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Abstract. — We present deep R band CCD images of a sample of 88 radio sources. The sources have an ultra-steep
radio spectra and are taken from the Texas, Parkes and Molonglo catalogues. Of the 80 sources that do not have a
diffuse radio morphology, 53 sources are identified to a limiting magnitude of R ~ 24. The reliability and completeness
of the identifications are discussed using a likelihood method which takes into account the sizes of the radio sources.
Basic source parameters, such as optical magnitudes, position angles and ellipticities are derived from the images. The
distribution of the R-magnitudes peaks at 22.5 < R < 23, and is consistent with all the radio sources being associated

with objects brighter than R = 24.
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1. Introduction

Radio sources with an ultra-steep spectrum (USS, S ~
v®, a S —1.0) are a powerful tool for pinpointing dis-
tant galaxies (e.g. Miley & Chambers 1989; Chambers &
Miley 1989). We have started a project to exploit this
technique, thereby increasing the number galaxies z > 2
for further studies. The main steps of the project are i)
selection of samples of sources with an ultra-steep spec-
tra, ii) high-resolution radio imaging with the VLA, iii) R
band CCD imaging, iv) optical spectroscopy to determine
redshifts and v) detailed studies of the discovered high-
redshift galaxies. An account of the background and the
main aims of this programme can be found in Réttgering
(1993). The definition of the samples of USS sources and
the results of high resolution (1.5") imaging of sources
from these samples with the VLA at 1465 MHz is de-
scribed in Rottgering et al. (1994). Here we presents the
first results of R band CCD imaging of these samples using
the ESO-MPI 2.2 m telescope.

The primary aim of the CCD imaging was to find op-
tical counterparts for the USS radio sources. Not only was
the imaging an important preliminary for carrying out
spectroscopy, but the resulting database of CCD images
can be used to carry out a study of morphologies of the

Send offprint requests to: H.J.A. Rottgering: Leiden Observa-
tory, P.O. Box 9513, 2300 RA, Leiden, The Netherlands

optical counterparts of USS sources and the environment
around them. Such studies will be described in subsequent
papers.

The structure of this paper is as follows. First, we de-
scribe the observations and reduction of the imaging data.
Second, we shall discuss the reliability and completeness
of our identifications using a likelihood method. Third,
the morphological parameters for the optical counterparts
will be presented.

2. Selection of targets

Since the declination range accessible from La Silla (ESO)
is 6 < 20°, we restricted our observation to sources from
the Parkes, Texas & Molonglo selected samples of the
Rottgering et al. (1994) compendium. Selecting steep-
spectrum sources (o < —0.5) smaller than 60" from the
complete 3C sample (Laing et al. 1983) selects 70% of the
z > 0.1 galaxies and 100% of the z > 1.5 quasars while
rejecting 95% of the nearby z < 0.1 sources. Therefore,
we preferentially observed the smaller (< 20") sources to
optimise our chances of finding distant galaxies.

3. Observations

The observations described here were made during four
observing sessions, all with the ESO-MPT 2.2 m telescope.
For details on dates and instrumentation see Table 1 and
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Table 1. Log of Observations with ESO-MPI 2.2 m Telescope

Observing Dates CCD CCD Size Binning  Median
Session seeing
(FWHM)
1 23 — 27 Aug 1989 RCA #11 1024 x 640 2x2 1.3"
2 1 — 6 March 1990 RCA #11 ’ 2x2 1.0"”
3 24 — 27 Oct 1990 RCA #5 512 x 320 - 1.2"
4 16 — 18 March 1991 RCA #5 ’ - 1.5"

the ESO Users Manual (Schwarz & Melnick 1989). A list
of the targets observed is given in Appendix A.

All the objects were observed in the R band (Aeg ~
6900 A; Adeg ~ 1000 A). At the R band, the RCA chip
has a serious fringing problem due to thin film interfer-
ence. To assist in the fringe removal and to improve flat-
fielding the 45-min total exposures were divided into three
separate exposures of 900-s, each offset from each other by
10" — 15”. Each 900 s observation was sky limited. The
seeing varied from 0.8" to > 2.0” FWHM; the value for
each source is listed in Appendix A.

Flux calibration was carried out using flux standards
from the “E-regions” (Graham 1982). Typically three
standard fields were observed, one at the beginning, one
in the middle and one at the end of the night.

4. Reduction

The reduction was carried out with the standard software
packages AIPS from NRAO and IRAF from NOAO.

Initially an averaged bias frame was subtracted from
all the frames. The next step consisted in determining the
optimum flat field by which object frames would be di-
vided to correct for the pixel to pixel variations in quan-
tum efficiencies and to minimise the effects of fringing.

We experimented with using i) an average of 2 10
dome flats taken by uniformly illuminating a screen on
the dome using an external lamp or faint daylight, ii) short
sky frames taken during twilight and dawn and iii) night-
sky frames constructed using a combination of the target
frames themselves. The latter resulted in the most uniform
background and was used throughout. The procedure for
constructing this internal flat field was to normalise each
“object” frame to the median of the background of all
the intensities in the field and then combine all the object
frames, taking the median intensities at each pixel. This
procedure removes the effects of stars and galaxies, whose
positions differ from frame to frame.

