ = ¥*(1 — cos? ¢ cos? o) 3)

where ¢ denotes the position angle (from north through
east) of the line joining the two components.
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Fig. 3. The distribution of Q(=S,/S)) with respect to § (the weighted
average of S, and ). Dots and circles indicate sources that were
defined non-extended (Code 3) and extended (Code 4) respectively.
Sources for which a position angle could be determined on the
contour plots have been marked. For an explanation of the meaning
of the dashed and solid lines we refer to the text (Section IVc). On
the right hand side ¥,, is shown

The above relations hold for the real parameters, while
we only have estimates of the two flux densities (and the
errors in these estimates) at our disposal. For this
reason we can use the above relations only for sources
that have a high probability of being really extended.
The first question to be answered is therefore when a
source should be considered extended. In other words:
given S, and S, with their respective errors A4S, and
AS,, what is the probability that S, and S, are actually
estimates of the same total flux density S*. Having
answered this question one should decide at what

level of probability a source will be considered to be
extended.
One way to approach this problem is by considering
the parameter Q* =S}/S¥ (which is explicitly present in
the formula for ¥, and implicitly in the formula for
S¥). Obviously, Q* is unity for non-extended (point-)
sources and less than unity for extended sources.
0, i.e. the estimated value of Q*, may differ substantially
from unity even for non-extended sources.
The problem then becomes one of defining Q,;.(S¥),
i.e. the value of Q below which a source will be defined
as extended. In principle, one needs the distribution
function of Q for non-extended sources in order to
compute the probability level associated with a given
0.in(8¥) or, vice versa, to compute Q_; (5¥) given a
certain probability level. It can be shown that, on the
assumption of normally distributed errors in the
estimates S, and S, the distribution of Q (for non-
extended sources) is very nearly identical to a normal
distribution function with variance (452 + AS57)/5*2,
provided that S* is sufficiently large. In that case, the
probability of a non-extended source having a Q-value
less than 1 — (482 + A5?)*/S* is less than 16 %.
In Fig. 3 we have plotted Q against S, for all sources with
S,=6.25m.fu. and §,= 10.75 m.fu. For S, we used the
weighted average of S, and S, (with weights inversely
" proportional to AS? and 45?), i.. assuming S, and S,
to be independent estimates of the same S*. The solid
curves represent

Q=1+ (457 + A5})4/5,

for AS,=1.25mfu. and 4S,=2.45mfu., while the
almost vertical line on the left hand side represents
Q(S,) for §;=10.75 m.fu.

Filled and open circles denote sources for which
Q is larger (Code 3) or smaller (Code 4) than
1 —(A8? + A82)%/5, respectively, while sources for which
we could determine a position angle from the contour
plots have been indicated. On the basis of Fig. 3 we
conclude that the distinction between sources of
Classes 3 and 4 corresponds satisfactorily with the
distinction on the basis of detectability of a position
angle. For this reason we have adopted the following
criterion for defining extended sources: every source for
which 0 <Q,,;(S) [Where 0,;(S)=1— (45} +451)*/5,]
was defined to be extended (Code 4 in Fig. 3), irrespective
of the detectability of a position angle. On the other
hand, every source with Q> Q_. (S, was defined to be
non-extended (Code 3 in Fig. 3), again irrespective of
its appearance on the contour plots.

The probability level associated with this particular
choice of Q_;,(S,) was evaluated numerically. In Table 3
we have listed the probability that an ideal point source
with flux density §* has incorrectly been defined as
extended, with the definition based on the above
criterion.
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Table 3. Probability of incorrectly defining a point source to be extended

§* (m.fu.) P(%)
10.8 11
14.0 12
19.0 13
26.5 14
45.0 15

> 100 16

The attenuated flux densities of sources detected in both
types of map were derived as follows:

a) for sources defined non-extended (Code 3) the flux
density is the weighted average of S, and S, i.e.

S=(S,45% +5,452)/(45% + 48?). 4)

b) for sources defined extended (Code 4) we computed
the flux density by using Eq. (1), i.e.

