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Abstract. — Radio sources with ultra-steep spectra (USS) have been found to be excellent tracers of galaxies at
redshifts z > 2. In order to obtain a large sample of z > 2 galaxies, we have defined several new flux-limited samples
of USS radio sources. These samples are selected at a range of frequencies from 38 MHz to 408 MHz and are fainter by
a factor of three than the previously well-studied 4C samples of USS sources. We find that complete samples of radio
sources with angular diameters < 1 arcmin selected at 38 MHz contain relatively fewer USS sources than samples of
small radio sources selected at higher (> 150 MHz) frequencies. This is interpreted as due to flattening of the spectra
of distant USS sources at frequencies < 100 MHz. As a preliminary to optical imaging and spectroscopy, snapshot
observations of sources from these samples have been made with the VLA at 1.5 arcsec resolution. We present the
positions, flux densities and radio structures for a total number of 605 sources derived from these observations. Our
VLA images indicate that samples of USS sources selected at 38 MHz contain a smaller proportion of small sources
and a larger proportion of diffuse sources than USS sources selected at higher (> 150 MHz) frequencies. This is
consistent with the samples of 38 MHz - selected USS sources containing a larger fraction of relatively nearby radio

sources, perhaps in clusters of galaxies.
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1. Introduction

Radio galaxies have long been important for studying cos-
mology. Due to their luminous radio continuum and opti-
cal line emission they are relatively easy to find at cosmo-
logically interesting distances. During the last decade, the
highest redshift at which radio galaxies have been detected
has been pushed from z < 2 to almost 4, corresponding
to the epoch when some models of cosmological structure
formation predict galaxy formation should be occurring
(e.g. Efstathiou & Rees 1988). A better understanding of
radio sources and especially their evolution is therefore
highly relevant to the question of when and how galaxies
form. The objectives of studying distant radio galaxies are
to obtain information about i) the intrinsic nature of in-
dividual objects, ii) the environment of the high-z sources
and iii) the geometry of the Universe.

One of the most successful methods of finding dis-
tant galaxies has been to concentrate on samples of radio
sources with ultra-steep radio spectra (USS, spectral index

*The source list is also available electronically via ftp
130.79.128.5 at the CDS (Strasbourg)

a S —1.0)*. The basis of this method was the discovery
that the fraction of sources found to have counterparts on
the Palomar Sky Survey is a strong function of spectral
index, with almost no identifications being found for the
steepest spectrum sources (e.g. Tielens et al. 1979; Blu-
menthal & Miley 1979). By observing a sample of radio
sources with ultra-steep spectra from the 4C catalogue,
Chambers, Miley & van Breugel discovered eight z > 2
galaxies among which there are two at z = 3.8 (see re-
views by Chambers & Miley 1989 and Miley & Chambers
1989). Other groups have also used this technique to find
high redshift galaxies (e.g. McCarthy et al. 1991a; 1991b
and Rawlings et al. 1990).

The 4C sample covered less than a third of the sky and
included only the brightest radio sources (i.e. Sy7s & 4 Jy).
Detection of even more distant radio galaxies should be
feasible, since the expected radio emission and < emission

*Throughout this paper we define the spectral index o using
the convention S ~ v*, where S is the flux density at frequency
v. o) is the two-point spectral index between a low frequency
flux density at 1 MHz and a high frequency flux density at vy
MHz.
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are sufficiently luminous to be observable up to a redshift
of 6, beyond which the Ly « emission would be shifted
into the near-infrared.

Because of their uniqueness as spatially extended
probes of-the early Universe, we instigated a project to
apply this search technique to larger and fainter samples
of radio sources. To obtain a large sample of z & 2 ra-
dio galaxies, we instigated a project that consisted of the
following steps:

1. Selection of Samples. The production of a compendium
of candidate ultra-steep spectrum (USS) sources from
various radio catalogues.

2. Radio Imaging. Observations of the candidate USS
sources from the compendium were made with the
VLA to obtain accurate radio positions, flux densi-
ties and structures. The refined positional and struc-
tural information were essential for optical identifica-
tion work.

3. Initial Optical Identification. Using the Guide Star
Catalogue (GSC) image processing system at the
Space Telescope Science Institute, Baltimore, a small
percentage (~ 10 per cent) of USS radio sources was
identified with bright objects. These are not expected
to be located at extreme distances and were rejected
as candidates for very distant galaxies.

4. R-band CCD-imaging. Deep CCD imaging to a limit-
ing magnitude R < 24 with 2-m class telescopes was
next carried out. This permitted us to optically iden-
tify the majority of the radio sources, to study the
structures of the underlying galaxies and to obtain
some information about their environments.

5. Spectroscopy. Spectroscopic observations of the optical
objects were then made with 3 — 4 m class telescopes.
Since the luminosity of the optical line emission is usu-
ally large and can exceed 10** erg s—!, redshifts can
often be determined in exposures of about an hour.

6. Detailed Studies. The possibilities for follow-up stud-
ies for samples of high-z radio galaxies are numerous.
For example, mapping of the optical continuum emis-
sion at several wavelengths gives information about
possible stellar populations and/or scattering media,
while spectroscopy and narrow-band imaging of the
line emission provides a unique tool for investigating
the internal kinematics and physical conditions within
the emitting gas.

In this paper we present the results from the first two
steps in the programme outlined above. First, we review
some results from previous studies of USS radio samples.
After discussing the radio catalogues that were available
to us, we consider the definition of several samples of USS
sources or candidate USS sources. We then describe VLA
observations of sources from these samples and present
some statistical results on their morphologies. Subsequent
papers will deal with the CCD imaging, spectroscopy and
follow-up observations of sources in these samples.

We assume a Hubble constant of Hy = 75 km s™!
Mpc~! and a density parameter Qy = 1.

2. Ultra-steep spectrum radio sources
2.1. Classes of USS sources

In order to optimise our samples for distant galaxy
searches, it is important to consider the various other ob-
jects that are known to possess ultra-steep radio spec-
tra. Besides distant radio galaxies, there are at least four
different classes of USS radio sources. These are radio ha-
los, head-tail galaxies, pulsars and “fading” or “dying” ra-
dio sources in which the active nucleus no longer supplies
the lobes with energetic electrons. In this section we shall
briefly discuss each of these four classes of radio sources.

2.1.1. Radio halos

A radio halo is defined as a diffuse radio source centrally
located in a cluster and not identified with an individual
galaxy. This is a rare and poorly understood phenomenon.
It is rare since, despite extensive searches for radio ha-
los (Jaffe & Rudnick 1979; Hanish 1982; Andernach et al.
1986), only about ten are known. It is poorly understood
since there is currently no accepted model for the halo
origin. The radio properties of these halos can be sum-
marised as follows (see e.g. Hanisch 1987; Sarazin 1986).
They have i) ultra-steep spectra (o < —1.2), ii) moderate
radio luminosities (Py400 Muz ~ 4 — 10 103! erg s~ Hz 1)
and iii) large projected linear sizes (0.5 — 1.3 Mpc).

2.1.2. Head-tail galaxies

The strongly bent radio structures of these sources are
thought to be caused by the motion of the galaxy through
the intra-cluster medium (e.g. Miley et al. 1972; O’Dea &
Owen 1985a; 1985b), but bulk motion of the synchrotron-
emitting plasma may also be important in some cases (Liu
et al. 1989). The spectral index of such sources is often
observed to steepen with distance from the galaxy nuclei
and the tails can have very steep spectra (a S —2.0).

2.1.3. Radio pulsars

Pulsars have spectral indices ranging from a ~ —0.7 down
toa S —3 with a mean of @ ~ —1.6 (e.g. Sieber 1973; Mal-
ofeev & Malov 1980). Since pulsars are mainly located in
the galactic plane (e.g. Taylor et al. 1993) and since our
samples of extragalactic radio sources will be defined out-
side the galactic plane, the samples should not contain a
significant number of pulsars. A characteristic angular size
of << 1 arcsec further distinguishes pulsars from the ma-
jority of extragalactic radio sources which have a median
angular size of & 10 arcsec for flux densities & 100 mJy
at 1412 MHz (Windhorst et al. 1990).
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2.1.4. Fading radio sources

If the lobes of a radio source that is associated with an
active nucleus of a galaxy are no longer supplied with
energetic electrons, the radio spectrum steepens due to
radiation losses and expansion losses (unless confined by
dense cluster gas) and eventually fades away. These fading
radio sources are rare observationally. Out of a complete
sample of 337 sources selected at 327 MHz, Oort (1987)
finds one candidate “fader”.