Because the fringing was not constant from night to
night (and sometimes varied even within a night) the con-
struction of these internal flat fields had to be carried out
seperately for each night, and sometimes even for parts of
nights.

After the target frames had been flat-fielded, the three
exposures of each object were registered in position using
a dozen stars in the field and then summed. A first-order
cosmic ray removal was performed using an algorithm that
finds the cosmic ray events by comparing the value of an
individual pixel with the mean of the surrounding pixels in
a 7 x 7 pixel box and subsequently removing the cosmics.
Typically 500—600 cosmic ray events were removed. Faint
cosmic ray events and cosmic ray events that hit the CCD
at a large angle are difficult to discriminate from sky noise
and could not always be removed.

Astrometric calibration of the CCD positions was car-
ried out using the Guide Star Catalogue (GSC) image pro-
cessing system of the Space Telescope Science Institute
(Lasker et al. 1990). This system has an intrinsic accu-
racy of ~ 0.7". Typically, 3 — 7 stars or faint galaxies were
visible on the CCD frames and on the GSC plate material.
When more than 4 stars or faint galaxies were common, we
solved for the scale, rotation, and positional zero point of
the CCD frame. The pixel scale was found to be extremely
stable for the four observing sessions and was determined
to be 0.351"” & 0.001"” per pixel. In about a quarter of the
cases less than 4 common stars were available for a posi-
tion solution and a single star was taken as the position
reference. The astrometric position of an object was found
from this reference position using the mean CCD rotation
and pixel separation scale. The remaining stars were used
to check the consistency of the positions. The resulting
optical position uncertainty is a function of the number
of reference stars and their position with respect to the
optical identification. Adding this uncertainty estimated
to be ~ 0.3" and the GSC uncertainty in quadrature we
estimate the final position error to be typically 0.9”.

Finally the images were flux-calibrated using the mea-
sured standard stars. The agreement between the relevant
conversion factors has been used to estimate the photo-
metric accuracy of the observatation. The agreement be-
tween the photometric zero point determined from the
three standard stars was on the photometric nights < 0.1
mag. For the other nights the agreement was better than
about 0.5 mag.
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5. Reduced images

The list of the 99 targets that we have observed is pre-
sented in Appendix A. Of the radio sources that were ob-
served 10 were so close to a bright star or to a diffraction
spike of a bright star that identifying the radio source was
either impossible or seriously hampered. These objects are
indicated by the codes ‘b’ (bright star) and ‘s’ spike of
bright star. The data of another source (09274064) was
contaminated due to a pointing problem. These 11 sources
were rejected for further study. The total number of re-
maining sources is 88. In Table 2 we give a summary of the
total number of radio sources and the name of the sam-
ples from which they come as designated in Rottgering et
al. (1994). Note that 5 sources belong to more than one
sample (see Appendix A).

Table 2. Number of sources imaged

Sample | 178 365A 365B 408A 408B
No. 19 30 39 12 4

6. Detection

The identification of objects on the CCD frames with the
USS radio galaxies was carried out in two steps. First, all
objects detected in the frame were catalogued and their
object parameters were determined. Second, identification
with the radio source was made on the basis of i) the ra-
dio/optical position differences, ii) the background counts
and iii) the radio source sizes.

The detection of faint objects on the CCD exposures
is complicated, for at least three reasons. First, since the
fringe pattern of the CCD chips that we used is time vari-
able, its effects could not be removed perfectly. Second, as
we remarked above, because cosmic ray events are not al-
ways bright single pixel effects, they cannot all be removed
perfectly. Third, occasionally diffraction spikes and scat-
tered light from bright stars on or near the CCD frame
affected large regions of the frames, confusing the detec-
tions.

To detect and classify the objects on our CCD frames
we used the Faint Object and Classification System
(FOCAS, Valdes 1982). The intensity of a particular pixel
was considered to be significantly different from the sky if
the average background-subtracted intensity of this pixel
and those from eight contiguous pixels was 2.5 times
higher than the rms of the sky background. Intensity is-
lands on the CCD that contain more than 25 contiguous
significant pixels (1 pixel = 0.351” x 0.351") were consid-
ered to be possibly part of an object. A point spread func-
tion (PSF) was constructed for most frames using stars in
the field. Candidate objects were fitted by the PSF and
classified as noise if they were smaller than 0.6xPSF, as

stars if their sizes were 0.61 — 1.20x PSF and as galaxies
1.21 — 10.00xPSF. If the size of the object was > 10.00x
PSF, the candidate object was attributed to flat fielding
problems, effects of diffraction spikes, or cosmetic defects
in the chip and rejected as a real object.

To derive object counts from our CCD frames we de-
fined a subset of good images from the total sample of
88 CCD frames. CCD frames were rejected from the sam-
ple on the basis of the presence in the field of i) one or
more bright stars or galaxies, ii) some residual fringing,
iil) diffraction spikes from stars outside the field of view
of the CCD or iv) large-scale gradients in the background.
Since our goal was to identify distant radio galaxies, we
included only the powerful radio sources that had a galaxy
and not a QSO as possible identification. This resulted in
a subset of 30 CCD frames.

