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Summary. We present high resolution (1”) snapshot maps of 133
radio sources from the Leiden-Berkeley Deep Survey (LBDS),
made with the VLA in the A-configuration. The large majority
of these sources have flux densities between 1 and 100mJy at
1.4 GHz, the median flux density of the present sample is S5mJy.

A subsample of 85 of these sources forms a representative
subset of the complete, optically identified (my — lim ~ 2275)
LBDS sample. This subsample allows the first unbiased study of
the morphology of radio galaxies at these low flux densities. An
additional 37 sources from the LBDS for which no optical iden-
tification could previously be found, have also been mapped to
allow identification attempts on very deep optical material.

Combining all radio-morphological data now available for
the LBDS, we find that the median angular size of a complete
radio sample decreases with decreasing flux density, to as low a
value as ~2" between 1 and 10 mJy. This result is probably due
to a combination of a changing composition of the radio galaxy
population and a general decrease of intrinsic sizes of radio
sources towards lower radio luminosities.

A comparison of the angular sizes of the classical red (ellip-
tical) radio galaxies with those of the blue radio galaxies that
become increasingly dominant in the 1-10 mJy range, show the
latter to be significantly smaller than the former. While 10% of
the red galaxies are not resolved by the 1”4 beam, 50%; of the blue
radio galaxies remain unresolved. Although most of the red mJy
radio galaxies are resolved, their intrinsic sizes seldom exceed
100-200kpc, and their median intrinsic size is about 50kpc
(Hy = 50kms~!Mpc~?1). The present data for the red radio
galaxies seem to support that — at least for the intermediate to
low radio luminosities — a dependence of intrinsic size on radio
luminosity, similar to the one found by Gavazzi and Perola (1978)
is present at higher redshifts as well.

We find definite indications for a decrease of intrinsic size
with increasing redshift, with a relation that results in a decrease
of a factor 4 in size at z = 0.5 with respect to the local value at
the same radio power.

The large increase in radio resolution, and hence positional
accuracy, shows the overall contamination of the optical identi-
fications based on the WSRT positions to have been estimated
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correctly. However, the contamination fraction appears to be
strongly dependent on optical type and color.

Key words: radio sources — radio galaxies: evolution of — structure
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1. Introduction

Several systematic deep surveys of extragalactic radio sources
have been made with the Westerbork Synthesis Radio Telescope
(WSRT) over the last 15 years. Most recently, two surveys of com-
parable sensitivity and statistical weight were made at 1.4 GHz,
namely one of several selected areas for which deep Mayall 4m
plate material was available (Windhorst et al., 1984), and one
of several survey areas in the Einstein deep survey program
(Katgert-Merkelijn et al; 1985).

The combination of the former Westerbork radio data with
the deep 4-color Mayall plates has become known as the Leiden-
Berkeley Deep Survey (LBDS) and has been discussed in a series
of papers (Windhorst et al., 1984 Kron et al., 1985 Windhorst;
1984). The survey contains 306 radio sources above flux density
limits of between 0.6 and 1.4 mJy. The median flux in the sample
is ~6mJy. The radio beam has halfwidths of 12" by 12"/sin 4,
resulting in positional accuracies of a few tenths of an arcsecond
to, at most, a few arcseconds.

The optical material consists of 4m Mayall photometric plates
in four colors (U, J, F and N) reaching limiting magnitudes of
23.5 (U and J), 22.5 (F), and 21.0 (N). Optical identifications on
the basis of positional coincidence alone yielded 146 candidates,
while 25 other sources were considered reliably identified (these
were mostly clearly resolved radio sources).

Because of its flux range, the LBDS is very well suited for a
study of the intermediate-to-low radio luminosity radio galaxies
out to considerable redshifts (i.e. well beyond unity). The optical
limits result in maximum redshifts of between 0.5 and 1.0 for the
various classes of radio galaxies that populate this flux range.

Some of the major results of the LBDS were to define the
various radio galaxy classes and to provide estimates of their
space densities over the accessible redshift range. On the basis
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of optical colors and radio morphology, two radio galaxy classes
were defined. The first one has the optical colors of the classical
elliptical (“red”) radio galaxies found in abundance at higher ra-
dio fluxes. The second one has bluer colors and a more extended
optical morphology than the first one and could be thought to
consist entirely of normal spirals if it were not for the frequently
unusually large radio luminosities.

In this paper we present high resolution radio observations
with the Very Large Array (VLA) at 20cm of a large, represen-
tative subset of the optically identified LBDS radio sources, as
well as of a smaller subset of LBDS “empty fields” (the latter
to allow optical identification on very deep CCD exposures, see
Windhorst et al., 1986).

Similar morphology studies have been carried out earlier with
the VLA (e.g. Fielden et al; 1983 and Lawrence et al; 1984), but
down to flux levels which are 10-100 times as bright as ours.

The data presented in this paper were obtained during two
runs, more than one year apart. Together with the WSRT data
of sources for which the WSRT resolution was adequate, we now
have information required for a discussion of the angular size
distribution of a complete source sample between 1 and 50 mlJy.
Combined with angular size distributions at higher flux levels,
we can study the flux density dependence of the distribution,
and the median angular size, ¥4 The present data also allow
us to study possible morphological differences between the vari-
ous classes of radio galaxy, as well as correlations between mor-
phology and redshift or radio luminosity.

2. Observations and reduction
2.1. Observations

The snapshot observations were made with the VLA [for a
detailed description of the VLA see Thompson et al. (1980)]
in the A configuration (minimum baseline: 0.8 km, maximum
baseline: 36.6 km) in two periods of 24 hours each, the first on
September 29-30 1983 and the second on January 27-28 1985.
The total bandwidth was 100 MHz, split into two 50 MHz bands
centered on 1465 and 1515 MHz. The source 3C 286 was used
as a primary flux calibrator and other calibrator sources were
observed for 5 minutes every half hour. Because our sources were
selected from fields at O (SA 68), 9" (Lynx), 13®(SA57) and
17" (Hercules), it was possible to observe in one continuous 24
hour block. Maps were made from a simple 5-minute observation
for strong sources, and from up to three 10-minute observations
for weak, extended ones.

The resulting maps typically had a noise of 0.15mJy per half
hour of observation and a resolution of 1”4, although in some
cases the maps were tapered in order to detect diffuse compo-
nents. Due to the large bandwidth, the effective field of view of
each map is only 25", so the observations were restricted to only
one source per map.

2.2. Data reduction

The initial calibration was carried out at the VLA site. Flux
scales were calibrated using 3C 286, which has a total flux of
14.4Jy at 1465 MHz (Baars et al.; 1977). Correcting for the fact
that one extended component, containing a few percent of the
total flux, is resolved out at 20cm with the A-array, we used

values of 13.8 Jy at 1465 and 13.5]Jy at 1515 MHz on the longer
baselines. The final reduction was done using the Charlottesville
(pre AIPS) VLA reduction package, adapted for use on the
Amdahl V7B of the Leiden University computing center. Each
50MHz channel was reduced separately and the CLEAN-ed
maps were averaged.

In the reduction process, we profited greatly from the existing
WSRT 21 cm maps of the LBDS fields. This enabled us to locate
precisely all strong, nearby sources which cause confusion. If
necessary, we made offset maps at the location of the interfering
sources and decomposed them into CLEAN components. These
were then subtracted from the map. For extended interfering
sources this did not give very satisfactory results, because very
large numbers of components would be required for a good
representation.

Due to Earth-based interference and problems with the inner-
most telescopes (especially during the 1983 run), data from the
shortest spacings sometimes had to be left out. If a source re-
mained undetected or if it was suspected that not all the flux was
recovered, a low resolution map was made by using a Gaussian
tapering function, usually to 2" or 35 resolution.

The maps were cleaned to 1-3% of the peak. After cleaning,
the components were restored with a circular beam. After aver-
aging of the two channels, further analysis was done using the
WSRT reduction package. Fluxes at 1412 MHz were calculated
using 50-21 spectral indicates from Windhorst and Oppe (1986),
or — if none was available — using a value of 0.75. Errors in posi-
tion and flux were determined empirically by a direct comparison
with the LBDS 21 cm and optical data (see appendix).

Source parameters were determined using a two dimensional
elliptical Gaussian fitting routine for unresolved, resolved and
slightly extended sources. For extended or complex sources a
different procedure was used, described in Windhorst, et al. (1984)
Sect. 4b II: The total flux of the source is determined directly
from the data by summing the pixel intensities within the lo
contour. If possible, the source is divided into components, for
which the relevant parameters are calculated separately by hand.
The angular size and position angle of the entire complex is deter-
mined from the relative positions of the outermost components.