2.2. Frequency-dependence of USS source populations

A correlation between the radio spectral index and the lu-
minosity of radio sources has been noted by many authors
(Heeschen 1960; Veron et al. 1972; Macleod & Doherty
1972; Bridle et al. 1972; Laing & Peacock 1980) and is
the basis of our search technique for distant galaxies. This
correlation is most clearly seen in the 4C samples of radio
sources studied by Conway et al. (1977) and Tielens et
al. (1979). In these samples it was found that the fraction
of radio sources that could be identified with objects in
the Palomar Sky Survey was a strong function of spectral
index (Blumenthal & Miley 1979). For the sources with
the steepest radio spectra almost no identifications were
found. Also the angular size of the radio sources was shown
to change as a function of spectral index. The median an-
gular size decreased by a factor 1.5 between o« = —0.7 and
a = —1.2. Both these correlations suggested that the 4C
sources with the steepest spectra tend to be located at the
highest redshifts. Since in flux limited catalogues, redshift
is directly related to luminosity, the USS sources should
also be the most luminous. Subsequent work showed that
the USS sources were indeed very distant. Optical spec-
troscopy of 32 sources from this 4C sample resulted in the
discovery of 16 galaxies with a redshift z > 0.5 of which
8 had z > 2 including 4C41.17 at z = 3.8 (Chambers &
Miley 1989; Chambers et al. 1990).

However, there is, in samples of USS sources, a striking
variation of radio sources with selection frequency (Blu-
menthal & Miley 1979). An important study of a sample
of USS sources selected at 38 MHz examined 29 sources
with a3%g < —1.2 (Baldwin & Scott 1973; Slingo 1974a,b).
These USS sources occur almost exclusively in rich clus-
ters of galaxies. Some of them were classified as head-
tail galaxies and some as cluster radio halos. Blumenthal
& Miley (1979) pointed out that the fraction of sources
identified on the Palomar Sky Survey was ~ 75 per cent
for the 38 MHz USS sample, but only ~ 20 per cent for
the 178 MHz USS sample. This difference strengthened
the conclusion that samples of USS sources selected at 38
MHz are dominated by different populations of sources
than samples selected at 178 MHz. This implies that the
spectral characteristics of the sources in the two samples
are different. There are two possible explanations for this
difference:

1. The spectra of the 178-MHz selected USS sources tend
to flatten at the lowest frequencies and are therefore
not contained in USS samples selected at 38 MHz.

2. The spectra of the 38-MHz cluster sources flatten at
frequencies higher than 178 MHz and are therefore not
contained in USS samples selected at 178 MHz.

To investigate the first possibility, we consider flux density
measurements at frequencies ~ 38 MHz for the distant ra-
dio sources from the 4C sample of Chambers et al. (1987).

Two important surveys at ultra-low frequencies are
those of Williams et al. (1966) at 38 MHz and of Viner &
Erickson (1975) at 26.3 MHz. Except for 4C41.17 which
is reportedly contained in the survey of Viner & Erickson
(1975), none of the 4C high-redshift sources of Chambers
et al. (1987) are listed in these two surveys**. The upper
limits are, however, useful. Flux densities for the high-
redshift sources at 178 MHz and 4995 MHz are given in
Tielens et al. (1979). It is difficult to establish a good
flux scale for flux density measurements at the lowest fre-
quencies (e.g. Rees 1990a). An error of 20 per cent in the
flux scale will, however, only result in an error of 0.1 in
spectral index a33g, and this should not affect any of the
conclusions.

We find that the mean value of the observed low fre-
quency curvature as parameterised by a3%; — ailS; is
< 0.24 £ 0.23, indicating that the spectra of high-z radio
galaxies are curved at the lowest frequencies. A substan-
tial part of the flux from such objects arises from high
brightness regions that might well undergo synchrotron
self-absorption at low frequencies (see Leahy et al. 1989)
resulting in this curvature. Indeed, low frequency curva-
ture seems to affect the general source population in sam-
ples selected at 38 MHz: Lacy et al. (1992) find that in a
complete sample of sources from the 8C 38 MHz survey
(Rees 1990b), the median a3$, is —0.81, compared to a
median aj3i, of —0.91.

The second possibility that might explain the differ-
ence in the fractional identification content for the 38-MHz
and 178-MHz selected samples is flattening of the 38-MHz
USS sources at frequencies > 178 MHz. The data used by
Tielens et al. to investigate the identification statistics was
based on the 38 MHz USS sample of Slingo (1974a,b). We
shall follow Tielens et al. and omit sources that may have
unreliable 38 MHz flux density measurements due to con-
fusion. White and Becker (1992) have produced a source
list for both the 1400 MHz and the 4850 MHz NRAO
Green Bank northern sky survey (Condon & Broderick
1985; Condon & Broderick 1986; Condon et al. 1989). The
use of these surveys in our search for USS sources will be

**We note that Viner & Erickson (1975) give a flux of 36 Jy
at 26.3 MHz for 4C41.17, conflicting with the upper limit of
14 + 4 Jy by Williams et al. (1966). However, since none of
the other sources were detected by Viner & Erickson (1975),
their results do not affect our deduction that the low frequency
spectra of distant USS sources are curved.

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994A%26AS..108...79R&amp;db_key=AST

rT992A&AS. ZI08: —.-79R:

82 H.J.A. Rottgering et al.: Samples of ultra-steep spectrum radio sources

discussed later. Within a 1’ x 1’ box around the source po-
sition as given by Slingo (1974a,b) we searched for sources
in the 1400 and 4850 MHz source list of White & Becker
(1992). For 13 out of 20 sources we found both a 1400
MHz and 4850 MHz flux density measurement.

Except for 4C07.41, the NRAO Green Bank 1400 MHz
fluxes agreed to within ~ 15 per cent with the measure-
ments at 1400 MHz of Slingo (1974a,b). The sources that
did not have a 4850 MHz flux were assigned an upper
limit of 15 mJy. The flux densities for these sources are
given in Table 1. The mean curvature taken as ajsg —ail8,
for the 13 sources having a 4850 MHz flux density in the
list of White & Becker (1992) is —0.53 % 0.15, indicating
that majority of the 38 MHz sources flatten at frequencies
higher than 178 MHz. In many cases this is due in practice
to confusion with other radio sources in the galaxy clus-
ters which typically surround these USS sources (Slingo
1974a,b). The USS source itself generally steepens at high
frequency (Roland et al. 1985).

Table 1. Radio data for the Slingo 38 MHz USS sample

name Sas Sirs Sasso Qla;s @450
Jy Jy Jy
4C12.01 52 1.8 0.380 -1.23 -0.91
4C23.1 23 21 0.132 -1.55 -0.84
4C17.11 27T 4.0 0.247 -1.24 -0.84
4C63.10 40 39 < 0015 -1.51 < -1.68
4C74.13 33 22 < 0015 -1.75 < -1.51
4C06.36 28 3.5 0.079 -1.35 -1.15
4C67.17.1 16 2.1 < 0.015 -1.32 < -1.50
4C26.41 27 2.2 0.103 -1.62 -0.93
4C23.37 21 2.0 0.057 -1.69 -1.08
4C38.39 50 35 < 0015 -1.72 < -1.65
4C23.39 20 23 < 0015 -140 < -1.52
4C07.38 37 3.9 0.191 -1.46 -0.91
4C10.40 28 29 0.221 -1.47 -0.78
4C07.41 119 11 < 0.016 -1.52 < -2.00
4C45.30 25 3.5 0.341 -1.27 -0.70
4C19.53 22 27 0.197 -1.36 -0.79
4C71.16 17 21 0.145 -1.35 -0.81
4C08.66 22 21 0.121 -1.52 -0.86
4C20.57 55 5.2 < 0015 -1:83 < -L.77
4C19.78 55 5.2 0.157 -1.53 -1.06

We therefore conclude that the difference in the frac-
tional identification content of USS selected samples se-
lected at 38 MHz and 178 MHz is due both i) low frequency
flattening of spectra of the distant radio sources selected
at 178 MHz and ii) apparent flattening of the spectra of
the 38 MHz cluster sources at higher frequencies.

2.3. Origin of the spectral index vs. redshift correlation

In samples of radio sources selected at 178 MHz the spec-
tral index correlates with redshift. We review mechanisms
that have been suggested to explain this.

First, the effect may be partially due to observational
selection. The spectra of radio sources have a tendency to
steepen at the higher frequencies. Since more-distant ob-
jects would be observed at higher (rest-frame) frequencies,
they would appear to have steeper spectra. Blumenthal &

Miley (1979) calculated a rest-frame spectral index assum-
ing a redshift of z = 2 for the sources from the 3C and 4C
for which no redshifts were available. Although the corre-
lation between the identification fraction and spectral in-
dex is weaker when this rest-frame spectral index is used
instead of the observed spectral index, it is still clearly
present. This is consistent with the results of van Breugel
& McCarthy (1989) and Lacy et al. (1993) who find, for a
subset of the 3CR and for a complete sample of 38 MHz
radio sources respectively, that if the rest-frame spectral
index is used instead of the observed spectral index the
Z — Qrest correlation is weakened, but still present.