For this subset of 30 frames we plot the density of
objects as a function of R-magnitude in Fig. 1. The errors
bars in Fig. 1 are merely the square root of the number of
objects in the bin.

Deep R band CCD surveys indicate that the number
counts can be well represented by a powerlaw down to
at least B ~ 26 (Tyson 1988). The number counts for
our data starts to deviate from a powerlaw at about R ~
23, indicating that the counts are complete to R ~ 23.
For R 2 23 the diagram indicates that we start missing
objects. The local maximum in the counts between R =
20 and R = 20.5 is probably due to stars in our galaxy
(Bahcall & Soneira 1984; Hill & Lilly 1991).
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Fig. 1. Object counts as a function of R- magnitude

To judge the validity of a given identification it is im-
portant to estimate the mean density of objects to our
limiting magnitude. Integrating our number counts (e.g.
Fig. 1) we find that the mean density of objects on our
CCD frames is 6 10* deg™! down to R = 24.75.
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6.1. Criteria for identification

Identifying a radio source with the optical image of a
galaxy is not a trivial task. Simple positional coincidence
is an insufficient criterion. Both the radio sources and the
galaxies are spatially extended and the radio and optical
sizes are usually hugely different. It is therefore important
to devise an objective procedure for identification to en-
able the statistical properties of the identified objects to
be analysed.

We make use of the fact that, in previously studied
distant radio sources the optical objects tend to lie along
the radio structure, which is usually highly elongated and
often linear. Most luminous radio sources are double lobed
with well-defined extremities. The position of the optical
counterpart with respect to these extremities can be stud-
ied using the “arm-length ratio” @, defined as the ratio
of the distance between the optical counterpart and the
more distant radio extremity to the distance between the
optical counterpart and the closer radio extremity.

The most complete data that are available for such
statistical studies are those which characterise the 3CR
(Bennett 1962) or the more restricted (but better defined)
3CRR (Laing et al. 1983). The distribution of this param-
eter @ for the sample of double lobed 3CR galaxies has
been studied by McCarthy et al. (1991). This distribu-
tion is peaked at unity, has a mean value of 1.5, 10% of
the sources have @ > 2.4 and the largest value is 5.3.
The distribution appears to be independent of redshift,
radio luminosity, lobe flux density ratio or whether the
source is identified with a quasar or a galaxy (McCarthy
et al. 1991).*We can therefore use the relative symmetry
of highly luminous radio sources about their optical coun-
terparts as input to our identification procedure.

6.2. Identification procedure: The likelihood method

To quantify our identification procedure properly, we use
a modified version of the likelihood technique which has
often been used (e.g. Richter 1975; de Ruiter et al. 1977;
Condon et al. 1975; Windhorst et al. 1984; Oort 1987).
To assess the reliability of a proposed identification, we
use as ingredients i) the observed differences between the
optical and “the” radio positions, ii) the background op-
tical counts and iii) the distribution of @ values. For the 7
sources that have an obvious radio core, we use the posi-
tion of the core as the radio position. For the other sources
we define the radio position as the mean of the positions of
the peak intensities of the two radio lobes. Because of the
known strong correlation between radio morphology and
luminosity the 7 radio sources with diffuse radio morphol-
ogy are not expected to be at large distances. We reject
these for studying the identification statistics of the pow-
erful sources.

We shall assume that the distribution of @) values for
our USS sample is the same as for the 3C sample. This as-

sumption appears reasonable, because the @ distribution
appears not to depend strongly on relevant observables
(McCarthy et al. 1991). However, we should be aware that
any dependence of the @ distribution on spectral index
might slightly change the resultant identification statis-
tics.

The dimensionless position error 7 is defined by:

Ao? A&\ ?
(330

2
o2 loF

(1)

where Aa and Aé are the measured position differences in
right ascension « and declination § between the position of
the radio source and the optical objects, and 02 = ¢2 _ +

Orad
02 and 02 =02 + 02 are the standard deviations
rad opt

Co
in tli;e position differences.

The positional errors in our 20 cm VLA A array snap-
shot radio maps (< 0.3”) are small compared to the opti-
cal position errors (~ 0.9"). For sources that do not show
an obvious radio core component, the extent of the ra-
dio source, however, introduces an additional error in the
standard deviations in the position of the optical identifi-
cation.

We parameterise this additional uncertainty using the
radio size R and the radio lobe distance ratio Q. The dis-
placement of the central optical position in the direction
of the main radio axis is given by:

_p(Q-1
UQ_R(2Q+2)'

Since 66% (= 1o) of the sources from the 3C sample have
Q < 1.5 we will use Q=1.5 in our analysis. A radio source
of size equal to the mean value of our imaged sample (14")
and with @ = 1.5 will have its optical counterpart dis-
placed with 1.4” along the radio axis with respect to the
nominal radio position.

Using og we rewrite the dimensionless variable r:

(2)

1
e Ao? A ’
e T 000 Ta t930)

where 02 , and 03 o are the respective values of oq in the
right ascension and declination direction.