No statistical corrections for noise induced overestimation of
the source parameters were applied, because different conditions
exist in each map. For the sake of uniformity, unresolved sources
are therefore tabulated with a signal-to-noise independent upper
limit of their angular size of 1”, except in cases where the reso-
lution in the map was much lower. The observed (uncorrected)
upper limits lie in the range of 0’5 (for the highest signal-to-noise
sources) to 1”. We have chosen the outer envelope of these upper
limits to ensure that the angular sizes of the unresolved sources
in our sample are all indeed smaller than the upper limit cited.

3. Description of the sample
3.1. Selection criteria and the source list

Our present sample is built up from two observation runs, 13
years apart. Although the two sets of observations were carried
out with different direct goals in mind, they have two basic selec-
tion criteria in common, based on practical considerations. First
of all, the total flux of each source must be greater than about
1mly in order to avoid prohibitively long observing times but
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Fig. 1. The fluxdistribution of the VLA sample (dashed line)
and that of the entire LBDS sample (solid line)
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still allow mapping of marginally extended sources. For this rea-
son, and because the field of view of the A-array when used at
20 cm for snapshots is limited to 30", our second selection crite-
rion was to map only sources with a largest angular size y < 20",
Fortunately, the median angular size for sources with S < 50 mJy
is equal to or less than 10", so this does not introduce a very
large bias. Moreover, sources larger than 20" are resolved by the
WSRT beam and we used the LBDS data of such sources to
correct for this bias.

The observations of 8 of the 144 sources that were observed
had so much interference either from a strong source nearby or
from Earth-based signals that the data were useless. Three more
sources were not detected. One of these is almost certainly a
spurious LBDS detection (at only a 40 level). The other two
sources were too extended and/or diffuse. In contrast, two strong
LBDS sources were detected in maps offset far from the field-
center of observations of other sources. However, no accurate
fluxes could be determined, because the attenuation of the pri-
mary beam is very uncertain at these distances. Thus, the final
sample contains 133 LBDS sources, with a VLA peak flux > 3o,
of which 85 are from the complete radio/optical LBDS sample,
11 were not in the radio complete sample and 37 were in the
radio but not in the optical complete sample. Parameters for all
these sources are given in Table 1a, b and c. Figure 1 shows the
flux distributions of the present sample, as well as the total LBDS
sample. Several LBDS sources turned out to consist of two or
more components which, on the basis of several considerations,
we consider to be separate sources. An explanation in each case
is given in the notes following Table 1.

Table 1 is organized as follows:

Column 1: The source name in the LBDS complete sample.
Sources which were defined as multi component sources in the
LBDS sample are designated by an asterisk behind the source
name. Each component is listed directly below. If one or more
unrelated VLA sources were detected, the original LBDS name
is given followed by a sequence number, e.g. xxWyyy.1.

Columns 2 and 3: The right ascension and declination of the
source for equinox 1950. Errors are given directly below.

Columns 4 and 5: The total flux density at 1490 MHz and the
flux transformed to 1412 MHz in mJy. Errors are given directly
below.

10

Column 6: The largest angular size “y” (full width at half-
maximum) in arcseconds.

Column 7: The position angle ¢ of the major axis ¥, measured
in degrees from North to East.

Column 8: The optical identification. R = red, B = blue (for a
definition, see sect. 5.1). G = Galaxy, Q = Quasar, ? = Uncertain
identification.

Column 9: Notes. V: Source is probably variable; based on the
following considerations: A) The source is known to be variable
from WSRT observations at different epochs. B) The VLA total
flux exceeds the WSRT flux by more than 3o.

H: Source has a low surface brightness halo.

C: A contour plot is given in Fig. 13.

T: Source has a tail

+ or —: The difference between the LBDS and VLA total flux
is greater than 230. A “+” is given if the WSRT flux is greater
than the VLA flux.

3.2. Optical identifications

Because of the size of the WSRT beam(~ 12”5 x 12"5/sin d), it
is unavoidable that deep optical identification programs will yield
a few incorrect identifications. In the LBDS, where an identifica-
tion was deemed correct when its likelihood ratio (i.e. the ratio
between probabilities that an object is the correct identification
or an unrelated background source) was greater than 2, the con-
tamination fraction was estimated to be about 8%, (Windhorst
et al., 1984b). With our sample, where the uncertainty in the ra-
dio source positions is very much smaller than that of the optical
positions, we can estimate the true contamination fraction in the
LBDS. This is of vital importance, because an underestimation
of this contamination can seriously affect the determination of
the evolution of the ratio galaxy populations.

Of the 85 sources in the complete sample which we detected,
8 were identified incorrectly, giving indeed a contamination frac-
tion of ~10%. However, when we examine the contamination
of the different optical types separately, the differences are
striking. 5 out of 30 of the blue galaxy identifications are in-
correct on the basis of the VLA positions and an additional one
was identified with the wrong component of a double galaxy (see
notes), while only 3% (1 out of 34) of the red galaxies was in-
correctly identified. One of the seven very faint identifications of
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Table 1a. The VLA source list. Sources belonging to the radio/optically complete LBDS sample