With the flux densities for the 4C distant galaxies from
the sample of Chambers et al. (1987), we can investigate
whether the z — a,ps correlation still persists not only be-
tween normal-spectrum and USS sources, but within sam-
ples of distant USS radio sources. In Fig. 1 the observed
spectral indices a8, and a38; and the spectral curvature
index a3 — ail8, are plotted as a function of redshift. A
formal analysis of possible trends in the three plots have
been made using the Spearman rank method. The corre-
lation coefficients for the pairs of observables plotted in
Fig. 1 were —0.42, 0.39 and 0.43 respectively with signifi-
cance levels p of 0.23, 0.19 and 0.19. Therefore none of the
correlations are significant at even the 10 per cent level.
There are two factors which will reduce the correlation
seen within the 4C sample, firstly both the range in «
and the number of data points are much less than for the
investigation over the full range of , and secondly both
van Breugel & McCarthy (1989) and Lacy et al. (1993)
find that the strength of the @ — z correlation seems to
be smaller at z & 1, where most of the 4C USS sources
are situated. Among the four sources with a}i8; < —1.3,
however, two are at z = 3.8. This suggests that increasing
the number of known USS sources at z > 2 may establish
a significant a — z correlation within the relatively narrow
spectral range covered by USS sources.

A second possible observational selection effect which
might explain the « versus z relation was discussed by Ka-
pahi & Kulkarni (1990). They found that the dependence
of redshift and luminosity on the rest-frame spectral in-
dices for the sources from the Leiden-Berkeley Deep Sur-
vey of Windhorst et al. (1984), is weaker than that for the
sources from the 3C sample. They suggest that this may
be due to a selection effect arising from the steeper slope of
the luminosity function at higher luminosity, which causes
ultra-steep spectrum sources at high redshifts to be prefer-
entially included in low frequency surveys. Because of this,
the steepest spectrum sources in a flux-limited sample will
tend to be located at the highest redshift. As our samples
are mostly selected with fluxes around the peak in the ra-
dio source counts, however, it is no longer true that the
source counts of the high-z sources are rising rapidly with
decreasing flux, as is necessary for the Kapahi & Kulkarni
selection effect to work.
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Fig. 1. Spectral indices as a function of redshift for the 4C sample of Chambers et al. (1987). Left shows a}355, centre shows

a38; and right shows the spectral curvature (o35 — adf8,)

Third, it is possible that the redshift—spectral index
correlation is a secondary effect, reflecting, through the
Malmquist bias, a primary correlation between the rest-
frame spectral index and the luminosity. There are good
physical reasons why the most powerful sources might
have steeper spectra (e.g. Chambers et al. 1990; Krolik
& Chen 1991), although recent statistical evidence (Lacy
et al. 1993) suggests that redshift is indeed the dominant
factor.

3. Description of radio catalogues
3.1. Introduction

During the last decades several important large-sky radio
catalogues have become available. These can be used to
extend the work of Tielens et al. (1979) to fainter sources
and to the southern hemisphere. In this section we review
the basic characteristics of some of these catalogues and
briefly discuss the merits and some of the drawbacks for
using them to define samples of USS sources as tracers of
distant galaxies.

Some important characteristics of the catalogues are
listed in Table 2.

3.2. 8C Survey (38 MHz)

The 8C survey (Rees 1990b) is a deep radio survey of a
limited region of the northern sky that has been carried
out at a frequency of 38 MHz, to a limiting flux density
nearly an order of magnitude deeper than previous surveys
at similar frequencies. Special attention has been given to
the absolute flux density scale at 38 MHz and no system-
atic effects at levels higher than 5 per cent are believed to
be present (Rees 1990a).

3.3. 6C2 Survey (151 MHz)

The 6C Cambridge Survey of radio sources will ultimately
cover most of the sky north of § = 30° at a frequency of

151 MHz. Maps of a circular area of radius 10° centered
on the north celestial pole plus the design and operation of
the telescope have been discussed by Baldwin et al. (1985).
We have used a more southern region (Hales et al. 1988),
because a significant fraction of sources from this region
are also contained in the Texas and NRAO catalogues,
allowing spectral indices to be obtained.

3.4. Texas Survey (335 — 380 MHz)

The Texas catalogue is a large sky radio survey carried out
at an effective frequency of 365 MHz with the Texas inter-
ferometer. A sky strip covering the declination range from
13deg 35’ to 22deg 42’ was published in 1980 (Douglas
et al. 1980). Since then the catalogue has been regularly
updated. Dr. Douglas kindly provided us with updated
versions.

Since the longest baseline of the Texas Interferometer
was ~ 3000 meters, the positional accuracy is excellent
(0.5—1 arcsec). However, the dilute spatial frequency sam-
pling of the system gives rise to lobe—shift problems and a
complicated set of angular-size dependent selection effects.
In compiling the catalogue, a model fitting technique was
used to derive basic source parameters such as position
and flux density. For each source, a parameter indicating
the reliability of the fit is specified in the catalogue.

The Texas interferometer operates at three closely sep-
arated frequencies (335, 365 and 380 MHz). For sources
that have sufficient signal to noise, a crude spectral index
is determined using the available small range in observing
frequency.

The Texas Catalogue is a unique compilation of low
frequency radio sources and has played an important role
in our sample selection. However, there are several inher-
ent problems with it which are considered below.

1. There is a systematic uncertainty in flux density intro-
duced by the modelling proceduré. The three different
source models that were fitted to the uv data were i) a
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r Unit [4.85 GHz Sky Survey 1400 MHz Sky Survey Molonglo
Frequency MHz 4850 1400 408
Wavelength cm 6.2 21.4 73.5
Sky coverage 0° <6 <75 —-5° < 6 < 82° —85° < § < 18.5°

[b] >3

Sky area st 6.0 6.8 7.85
Source density sr—1 104, S > 25 mly 3% 103,58 > 150 mJy 1x10%,S >1000mly
Resolution 3.7 x 3.3 12.7" x 11.1 2.7
Position uncertainty 10" — 30" 30" — 70" 3" — 10"
Rms system noise mJy 5 - 200
Rms confusion mJy 1 25 -
Intensity proportional error 10% 5% 4-10%
Flux-scale Baars et al. (1977) Baars et al. (1977) Wyllie (1969a; 1969b)
Reference Condon et al. (1989) |Condon et al. (1985; 1986) | Large et al. (1981)

Unit Texas 6C2 8C
Frequency MH:z 365 151.5 37.8
Wavelength cm 82.2 198 795
Sky coverage —35° < 6 < 70° 30° < 6 < 51° 5> 60°

08%30™ < a < 1730™

Sky area st 9.5 0.65 0.84
Source density srm! |7 % 103,85 >250mly | 1.3 x10% S > 200mly 6 x 103,58 > 1Jy
Resolution i 4.2" x 5.5 4.5 x 4.8
Position uncertainty 0.5” —1.0" 5" — 10" 30" — 90”
Rms system noise mJy 20 40 250
Rms confusion mJy - 16 ~ 150
Intensity proportional error 5-10% 10-30%
Flux-scale Wills (1973) Roger et al. (1973) Roger et al. (1973)
Reference Douglas et al. (1980) Hales et al. (1988) Rees (1990b)

T

! The dirty beam of the Texas interferometer has a complicated behaviour: Sources can be
successfully modelled as double sources if their extent is more than 10 arcsec and less than
2 arcmin. Smaller sources are unresolved by the system, sources larger than 2 arcmin are
poorly modelled and blended, and usually flagged as such (Douglas et al. 1980).

single gaussian function, ii) two gaussian functions con-
taining equal flux density and iii) two gaussian func-
tions containing unequal flux densities. In 27% of the
cases at least two models gave acceptable fits. The re-
sults from the two simplest models are listed in the
catalogue. The ratio of the flux densities from these
two models that are of good quality (as indicated by
the code '+++’ in the Texas catalogue) and are out of
the galactic plane (]b] > 17.5deg), is a function of flux
density (see Fig. 2). For stronger sources (Ssgs =& 1
Jy), the differences between the two simplest models
are at the 10 per cent level, but for the weaker sources
(S365 S 1 Jy), these differences can be as large 20 — 55
per cent. On average, the flux densities obtained from
the second, simpler, model seem to be systematically
lower by 5 — 10 per cent than those obtained from the
first model.