§=§h—0.108§11.108=§hQ—1.108=‘§1Q—0.108 (5)

Eq. (5) is, strictly speaking, only valid for equal double
sources. Using this relation also for more realistic
(and therefore more complicated) source structures
causes, in general, S to be slightly overestimated. This
overestimation amounts to at most 6 % for sources with
an equivalent diameter of 22 s of arc.

The flux densities of sources detected only in either the
high-resolution map (Code 1) or the low-resolution
map (Code 2) were simply set equal to S, or S,. Flux
densities of sources detected only in the low-resolution
map, but for which we could estimate an angular extent,
were corrected by means of Eq. (5) in combination with
Eq. (2) [i.e. S=S, exp((¥,,/87.2*)].

For the determination of the actual flux density errors
we did not use the errors given by the source finding
programme. Instead we determined the actual noise in
the maps by analyzing the distribution of possible
sources with respect to flux density (a more detailed
discussion will be given in Paper III). We found values
of 1.25 and 2.15 m.fu. for the average noise per syn-
thesized beam in the twenty-four high-and low-resolu-
tion maps respectively. The ratio of these values differs
from what one expects theoretically (cf. Section III),
probably because confusion noise is not negligible in the
low-resolution maps.

The flux density errors A4S, and 48, were consequently
set equal to 1.25 and 2.15 m.fu. unless there was an
obvious reason for increasing one or both of the errors
(such as: complex structure of a source or, for the
stronger sources, the domination of the uncertainty in
the gain corrections (cf. Section II) over the random
errors in the flux density determination). For sources
with Codes 3 or 4 we computed the error in the flux
density from 4S5, and A4S, assuming S, and S, to be
completely independent.

The final correction, applied to the flux density of all
sources, is the correction for the attenuation due to the

antenna pattern of the telescope. After multiplication
by the attenuation factor, the error in the (real sky) flux
density contains a contribution due to the uncertainty
in the attenuation factor. This contribution is, for
almost all sources, small compared with the error in the
flux density estimate.

Analysis of the differences in the real sky flux densities
of sources detected in more than one map shows that
the final flux density errors (i.e. those given in the source
list, cf. Table 4) represent mean errors.

1V d. Source Structure

There are two kinds of sources for which structure could
be detected. Firstly, there are sources with an equivalent
separation less than about 22s of arc (i.e. sources not
completely resolved by the high-resolution beam, but
which have been defined extended due to a sufficiently
large signal to noise ratio). For these sources we used
Egs. (2) and (3) to compute the actual equivalent
separation. If a position angle had been determined
from the contour plots, this position angle was used in
Eq. (3). On the other hand, when no position angle was
available we applied an average factor ¥*/¥7 based on
an isotropic distribution of the position angles.

It should again be stressed that Eq. (2) is correct for
equal double sources only. Consequently the actual
separation of more complicated structures may be
considerably larger than the equivalent separation
computed from Eq. (2). Therefore one should be very
careful in using the quoted separations for statistical
purposes. ,

The second kind of source for which structure could be
detected is that of the complex sources (Code 5). For
these sources the intensity distribution was either
clearly resolved into two or more components or could,
without ambiguity, be decomposed into several com-
ponents. For these complex sources we have given an
overall position angle and, in most cases, a contour
plot. These contour plots are shown in Fig. 4.

The estimated accuracy of the quoted position angles
(which have been rounded off to the nearest multiple of
5 degrees) is of the order of 10 degrees.

V. Source List

The source list (cf. Table 4) gives all relevant information
about the detected sources. Only those sources have been
listed that have a primary beam attenuation factor of
less than 10. This corresponds to a maximum radius
of the circular search area (for each field) of 0.551
degrees.