WSRT A (1950) DEC (1950) ${1490)} S{16412} PSI PHI ID notes
name HH dd mm.ss dd ' ™ [mJyl [mJyl " deg
56K014 0 13 40.14 15 34 640.4 4.45 4.63 1.1 34 1 - v
0.01 0.1 0.22 0.23
56K021 013 52.37 16 4 22.3 2.28 2.28 1.4 45 RG
0.01 0.1 0.30 0.32
541028 0 14 6.22 15 51 55.3 64.2 46.0 12.1 45 RG C
0.01 0.1 2.1 2.2
56KH038 0 14 28.48 15 53 59.1 5.53 5.76 3.5 28 RG C
0.01 0.1 0.68 0.74
564W052 015 5.72 15 54 26.0 11.5 12.0 <1.0 BG
0.01 0.1 0.5 0.5
54KW053 015 6.21 15 30 47.4 2.67 2.77 <1l.0 BG
0.01 0.1 0.15 0.16
54W057 0 15 9.37 16 34 36.0 454 .2 472.9 3.3 80 BG?
0.01 0.1 19.5 20.1
564W065 0 15 31.81 16 19 13.0 1.83 1.90 <1.0 BG
0.01 0.1 0.27 0.27
56KW067 015 34.91 16 20 56.7 54,1 56.4 7.6 5 BG
0.01 0.1 2.6 2.7
564W079 0 15 56.32 16 4 6.9 228.5 237.9 5.1 60 ?
0.01 0.1 9.5 10.2
54W081 0 16 1.85 15 41 50.9 15.7 16.3 <1.0 BG
0.01 0.1 0.7 0.7
56W084.1 016 6.23 15 45 29.7 5.26 5.43 6.0 92 RG
0.02 0.2 0.91 0.93
.2 016 6.92 15 45 26.2 7.47 7.78 3.5 0
0.04 0.4 1.25 1.27
.3 0 16 6.86 15 45 16.8 3.43 3.57 3.8 67
0.07 0.7 1.14 1.16
56W088 0 16 364.95 15 35 40.1 7.77 8.09 5.4 118 RG
0.02 0.2 1.32 1.37
55W007 8 32 5.91 45 5 66.4 7.82 8,36 5.8 174 RG
0.02 0.2 1.12 1.14
55H016 8 33 20.09 65 16 48.5 4.29 4.59 5.9 129 RG
0.01 0.1 0.6% 0.65
55W018.1 8 33 31.77 4% 62 50.5 29.0 30.0 4.5 45 BQ
0.01 0.1 1.6 1.4
.2 8 33 31.73 4% 62 66.0 2.15 2.20 1.1 150
0.01 0.2 0.18 0.18
55W036 8 34 15.58 45 15 46.2 6.20 6.461 1.7 56 BG
0.01 0.1 0.59 0.60
55W043.1x% 8 35 14.26 4% 57 38.8 4.96 5.21 7.2 102 RG T
0.03 0.3 1.00 1.02
1A 8 35 14.24 46 57 38.8 2.82 2.96 1.1 100
0.01 0.1 0.24 0.25
.1B 8 35 14.87 64 57 37.3 2.14 2.25 6.3 117
0.02 0.2 0.46 0.48
.2 8 35 14.53 44 57 45.6 2.78 2.92 6.0 146
0.02 0.3 0.99 1.04
55W046 8 35 24.09 45 32 7.8 7.62 7.79 2.1 147 RG
0.01 0.1 0.46 0.47
55W049 8 35 35.86 44 50 52.1 4.93 4.86 <1l.0 BG
0.01 0.1 0.24 0.24
55W063 8 36 36.77 4% 55 30.2 90.5 92.7 28.6 125 RG +
0.01 0.1 4.0 4.0
55K066 8 36 52.35 45 16 19.9 20.0 20.8 8.1 38 BG C
0.04 0.4 1.8 1.8
55W067 8 36 52.86 45 10 28.9 6.08 6.20 2.1 56 RG -
0.01 0.1 0.40 0.41
55W068 8 37 3.84 45 15 25.1 3.84 4.13 1.1 90 RG
0.01 0.1 0.21 0.23
55W077 8 37 30.48 44 65 18.7 8.75 9.03 <1. BG
0.01 0.1 0.46 0.47
55K092 8 38 13.42 45 6 54.0 3.10 3.32 7.3 98 RG
0.04 0.4 0.72 0.73 :
55W093 8 38 17.71 44 48 51.9 1.10 1.14 1.2 45 RG?
0.01 0.1 0.27 0.28
55W102 8 38 46.85 45 4 56.3 6.18 6.55 4.4 1 BG? - H
0.01 0.1 0.52 0.54
551105 8 38 648.57 65 21 31.8 3.47 3.57 <1.0 RG
0.01 0.1 0.22 0.24
55KW111 8 39 28.42 45 14 11.8 6.72 6.49 <1.0 ?
0.01 0.1 0.28 0.29
55W124 8 40 50.98 44 49 45.1 3.66 3.75 <1.0 BQ - v
0.01 0.1 0.18 0.19
55KW125.1 8 40 52.11 44 22 9.0 164.9 15.1 <1.0 BQ?
0.01 0.1 0.7 0.7
.2 8 40 52.45 44 22 19.1 2.58 3.46 2.6 86
0.01 0.1 0.38 0.40
55W135 8 41 17.64 44 32 30.7 1.35 1.40 1.8 106 SP -
0.01 0.1 0.30 0.31
55W1646 8 41 56.06 45 12 11.3 1.89 1.95 3.5 113 BG
0.03 0.3 0.36 0.36
55W149 8 42 2.92 45 6 22.9 6.51 6.81 10.1 156 RG
0.04 0.4 0.98 1.00
55W154 8 42 17.49 44 51 9.4 8.96 9.21 16.6 81 RG C
0.03 0.3 1.12 1.15
55W166 8 43 12.70 %4 41 56.1 2.67 2.60 <1.0 RG
0.01 0.1 0.15 0.16
55W165% 8 43 12.90 46 52 66.8 14.2 15.7 346.2 82 Q? [
0.11 1.1 3.2 3.3
A 8 43 11.23 44 52 62.5 6.12 6.26 5.4 32
0.07 0.7 1.5 1.5
B 8 63 13.91 4G 52 66.8 8.06 9.4648 4.0 112
0.05 0.4 1.51 1.70
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Table 1a (continued)

WSRT RA (1956) DEC (1950) S{1490} S{l412} PSI PHI ID notes

name HH dd mm.sss dr " [mJyl [mdyl " deg

55W171 8 43 43,32 44 33 46.7 3.50 3.48 <1.0 BG v
0.01 0.1 0.17 0.17

55W175 8 46 10.61 44 15 13.46 41.5 60.4 < 1.0 BG
0.01 0.1 1.8 1.7

55W184 8 44 39.63 46 39 31.3 0.50 0.51 <1.0 BG?
0.01 0.1 0.10 0.10

55W188 8 45 3.01 46 51 35.2 7.68 7.98 4.0 45 BG -
0.01 0.1 0.35 0.39

55W190 8 45 164.16 4G 40 47.1 13.5 13.9 1.8 130 RG? +
0.01 0.1 0.8 0.8

55W191 8 45 16.57 4¢ 13 3.3 13.6 14.1 <1.0 BG
0.01 0.1 0.6 0.6

55W199 8 45 62.76 4G 32 30.0 2.26 2.34 4.2 70 BG?
0.04 0.4 0.52 0.53

55W200 8 45 63.78 44 13 35.1 2.864 2.89 2.0 92 RG - H
0.01 0.1 0.27 0.28

55W210 8 46 12.54 46 32 1.4 1.54 1.58 2.1 95 RG
0.02 0.2 0.30 0.31

55W226 8 47 35.75 46 34 39.7 4.15 4,28 <1.0 BG - v
0.01 0.1 0.22 0.23

52W005 13 4 27.466 29 31 18.7 13.0 13.4 7.0 85 BG + C
0.09 0.9 1.7 1.8

52W008 13 5 0.71 29 18 27.0 17.0 16.8 < 1.0 BG?
0.01 0.1 0.8 0.8

52W012 13 5 23.82 29 19 3.1 6.31 6.71 3.6 28 BG -
0.01 0.1 0.62 0.64

52W013 13 5 26.33 29 41 48.1 2.76 2.84 <1.0 RG
0.01 0.1 0.16 0.15

52W020 13 5 57.56 30 0 2.8 2.83 3.00 <1.0 BG
0.01 0.1 0.14 0.16

52W022 13 6 10.71 29 50 21.8 4.82 4%.95 <1.0 B?
0.01 0.1 0.23 0.24

52W023 13 6 11.63 29 42 32.9 0.75 0.81 4.5 119 BG
0.03 0.3 0.24 0.24

52K037 13 6 53.25 29 38 3.1 2.87 3.03 9.2 151 sP
0.12 1.2 0.25 0.26

52W038 13 6 55.80 29 22 46.0 2.71 2.76 6.2 113 RG -
0.01 0.1 0.39 0.39

52W039 13 7 1.30 30 2 3.5 3.00 3.18 5.3 178 R?
0.01 0.1 0.25 0.26

52W047 13 7 43.24 29 42 15.4 50.5 51.5 <1.0 BQ +
0.01 0.1 2.1 2.2

53W005.1 17 13 22.25 50 31 43.2 6.22 6.60 11.9 109 BG
0.05 0.6 1.05 1.10

2 17 13 22.69 50 31 52.3 1.90 2.02 2.4 50

0.01 0.1 0.40 0.42

53W008 17 13 47.95 49 57 36.4 285.3 297 .7 1.9 102 BQ
0.01 0.1 12.0 12.4

53W014 17 14 2.38 50 3 48.0 7.18 6.87 2.9 70 B?
0.01 0.1 0.85 0.84

53W020 17 14 34.25 50 28 15.1 2.29 2.42 4.0 26 RG -
0.01 0.1 0.29 0.30

53W024 17 14 55.47 50 0 0.2 5.32 5.48 <1.0 BQ - v
0.01 0.1 0.33 0.34

53W026 17 15 12.23 49 50 24.6 16.2 16.8 3.5 58 BG Cc
0.03 0.3 2.0 2.0

53W029 17 15 14.65 50 23 33.8 20.6 20.3 <1.0 BQ
0.01 0.1 0.9 0.9

53W031 17 15 30.63 49 59 54.9 97.7 101.4 4.1 143 RG
0.01 0.1 4.0 6.6

53W035 17 15 41.09 50 21 49.3 3.25 3.17 <1.0 B? - v
0.01 0.1 0.23 0.22

53W039 17 15 47 .66 50 28 38.3 1.29 1.35 4.4 133 RG - H
0.05 0.5 0.41 0.42

53W046 17 16 38.16 50 108 57.1 61.1 63.4 3.2 157 RG cVv
0.01 0.1 2.6 2.8

53W047 17 16 53.49 50 25 49.2 23.3 24.0 1.5 90 RG
0.01 0.1 0.9 1.0

531048 17 16 56.84 50 27 5.5 9.96 10.4 3.7 83 RG
0.01 0.1 0.85 0.9

53W052 17 17 18.70 50 1 55.8 8.93 9.30 1.4 100 RG
0.01 0.1 0.44 0.46

53W062 17 18 16.56 50 2 5.1 1.12 1.14 <1.0 BG v
0.01 0.1 0.12 0.12

53W065 17 18 24.64 50 0 37.4 4.85 5.18 <1.0 BG
0.01 0.1 0.25 0.26

53W071 17 18 56.81 50 20 12.9 4.44 4.80 <1.0 BG + v?
0.01 0.1 0.23 0.24

53W072 17 19 15.30 50 25 32.1 5.17 5.22 <1.0 SP
0.01 0.1 0.23 0.24

53W075 17 19 26.36 49 46 62.6 92.4 96.3 <1l.0 BQ
0.01 0.1 4.0 6.1

53H076 17 19 39.79 69 42 55.8 1.76 1.84 2.1 61 RG
0.01 0.1 0.36 0.36

53W078 17 20 3.10 50 6 26.2 0.60 0.63 4.3 150 RG - v
0.01 0.1 0.14 0.14
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Table 1a (continued)