In estimating the reliability of each candidate identifi-
cation, we will apply the likelihood method as described
by de Ruiter et al. (1977), using the above definition of r.
Two probabilities are defined: i) dp(r|id) is the probability
that a correct identification has a measured radio-optical
position difference between r and r + dr and ii) dp(r|c)
is the probability that an incorrect identification (e.g. a
serendipitous source) has a value of r between r and r+dr.

We assume that there is no strong clustering of ob-
jects around the radio source, so that the background
counts have a Poissonian distribution. Furthermore, we
assume that the normalised position difference r follows a

(3)
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Rayleigh distribution. The introduction of oo might lead
to a slight deviation from this Rayleigh distribution. We
will however disregard this possible non-Rayleigh nature
of og, since i) og is only a second-order correction and
ii) the og distribution for 3CR sources is similar to a
Rayleigh distribution. The likelihood ratio is then defined
as:

_dp(rjid) 1 r?

with A = mo,05png Where pp, the background density of
objects and 03 = o  +0Z g and 0f = 0f  +0j,
indicate the expected position differences.

A candidate identification with a normalised position
difference 7 is accepted as an identification if LR(r) is
larger than a specified cutoff value L. Since a particular
choice of L also determines the reliability and complete-
ness of the identifications, we shall postpone our choice of
L until after we have discussed the reliability and com-
pleteness of the identification statistics.

In Appendix A we list the likelihood value for each
candidate identification of each radio source. Sources that
did no have a candidate detection in an area of 5" x 5"
between the two source extremities were considered not to
be detected.

6.3. Reliability and completeness

From the likelihood values for the sources in the sample an
estimate can be made of the reliability and completeness
of the identifications.

We define the identification fraction 6 as the fraction
of radio sources in the sample that have a correct identi-
fication.

The quantities p(id|r) and p(c|r) are the a posteriori
probabilities that, given the fact that we have found an
object at a radius r from the radio source position, it is
respectively an optical identification or a confusing object.
Using Bayes’ theorem we relate the identification fraction
8 to these two a posteriori probabilities.

OLR(r) _ 1
) = srRm 16
(5)
The completeness C of the identifications is the frac-
tion of the number of accepted optical identifications over
the number of correct optical counterparts. It is given by:

P = Gr Ry +1-0

C=1- Z p(id|r;) | /Nig, (6)

LR(r)<L

where N;4 is the number of identifications and r; is the
dimensionless position error for each source (e.g. Eq. (3)).

The reliability R of the sample is the fraction of iden-
tified sources that is expected to have a correct identifica-
tion. It is given by:

R=1- Z p(clr:) | /Nia (7)

LR(ri)>L

We shall now proceed to determine the completeness
and reliability of the identifications using the procedure
as described above.

As initial estimation of the identification fraction 6
for our sample we use the fraction of radio sources with
an FRII morphology that have a candidate identification
within 5” x 5” from the mean radio position. This frac-
tion is 86% (69 out of 80 sources) Both the completeness
and reliability can now be determined as function of the
likelihood ratio cutoff. In Fig. 2 we give the reliability and
completeness for a range of likelihood cutoffs. A spline is
fitted to the data points. In the range of likelihood cut-
offs from O to 3 the reliability only varies from 0.94 to 0.98
while the completeness varies from 1 to 0.7. We will follow
de Ruiter et al. (1977) and use a likelihood ratio cutoff of
1.8. With this likelihood cutoff and initial identification
fraction, we find that the completeness and reliability of
the identifications are 82% and 97%. The second estimate
for the identification fraction can now be found from:

h=1 [N(LR > L) — (1 = R)Ntot] /Neot,

. ®)

We calculate 8 = 75%. With this 8, we can again calculate
the completeness and reliability, and iterate until we have
found a solution for #. After two iterations, € does not
change and is found to be 70%. With this identification
fraction the completeness and reliability are respectively
88% and 95%. i.e. with 80 radio sources we expect 56 good
identifications. Indeed we find 53 candidates with LR >
1.8, of which 4 are background objects, giving a total of
49 good identifications with LR > 1.8, which represents
49 / 0.88 = 56 good ids.

However, candidate identifications to radio sources
with a likelihood ratios less than 1.8 can still be correct
identifications. e.g. 3 of the 8 sources with 0.5 < LR < 1.8
have a measured redshift, showing that in these cases the
candidate identifications were correct.

7. Parameters of the optical counterparts

After the detection and identification of the optical coun-
terparts, their position angles, ellipticities and magnitudes
were determined. These are presented in Appendix A. The
magnitude adopted are “total” magnitudes, derived for
each object by integrating the intensities within an area
that has twice the area enclosed by the 2.50 isophote of
the object brightness (see FOCAS Manual, Valdes 1982).
This procedure should include at least 90% of the total
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Fig. 2. The reliability (o) and completeness (*) as a function
of likelihood cutoff L (see text)

flux for typical galaxies (Kron 1980). The total magnitude
for candidate identifications is listed in Appendix A.