2. Large sources tend to be unrepresented. Due to the
poor sampling of the uwv-plane, sources with a com-
ponent separation larger than ~ 2 arcmin are poorly
modelled. The result is that the Texas Catalogue tends
to underestimate flux densities of sources larger than
> 15" (Becker et al. 1991).

3. The systematic errors in the spectral index and struc-
ture model parameters have not yet been systemati-
cally assessed (Douglas et al. 1980).

3.5. Molonglo Reference Catalogue (408 MHz)

Compiling the Molonglo Reference Catalogue of Radio
Sources (Large et al. 1981) was one of the main pro-
grammes for the Molonglo Cross Radio Telescope origi-
nally developed by Mills et al. (1963). The catalogue lists
positions, flux densities and some structural information.

3.6. NRAO Green Bank Sky Surveys (4850 and 1400
MHz)

The NRAO Green Bank 300-foot (91-m) transit telescope
was used to map most of the northern sky at 4850 MHz
and 1400 MHz (Condon & Broderick 1985; Condon &
Broderick 1986; Condon et al. 1989).

Both Gregory & Condon (1991, hereafter 87GB) and
Becker et al. (1991, hereafter BWE), made source cata-
logues from the NRAO Green Bank 4850 MHz Survey us-
ing different source finding and fitting algorithms. White
and Becker (1992, hereafter WB) produced a source list
from the NRAO Green Bank 1400 MHz survey. This list
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Fig. 2. The ratio of flux density derived from the most complex divided by that derived from the simplest model tabulated
in the Texas catalogue for the 27 per cent of the sources where two different flux densities are listed. The ratio is plotted as a

function of the flux density from the most complex model.

was kindly provided to us by the authors prior to publi-
cation.

3.7. Parkes Catalogue (80, 178, 408, 1410, 2700 and 5000
MHz)

The Parkes radio telescope has been used to make two
important surveys of the southern sky, one at 408 MHz
and one at 2700 MHz (summarised by Bolton et al. 1979).
These surveys have been included in a compendium: “The
Parkes Catalogue”. Since 1979 improved positions, optical
identifications and additional flux density measurements
have been added to the catalogue. The version of the cat-
alogue that we used is referred to as “PKSCATS85”. It lists
i) flux density measurements at 80, 178, 408, 1410, 2700
and 5000 MHz, ii) cross references to other catalogues such
as the 4C and iii) identifications of radio sources.

4. Lack of USS sources at low finding frequencies

The relative contribution of ultra-steep spectrum sources
in complete samples of radio sources can be studied as
a function of finding frequency with the radio catalogues
that are available to us. We now examine three two-point
spectral index distributions a33;, i3l and a3S3, taken
from combinations of the 8C, 6C2, the Texas Catalogue
and NRAO 4850 MHz survey (e.g. Table 2). From these

combinations we have rejected sources that i) do not have
a good quality Texas flux (as indicated in the Texas cata-
logue) ii) are inside the galactic plane (|b] < 17.5deg) and
iil) have position differences larger than ~ 1o.

These spectral index distributions contain a large num-
ber of sources; The wide frequency differences result in an
accurate spectral index. Since the three spectral indices
have all been determined with a flux density measurement
from the Texas catalogue, the inherent selection on radio
sizes in the Texas catalogue (< 1’ ) will be present in the
same way in the three distributions.

All sources from a radio survey with a flux density limit
close to the completeness limit of the radio survey S,l,il':‘w at
frequency 1w that have two point spectral indices aper
will be included in a radio survey at frequency vpign with
a flux density limit Si™ if

Vhigh
Ylow
- "
lim lim [ Mow “hish
SVlow > Sl’high :
Vhigh

In Table 3 we give the flux density limits Si™ for the
three spectral indices ager . We have taken as the limiting
spectral index a = —1.2 to ensure a sufficient number of
sources in the USS —1.2 < a < —1.1 bin.

In Fig. 3 we plot the distribution of the two-point spec-

tral indices «a for the samples defined in Table 3. In Table
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Fig. 3. From left to right the spectral index distribution for ajss, ai3}, and o383,

Table 3. Properties of the spectral index distributions

o Sim No. with o > —1.2  Percentage with —1.2 < a < —1.1  Mode
0 (i) (i) (iv)
a3ds | 5.0 Jy 304 2.0£0.8% ~ —=0.75
aidl 1.0 Jy 1262 6.1£0.7% ~ —0.75
a3ssy 1.0 Jy 3129 9.4 £0.5% ~ —0.95

3 we give the number of sources in the distribution, the
percentage of sources in the —1.2 < @ < —1.1 bin and the
mode of the spectral index distribution.

From the spectral index distributions and the Table
3, it is clear that there are relatively few USS sources in
the 38 MHz selected samples. To explain the differences in
the three spectral index distributions properly, the radio
source content of the USS samples with these angular size
and flux selection needs to be studied. The following will
play a role in producing the differences:

1. Angular Size Constraints
Complete radio source samples selected at ultra-low
frequencies (< 100 MHz) have spectral index distribu-
tions whose USS tails are well populated (Williams &
Bridle 1967; Slingo 1974a,b; Baldwin & Scott 1973).
As noted above, USS sources from these low frequency
samples were preferentially found in clusters and had
large sizes (& 30 — 40 arcsec). The size selection intro-
duced by the Texas Catalogue will result in many of
these sources being missed.

2. Curvature in the Radio Spectra
The curvature in the radio spectra of many distant ra-
dio sources pointed out earlier in this paper will lead to
the steepest spectral index bin of the 38 MHz samples
containing relatively fewer of these sources.

3. Radio Source Density at High Redshift and the Geom-
etry of the Universe

If the a — z relation is mainly due to a combination
of spectral curvature and radio “K-correction”, the
highest-redshift galaxies should appear in USS sam-
ples selected at the lowest frequencies. The underpop-
ulation of the USS bin in the 38 MHz samples is indica-
tive of the effects of the cosmic evolution of the radio
source population and the geometry of the Universe on
the spectral index distribution, and points to at least
a flattening off in the rapid rise in number density of
radio sources observed between z = 0 — 2, as is pre-
dicted by recent models for the evolution of the radio
source population (e.g. Dunlop & Peacock 1990).

5. Selection of samples
5.1. Considerations

There are several parameters which are important when
defining the samples:

1. the finding frequency at which the “base” survey was
made.

2. the range of flux densities.

3. angular size constraints.

Let us consider the effect of each of these parameters in
turn.
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5.1.1. Finding frequency

The variation of source content of USS surveys with fre-
quency, discussed in Sect. 2.2, requires that selections over
a range of frequencies is needed to optimise our chance of
detecting high-z galaxies and disentangle the dependence
of subsequent results on various radio properties.

5.1.2. Flux densities

The range of flux densities for the USS samples is, of
course, mainly dictated by the available radio catalogues.
To illustrate the relative sensitivity of the various cata-
logues a plot of the limiting flux density of the catalogues
versus frequency is shown in Fig. 4. For reference the flux
density limit of the 3C is also plotted.

100.00F M

10.00

ool 0l

1.00 k|

0.10

0.01
107 10

1010

Frequency (Hz)

Fig. 4. The flux density limits of various radio catalogues as a
function of frequency. The lines corresponds to a source with
a spectral index a = —1.0

Besides the flux density limits of the catalogues, there
are two additional considerations. It is now well estab-
lished that there is a good linear correlation between the
emission line and radio luminosity for samples of bright ra-
dio sources (e.g. Rawlings et al. 1989; Baum & Heckman
1989; McCarthy & van Breugel 1989). The Ly a emission
of the few z > 3 radio galaxies known are so bright that
they could still be detected with a 4-metre class telescope
in less than a few hours of integration time even if the
Ly o emission line were a factor of 5 — 10 fainter. If the re-
lation between line luminosity and radio power also holds
in the z > 3 universe, it should still be possible to detect
Ly o emission for radio sources having radio flux densities
fainter than the 4C USS sample by a factor 5 — 10.

A second consideration comes from differential source
counts. At Syps ~ 1 Jy the observed counts exceed the pre-
dictions of the nonevolving models by the greatest factor
(e.g. Condon 1984). This suggests that the largest fraction
of high redshift sources in radio samples are contained in
samples selected at these flux density levels and that the

87

greatest concentration of the very highest redshift objects
will appear at flux levels at or just below this.

We conclude that the optimum strategy for seeking
high-z radio galaxies will include studies of USS samples
covering a range of finding frequencies reaching a limiting
flux density of about 0.2 — 0.5 Jy at 408 MHz.