WSRT RA (1956) DEC (1950) 5S{1490)} S{l412} PSI PHI ID notes
name HH dd mm.sss dd ' ™ [mJyl [mJyl n deg
53W079 17 20 8.02 50 13 22.0 12.1 12.2 <1.0 RG
0.01 0.1 0.5 0.5
53W080 17 20 22.14 49 58 26.8 18.6 19.5 10.4 9 BQ - C
0.01 0.1 1.1 1.2
53W083 17 20 33.89 50 5 28.9 5.23 5.43 <1.0 BG
0.01 0.1 0.29 0.29
53W085 17 20 37.05 49 57 23.1 3.82 4.09 <1.0 BQ
0.01 0.1 0.19 0.21
53W086.1 17 20 42.22 49 56 22.7 3.11 3.17 2.5 146 RG
0.01 0.1 0.35 0.36
2 17 20 40.94 49 56 28.5 1.73 1.77 2.8 102
0.01 0.1 0.29 0.29

Notes on individual sources in Table la

54W053: The optical and VLA radio positions differ by 8”5. It is probably an incorrect identification
54W065: The optical and VLA radio positions differ by 375. It is probably an incorrect identification
54W084: The LBDS radio sources consists of three VLA sources: Two doubles and one head-tail source.
The optical identification coincides with component No. 1

55W018: This complex consists of a strong double (component 1) with the optical id at the position of
the strongest peak. Component 2 is a small, much weaker, elongated feature extending from component
1. It may be a background source

55W043: This source consist of three parts. Component 1A is a marginally resolved, strong source
which coincides with the optical position. Component 1B is a weaker extended component, elongated
towards component 1A. They are probably parts of one radio source. Component 2 lies 8" to the North
of 1A, almost perpendicular to the direction connecting components 1A and B. It is probably an unrelated
source

55W063: This source has a large, diffuse tail trailing a strong resolved peak. The angular size and flux
are much larger than was found in the LBDS. There is a small possibility that the tail is caused by
interference in the VLA map

55W093: The optical position lies 5” away from the marginally resolved source. No flux difference is
seen between the LBDS and VLA, so an undetected, diffuse component at the optical position is unlikely.
Probably an incorrect identification

55W111: The LBDS source has an angular size of 14", while the VLA source is unresolved. There is,
however, no flux discrepancy. Possibly error in the LBDS angular size

55W125: This source has two components, probably unrelated. Component 1 is a strong, unresolved
source coinciding exactly with the optical identification. Component 2 lies 12” away and is elongated
in a direction perpendicular to the direction toward component 1

55W135: Only very diffuse, low flux density emission is detected. A large amount of flux is missing and
is probably diffuse as well

55W165: This is an extremely complex source with three possible optical identifications. There are no
definite indications that it is one source, but only the identification of the western component seems correct
55W184: The optical position of this source lies 4" away from the VLA source. However, half of the
LBDS flux is missing, and it is possible that there is diffuse emission present at the optical position.
It was not detected, though, not even in the low resolution map

55W191: The optical and VLA radio positions differ by 3" (60 position offset). Probably an incorrect
identification

52W008: This source has a LBDS angular size of 17”. The only detected VLA source is unresolved, but
20% of the LBDS flux is missing

52W023: The optical and VLA radio position differ by 7”. Probably an incorrect identification
52W038: This source has a LBDS angular size of 12" and has a tail which should have been seen in
the VLA map. Only an unresolved source, coinciding with the optical position was detected, however.
The shape of the LBDS source is strange, and the tail may not be real

53W005: This source consists of 2 components. Two subcomponents make up source 53W005.1. The
optical id lies midway between the two subcomponents. The second component lies 12" away from the
first complex. The optical id of component 1 lies in a group of galaxies, so it is possible that the optical
id of component 2 lies in the same group

53W035: The LBDS source is resolved (7”), but the VLA maps show only an unresolved component.
There is a flux discrepancy of 20%, however, so there is probably a diffuse component

53W065: The optical and VLA radio positions differ by 3”. Probably an incorrect identification
53W086: This source consists of two components, 13” apart. The optical position coincides with com-
ponent 1. The two components are probably unrelated
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Table 1b. Sources from the complete radio LBDS sample, unidentified on 4m plates

WSRT RA (1950) DEC (1950) s{1490} s{1412} PSI PHI ID notes
name HH dd mm.ss dd * " [mJy] [mJyl " deg
56W011 0 13 23.85 15 34 39.3 5.14 5.35 <1.0
0.01 0.1 0.20 0.25
54W023 0 13 58.37 15 31 3.2 9.74 10.2 6.2 133
0.01 0.1 0.33 0.5
54WH024 014 0.31 15 30 35.5 1.64 1.71 2.0 177
0.01 0.1 0.30 0.30
54W033 0 14 19.75 15 30 30.2 9.42 9.81 2.6 49
0.01 0.1 0.45 0.48
54W046 0 14 44.72 15 42 30.2 14.7 15.4 2.7 132
0.01 0.1 0.8 0.3
56W051 015 2.79 15 41 40.2 3.23 3.36 1.1 1644
0.01 0.1 0.18 0.19
54W059 0 15 16.61 15 39 26.9 1.57 1.62 < 1.0
0.01 0.1 0.11 0.12
54W06 0A 0 15 20.48 15 45 5.3 1.24 1.29 <1.0
0.01 0.1 0.13 0.13
54W060B 0 15 22.26 15 44 51.3 4.22 4,22 2.5 129
0.07 0.7 1.12 1.13
56W061 0 15 24.59 15 25 18.4 26.1 27 .1 5.7 82 + C
0.01 0.1 1.1 1.3
56W066 .1 0 15 33.67 15 47 0.8 1.22 1.27 2.1 120
0.02 0.2 0.31 0.32
.2 0 15 33.71 15 46 48.7 1.01 1.05 <1.0
0.01 0.1 0.15 0.16
54W075 0 15 52.00 15 49 11.8 3.69 3.85 1.7 45
0.01 0.1 0.30 0.31
55W133 8 41 13.71 4G 36 56.6 1.69 1.8¢ < 1.0
0.01 0.1 0.14 0.15
55W201 8 45 464.69 44 31 33.1 1.64 1.75 3.2
0.03 0.3 0.52 0.53
55W203 8 45 47.92 45 1 17.3 178.2 187.2 <1.0
0.01 0.1 8.0 8.0
53H002 17 12 59.7¢6 50 18 51.6 46 .6 49.4 <1.0
0.01 0.1 1.9 2.1
53W004 17 13 21.46 50 13 46.1 53.0 53.5 <1l.0
0.01 0.1 2.3 2.4
53W012 17 13 53.51 50 3 43.5 55.0 56.2 20.6 175 Cc
0.01 0.1 4.6 4.7
53W037 17 15 645.09 50 22 25.7 4.67 4.68 9.6 109 - H
0.02 0.2 0.55 0.56
53W041 17 16 3.19 49 52 26.5 2.10 2.18 < 1.0 - v?
0.01 0.1 0.26 0.27
53W042 17 16 8.08 49 51 33.9 4.76 5.05 3.3 68
0.02 0.2 0.83 0.85
53W0643 17 16 15.09 50 22 0.2 3.12 3.38 2.5 176
0.01 0.1 0.23 0.24
53W049 17 16 57.36 50 36 18.2 97.6 101.9 27.8 65 Cc
0.01 0.1 6.5 6.6
53W055% 17 17 34.01 50 42 5.2 14.7 15.6 16 .4 134
0.01 0.2 2.6 2.8
A 17 17 34.51 50 42 648.7 5.73 6.08 4.2 120
0.01 0.1 1.00 1.03
B 17 17 33.58 50 42 58.9 8.92 9.47 7.3 128
0.01 0.1 1.65 1.70
53W057 17 17 51.28 49 48 45.5 1.96 1.93 1.1 90
0.01 0.1 0.18 0.18
53W059 17 18 5.1¢0 50 3 18.7 15.5 16.2 < 5.0 v
0.01 0.1 0.9 1.0
53Wu60 17 18 8.27 49 31 43.8 8.26 8.81 <1.0
0.01 0.1 0.37 0.39
53W066 17 18 27.66 50 4 2.3 3.85 4.06 <1.0
0.01 0.1 0.20 0.20
53W067 17 18 36.79 50 13 52.6 21.2 22.1 12.5 120 C
0.01 0.1 0.9 1.0
53W069 17 18 46 .45 69 47 47.6 1.55 1.62 3.8 30 - H
0.01 .1 0.28 0.29
53W070 17 18 51.12 50 8 57.9 2.50 2.49 <1.0
0.01 0.1 0.15 0.15
53W081 17 20 22.56 50 0 47.6 11.8 12.5 <1.0
0.01 0.1 0.6 0.6
53W082 17 20 22.85 50 11 17.3 2.89 3.12 <1.0 + v?
0.01 0.1 0.17 0.18
53W087 17 20 44.29 50 11 31.8 3.93 4,13 1.7 100 - H?
0.01 6.1 0.51 0.52
53W088 17 20 44.22 50 14 41.6 11.2 11.1 <1.0 - v?
0.01 0.1 0.5 0.5
53W089 17 20 46.26 50 9 641.4 1.99 2.13 3.0 175
0.04% 0.4 0.63 0.66
53W091 17 21 17.81 50 8 47.4 26.9 29.5 4.2 131 +
0.01 0.1 1.6 1.4