Care has been taken to allow sufficiently accurate
recovery of all original flux density information.
The relevant relations are given at the end of this
section.
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Fig.4 A—R. Contour plots (from the high-resolution maps) of sixteen complex sources. The declination scale has been compressed by a factor
sin d in order to make the synthesized beam circular. As a result, position angles in the contour plots do not correspond to real-sky position
angles. Lowest contours have values between 1.4 and 2.4 times the noise. The sources are: (A) 1048 + 51W3 x, (B) 1050 +47W1 %, (C) 1054 + 48W3
(field 4), (D) 1054 +48W3 =« (field 5), (E) 1054 +49W1«, (F) 1054+ 51W4, 5 and 6, (G) 1059 +48W 1, (H) 1100 +51W1i%, (I) 1101 +47W3,
(J) 1101 +48W1ix, (K) 1102 +47W2%, (L) 1108 +49W1 = (field 22), (M) 1108 +49W1« (field 20), (N) 1109 +48Wix, (O) 1109 +49W4+,

(P) 1109 + 50W1, (Q) 1111+ 48W2, (R) 1111 + 51W1+

The organization of Table 4 is as follows:

Column 1: the name of the source in a modified Parkes
system (cf. Katgert et al., 1973). Complex sources have
been given one name followed by an asterisk. The
components (which need not be physically related)
have been given the same name followed by the letters
A, B etc.

Column 2: right ascension (epoch 1950.0) and its mean
error (cf. Section IV b)

Column 3: declination (epoch 1950.0) and its mean error
(cf. Section IV b)

Column 4: primary beam attenuation factor (cf. Sec-
tion II)

Column 5: real sky 1415 MHz flux density and its mean
error (cf. Section IVc)

Column 6: flux density code with the following meaning:
1. detected only in high-resolution map

2. detected only in low-resolution map

3. detected in both maps; non-extended (cf. Section IV ¢)
4. detected in both maps; extended (cf. Section IVc)
5. complex source (cf. Section IV d)

Column 7: Q i.e. the ratio of S, and S, (cf. Section IV c)
Column 8: Q, i.e. the ratio of 45, and 48,

Column 9: ¥ ie. the actual equivalent separation in
seconds of arc (cf. Section IV d)

Column 10: ¢ i.e. the position angle of the “major axis”
of the intensity distribution (from north through east)
Column 11: 5C2 number (cf. Pooley and Kenderdine,
1968)

Column 12: references to contour plots and additional
remarks.

The original flux density information may be obtained
by using the following relations (S and A4S refer to. the
parameters given in Column 5 divided by the attenuation
factor).

Code 1 S,=8 AS,~ 4S8
Code 2 S,=8 AS,~ A4S
Code 3 5,=5-0-(1+02/(Q+0%)  45,~4S-(1+Q})
5,=5-(1+Q)/(Q+0Q2) A48, ~ 48 - (1 +Q2)*/Q.
Code4  §,=S-Q!108 45,~09 4S - Q,- Q°-108
. _l=S' QO.IOS A§l~09 AS - Q0.108
Code 5 use relations for Codes 1 and 2
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Fig. 5. Limiting attenuated flux density as a function of equivalent diameter. The Roman numerals (indicating the different regions) correspond
to the flux density code given in the source list. For a detailed explanation we refer to the text (Section VI)

VI. Completeness of the Source List

Because the present source list will be used for statistical
work, it is essential to determine its completeness. By
completeness we mean that all sources satisfying certain
criteria are included in the source list (and none other).
The criteria that are relevant for the completeness of a

 (“monochromatic”) source list concern flux density and

equivalent diameter. More specifically: one must deter-
mine the limiting flux density above which all sources
with a given equivalent diameter have been included in
the source list.

Ideally, this limiting flux density should be a noise-free,
real-sky flux density while the equivalent diameter
should be a noise-free, unbiased measure of the real
angular size. In practice however, we can only discuss
completeness in terms of attenuated flux density esti-
mates and estimated equivalent diameter (based on an
equal double source model).