5.1.3. Angular size

A decrease of the median size of the radio sources as-
sociated with quasars as a function of redshift was first
found by Miley (1968). Using both bright and faint sam-
ples of radio sources, Oort (1987) and Kapahi (1989) found
that the redshift dependence of the linear size lpeq of
radio galaxies is lmea ~ P%3(1 + 2)™3 where P is the
power of the radio source. Using recently obtained data,
Gopal-Krishna & Kulkarni (1992) found that this relation
probably holds to at least z ~ 2. Selecting steep spec-
trum (@ < —0.5) sources smaller than 60 arcsec from
the complete 3CR sample (Laing et al. 1983) selects 70
per cent of the z > 0.1 galaxies and 100 per cent of the
z > 1.5 quasars, while rejecting 95% of the nearby z < 0.1
sources. However, we note that a z = 2.4 galaxy from the
Chambers et al. (1987) 4C USS sample has an angular size
of 55 arcsec (Chambers, priv. com.). Although restricting
our samples to smaller sources optimises the chance of
finding high-z galaxies and avoids some of the problems
inherent in catalogues such as Texas, one should be aware
of the selection effect that such a constraint imposes.

5.2. Selections

Our sample selection “evolved” during the course of the
project because catalogues became accessible that were
not initially available. For example, we originally selected
the 365 MHz samples based on the very crude estimates of
spectral index given in the Texas Catalogue. VLA observa-
tions were essential to confirm the spectral indices. When
the NRAO Green Bank 1400 and 4850 MHz catalogues
were produced, genuine USS sources could be defined with
a high degree of confidence from a direct comparison be-
tween the Texas and NRAO Green Bank catalogues.

Based on the considerations listed above, we have de-
fined 9 samples of USS or candidate USS sources. In all
cases we rejected sources located close to the galactic plane
(Ib] < 17.5deg) in order to avoid confusion with galactic
sources. We labelled each sample by the lowest frequency
that contributed in the spectral selection (usually the fre-
quency at which the sample is flux limited). Details of the
selection criteria are given in Table 4 together with the
numbers from each sample that were observed with the
VLA (Col. 8).

408A: The Parkes Catalogue lists flux densities at
6 different frequencies (80, 178, 408, 1410, 2700,
5000 MHz). Excluding the flux density point at 80
MHz, we can form 4 low frequency spectral indices
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Table 4. Samples of ultra-steep spectrum sources

No. at
Sample Frequency Sky Coverage* Finding Initial
Frequency Spectral Selection
1) (2) (3) (4) (5)
408A 408/1400/2700/5000 -30° <6< 19° 1742 al < 1.1
408B 408 —35° < 6 < 19° 6657 al <11
365A 365 —35° < 6 < 45° 40,367 a<-1.1,6<04
365B 365/4850 0° < 6 < 20° 12,439 a3 < —1.15
178 178/408/1400/2700/5000 —6° <6< 27° 1361 al < —1.1
151 151/365/4850 8R30™< a < 17P30™ 8278 a3l < —1.0, 2353, < 1.0
30° < 6 < 51°
38A 38/151/4850 60° < & < 75°% 970 o8 < —1.0, il < -0.9
8h50m < o < 16M20™
38B 38/365/4850 60° < 8 < 70° 2642 a3t < —0.95, a3es, < —1.0
38C 38/4850 60° < 6 < 75° 3748 Ogiprer_i5myy < —1.0
No.
No. No. good Final Final
Sample | Additional Selection Selected | Observed | mapsll | Selection No.1
1) (6) (7) (8) (9) (10) (11)
408A | no identification in Parkes Catalogue 50 48 48 48
408B 28 25 25 a < —1.0 16
365A | size < 40", Szes5 < 1.5 Jy, flag="+++’ 372 259% 259 | a;<—1.0| 150
365B | (Ac, A8)35s, < (15”,15") Sasgo > 15mly 75 70 68 68
178 no identification in Parkes Catalogue 72 65 64 64
151 (Aa, A6)L2L < (15”,15") flag="+++’ 64 64 64 64
(A, A8)35E, < (45”,45")
38A see text 39 38 37 37
38B - 37 36 36 36
38C - 71 71 207 20

* excluding galactic plane |b| < 17.5°.

t see text.

! the more southern sources had higher priority during the scheduling of the observations.

three sources with § > 80° were added to the samples.

Il For some sources the VLA maps did not show a radio source. Possible reasons are (i) the Texas source is
spurious, (ii) the source has only smooth structure on scales 2 30 arcsec and is therefore not detected in
our 20 cm A-array observations.

1 Note that 16 sources appear in more than one sample.

178 178 408 408 .
(14105 @27060> %3700, Xi410) and 2 high frequency spec-

tral indices (adddd, a2709). We included sources in the
USS sample if the available low frequency spectral in-

We included such sources if their upper limit to the

spectral index of 0398, < —1.1.

365A.: Since at the time of our first VLA observing ses-

dices were < —1.1 and the high frequency spectral in-
dices were either < —1.0 or not present in the cata-
logue. The sources that have a flux density measure-
ment at 178 MHz form the ‘178’ sample, and are ef-
fectively a ‘4C’ sample. The others form the ‘408A°
sample and are effectively a “Parkes sample”.

408B: Although the Molonglo survey does not list spec-

tral indices, we obtained spectral information by com-
parison with the Parkes catalogue. We included sources
from the Molonglo samples in the USS sample if:

1. a3%, < —1.1, provided that the Parkes catalogue
lists a 2700 MHz flux density for the source.

2. If a source from the Molonglo catalogue does not
have a listed flux density in the 2700 MHz survey
we have assumed that its 2700 MHz flux density is
fainter than the limiting flux density of the survey.

sion, there were no additional flux density measure-
ments available for the majority of the fainter Texas
sources, we decided to base our initial selection on the
crude internal spectral indices listed in the Texas cat-
alogue. Since only the brighter sources (2 1 Jy) have
such spectral indices listed, the resulting flux density
cutoff of this sample was ~ 1 Jy.

Because the Texas Catalogue has a tendency of under-
estimating the flux density of sources larger than 15"
(Becker et al. 1991) and because the angular size of
high-z sources are statistically expected to be small,
we only included sources with sizes < 40" in this sam-
ple.

Furthermore, 12 sources with o383, < —1.15 were
taken from the MIT-Green Bank 5 GHz Survey
(Bennett et al. 1986). These sources were 0012+137,
00504176, 07364167, 1152+186, 1506+142, 1626+
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147, 1635+159, 1649+169, 1718+192, 17254167, and the NRAO Green Bank 4850 MHz catalogue. To
17324160 and 2141+192. This list was kindly provided minimise problems due to confusion, we constrained
by J. Roland. the accepted position differences between the positions

365B: This sample was selected by matching Texas
sources to sources on the NRAO Green Bank 4850
MHz survey. We restricted our attention to the most
reliable sources from the Texas catalogue, i.e. those
that had no indication of position or structure lobe
shifts and whose structures were well modelled (code
="+++’, see Douglas et al. 1980). At the location of
these Texas sources a gaussian brightness distribution
was fitted to the 4850 MHz maps using the standard
program ‘JMFIT’ from the NRAO image processing
system AIPS. This yielded a position and a flux den-
sity at 4850 MHz for most of the Texas sources. Al-
though the background noise in the 4850 MHz maps
is not dominated by confusion, some of the 4850 MHz
sources will be confused. In these cases the fitting al-
gorithm can be unstable and give incorrect answers.
Rejecting sources that have 4850 MHz positions that
differ from the Texas positions by more than ~ lo
alleviates this problem. However, with this rejection
criterion the number of USS sources will be incom-
plete and biased against sources whose structures and
centroid positions change with frequency.
For the sources from the Texas catalogue that had
no counterpart in the NRAO Green Bank 4850 MHz
maps, the upper limit to the 4850 MHz flux densities
was taken to be 15 mJy, i.e. 3 times the rms noise,
considerably lower than the limits of the source cata-
logues of Becker et al. (1991) and Gregory & Condon
(1991). The motivation for this is twofold.
First, since we looked for sources at the position of
known Texas sources, the a posteriori chance that the
source is real is larger than by searching at random po-
sitions on the maps. Second, the main aim of defining
this sample was to find sources at fainter flux den-
sity levels than our previously defined Texas sample.
A few spurious sources will not hamper this and would
be rejected at a later stage on the basis of VLA obser-
vations.
The declination range has been chosen such that the
sample is visible from the European Southern Obser-
vatory (ESO) at La Silla.
32 sources with § > 20deg were selected from the
Texas Catalogue with the same criteria as those used
for selecting sample 365A. This sample of sources was
observed at the Westerbork radio telescope to mea-
sure the flux at 1400 MHz. Two sources (00284409
and 1329+485) with a USS spectrum were added to
this sample.

178: for details see the selection for 408A. This is effec-
tively a “4C” sample.

151: This sample was selected from a combination of the
6C 151 MHz catalogue, the Texas 365 MHz catalogue

of the radio sources from the two catalogues to about
lo.