Notes on individual sources in Table 1b

54W060A/B: The two components of the LBDS complex 54W060 were observed separately. They are
two unrelated sources

54W066: This complex consists of two unrelated sources, 15" apart. The separation could not be made
in the LBDS source, because the two components lie exactly North-South, a direction in which the
WSRT beam is very elongated at this declination
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Table 1c. Miscellaneous other sources from the LBDS

WSRT RA (1950) DEC (1950) S{1490} S{1412} PSI PHI 1D notes
name HH dd mm.ss dd * n [mJy] [mdy] L deg
564W005% 0 12 52.73 16 33 28.6 20.4 21.0 15.3 81 RG? [
0.01 0.1 3.6 3.7
A 0 12 52.73 16 33 28.6 6.51 6.71 6.2 111
0.01 0.1 1.45 1.46
B 0 12 51.85 16 33 26.5 13.9 14.3 .6 73
0.01 0.1 3.0 3.1
56W0856 015 8.74 15 37 25.4 1.22 1.27 <1.0 BG
0.01 0.1 0.13 0.13
56W068A.1 0 15 34.47 16 32 39.6 9.78 10.2 <1.0 BG?
0.01 0.1 0.45 0.5
2 0 15 34.12 16 32 40.3 3.66 3.79 <1.0
0.01 0.1 0.42 0.44
55W109 8 39 19.91 45 16 23.4 10.3 10.7 164.8 117 RG
0.02 0.3 1.0 1.1
55K114 8 40 8.99 46 57 28.0 0.88 0.94 <1.0 BG?
0.01 0.1 0.10 0.11
55W161B 8 43 4.00 44 40 57.0 1.77 1.93 2.1 163 RG
0.01 0.1 0.11 0.13
55W168 8 43 33.63 44 29 49.9 1.90 2.04 <1.0 BG?
0.01 0.1 0.14 0.14
52K019 13 5 57.34 29 22 19.2 1.63 1.71 < 1.0 BG
0.01 0.1 0.19 0.20
52KW024 13 6 14.99 30 7 6.9 10.1 10.4 4.5 68 RG Cc
0.02 0.2 1.9 1.9
52WH036% 13 6 50.23 29 40 25.0 1.24 1.32 3.7 148 BG?
.02 0.2 0.41 0.42
A 13 6 50.13 29 40 26.8 0.77 0.31 2.2 180
0.02 0.2 0.29 0.30
B 13 6 50.32 29 40 23.1 0.48 0.50 1.8 135
0.02 0.2 0.17 Q.17
53W019 17 14 32.66 50 33 21.7 10.7 11.1 25.2 175 RQ?
0.12 1.3 1.6 1.7
55K103 8 38 43.66 45 23 14.2  ~---—- ——- 10.9 30
.01 0.1
55W211A 8 46 16.06 4G 36 2.6 = ——--— ————- 6.0 57
0.01 0.1

Notes on individual sources in Table Ic

55W109: The optical identification of this source was not included in the optical complete sample
because of its low likelihood ratio. It does, however, coincide exactly with the strong peak in the VLA

map.

55W103/55W211A: These sources were detected in maps centered on other sources. Due to the large

attenuation, no accurate fluxes could be determined

uncertain type was incorrect and all the spirals (4) and quasars
(11) were identified corre¢tly. Two sources which were rejected
from the complete optical sample are definitely correct identifica-
tions: one red galaxy and one quasar. The marked difference in
contamination fraction must be due to the fact that Windhorst
et al. (1984b) used a background density of objects on the 4m
plates which is independent of type.

We must conclude, therefore, that using a type independent
likelihood ratio introduces a bias in an optical complete sample.
This bias is significant when using positions from relatively low
resolution (e.g. WSRT) maps and when searching to very faint
magnitudes. High resolution observations of the type presented
here eliminate this bias.

3.3. Variable and diffuse sources

Before we start with the morphological analysis of the sample,
a few words must be said about the large flux differences between
some of the LBDS sources and the fluxes found from the VLA
maps. A large fraction of these sources are variable, and in
majority unresolved quasar cores. They are denoted by a “V” in
the notes of Table 1. For extended sources, the difference is
generally caused by the fact that with the ten-fold increase in
resolution of the VLA maps, low level diffuse flux may have been
missed. In the further analysis we will use the WSRT total fluxes
in these cases. Only a few sources remain where neither of the
simple reasons above apply. These sources are commented on in

separate notes. They are mostly sources which are much smaller
in the VLA maps than is indicated by the WSRT map, but where
the extra component should have been detected. Because it con-
cerns only a small minority in the sample and because tapered
maps did not show an increase in flux either, we used the param-
eters from the VLA maps.

4. Median angular sizes

One of the interesting occurrences at low flux densities is that
the median angular size of radio sources, after staying almost
constant at ~ 10" from about 1Jy downwards, seems to drop off
sharply to ~3” at a few mJy (Oort and Windhorst; 1985). Be-
cause this decrease occurs at the same flux densities where the
so-called “upturn” in the source counts at 1.4 GHz is seen, it is
important to know if these two features are caused by the same
effect, i.e. the emergence of the blue population of radio galaxies.

We can answer this question by taking our sample and using
the LBDS complete sample as a basis for correcting for the
slightly different distribution of optical classes of the VLA sample,
and for its cutoff in angular size. First of all, we correct for the
lack of large sources by adding the LBDS sources with y > 20"
to our sample. Because we have observed only part of the LBDS
sources with ¥ < 20", each LBDS (y > 20”) source was given a
weight which is equal to the ratio of the total number of LBDS
(¥ < 20”) sources and the number observed with the VLA. Two

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


http://adsabs.harvard.edu/abs/1987A%26A...179...41O

-0,

Table 2. Observation statistics of the different optical types. Column 1: Number of
Y < 20" sources observed with the VLA. Column 2: Total number of y < 20" sources
in the LBDS. Column 3: Number of sources with ¢ > 20” in the high declination
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LBDS fields. Column 4: Total number of > 20" sources in the LBDS

¥ < 20" ¥ > 20"

Type Noin VLA No in LBDS No in LBDS No in total
sample sample at high ¢ LBDS sample

Blue galaxies 30 36 3 7
Red galaxies 34 49 5 11
Quasars 11 25 8 8
Unidentified 35 111 1 5
Other 10 21 7 17

sources were observed with the VLA which had ygpg > 20"
The VLA parameters were substituted for the WSRT values in
these cases. Furthermore, the following proviso is made. Because
extended sources of the low declination fields SA 68 and SA 57
have poorly determined angular sizes due to the large ellipticity
of the WSRT beam at these declinations, and because they fre-
quently turn out to be composed of two unrelated sources, we
will use extended sources from the high declination part of the
LBDS only (6 > 40°).