The discussion of completeness is relatively simple
when we express completeness in terms of esti-
mated parameters. We then need only transform the

limiting values of S, and S, into a limiting value of S,
as a function of ¥,, The procedure is illustrated in
Fig. 5, where we have plotted S, as a function of ¥,,.
The two dashed curves indicate S, ;;,, exp(0.00135 ¥2,)
and S, ;. exp(0.000132 ¥2) for S, ;,, =6.25 mfu. and
Siim=10.75mfu. Beyond ¥,,=22"7 and 72'4 re-
'spectively, i.e. where an equal double source will become
resolved by the two beams, S, was taken to be constant
and equal to 2§, ;;, and 25, ;.. respectively. This ratio
S,/Sy. for separations larger than the respective beam-
widths ‘depends clearly on the source model. For
unequal double sources this ratio will generally be less
than two. Also, the location of the dashed curves will be
slightly different for unequal double sources.

On the assumption of the equal double source model,
however, the completeness of the source list is given by
the solid line. Quantitatively, the completeness can
therefore be described as follows:

¥,,<21"1:8, ;= 6.25exp(0.00135 ¥2) m.fu.

271 < ¥,, <33'8: 5, ;i = 10.75 exp(0.000132 ¥2) m fu.

338< ¥, 8, tim = 12.50 m.fu.
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It must be stressed that the completeness of the source
list, as given above, refers only to the inclusion of sources
with a given total flux density and diameter. Conse-
quently, these completeness limits can not be applied to
the flux densities in the source list, because the flux
density estimates (S) given in the source list are not
necessarily identical to S,. As a matter of fact, only for
sources in Region IV (see Fig. 5) do § and §, coincide.
For sources in the Regions I, II and III § is smaller
than S,. The ratio between S and S, (which is a function
of ¥,,) depends on the flux density code (1,2 or 3),

Table 5. Detection of 5C2 sources

P. Katgert

ie. on the region in the (S, ¥, )-plane (I, I or III).
A statistical correction from S to S, can only be applied
when the angular diameter distribution is known.

VII. Detection of 5C2 Sources

Information on the detection of 5C2 sources has
implicitly been given in Column 11 of Table 4. For easy
reference, we have also made a list of all 5C2 sources
within the 10 dB attenuation contours of the twenty-four
fields. This list (cf. Table 5) contains 190 5C2 sources,

129%9)