38A: The initial spectral selection from the combination
of the 38 MHz survey, the 6C and the NRAO Green
Bank 4850 MHz was on o3f; and o}3l, < —1.0 and
yielded 74 sources. Subsequent removal of sources that
i) are confused on the 38 MHz maps (9 sources), ii)
lie within the bounds of cluster as drawn by Zwicky
& Herzog (1968) (14 sources), or have been identi-
fied on the Palomar Observatory Sky Survey (POSS)
Prints (13 sources) yielded 38 sources. CCD imaging
and spectroscopy of this sample will be described by
Lacy et al. (in prep.).

38B: This sample is formed from a combination of the
8C, Texas and the NRAO Green Bank 4850 MHz sur-
veys. Since only 37 out of 2642 sources had an ultra-
steep spectrum, we did not impose here the restriction
that the position differences between the three sur-
veys should be less than 1o. Although this sample is
likely to contain more confused sources than the other
samples, VLA observations will be used to reject the
confused sources.

38C: As can be seen from Fig. 4, the fainter steep spec-
trum sources from the 8C will be too faint to be in-
cluded in the NRAO Green Bank maps. Assuming an
upper limit of 15 mJy ( ~ 30) for the 4850 MHz flux
density, we included sources for which this upper limit
implied a spectral index ajss, < —1.0. The purpose
of this was to obtain a sample of relatively faint USS
sources selected at 38 MHz.

6. VLA observations
6.1. Objectives

The VLA snapshot observations of the USS samples had
several goals. The most important was to obtain the radio
positions so that the identifications of the radio sources
could be established. Second, the measurement of radio
structures was important both for investigating such phe-
nomena as the radio/optical alignment effect (McCarthy
et al. 1987; Chambers et al. 1987; Rigler et al. 1992) and
for determining the optimum position angles for orient-
ing the slit of the optical spectrograph. Third, for the
sources for which no reliable spectral index was available
(e.g. sample 365A), an additional flux density point would
be obtained and the suspected ultra-steep spectrum could
be confirmed or rejected. Fourth, radio sources that are
confused in the finding survey could be established. Since
in these cases their USS nature could be an artifact of the
confusion, they could be rejected from the samples.
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6.2. Observations and reduction

The observations were carried out with the VLA in A-
array (e.g. Thompson et al. 1980). The samples 178, 365A,
408A, and 408B were observed on 26 and 27 Nov. 1988
during a 48 hour observing session, using the VLA J2000
coordinate system. The samples 38A, 38B, 38C, 151 and
365B were observed on 20 and 21 May 1990 during a 36
hour observing session using the VLA B1950 coordinate
system.

The observing configurations used in the two observing
sessions were identical. The observations were made in L
band (1465 MHz) with a standard bandwidth of 50 MHz.
Typical observing times for an individual source were 1x5
minutes. The sources from the 38A sample were observed
for 2 x 5 minutes separated by 3 hours to improve the
coverage of the uv-plane. The flux density scale was es-
tablished by observing one of the primary VLA calibra-
tors 3C286 and 3C48 a few times per day. The phases were
calibrated using standard nearby VLA phase calibrators,
observed about every half hour.

The Fourier transform, CLEANing and self-calibration
were carried out in the normal way using the NRAO image
processing system AIPS. Two sets of maps were produced
at different resolution. The first set was at full resolu-
tion with a restoring circular beam of 1.5 arcsec FWHM
and a field size of 416" x 4'16”. The second set of lower
resolution maps was obtained by tapering the visibilities
and using a restoring circular beam of 4.5 arcsec FWHM.
The maps were CLEANed using the ungridded subtrac-
tion method (Schwab 1984) as implemented in the AIPS
task MX.

Self calibration (Cornwell & Wilkinson 1981) was ap-
plied only to the smoothed maps from the first observing
session, with one iteration on the phases alone and two on
both phases and amplitude. For the high resolution maps
no self calibration was applied. In this case the quality of
the maps for the stronger sources were in general sufficient
to achieve our goals. For the weaker sources, the signal to
noise was too low to apply self calibration

The 38A sample was analysed separately. One iteration
of self-calibration was applied to observations with a suffi-
cient signal-to-noise to warrant it, and the maps were then
CLEANed and restored with a 1.5 arcsec FWHM circular
beam. The noise on these 10 min observations was typi-
cally 0.3 mJy beam™!. Sources in this sample which had
angular sizes on the VLA maps 2 1 arcmin, or which were
suspected of having large amounts of flux resolved out by
the VLA were mapped at 151 MHz with the Cambridge
Low Frequency Synthesis Telescope (CLFST). Analysis
followed the procedure outlined in Lacy et al. (1992), with
suitable phase calibrators being chosen separately for each
source. The beam is 70 x 70 cosec § arcsec?, and the noise
typically 30 — 50 mJy beam™!.

In Appendix A we present the maps for the sources
that are clearly resolved (sizes & 3"). The contour

levels are at (—6,—3,3,6,12,24,50,100,200,400,800,1600,
3200,6400, 12800) times the map noise, typically 0.5 to
1.5 mJy beam™1.

6.3. Determination of source parameters

Positions and peak brightnesses of the main components
of the radio sources were determined by fitting a quadratic
function to the local brightness maxima in the high res-
olution maps. The fitting algorithm MAXFIT in the re-
duction package AIPS, as incorporated in the MIT-AIPS
procedures by J. Léhar, was used. The reliability of the
positions was checked visually.

The integrated flux densities were measured from the
tapered VLA maps (resolution 4.5 arcsec) by summing
the pixels within a box around the radio source. The ratio
of the integrated VLA flux densities to the flux densities
obtained from the NRAO Green Bank 1400 MHz some-
times shows large discrepancies (e.g. Fig. 5). The number
of VLA sources that have flux densities that are signifi-
cantly lower than those of the NRAO Green Bank by more
than 3 sigma (sigma of the NRAO Green Bank 1400 MHz
flux densities) is 10 per cent.

Possible explanations that might account for this dis-
crepancy are:

1. Insensitivity to large scale structure
The largest angular size over which the uv coverage of a
VLA A-array snapshot at 1465 MHz satisfies the sam-
pling theorem and thus permits mapping is approx-
imately 30 arcsec (Bridle 1989). Components having
sizes larger than ~ 30 arcsec cannot be mapped ade-
quately with the VLA in this configuration. In these
cases flux from large-scale structures such as halos and
bridges might be underestimated. To illustrate this we
plot the ratio between the 1400 MHz NRAO Green
Bank flux density and the 1465 MHz VLA snapshot
flux density for the sources that have 1400 MHz NRAO
Green Bank flux densities versus the radio source ex-
tensions as measured by the VLA (Fig. 5). The error
bars are determined by the uncertainties in the NRAO
Green Bank measurements.

2. Errors in CLEANing the snapshots

For the snapshot observing mode, the high side lobe
levels of the VLA beam worsen confusion problems.
Also it was not possible to completely remove the ef-
fects of noise spikes due to interference in the data
taken at some baselines.
Because of these problems the flux density as deter-
mined in an aperture around the source will be un-
derestimated, since in the CLEANing process some of
the flux from a radio source will not have been con-
centrated at the proper radio source position.

3. Confusion in the NRAO Green Bank flur densities
Since the noise in the 1400 MHz Green Bank data is
primarily due to confusing objects, a bias in the NRAO
Green Bank flux might be expected (e.g Fig. 5).
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Fig. 5. The ratio between the NRAO Green Bank 1400 MHz flux density and VLA 1465 MHz flux density plotted as a function
of the radio source extension as measured by the VLA snapshot measurements (left) and as a function of the NRAO Green

Bank 1400 MHz flux density (right)

The discrepancy between the VLA and the Green
Bank flux densities agrees with the findings of Downes et
al. (1986) and Lawrence et al. (1986) that for their com-
parable surveys a simple VLA snapshot at A array is in
general not sufficient to determine a reliable flux density
and that additional measurements (single beam telescope,
smaller array) are necessary to get reliable flux densities.
Hence, if a 1400 MHz NRAO Green Bank measurement
was available, we used this flux density instead of the in-
tegrated VLA flux density.

For the well resolved sources, the angular sizes and
the position angles were measured from the location of
the source extremities. For objects with simple morpholo-
gies this is straightforward. For sources that have com-
plex diffuse emission, the measurement is signal-to-noise
dependent. For small sources (< 3 arcsec), the angular
sizes and the position angles were determined from an el-
liptical gaussian function fitted to the source brightness
distribution.

We classified the source morphologies into point
sources (< 3 arcsec), doubles, triples, multi-components
sources and diffuse sources, although obviously the clas-
sification is a function of both resolution and dynamic
range. Fortunately, the size distribution is such that most
of the sources are well resolved.