Next, we correct for the fact that our sample is not a pro rata
subset of the different optical types in the LBDS by again simply
assigning a weight to each source which is proportional to the
ratio of the number of sources of the same optical type in our
sample and the number in the LBDS with y < 20" of this type.
Table 2 gives the number in the VLA and LBDS sample of each
optical type. Sources in the VLA sample which are not part of
the LBDS complete sample have not been included.

Before we proceed, a few words of caution are in order on
the determination of the largest angular size. For multi-com-
ponent sources the definition is clear and the calculation of ¥ is
straightforward. At high resolution, sources consisting of only

40— ———

one component are especially at low flux densities frequently
diffuse, and certainly not Gaussian in shape. A precise deter-
mination of Y is extremely difficult in these cases. We have used
the traditional definition of the full width at half maximum along
the major axis. This discriminates against sources with a large,
low surface brightness halo. Therefore, we will underestimate
in some cases. This is most severe for sources with a total flux
less than 5mJy which have angular sizes > 3". The discrepancy
between the WSRT and VLA flux can amount to as much as
20%. For the large majority of the sources, however, the difference
is less than 109, even for the weaker sources. The effects on the
median angular size will therefore be small.

Figure 2 shows the angular size vs. flux for the entire sample.
In determining the median angular size, however, we will separate
the sample into two flux ranges, sources with S > 10mJy, and
sources with § < 10 mJy. We have chosen this separation, because
at 10mJy the blue radio galaxies begin to dominate the source
counts. We will calculate the integral k(i) and differential g(i)
size distributions for those two categories separately, using the
appropriate weights for each.

Let us first consider a subsample of sources with S > 10 mlJy,
which contains 58 sources which have either been mapped with

4 Fig. 2. The distribution of largest

4 angular size as a function of flux
density of the entire VLA sample. Note
that the sample is incomplete for

¥ > 20"
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Fig. 3. a The integral size distribution h(y) for S*4!? > 10 mJy (solid line) and for $*#!? < 10 mJy (dashed line). b The differential size distribution g()
for the same flux ranges. Only the sources which belong to the LBDS radio complete sample are used

the VLA or are extended, high declination LBDS sources. The
integral and differential size distributions are plotted in Fig. 3(a)
and (b). The median flux density of this subsample is 40mJy.
This is because very strong sources are few and far between and
the LBDS fields cover only a very small area of the sky which
is almost devoid of very bright sources. In this subsample, un-
derestimation of  is not much of a problem because the signal
to noise is sufficiently high to detect even components which are
only 109 of the brightest peak. Moreover, if we were in doubt
whether two components were related, we assumed them to be
parts of a single source with the corresponding . Even so, the
median angular size we find (y = 5” 4+ 1”) is about a factor of 2
lower than the values found with lower resolution surveys, which
is about 10” over a large range in flux. Although a small part of
this difference might still be caused by a remnant of a resolution
bias in our sample, one main reason of this difference is the fact
that frequently very extended sources turn out to consist of a
number of small sources, which seem not to be related to each
other because of their large separation in the VLA map, the
absence of diffuse flux connecting the components, and because
the position of the optical identification makes a connection
between the components improbable. Some examples are shown
in Fig. 13. Another reason for the difference in median angular
size determined from low resolution observations and our deter-
mination may be that the median angular size whatever its precise
value —is much smaller than the beam of the low resolution
observations. It seems that in that case the value of V.4 is
overestimated, because sizes smaller than ~3 HPBW cannot
be determined accurately.

These deviations are amplified when we consider the low flux
subsample. At S < 10mlJy, the median angular size drops to only
2" (at a median flux of ~3mly), lower than was found using the
VLA deep survey of the LBDS field Lynx.2 (Windhorst et al.
1985) who found a value of 7”5 at 15” resolution, and is con-
sistent with what was found by Oort and Windhorst (1985), who

found an upper limit of 5” at 12" resolution (at 2mlJy). It is also
somewhat smaller than the median of ~6"” found by Coleman
and Condon (1985) with a 6” beam. It must be noted, however,
that our value may be a slight underestimation, due to the fact
that in this flux density range our angular size determination is
affected by the non-detection of low surface brightness com-
ponents in some cases. But, even if we take the LBDS angular
sizes for the sources with a large amount of missing flux, the
median angular size is still no more than 3”. This is because the
sources where the difference between the LBDS and VLA flux
is largest, are the sources which have VLA angular sizes which
are higher than the median. An underestimation of their angular
size only results in a change in the distribution of the angular
sizes of the radio sources above the median, but not in a change
in the median itself.

This decrease in angular size is probably caused by the
emergence of the blue population of radio galaxies. In the next
section it will be shown that this is indeed the case. Part of the
decrease is also due to a decrease in angular size of the red
galaxies, which, because it is not accompanied by an average in-
crease in redshift, are physically smaller than their high-flux
counterparts.

5. Radio galaxy populations

We will now have a more detailed look at the radio galaxy
populations. The classical population of elliptical “red” galaxies
serves as a good basis for morphological studies because they
are “standard candles” i.e. one can make a reliable estimate of
the redshift from their optical magnitudes (see van der Laan et
al., 1985). A second important constituent of the radio galaxy
populations especially at low fluxes are the “blue” galaxies, of
which we know relatively little. They are distinguished from the
red galaxies via a (J ~ F) color vs. F magnitude relation cali-
brated through bulge-to-disk ratios (Kron et al.,, 1985). The blue
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Fig. 4a and b. The angular size distribution of the blue (a) and red (b) radio galaxies, normalized to the total number of radio galaxies of each class
in the LBDS. The “<” denote upper limits in the angular size. The arrows indicate the median in the distribution

galaxies were considered to be a new class of radio galaxy because
locally (z < 0.2) they are 10—100 times as numerous as radio
selected Seyferts and 10—30 times as powerful at radiofrequencies
than spiral galaxies. Moreover, they often have peculiar optical
morphologies. At higher redshifts, we know very little about the
optical characteristics of the populations of radio galaxies. It is
quite possible that the blue galaxy population consists of a
number of different types of galaxy, having only their “non-red”
colors in common. For instance, it has been suggested that high
redshift Spirals and Seyferts account for the blue radio galaxies
at flux densities below 1 mJy (Condon; 1984). The influence of
the blue galaxies already starts at 50mly, however, and this
cannot be explained with the known populations alone. Using
our high resolution sample we can make a detailed study of the
radio morphological differences between red and blue galaxies
and maybe even distinguish the different sub-populations of blue
galaxies.

5.1. Red vs. blue galaxies

The red-blue distinction in radio galaxies is made purely on op-
tical grounds, using an empirically derived color-magnitude rela-
tion: A red galaxy is defined as having a J(4600 A) — F(6200 A)
color larger than 1.2 for F <18, and J — F > 0.2F — 2.4 for
F > 18 (Kron et al., 1985). There were, however, indications that
differences in the optical color are accompanied by differences
in radio structure. A much larger fraction of the blue galaxies
was unresolved by the WSRT beam (Kron et al., 1985).

One of the main reasons for our observations was to see if
the radio structural differences were real. We can use the com-
bination of our sample and the LBDS extended sources, using
the same weights as in the previous section. The distribution of
angular size N() for blue and red galaxies is shown in Figs. 4(a)
and (b). The distributions differ significantly. That of the red
galaxies is broader, with almost no unresolved sources. The four
unresolved red galaxies are redder than the boundary line defined
above by less than 0.1 m (the uncertainty in J — F is ~0715), so
they may be blue galaxies, mis-classified due to either color errors,
or to the uncertainty in the red/blue separating line (see Fig. 5).
However, their optical luminosities are quite similar to those of
ellipticals, and such a small color excess holds for a few very

extended sources as well. The median angular size of the red
radio galaxies in our sample is about 475.

The distribution of angular size of the blue galaxies, on the
other hand, is much more strongly peaked toward low angular
sizes, with 50%; unresolved (i.e. <1”). Note the three very extended
LBDS blue galaxies, which are intriguing. Even if the angular
sizes of these three sources are not overestimated by the low
resolution observations, the median angular size is still <1” for
all the blue galaxies. The uncertainties in the fluxes of the radio
sources in our sample do not exclude the possibility that the un-
resolved sources have a diffuse component containing less than
10% of the total flux, which has not been detected in our maps.
If this is the case, the full width at half maximum is not a good
indicator of the size of a radio source. Even so, the morphology
of the blue radio galaxies — with at least 90% of the flux in an
unresolved nuclear component differs significantly from the
morphology of the red radio galaxies.