A crude measurement of the shape of the object is its
eccentricity and position angle. They can be expressed in
terms of the moments of the brightness distribution (e.g.
Rhee 1989). The moments were derived in the CCD co-
ordinate system (z,y). The normalised intensity weighted
moments are defined as:

E(:L‘ - xo)a(y - yo)bI(xa y)
> 1(z,y) ’

where 1,5 is the a'® moment in z and b*® moment in y,

I(z,y) is the intensity in pixel (z,y), the summation is

over the pixels higher than the detection threshold and

Zo, Yo is the mean (z,y) of the object (e.g. Rhee 1989). If

we take I(z,y) = 1, we obtain the unweighted moments.
The position angle is (e.g. Hu 1962):

Hab = (9)

2
6 =  arctan (¢—> . (10)
K20 — Ho2
The eccentricity e (Valdes et al. 1983) is given by:
— 2 4 2
o= V(120 — po2)? + Py (11)
H20 + Ho2
The ellipticity is:
1—e

=1- . 12
¢ 1+e (12)

To examine how robust the determination of the position
angle angle was, we have calculated the position angle
from the weighted and unweighted moments pq, as de-
scribed above. The differences in the determination of the

position angle from a weighted and an unweighted mo-
ments is < 12deg (e.g. Fig. 3). The two objects with dif-
ferences > 30deg have either a low signal to noise (e.g.
0245+013) or have a position angle in the inner regions
that differs from the value in the more outer region of the
object (e.g. 0946—182).

We also measured the position angle of the outer con-
tours from the contour plots of the objects. The differences
in position angle between this method and the position an-
gle as obtained from the weighted moments are shown in
Fig. 3. The differences are in general < 30deg, but in 7
cases they are larger than 40 deg. The reasons for these
discrepancies are mainly insufficient signal-to-noise in the
outer regions of the objects to allow a a good determina-
tion of the position angle. An object with an R-magnitude
of ~ 23 has a total signal-to-noise ratio of only ~ 10. The
position angle as determined from the outer contours is
less semnsitive to a few pixels that deviate due to residual
fringing, cosmic ray events and pixel to pixel variations,
than the position angle as determined from the moment
analysis. In what follows we therefore will use the posi-
tion angle as determined from the outer contours. This is
the position angle that is listed in Appendix A. For these
sources we also list the ellipticity as determined from the
weighted moments.

The extent of the object was measured from the ex-
tent of the outer contours (e.g. Appendix A). This mea-
surement is not very reliable since it heavily depends on
i) signal to noise in the measurement, ii) the (unknown)
intrinsic brightness distribution and iii) the seeing.

8. Results

In this section we shall first present the source list. Then
we shall give the magnitude and ellipticity distributions
for the sources.

8.1. Source list and maps

The list of sources for which we have obtained CCD imag-
ing is presented in Appendix A. For 95 objects a con-
tour representation of an area of 45" x 45” around the
radio source overlayed with a greyscale presentation of
the radio source is presented in Appendix B. Contour
representations of the maps of the radio sources can be
found in Rottgering et al. (1994). The maps of the sources
04244027, 14174144 and 22314015 are contaminated by
large scale gradient on the CCD and are not shown. The
map of another source (0927+064) was contaminated due
to a pointing problem and is also not shown. To reduce
the effect of digitisation of the contour plots, the data was
spatially smoothed over 3 x 3 pixels using a uniform me-
dian “boxcar” function.
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8.2. Magnitude and ellipticity distribution

In Fig. 4 we show the magnitude distribution of the
sources in the sample. Note that the distribution contains
sources that have been observed when the nights were not
photometric. The expected additional errors in the mag-
nitudes of those sources are of order < 0.5 mag, so they
should not affect the general shape of the distribution.
The distribution is subdivided into the four categories.
First, the 53 sources with a good identification (e.g.
LR > 1.8). Second, 8 sources that would be rejected as
a good id on the basis of LR > 1.8 but have a small but

non zero likelihood ratio (LR > 0.55) so that a signifi-
cant fraction of these 8 sources are expected to be cor-
rectly identified. Third, the remaining sources (19) have
likelihood ratios < 0.55 (or do not have a listed candi-
date with an area of 5 x 5" between the two source ex-
tremities). We assessed these unidentified objects as fol-
lows. From the object counts (e.g. Fig. 1), the slope of
the background galaxy count (0.37, Metcalf et al. 1991)
and our adopted completeness limit of the observations
(R ~ 23), we find that the number of sources we could
have maximally missed in the 23.5 and 24 bin is 40. We
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therefore distributed the 19 unidentified sources first in
the bin with midpoint 23.0 in such a way that the ratio
of sources in the 23.0 and 23.5 bin is consistent with the
slope of the background counts. The remaining 5 sources
were distributed in the bins with midpoint 24. Taking into
account the incompleteness of the data for R < 23 (Fig.
1), the R-magnitude distribution is consistent with all the
sources being associated with objects brighter then R= 24.
Fourth, the sources with a diffuse radio morphology that
have an obvious identification, but for which the likelihood
ratio analysis is not useful are shown separately.

131
12
11
10 ]
27
0 87
L 7
E g1
3 ;
Z 5
4
3
> 3
1‘
C)0.05 0.25 0.4as5 0.65 0.85
Ellipticity

Fig. 5. The ellipticities as found from the weighted moment
analysis

In Fig. 5 we show the distribution of the elliptici-
ties for the spatially restricted counterparts of the pow-
erful radio sources (i.e. those that are not associated with
QSOs). The uncertainty in the ellipticities ranges from
~ 0.1 for the brighter to & 0.25 for the fainter identifi-
cation. The identified objects with the largest ellipticities
(1154—041, 00284051, 0828+193) all have multicompo-
nent structures. It is possible that some of these compo-
nents are foreground objects. The R band ellipticity dis-
tribution extends to 0.7 and has a mean of 0.33.