For sources with sufficient data we calculated two spec-
tral indices. A two point low frequency spectral index q; is
based on either a 38 MHz flux density measurement from
8C or a 80 MHz flux density measurement listed in the
Parkes Catalogue combined with the next low frequency
flux density point available (either 151, 178, 365 or 408
MHz). For the high frequency spectral index (ay,), we fit-
ted a power-law to the available flux density points at
frequencies higher than 150 MHz.

In Appendix A we give a table with the source param-
eters for the sources. The contents of the various columns
of this table are as follows:

1. Name of the samples to which the source belongs
(see previous sections).

2. The source name in IAU B1950.0 format.

3. A component designator. A number indicates
that the component belongs to the main central
radio source. A letter indicates that the object is
a bright (presumably) serendipitous source visible
in the VLA map in a 4’ x4’ region surrounding the
source. A ’C’ after a number indicates that this
component is probably the core component. The
distinction between a “main component” and a
“serendipitous source” is based on i) a large sep-
aration (< 2') and ii) no morphological indication
that the two components are connected.

4. The VLA position determined by fitting a
quadratic function to the local intensity maxima.

5. The epoch of the coordinate system B1950 or
J2000

6. The measured peak brightness for the component
in mJy/beam.

7. The integrated flux density (mJy) determined
from the 1465 MHz VLA snapshot observations.

8. The ratio of the measured VLA flux density to
the NRAO Green Bank 1400 MHz flux density
taken from the 1400 MHz source list of WB.

9.-10. The low frequency spectral index and its uncer-
tainty.

11.-12. The high frequency spectral index and its uncer-
tainty.

13. Codes indicating which flux densities have been
used in calculating the low and high frequency
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Table 5. Codes indicating the radio catalogues that have been used in the spectral index calculations as presented in
Appendix A

14.

Frequency MHz 38 80 1561 178 365 365 408
Catalogue 8C PKS 6C2 PKS TXS TXS:BWE PKS
Code a b c d e f g
Frequency MHz 408 1400 1400 1410 1465 2700 4850
Catalogue MOL NRAO WB PKS VLA PKS NRAO
Code h i ] k 1 m n
Frequency MHz 4580 4580 4580 5000

Catalogue 87GB BWE WB PKS

Code o - p q r

spectral index. The flux densities are labeled as

indicated in Table 5.

Various flags indicating catalogue problems

and/or confusion: Flags a to h have been directly

copied from three catalogues at 1400 and 4850

MHz (WB, BWE and 87GB).

Flags r to z indicate inconsistencies and how var-

ious upper limits have been treated.

* The spectral index/indices is/are unreliable,
since there are warnings in one of the three
1400/4580 MHz catalogues (flags a to h)
and/or there is a bright confusing source in
the VLA field (flag 2).

a: In WB a 1400 MHz source is reported to
match more than one 1400 MHz or 365 MHz
source so that confusion is likely

b: In WB a 1400 MHz source is reported to be
extended at 1400 MHz.

c: In WB a 1400 MHz source is reported to be
extended at 4850 MHz .

d: In BWE a 4850 MHz source is reported to be
extended at 4850 MHz. Note that the flags c
and d are not always simultaneously present.

e: In the BWE the separation between the
NRAO 4850 MHz and the Texas 365 MHz
positions is reported to be greater than 100
arcsecs.

f: In 87GB a source is reported to be extended
or a blend of two or more point sources (Flag
E in the original catalogue).

g: In 87GB a source has a warning that it is a
weak source with a large zero offset, a narrow
minor axis, or possibly confused; less reliable
than most (Flag W in the original catalogue).

h: In 87GB a source is reported to be confused
near a stronger source or its side lobes (Flag
C in the original catalogue)

q: Difference of 4850 MHz flux densities of 837GB
and our fitting routines are greater than 10
mlJy

r: Difference in the 365 MHz flux densities from
the version of the Texas catalogue that we
used and the version that WB used.

u: Since no Texas flux density is present in WB

catalogue, we used the flux density from our

version of the Texas Catalogue.

No 1400 MHz flux densities in WB.

w: Since no 4850 MHz flux densities is present in
WB, we used the 87GB 4850 MHz flux density.

x: No WB and 87GB 4850 MHz flux densities.
Our determination for the 4850 MHz NRAO
flux densities is used if this flux density > 15
mJy.

z: A bright serendipitous source in the VLA
field.

15. Structure classification D—Double; DF-Diffuse;
P-Point Source (S 3"); T-Triple; M—Multi com-
ponent sources (> 3).

16. Angular size measured from the VLA maps

17. Position angle measured from the VLA maps.

N

7. Refinement of samples
7.1. Refinement of spectral indices

As we stated above, one of the goals of the VLA observa-
tions was to refine the spectra for samples for which only
crude spectral index information was available.

The VLA flux density measurement for the sample
365A complemented the Texas flux density so that the
two point spectral index a3%2; could be determined. When
the 1400 and 4850 MHz NRAO Green Bank catalogues
became available, this goal became less important for the
northern sources (§ > 0) from this sample and for these
sources the spectra could be better defined.

For the sample 408B the only flux information avail-
able was the density at 408 MHz, and an upper limit at
2700 MHz. With the new VLA measurements the spectral
indices could be better defined.

In the 38A sample 4 sources were rejected after the 6C
flux scale in this part of the sky was finalised, showing in
fact that o38; > —1.
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Using the VLA and NRAO Green Bank spectral in-
formation the various samples were refined. The number
of objects in sample 365A was reduced from 372 to 150
and in sample 408B from 28 to 16. The results of these
refinements are given in Table 4

7.2. Sample 38C

Sample 38C was selected from the 8C catalogue in com-
bination with an upper limit on the 4850 MHz NRAO
Green Bank maps. Only in 30% of the cases did a source
appear on the VLA snapshot maps. Most of the remaining
sources had some flux at the shortest spacing indicating
that the field contained a source with an angular size 2 1
arcmin. The characteristics of these sources are presented
in the appendices. Since such sources are not expected to
be located at large distances, we rejected these sources as
good candidates for distant galaxies.

8. Statistical results

We shall now briefly discuss some statistical properties
of the samples, namely i) the range of flux densities, ii)
relative content of radio morphologies and iii) angular size
distributions of the various samples.

8.1. Flux densities

In selecting our samples of USS sources we attempted to
cover a range in flux density larger than that of the 4C
USS sample. We compare the flux ranges at 365 MHz of
the 4C USS sources and the samples we have defined in
this paper, since the majority of the sources in the samples
defined in this paper are selected at 365 MHz or at the
nearby frequency of 408 MHz. For the sources that did not
have a measured 365 MHz flux, we have fitted a power-law
to the flux measurement at frequencies > 150 MHz and
obtained a 365 MHz flux density estimate.

The distribution over this 365 MHz flux density is
given in Fig. 6. For reference the distribution of the 365
MHz flux density for the 4C USS samples (Chambers et
al. 1987) is also given.

The 365 MHz flux densities range from ~ 0.3 to ~ 4
Jy with most occurring near 1 Jy. The 4C samples covered
a flux density range from 1 to 5 Jy. The new samples have
significantly more sources than the 4C USS sample and
reach a factor of ~ 3 fainter in flux density.

8.2. Angular size distribution as a function of finding fre-
quency

The angular size distribution can be studied as a func-
tion of finding frequency with the samples that we have
observed with the VLA. By considering the distributions
for the samples 38B, 151, 365A+B (see Table 4), we cover
a large range in finding frequency. Further, this combi-
nation of samples has the advantage that all contain a

Texas flux point, so that the angular size selection < 1’
introduced by the Texas catalogue is present in all four
samples. The surveys at the other frequencies have large
beams (& 3 arcmin), so that the angular size selection is
negligible compared to the Texas angular selection. The
distribution of the angular sizes has a median value of
26 £5,15+ 3 and 10 + 1 arcseconds for the sources from
the samples 38B, 151 and 365A+B respectively. (e.g. Ta-
ble 6 and Fig. 7). For complete samples of sources (e.g.
no spectral selection) selected at comparable flux limits
the median size also decreases as a function of finding fre-
quency (e.g. Table 6).

To test whether this correlation might be due to the
different flux limits of the three samples, we examine the
median size as a function of flux density at 365 MHz for
the three samples. To that end, we calculated the median
size in 4 bins (in mJy) {(0,718), (718,1129), (1129,1390),
(1390,00)} that have been chosen so that the total sample
(38B + 151 + 365AB) contains equal numbers in each of
these bins. For these 4 bins we calculated the median flux
density and the median angular size (e.g. Fig. 8).

We conclude that the difference in angular size in the
three samples is mainly related to their finding frequency
and not to differences in flux density at 365 MHz.