Accepting the extended ( > 1”) blue galaxies to be really
extended, it becomes interesting to investigate whether there are
other properties which distinguish them from their unresolved
blue counterparts. A straightforward analysis is complicated by
three factors.

The main problem is that the redshift information for the blue
radio galaxies is still very incomplete. What is more, the existing
redshifts show that the absolute optical magnitudes cover a large
range, making photometric redshift determinations (as used for
the red radio galaxies) not very reliable. As a consequence, it is
difficult to derive reliable intrinsic parameters. There are only
six blue galaxies with a measured redshift; their large range of
absolute magnitude prevents the determination of photometric
redshifts.

Secondly, at very faint magnitudes, a quasar — galaxy dis-
tinction is difficult to make. It must be noted that blue galaxies
with (J — F) < 0.5 (colors usually characteristic for quasars)
occur only for F > 2175.

Despite these complications, there are indications that there
are indeed intrinsic differences between the resolved and extended
blue radio galaxies on the one hand, and the unresolved on the
other. The ratio of resolved to unresolved blue galaxies decreases
steadily with increasing flux, while the median F-magnitude stays
roughly constant. This suggests a radiopower dependence on the
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10 T T ] T angular size of the radio source. We can try to test this by calcu-
lating a rough photometric redshift. From the blue radio galaxies
with a measured spectroscopic redshift, we know their absolute
magnitudes range from the giant elliptical luminosities to almost
r two magnitudes fainter, and have possibly a bimodal distribu-
l . tion. The median absolute magnitude of the distribution of abso-
5| . lute magnitude is My = —22™5, with a spread of ~175. We
| can assign the blue radio galaxies without a redshift an absolute
magnitude of Mz = —2275 and calculate photometric redshifts,
taking the K-corrections into account. The resulting radiopower
r —> distributions show a median of 25.0 for the unresolved and 25.5
L . for the resolved and extended blue radio galaxies (Fig. 6). The
oL TR R B sources with morphologies which resemble the classical elliptical
23 24 25 26 27 double all lie at the high end of this distribution. It is quite
possible that the sources which are more powerful in the radio
are optically more luminous as well. In that case, we have under-
estimated their redshifts, which makes the difference in the radio

W7 7 7T 7 T power distributions even more marked.
L unresolved . Summarizing, there is a definite difference in angular size dis-
tribution between the red and blue galaxies which is not caused
by distance effects. There is marginal evidence, which urgently
needs further investigation, that there is an intrinsic difference
i J, 7 between the blue galaxies unresolved in the radio and the re-

solved or extended ones.

resolved

N(logP)

N(logP)
o

T ]

|

5.2. Blue galaxies vs. other populations

i T As was shown in the previous section, we may assume that the

- [— 1 population of blue radio galaxies is probably a mixed bag of

0 Lo AR I ST S BRSO S P several types of objects. We can attempt to compare the different
23 24 25 26 27 characteristics with the known populations.

logP, 412 [WHZ '] The radio-bright, extended blue galaxies seem to form a class

Fig. 6. The distribution in radio power of the resolved and extended by themselves. They are too luminous and radio-morphologically

(top) and unresolved (bottom) blue radio galaxies, for which redshifts were ~ {00 unlike Spi.rals and Seyfer?s. On the ot.he.r hand, they are too
estimated, if not directly measured, by assuming My = —22.5. The ar-  blue and optical-morphologically too distinct to be standard
rows denote the median values ellipticals. It is quite possible, though, that the high flux density
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(> 10my), extended blue radio galaxies, which (radio) morpho-
logically resemble the red radio galaxies most, are associated
with giant ellipticals with blue colors.

A large fraction of the blue radio galaxies show peculiar mor-
phologies and are frequently interacting. It is possible that the
radio emission we detect is a result of a recent encounter (see
Kron et al., 1985).

Part of the unresolved blue radio galaxies could be explained
by high redshift Seyfert galaxies, even though the Seyfert space
densities seem much lower than those of the blue radio galaxies.
Note that infrared selected Seyferts (de Grijp; private communi-
cation) seem to resemble closely both in radio morphology and
radio power the unresolved blue galaxies. The number density
of Seyferts is too small to account for the unresolved blue radio
galaxies by a factor of 10—-100 (Meurs, 1982), but IRAS selected
Seyferts are at least three times more common than normal
Seyferts and have the same radio luminosity range as the blue
galaxies. Part of the unresolved blue galaxies may therefore be
high redshift Seyferts. Still, Seyferts alone cannot explain the
entire blue radio galaxy population. Moreover, recent spectral
studies of blue galaxies (Windhorst et al., 1986) show no Seyfert-
like spectra in a sample of 30 blue radio galaxies.

High redshift spirals are not likely to be a major contributor
to the blue galaxy population at these flux levels. The radio lumi-
nosities of the blue radio galaxies for which we have measured
spectroscopic redshifts are much higher than those of local spi-
rals (22 < log P, , < 25 for the blue radio galaxies vs. 20—22 for
spirals). To explain the radio luminosity function of the blue radio
galaxies at z = 0.3 entirely with high redshift spirals which are
undergoing luminosity evolution, one requires evolution factors
of (1 + 2)'° or more. Such fierce evolution is seen only for the
most powerful radio sources, and seems unlikely to occur in
spirals. They may therefore contribute only to the low end of
the blue radio galaxy radio luminosity function.

5.3. Intrinsic properties of red radio galaxies

In the absence of a sample with complete redshifts, the red galaxy
population is the best homogeneous subsample of radio sources
for studies of general intrinsic properties, because it is by now
well established that one can estimate a photometric redshift
fairly accurately (4z/z ~ 10%) at all flux densities (for references:
see van der Laan et al.,, 1985) for redshifts up to 0.75. We can

53

therefore in principle use these sources as a standard for a com-
parison with other populations. The subsample of red galaxies
we will use in the following contains 43 sources of which 19 have
a measured spectroscopic redshift. The others were assigned a
photometric redshift based on an absolute F-magnitude which
varies smoothly between —23.2 and —23.8 with AM ~ 076. A
Hubble constant of 50kms~!Mpc~! and g, = 0 are assumed
throughout.

We will investigate here the possible dependence of the linear
sizes of radio sources associated with red radio galaxies vs red-
shift and radio power.

A small, but evident correlation between size and radio power
was found by Gavazzi and Perola (1978) for two radio/optically
complete samples of sources with redshift z < 0.1 from the 3C
and B2 catalogues. Because this sample is at “local” redshifts, it
can serve as a zero point for the study of a possible evolution of
the median size of radio sources with redshift as well. Models
for the space distribution as well as size distribution of the entire
radio source population seem to require a general decrease of
linear size with increasing redshift, if the observed flux density
dependence of the median angular size is to be explained (Kapabhi;
1975, 1986). However, so far direct evidence for such an effect
has not yet been presented. Our sample, which contains sources
in the redshift range 0.1 < z < 0.8, may show — by comparison
with the local sample of Gavazzi and Perola — whether size evo-
lution indeed exists.

Because Gavazzi and Perola in general used a different def-
inition for the largest angular size of a source (the size of the
lowest contour in the radio maps), it was necessary to re-calculate
the angular sizes in their sample according to our definitions.
This has resulted in a small (~10%) decrease in the median
angular size with respect to the values given in their paper.

Figure 7 shows the linear size vs. radio power of our sub-
sample, together with the data of Gavazzi and Perola. Two dif-
ferences between these two samples can be seen in this figure.
First of all, the sizes in our sample are, on the whole, smaller
than those of the local sample at the same radio power. As has
been discussed in previous sections, this cannot be explained by
a significant underestimation of the sizes in our sample, due to
the presence of diffuse flux, which is resolved out in the VLA
maps. Most of the sources in this subsample have high signal-
to-noise ratios. The obvious explanation is, that there is indeed
a decrease of the median linear size with redshift.
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Fig. 7. Linear size (in kpc) vs radio power at 1.4 GHz (in
W/Hz) for red radio galaxies. Open symbols are data from
Gavazzi and Perola. Filled symbols are data from the
present sample and the LBDS
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Table 3. The value of the median linear size and redshift for in-
tervals in radio power, for the three samples used in Sect. 5.3.
Column 1: The radio power interval. Column 2: The median linear
size in kpc. Column 3: The median redshift in the radio power
interval. Column 4: Number of sources in the interval. Column
5: Number of sources with a measured spectroscopic redshift.
Column 6: Sample used in the determination of the medians

log P pmed zmd N N°*  Sample
(W/Hz)  (kpc)
23.5 3049 008 12 12 Gavazzi and Perola
24.5 75+ 14 008 29 29 Gavazzi and Perola
40+ 10 040 16 7 current
25.5 143 +24 0.08 37 37 Gavazzi and Perola
112+29 0.18 15 4 Machalski and Condon
404+9 061 20 5 current
26.5 300+75 008 16 16 Gavazzi and Perola
150 +27 031 30 1 Machalski and Condon

Secondly, an increase in size with radio power is not evident
in our sample. However, this may be caused by the fact that the
sources in our sample which have higher radio powers, are on
average at higher redshift as well.