1°) 229) 42%) 622) 81?) 103°) 1572) 178%) 19829)
229 23%) 432) 63°) 82%9) 1042) 131°) 159a%) 179%) 199%)
3e9) 24%) 4429) 64%) 83°) 105°) 132°) 159b®) 180°) 2009
42.9) 25%) 45%) 65%) 84Y) 107°) 134°) 1602) 181°) 201%)
59) 26%) 46%) 662) 85%) 109?) 135°) 1612) 182°) 2027)
7% 27%) 47%) 67%) 867) 1102) 136°) 162?) 183?) 2039)
8?) 28°) 48%) 68°) 87%) 111°) 137%) 1632) 1842) 2049)
92) 292) 49%) 69°) 88%) 112°) 140%) 1642) 185%9) 205*9)
10?) 30%) 50*9) 70%) 89%) 113?) 1419 1652) 1862) 2069
112 319 51°) 71a°) 91?) 114%) 142°) 1662) 187%) 2079
12%9) 329 52%) 71b°) 922:9) 116°) 1437 167°) 1882)
132) 332 53%) 72%) 93°) 117?) 144%9) 168°) 189?)
142) 349) 542) 732) 942) 1182) 146°) 169°) 190%)
15%9) 35Y) 552). 74%) 95¢%9) 119?) 1482) 171%) 1912)
16%) 36%) 56%) 75%) 96°) 120?) 150%9) 17229 1927)
17%9) 37%9) 57%9) 76°) 9729) 123?) 152¢) 1732) 1932)
18%) 389 58%) 772 98"%) 124?) 153?) 174*9) 19429)
19%) 39?) 592) 78%) 992) 1252) 1542) 1752) 1952)
20%) 40%) 60°) 79%) 100°) 126>9) 155°) 1762) 1962)
21?) 41°) 612) 80°) 101°) 127°) 1562) 177%) 197°)
) Detected, source belongs to complete sample at 1415 MHz.
%) Detected, source does not belong to complete sample at 1415 MHz.
) Not detected.
9) Source does not belong to complete sample at 408 MHz.
Table 6. Possible detections of additional 5C2-sources
5C2. RA(1950.0) DEC(1950.0) ATTEN S1415(MFU) SCODE
20 10 51 33,37+ 0.18 50 17 56.1 +2.3 2.428 11.3 £3.0 1
23 10 52 5.80 0.53 49 45 42.0 6.6 2.357 21.1 5.1 2
24 10 52 6.22 0.26 49 22 3.5 3.4 1.659 10.0 2.1 1
27 10 52 46¢36 0.46 49 20 44,0 5.7 1.735 16,2 3.7 2
35 10 53 52,23 0.40 50 13 55.4 4.9 2,041 11.4 2.6 1
37 10 53 58.66 0,28 47 53 27.6 3.7 5.942 33,3 7.5 1
49 10 54 42.42 0.47 50 25 15.1 5.5 1.084 9.7 2.3 2
52 10 55 9.23 0.26 50 11 52.6 3.2 1.483 T.9 1.8 1
70 10 56 25.83 0.64 51 0 39.5 7.7 1.949 19.0 4.2 2
80 10 57 45.17 0.27 51 8 30.3 3.2 1.788 10.5 2.2 1
81 10 57 52.39 0.15 48 43 16.6 1.8 1.771 8.3 2.2 1
84 10 58 22.99 (.13 50 53 8.3 1l.4 1.752 9.9 2.2 1
89 10 58 35.69 0.26 50 54 57.1 3.3 1.581 9.6 2.0 1
96 10 59 14.35 0.25 48 49 29.1 3.2 1.699 8.8 2.1 1
98 10 59 34.04 0.54 50 30 5044 6.7 2.300 20.1 4.9 2
101 10 59 45.39 0.49 48 4) 52.6 6.4 1l.214 Tl 2.6 2
114 11 1 8.66 0.15 49 3 3.0 2.1 2.829 17.0 3.5 1
1598 11 4 31.35 0.19 50 47 14.0 2.4 1.081 6.0 1.3 1
171 11 6 T.67 0.39 48 49 3,5 5.1 1.648 10.0 2.5 1
180 11 7 2.88 0.13 50 20 5.2 1.6 2.653 16.3 3.3 1
181 11 7 15.95 0.23 49 22 31.4 2.9 4,334 24.3 5.4 1
199 11 10 26451 0,53 50 8 30.5 6.4 2.488 25.6 5.3 2
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40 (i.e. 21 %) of which could not be detected at 1415 MHz.
From the remaining 150 sources, 128 are included in the
source list (i.e. they have §,=6.25mfu. and/or
§,=10.75 mfu). Information on the remaining
22 sources (which have S,<6.25mfu. and/or
5,<10.75mfu) is given in Table 6, which has es-
sentially the same .organization as Table 4. We conse-
quently refer to Section V (Column 11 and Columns 2—6)
for the explanation of the data in Table 6.

Those 5C2 sources which, at 408 MHz, have an attenua-
tion factor larger than 5.0 have been indicated by d)
in Table 5. Excluding such sources, the list contains
159 sources, of which 38 have not been detected.
Twentyone sources with a 408 MHz attenuation less
than 5.0 were detected, but are not in the source list.
The remaining 100 sources constitute a sample with
well-defined completeness limits at both frequencies
from which unbiased spectral index information may be
derived.

VIII. Comparison with Other Observations of the 5C2
Region

The 5C2 region has been observed at several other
frequencies. Apart from the present 1415 MHz ob-
servations there are:

a) observations with the Cambridge One-Mile tele-
scope at frequencies of 408 and 1407 MHz, with a
limiting attenuated flux density of about 12 m.fu. at
both frequencies (Pooley and Kenderdine, 1968)

b) observations with the N.R.A.O. 300-ft telescope at a
frequency of 1400 MHz, with a limiting flux density of
about 90 m.f.u. (Maslowski, 1972)

c) observations with the N.R.A.O. 140-ft telescope at a
frequency of 5000 MHz, with a limiting flux density of
about 90 m.f.u. (Pauliny-Toth et al., 1972)

d) photographic observations in U, B and V with the
134/200 cm Schmidt telescope of the Karl Schwarzschild
Observatory at Tautenburg, with a limiting magnitude of
about 20™ in the three colours (Notni et al., 1971).