Possible explanations for the origin of this decrease in
median angular size with finding frequency are:

1. Opacity of Sources
The spectrum of a homogeneous synchrotron source
becomes optically thick below a frequency v. ~
250~4/552/5 B1/5 where 6 is the angular size in arcsec-
onds, S is the maximum flux density in Janskys and
B is the magnetic field in gauss (e.g. Moffet 1968).
The high-redshift radio sources have large luminosities
and the structures of these sources are generally dom-
inated by bright hotspot structures. These hotspots
are typically unresolved at a resolution of ~ 1 arcsec.
Assuming a size of 0.1 arcsec, corresponding to ~ 1.6
kpc in size at z = 2 (cf. Dreher 1981) and a magnetic
field B of 10 pGauss, we find that a source of 10 Jy
should have a cutoff frequency at ~ 38 MHz. Hence,
many high luminosity distant sources which are found
to be USS at frequencies & 100 MHz might have flat-
ter spectra at frequencies < 100 MHz and be less well
represented in low frequency USS samples. More dif-
fuse sources would not be affected by synchrotron self
absorption and would continue to have USS down to
frequencies well below 38 MHz.
2. Luminosity-Linear size correlation.

It has been suggested that for bright double-lobed
radio sources total luminosity correlates with size
(e.g. Gopal-Krishna & Kulkarni (1992) and references
therein; but see also Lacy et al. (1993) who find no evi-
dence for such a correlation). If this is indeed the case,
some of the sources selected at the lowest frequencies
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Fig. 6. Flux density distribution at 365 MHz of the 4C USS samples (left) and of the samples that have been defined in this

paper

Table 6. Median sizes of sources

38 MHz 151 MHz 365 MHz

Median Size USS samples [arcsec]

265 15+3 10£1

Median size complete samples [arcsec] 18! 147 123

1. Lacy et al. (1992)
2. Eales (1985)
3. Allington-Smith (1982, 408 MHz)

Number

25  12.s 32.5 332.5 43.5 2.5 €3.5 71.5 3.5 135 23.%

.s  33.5 42.5 s2.s  ea.
Angular Size [arcsec] Angular Size [(arcsec)

2.5 13.s  23.5 33.5 43.5 $3.5 €3.5 73.%
Angular Size (arcsec]

3.5 73,

Fig. 7. Angular size distribution for the three USS samples, 38B sample (left), the 151 sample (middle) 365 A+B sample (right)

might be the most powerful and thus have the largest
linear size.

3. Redshift Selection. We can argue that, on the one hand,
if the a — z relation is at least partly due to spectral
curvature, some of the highest redshift objects are ex-
pected in 38 MHz selected USS samples. On the other
hand, sources at high redshifts are expected to have
small (< 10 arcsec) angular sizes, but USS samples
selected at 38 MHz contain a relatively low fraction
of these small sources. This suggests that USS sam-
ples selected at 38 MHz might contain a few of the
highest redshift sources, but possibly fewer than the
samples selected at 178 MHz. Spectroscopic redshifts

of the small sources from the USS samples selected at
38 MHz are needed in order to make this statement
more quantitative.

It is interesting to note that there is a suggestion that
the fainter sources from the 38B sample have smaller me-
dian angular sizes than the brighter sources from the 38B
sample (e.g. Fig. 8), possibly indicating that the median
angular sizes for the three samples might converge at low
flux densities (S35 ~ 100 mJy). This is consistent with
the finding of Lacy et al. (1993) who note that the whereas
at high flux levels (S3g = 20 Jy) the USS population is
dominated by sources associated with rich clusters, the
USS sources at the fainter level of the 8C NEC sample
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(Sss & 1.3 Jy) are not associated with rich clusters. It is
therefore possible that studying samples of USS sources
selected at 38 MHz is an effective way of finding distant
galaxies, provided that the sample is defined at faint levels
(S3s ~ 1 Jy).

8.3. Structures

To study the relative content of structural types in our
USS samples, we use the samples that we also used for
studying the distribution of angular size as a function of
finding frequency (the samples 38B, 151 and 365A+B, see
Table 4), and for the same reasons.

In Table 7 we present the statistics of morphological
types for the samples observed with the VLA.
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Fig. 8. Median angular sizes as a function of flux density at
365 MHz for the three samples 38B (0O), 151 (A) and 365AB

(*)

Table 7. Distribution of structural types for samples with
different finding frequencies

Samples
Morphology 38B 151 365AB | Total
Point source (P) : £ 3" 2 7 47 56
Double (D) 21 36 128 | 185
Triple (T) 5 8 18 31
Diffuse (DF) 8 11 16 35
Complex (M) 2 4 6
Total 36 64 213 313

Just as is the case for the median sizes, the structure
is a clear function of finding frequency. Relatively large
sources as well as sources with diffuse structures are more
common in USS samples with lower finding frequencies.
The lack of the Point sources at low frequency, and the
very similar proportions of Double sources in the three
samples, suggest that the Point sources are being lost
at low frequency, presumably through becoming optically

thick (cf. Lacy et al. 1992, who find marginal evidence for
this effect in a complete 8C sample). The larger angular
size of sources and the larger content of diffuse sources.
in the 38 MHz defined samples supports the conclusion
that USS samples selected at the lowest finding frequen-
cies contain a somewhat different source population than
USS sources selected at & 150 MHz.

9. Conclusions

We have defined new samples of radio sources with ultra-
steep spectra. These samples are selected at a range of
frequencies from 38 MHz to 408 MHz and flux limits
fainter by a factor of three than the previously well-studied
4C samples. The samples provide candidates for distant
galaxies which will be investigated using optical imaging
and spectroscopy.

Snapshot observations of sources from these samples
with the VLA at high resolution (1.5 arcsec) were pre-
sented and yielded accurate positions, fluxes and radio
structural information for a total of 605 sources.

Statistical results from the comparisons of the cata-
logues and the VLA imaging are:

1. Complete samples of small radio sources (< 1) arcmin
selected at 38 MHz contain relatively fewer ultra-steep
spectrum sources than samples of small radio sources
selected at higher (2 150 MHz) frequencies.

2. USS radio sources selected at the lowest finding fre-
quencies contain a higher proportion of diffuse sources,
and a lower proportion of small (< 3 arcsec) sources
than those selected at higher frequencies.

These results can be interpreted as due to a combination
of i) low frequency curvature in the radio spectra, perhaps
due to synchrotron self-absorption of compact components
in small radio sources, and ii) the effects of radio source
evolution.
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© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994A%26AS..108...79R&amp;db_key=AST
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© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994A%26AS..108...79R&amp;db_key=AST
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© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994A%26AS..108...79R&amp;db_key=AST
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H.J.A. Rottgering et al.: Samples of ultra-steep spectrum radio sources
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. 01414356 A serendipitous double radio galaxy in the field is present about 1.5 minutes

from components ‘1’ and ‘2’.

. 0309—047 Component ‘A’ is probably serendipitous.

. 07074810 This is resolved into two separate sources. The northern source has an

asymmetric FRII structure; the southern a bright central component and low surface
brightness lobes just detectable on the low-resolution VLA map. CLFST observations
show that both sources have similar fluxes at 151-MHz (&~ 100 mJy for the northern
source and ~ 150 mJy for the southern), but the southern source has a steeper spectral
index; hence this object should dominate the flux at the selection frequency of 38-MHz.

. 09064691 The VLA map shows three diffuse components; a CLFST map shows two

distinct sources, the southern of which is resolved into two components and may there-
fore either be a single large source or two smaller ones.

11274831 A Ryle Telescope map at 5GHz [calibrated and analysed as detailed in
Lacy et al. (1993)] only detects component 1, but shows it to have a very steep radio
spectrum (ali0 = —1.1), suggesting that it is some form of hotspot.

12274609 It is not clear whether the three components are related.
13234080 It is not clear if component ‘2’ is real.

1345—309 Diffuse radio source. Coordinates are derived from the moments of the
source brightness.

13504635 This 80 arcsec source has a faint central component and diffuse lobes which
barely show up on the VLA map. CLFST observations confirm the presence of the
lobes.

1436+157 The double radio galaxy with components ’A’ and 'B’ is probably not related
to the double radio galaxy with components ’1’ and '2’.

1611+452 It is not clear whether the three components belong to one source.
16524027 Two components separated by 233", so may not be a single source.
16594440 Component A probably is probably a seperate serendipitous source.
17184630 Component ’1’ serendipitous or related to double radio source?
19424631 Component A related to central radio source ?

22074038 It is not clear whether the two components belong to one source.

23244071 Diffuse double lobed radio source. Position of lobes measure from the ta-
pered maps.

2335—125 It is not clear whether the two components belong to one source.
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