From the above, it is clear that it is necessary to separate the
possible dependences of linear size on redshift from that of radio
power. To this end, we have included the high resolution struc-
tural VLA data from a complete sample of radio galaxies from
the GB and GB2 surveys (Machalski and Condon; 1985), which
provides information at redshifts comparable to our sample, but
which contains sources with higher radio luminosities. As in our
sample, the subsample of Machalski and Condon contains a
proportion of radio galaxies for which no spectroscopic redshift
was measured. In these cases, photometric redshifts were calcu-
lated by Machalski and Condon, using the same absolute mag-
nitudes and K-corrections, as used for our sample. In our analysis
we have included from their sample only the radio galaxies with
z < 0.4, in order to avoid large effects due to errors in the deter-
mination of magnitudes close to the PSS plate limit.

The median linear size for 1 decade intervals in radio power,
and the median redshift in the interval were calculated for each
of the three samples. The results are given in Table 3. The highest
values of D™ are found locally at high log P, the smallest at
high z and at low log P.

By comparing the value of the median size at each radio-
power — using the values from Gavazzi and Perola as a zero
point — we can take out any dependence of the median linear size
on radio luminosity. Figure 8 shows the linear size of the sources
in our subsample and those from Machalski and Condon vs red-
shift for two intervals in radio power. A large circle in each figure
shows the median size from Gavazzi and Perola. Figure 9a shows
the median size at each radiopower, normalized to the “local”
median value at the same radio power, vs redshift. Both show a
definite decrease of median linear size with increasing redshift.

In addition, Fig. 9a shows, that galaxies of different radio
luminosities show essentially the same z-dependence. This indi-
cates that the correlation between size and radio power, seen in
the local sample, must be present at higher redshifts as well.

We can test this by this time taking out an assumed size red-
shift relation from the data. Using a simple powerlaw best fit to
the points in Fig. 9a, we have transformed the median size found
at each redshift to its value at the redshift of the local sample
(0.08). The median sizes thus found show a dispersion of less than
10% at each radio power, indicating that the size radio power
relation is very similar at every redshift. The median linear size
vs radio power found by combining the medians from the three
samples is given in Figure 9b.

We may conclude, that there is evidence for both a relation
between size and redshift, and between size and radio power at
redshifts z < 0.75. The correlations are not induced, because they
result from independent surveys. Only the combination of these
high resolution surveys, with different ranges in redshift and radio
power, make a direct determination of these relations possible.
Although the physical meaning is not clear, and the samples used
are still relatively small, for the red elliptical radio galaxies we
may provisionally adopt the following relations:

D(z)oc (1 +2)73°, logPe[23.0,27.0]
and

D(P)oc P31, z€[0.08,0.61]

The consistency between the sizes in our sample and those in the
sample of Machalski and Condon, again indicates that we have
not consistently underestimated the angular sizes of the sources
in our subsample in any significant way. The fact that we do not
have complete spectroscopic redshift information on the objects
in our sample, may introduce some smearing of the relations, but
this will not seriously influence the value of the median, because
medians tend to be insensitive to the exact shape of a distribution.
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Fig. 9. a The ratio of median linear size of red radio galaxies from the
current sample, or from the sample of Machalski and Condon in an inter-
val of radio power, and the median value of the “local” sample at the
same radio power. Filled squares are data from the current sample. Aster-
isks are data from Machalski and Condon. b The median linear size
vs radio power, found by first transforming the medians at higher red-
shifts to their values at z = 0.08, and then combining the resulting value
with the median size from Gavazzi and Perola

6. Conclusions

1) The median angular size of radio sources decreases con-
siderably at low flux densities. At 3mlJy it is as low as 2”. This
is largely due to the emergence of the “blue” radio galaxy class.

2) The purely optical distinction made between red and blue
radio galaxies manifests itself in a difference in radio-morphology
as well. Blue galaxies are for the most part unresolved at 1” res-
olution, while red galaxies almost never are. The resolved and
extended blue galaxies may represent different sub-populations
or different stages in evolution.

3) Using spectroscopic and photometric redshifts, we have
studied a number of intrinsic morphological properties of the red
radio galaxy population. The radio emission of these objects
is — with a few exceptions not very extended and seldom exceeds
100kpc. We have found definite evidence for a relation between
linear size and redshift. Moreover, the relation between size and
radio power, found by Gavazzi and Perola (1978) for red radio
galaxies with z < 0.1, is found to be present at higher redshifts
as well, and is similar in form to the relation seen locally.

4) High resolution observations of LBDS radio sources are
a very powerful aid for deep optical identifications. From a com-
parison with the optical identifications by Windhorst et al. (1985),
we have shown that the contamination fraction is dependent on
optical type. For the red galaxies 97%, of the claimed identifica-
tions is correct, for the blue galaxies 84%. For the total sample
the reliability is 919, which is consistent with Windhorst et al.

The morphological analysis of the several radio galaxy popu-
lations needs further investigation. It should be extended to even
lower flux densities. Deep optical identifications based on the
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VLA radio positions in several colors should be made and, wher-
ever possible, redshifts should be measured in order to obtain a
complete picture. Work on all these subjects is in progress.
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Appendix
An empirical determination of the statistical errors associated

with the VLA positions and flux densities

A functional form is adopted to describe the position and flux
error distribution. The coefficients are determined empirically.
For the position errors, we have used the following relations:

0.5 =+ C2[RN/S,)* + C2; (A1)
and
02 = aazz.é + Cozptical (Az)

The first term is a signal-to-noise (S,/N) dependent coefficient.
The error circle radius is proportional to R, the number of un-
correlated beam areas covered by the source. The second term
is the absolute calibration error in the radio position.

Starting with the 85 sources with a possible identification,
one can iteratively calculate C, and C, ; from an optical - VLA
position comparison. In each iteration, the average position
difference and standard deviation was calculated for o and 6
separately and offsets larger than 2.5¢ were flagged for the next
iteration. This was continued until a stable situation was reached.
Copiical Was taken to be 0”5 in both directions (Windhorst et al.,
1984b).

Any systematic offset between the VLA- and optical position
frame was found to be negligible (<0”1). Therefore, we have
rather arbitrarily set C, = C; = 0705. The value of C,, is found
to be 0762 = 0.45 HPBW, which is consistent with what is found
at lower resolution. Errors given in Table 1 were calculated using
the above values. Figure 10 shows the absolute (a) and normalized
(b) error distribution. About 30% of the sources show optical-
VLA radio position differences in excess of 1, showing that our
choice of the values for the error parameters is indeed correct.

For the determination of the error in the total flux, a similar
function was used:

oy = SUJIN/S, ]2 + F3 (A3)

VLA fluxes transformed to 1412 MHZ were compared with the
WSRT fluxes from the LBDS with their known errors. The pa-
rameter F, is again determined empirically. Because of the ten-
fold increase in resolution between the VLA and WSRT observa-
tions, diffuse flux can influence the determination of F,. For
this reason we have used only the 52 unresolved sources in our
sample. Sources with more than 3¢ deviations were assumed to
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be variable and were ignored. Figure 11 shows the direct com- [ (LA N DL T
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The best value for F, found was 4.5% which includes a dis- [ ! i e
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Fig. 13. Contour plots of a number of sources in the VLA sample. Map sizes are multiples of 15 x 15”. The lowest contour is 2.5¢. Crosses indicate

the position of the optical counterpart
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Fig. 13 (continued)
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distribution of the resolved and extended sources is asymmet-
rical, indicating that a significant number of sources have diffuse,
low surface-brightness halos, which were resolved out in the VLA
maps. This is a factor which should be taken into account when
making a comparative analysis.
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