A comparison between the 408 MHz radio positions and
the optical positions has already been made by
Notni et al. Here we will only make a comparison
between the 408 MHz positions and the 1415 MHz
positions from the present survey. In Figs. 6a—6d we
have plotted Ada(= 0405 — %1 415) and A3(= 405 — 1415)>
both against r, and r; where r, and r; denote distances
from the 408 MHz field centre along great circles. It is
immediately clear that the two positional systems are
not identical. Obviously, the scales in right ascension
direction differ appreciably, but even more striking is the
dependence of 4« on r; and that of A6 on r,.

It appears that the behaviour of the four functions
displayed in Figs. 6a—6d can be explained most simply
by incorrect precession corrections in the Cambridge
408 MHz measurements (i.e. apart from possible dif-
ferences in zero point). In this explanation, where it is

+1%0

-1%0

+1%0

+10"— ¢ . * . —

-10"

+10"

-10" —

-1°0 o

+1°0

fa/ 75

Fig. 6. Position differences (Cambridge 408 MHz minus Westerbork
1415 MHz) for all 5C2 sources belonging to the complete sample
defined at 1415 MHz. The values of 4a(r;) have been corrected for the
general slope in 4o(r,) as given by the solid line in (a). Note that the
solid lines do not represent least squares fits to the points

assumed that no differential precession correction was
applied to the 408 MHz positions, one expects (in first
order approximation) a linear compression in right
ascension direction and a rotation of the coordinate
system. The magnitudes of these effects have been
indicated by solid lines in Figs. 6a—6d, i.e. these solid
lines are not least squares solutions fitted to the ob-
servational data. It can be seen that these predictions
agree very well with the experimental data. However,
Dr. Pooley (private communication) is almost certain
that differential precession has been allowed for in the
Cambridge 408 MHz observations and he thinks that
the systematic effects in Figs. 6a—6d must be explained
in some other way.

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1975A%26A....38...87K&amp;db_key=AST

FT975A8A © 2387 87K

It seems as if the 1400 MHz Green Bank flux densities
below about 150 m.fu. have been systematically over-
estimated (on the average 20% for flux densities of
about 90 m.fu.) with respect to the Westerbork
1415 MHz flux densities. This must, at least partly, be
due to the considerable difference in beam area: the
Westerbork low-resolution beam has an area that is
about 60 times smaller than that of the Green Bank
beam. For the stronger sources the two flux density

_scales seem to agree satisfactorily.
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Fig.‘7. The Cambridge 1407 MHz and Green Bank 1400 MHz flux
densities versus the Westerbork 1415 MHz flux densities. Arrows
indicate lower limits to the 1415 MHz flux density for 1400 MHz

blends of several sources not all of which were detected at 1415 MHz:

The dependence of 4o on r, was also found by Notni et al.
when analyzing the differences between the optical and
radio positions. It seems that these authors inter-
preted this effect as a frequency (or baseline-length)
error in the Cambridge measurements, because they
applied an analogous correction to the radio declina-
tions. However, the absence of a dependence of 44
on r; (cf. Fig. 6c) rules out such an explanation. More-
over, such an explanation would imply a frequency error
of about 700 kHz or, alternatively, a baseline-length
error of about 3m, both of which are practically
impossible.

In Fig. 7 we have plotted Cambridge 1407 MHz and
Green Bank 1400 MHz flux densities against 1415 MHz
flux densities for sources common to the three catalogues.
Because of the limited number of sources common to the
Cambridge 1407 MHz and the present 1415 MHz survey
very little can be said about the relationship between
the two flux density scales. The situation is different
for the Green Bank and Westerbork flux density scales.
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