Rigler et al. (1992) have measured ellipticities in the
B and V bands for a complete sample of 13 3C galaxies
at 0.8 < z < 1.3. Their ellipticities range from 0.1 to 0.4
with a mean of 0.19 and are less than we find for our
sample. However, since our imaging data is less sensitive
we do not attribute this difference to anything other than
uncertainties in the measurements.

9. Conclusion

We have presented deep R band CCD imaging of 95
USS radio sources from various sub-samples of the Texas,

Parkes and Molonglo catalogues. 7 of those fields were
problematic, mainly due to nearby bright stars. Of the
remaining 88 fields 80 contain radio sources with a non
diffuse morphology. 53 of these 80 sources are identi-
fied. The reliability and completeness of the identifica-
tions were discussed using a likelihood method taking the
sizes of the radio sources into account. For each identified
source a total magnitude, position angle, ellipticity and
and source extension was determined. The distribution of
the R-magnitude peaks at 22.5 < R < 23 and is consis-
tent with all the sources being associated with an optical
counterpart that is brighter than R = 24.

Acknowledgements. It is a pleasure to thank the ESO staff
for their help conducting the observation. We thank Dan
Golembeck for assisting us using the Guide Star Catalogue
(GSC) image processing system of the Space Telescope Science
Institute Hedy Versteeghe for her assistance in the project. We
acknowledge the EEC for support from the Science Stimulation
Programme.

Appendix A: Source list

The contents of the various columns of the table pre-
sented in this Appendix are as follows:

1. Name of the radio sample(s) to which the source be-
longs. The samples are described in Rottgering et al.
(1994).

. The source name in IAU B1950.0 format.

3. The position derived by fitting a quadratic function to
the local intensity maxima.

4. The epoch of the coordinate system B(1950) or
J(2000).

5. Total R-magnitude.

6. Optical morphological classification ‘G’: galaxy; ‘U’:
unresolved (possible QSO), -’: not identified.

7. Notes: ‘b’: bright star hampering identification; ‘s
spike on the CCD frame hampering identification; ‘n’
no candidate identification: blank field; ‘I’ candidate
identification rejected due to likelihood ratio too small;

8. Position angle in degrees of largest extent of the source
on the maps as presented in Appendix B.

9. Ellipticity determined from the weighted moments.

10. Extension in arcseconds measured along the position

angle.

11. The likelihood ratio.

12. The atmospheric conditions during the observations:

‘+’ photometric (agreements zero points < 0.1 mag,
‘/’ nearly photometric (agreements zero points < 0.5
mag).

13. Seeing in arcseconds during the observations.

[\

{q?
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Appendix A. continued

Source R.A. Decl Magtotar Morph PA ¢ Ext L Phot Seeing

h m s o ! " o " 1

(1) (2) (3) (4) (5 (6) (7)) (8) (9) (10) (11) (12) (13)
365B 0008+172 0 8 32.70 1713 9.2 B 226 G 14505 3.5 74 + 0.9
365A 0008—032 011 11.80 —-25939.0 J 23.1 G 004 25 184 + 1.3
365B 00134121 B - n + 1.3
365B 00174154 B - b + 1.7
365B 00284051 028 57.37 5 840.1 B 204 - 1 0.2 + 14
365B 00404064 040 58.84 625252 B 21.1 U 11.2 + 0.9
365B 0054+090 054 53.54 9 1440 B 21.7 G 150.2 4.2 8.0 + 1.1
365B 0106+144 1 6 55.99 1426204 B 24.0 G 116 0.6 2.0 9.6 + 0.9
365B 01534041 153 1565 4 7447 B 21.9 - 1 0.4 + 1.0
365A 02004015 2 2 4293 149108 J 221 G 133 0.3 3.3 22.5 / 2.0
365B 02094071 2 9 4848 7 8 0.1 B 24.1 G 005 3.8 9.5 + 1.8
365A 0211—-122 214 17.42 —115846.2 J 22.7 G 98 0.1 3.0 22.4 + 1.0
365A 02244096 226 44.56 951370 J 222 G 93 0.4 3.1 18.9 / 2.0
365B 02264129 226 11.71 125713.0 B 23.4 - 1 0.0 + 1.3
408A 0230—102 J 195 - b / 2.5
365B 02454013 245 12.77 118534 B 239 G 30 0.0 1.9 + 1.9
365B 02514008 251 740 048328 B 23.0 U 1 0.9 + 0.9
365B 03104051 310 4795 5 6 3.1 B 231 G 129 0.3 2.9 29.1 + 1.2
365A 0325—096 327 51.04 —92916.3 J 23.0 U 1 1.5 + 1.0
365B 0353+106 353 46.85 1039214 B 22.1 - 1 0.2 + 1.7
365B 04004020 B - b + 0.9
365AB 04054125 4 5 49.64 1232258 B 22.8 U 26.3 + 1.3
365A 0417—181 419 43.60 —18 155.8 J 21.7 G 1 80351 0.8 + 0.9
365A 04244027 426 41.84 254296 J - b 0.0 / 1.6
365B 04294194 B - n + 1.7
365A 0429—267 431 59.49 —26 38 10.7 J 21.5 U 10.8 + 0.8
365A 0447—164 450 7.47 —162449.3 J 232 G 13904 24 9.3 + 0.9
365B 04484091 448 3053 9 9274 B 23.1 G 116 0.5 2.6 3.5 + 1.7
408A 0515—096 518 5.08 —937 26 J 21.6 - s 0.2 + 1.1
365A 0545—089 547 29.88 —85754.7 J 19.0 U 28.3 + 1.2
365B 0725+191 725 14.27 19 8220 B 232 - 1 0.0 + 1.5
365B 0748+134 B - n + 2.0
365B 08284193 828 1.22 1923238 B 20.7 G 44 0.7 6.3 4.5 / 1.8
365B 0841+159 841 8.22 1558364 B 23.7 G 15 0.6 16.3 / 1.5
365B 0850+140 8 50 22.78 14 4176 B 18.2 U 16.0 / 1.4
408A 0912—-163 915 14.62 —16 30 46.6 J 21.7 G 29 0.1 2.4 25.2 + 0.9
365A 0924—134 J - n + 1.0
178 0927+064 J - n + 1.1
408A 0946—182 948 43.83 —18 28 20.2 J 19.3 G 770.1 6.0 4.1 + 1.0
365A 10154187 10 17 46.54 18 3229.8 J 21.6 - 1 0.5 + 1.1
365A 1052—163 10 55 25.72 —16 34 59.6 J 22.5 G 604 3.0 4.2 + 1.0
365A 1113—-178 1116 14.68 —18 6 23.6 J 214 G 0.4 11.6 + 1.0
408A 1131—269 11 33 31.45 —27 15222 3 235 G 190.1 1.9 33 + 0.9
178 1139-025 J - n + 1.0
365A 1152—245 11 54 54.12 —24 47 32.9 J 23.5 G 7402 20 4.3 / 1.2
365A 1154—041 11 56 56.29 —426 304 J 22.1 G 0.6 7.7 / 1.4
365A 1228-166 12 30 52.87; —16 56 49.5 J 20.3 U 3.8 / 1.5
365A 1231—293 1233 39.98 —2935 7.6 J 221 - 1 1.8 / 1.1
178 1237-030 1239 38.90 —319 2.0 J 224 G 14 0.5 3.5 21.1 + 1.0
365A 1238—273 12 41 27.95 —27 36 13.3 J 21.2 G 45 0.2 2.3 + 1.1
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Appendix A. continued

Source R.A. Decl Magiotar Morph PA ¢ Ext L Phot Seeing
h m s o ! n o " "
1) (2) (3) 4 ¢ (6) (M (8) (9) (10) (11) (12) (13)
408A  1241-275 12 43 50.94 —27 52 15.0 J 18.8 G 1 0.3 0.0 + 0.9
178  1243+036 12 45 38.39 323203 J 225 G 1150 0.3 2.8 21.6 + 1.0
365A 1243—289 12 46 34.21 —29 13 53.9 J 23.6 G 0.3 1.1+ 1.9
408A 13364003 1338 41.21 0 2450 J 2238 G 1 340120 14 +
408B  1345-—309 J - n + 1.0
365B  1406+113 B - n + 2.2
178  1410-001 14 13 15.15 —023 0.8 J 22.6 G 160 0.5 4.0 6.0 + 1.8
408A 1412-107 14 15 10.25 —10 57 47.6 1 223 G 127 0.3 2.4 294 + 0.9
408A  1417+144 J - b / 1.1
365B 1436+157 14 36 43.14 1544 13.0 B 19.6 G 113104 70 0.8 / 1.9
365A 14524066 14 55 9.38 626 54.9 J 21.2 G 1 300.5 3.8 0.7 / 1.1
178  1502+03915 5 6.56 347126 J 223 G 8804 23 180 + 1.0
365A 15234074 J - n + 1.1
365A 1545-—234 15 48 17.45 —23 37 2.0 J 22.7 G 80.2 23262 + 1.0
365A 1548-—111 1551 41.84 —11 17379 J 215 G 1 50459 01 + 1.6
178  1558—003 16 117.44 —-02846.4 J 234 G 1 500318 14 + 1.0
365B  1600+105 B - n / 1.6
365B 1612+148 B - n + 1.9
365B  1620+127 16 20 43.09 12 46 53.8 B 22.6 - b 9.0 + 1.9
178 1627—013 16 30 23.87 —12939.1 J - n 8.7 / 1.3
178 1643—031 16 45 50.68 —31336.2 J 18.2 U 3.8 / 2.0
178 16574003 17 016.43 019223 J 21.3 U 1 0.5 / 1.5
365A 17184064 J - bs - 1.1
365A 17224105 17 24 41.86 1030501 J 22.2 G 84 0.2 2.8 2.7 / 1.6
178 365A 17254167 17 27 35.63 16 44 25.3 J 22.3 G 168 0.4 3.0 7.6 / 1.6
365A 2000—09120 339.01 -9 2392 J 193 U 6.5 + 1.2
408A 2037—085 2040 2.01 —-824379 J 218 U 22.1 / 1.6
365B  2045+142 20 45 25.02 14 15 53.6 B - s 0.0 + 1.1
178 365B 2048+136 20 48 50.89 1337414 B 19.1 - 1 0.2 + 1.5
178  2058-041 J - n / 1.4
365B  2117+120211713.75 12 3 0.3 B 18.9 G 740273 65 + 1.2
365B 21254152 21 25 21.39 1514525 B 21.7 U 32.3 + 1.4
178 365B 2131+162 2131 7.66 16 1559.7 B 20.5 - 54 + 1.6
178  2132-031 21 35 28.44 —25350.2 J 23.2 U 3.7 / 1.3
178  2135+037 J - n + 1.3
365B 2202+128 22 247.96 1250571 B 23.1 G 174 0.5 2.3 3.9 + 1.0
178  2205-04022 8 7.56 —348 59 J - n 74  + 1.3
365A  2224-273 2227 43.30 =27 5 1.6 J 223 U 251 + 1.3
365B 22264162 22 26 17.87 16 1753.9 B 22.3 G 0.1 12.9 + 1.1
178 365B 2231+015 B - b + 0.9
408A 2236047 22 39 32.75 —429325 J 188 G 45 0.3 9.4 12.7 / 1.3
408B  2242-304 22 45 9.91 —30 12 40.8 J - n 15.8  + 1.0
365B  2243+174 22 43 35.25 1728 23 B 20.7 G 105 0.4 6.5 3.7 + 1.4
178 2246—022 22 48 54.58 —159 181 J 22.2 - 1 0.0 / 1.8
408A 2251—-089 22 53 40.40 —840444 3 228 G 0.2 19.1 / 2.0
408B  2311-308 23 14 15.86 —30 37 174 1 20.7 G 0.1 52 4+ 1.3
365B  2317+120 23 17 36.63 12 540.3 B 229 G 04 7.3 + 1.1
365B  2334+178 B - n + 09
408B  2346—320 23 48 50.60 —31 44 20.0 J 21.8 G 7004 3.0 3.3 / 2.0
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Appendix B: CCD images

10.

11.

12.

13.

14.

. 00174154 Bright confusing star.
. 00284051 Of the two possible id’s, the one closest to

the line joining the two lobes is taken.

. 0209+071 Two possible id’s near radio source. The co-

ordinates are for the middle clump.

. 02264129 Condensations between the radio lobes. The

coordinates are for the clump nearest to the line con-
necting the two lobes.

. 03104051 Faint galaxy coinciding with southern lobe.
. 0417181 Highly elongated source. The coordinates

are for the central condensation.

. 04244-027 No contour map given.
. 0429—267 A confusing diffraction spike of a bright star

passes through the objects.

. 04484091 Several condensations in between the radio

lobes. The coordinates are for the clump nearest to the
line connecting the two lobes.

0515—-096 Confusing spike through galaxy. Therefore
the noted magnitude is from within a 3" aperture in-
stead of the total magnitude as defined in the text.
0924—134 Five or six candidates for the identification.
Radio source in cluster?

09274064 The data was contaminated due to a point-
ing problem. No contour map given. Candidate identi-
fication merged with bright star. Focas splitting algo-
rithm applied.

0946—182 Strongly elongated galaxy and aligned per-
pendicular to the radio source.

1237—-030 Astrometry possibly less accurate, since it
had to be done with only two galaxies.

15

16.

17.

18.

19.

20.

22.
23.
24.
25.
26.
27.

28.

29.

30.

1241-275 Identification also visible on STScI GSC
plates.

14174144 Bright confusing star nearby. No contour
map given.

14364157 A two component object. Coordinates are
for the brightest component.

1545—234 Confusing diffraction spikes of bright star in
the CCD field.

1548—111 Clumpy galaxy with at least three lumps.
Coordinates for the brightest lump.

1620+127 Three objects near radio position. The co-
ordinates are for the object that is closest to the radio
source.

. 1643—031 Two bright candidate id’s in the middle of

the two lobes.

1657+003 At least 4 bright candidate id’s between the
radio lobes.

17184064 Confusion by diffraction spike from nearby
star.

17254167 Bright star nearby.

2000—-091 A possible QSO.

2048+136 For this relatively large radio source at least
5 possible id’s.

2205—040 Two possible id’s. The coordinates are for
the brightest candidate.

22264162 Two clumps of equal magnitudes The coor-
dinates are for the clump closest to the centre of the
radio source.

2231+015 Strong gradient on CCD due to scattered
light of bright nearby star. No contour map given.
2246—022 Trail of radio emission passes two possible
id’s.

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


http://adsabs.harvard.edu/abs/1995A%26AS..114...51R

RI

FT9O5ACAS. “T127 7. 51

62 H.J.A. Rottgering et al.: CCD imaging of ultra-steep-spectrum radio sources

Appendix B. continued
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Appendix B. continued
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Appendix B. continued
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