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Abstract. The form of the quasar luminosity function and its redshift de-
pendence to z~1 has long been established; powerful evolution is required so
that by z=1 there is an increase of order 102 - 103 in the space density of the
most luminous sources. However it is more difficult to deduce the form of the
LF at high redshifts. In this contribution we discuss how a sample of relatively
bright radio sources has been used to determine the high-redshift behavior of the
radio-loud quasar luminosity function, and the particular advantages of using a
radio-selected sample. Our results illustrate how radio-loud quasar samples can
be an efficient probe of the high-redshift Universe.

1. Introduction

Historically, the study of the quasar luminosity function (LF) and its evolution
over cosmic time has centered on large spectroscopic samples of optically-selected
bright stellar objects from photographic plates. Since the ultraviolet-excess sam-
ples of the 1980s (Marshall et al. 1983, Green, Schmidt & Leibert 1986, Boyle
et al. 1990) it has been known that luminous quasars have undergone strong
cosmic evolution to z~2.2. The extension of the color-selection technique to six
optical band passes with the large bright quasar survey yielded confirmation,
first deduced by Schmidt & Green (1983), that the optical quasar LF declines in
the range z = 3.5 — 4.5 (Warren, Hewett & Osmer 1994). However this decline
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could be induced by intervening dust absorption, rather than representing a real
decline in the space density.

More recently the 2dF Quasar survey team (2Qz: Boyle et al. 2000) ob-
tained spectra for an optically color-selected sample of more than 23,000 quasars.
This huge sample yields a clear determination of the LF and its evolution be-
tween z~ 0.35 and 2.3 (Boyle et al. 2000). However, at low redshifts (z < 0.35)
and and at high luminosities, the quasar population is poorly sampled: low-
redshift objects appear non-stellar and are rejected, whilst the high-luminosity
objects have too low a space density to figure in the modest-area 2Qz survey.

The difficulty in determining the behavior of the quasar LF at redshifts
between ~2.3 and ~4 is that quasars at these redshifts have the same colors as
Galactic stars. Whilst the three-band color selection of 2Qz was highly efficient -
with ~50% of all targets found to be quasars - the extension of the 2Qz sample-
selection technique to z ~3.3 results in only 2% of the color-selected objects
being quasars (Chiu et al., private communication).

To detect quasars at very high redshift, extremely red color selections can
be used. From the Sloan Digital Sky Survey (SDSS, York et al. 2000, Stoughton
et al. 2002), Fan et al. (2003) selected i-band drop-out objects with red z-
band colors in order to find quasar candidates at z > 5.7. To date Fan et
al. have detected 3 quasars above z = 6.0, all with luminosities brighter than
Migs0 = —26.8. Their results confirm that there is apparently a much reduced
space density of quasars between z = 5.7 to 7 compared to that at z = 2.2.

2. Radio-selected quasar samples

Optically-selected quasar samples trace clearly the evolution of the LF from
z~0.4 to z~2. Assuming that radio-loud and radio-quiet quasars race the same
phenomenon, at either side of this redshift range the subset of radio-loud quasars
provides an efficient probe of the LF. In particular, the radio-quasar LF spans
a very wide range in luminosity — over more than six magnitudes, compared to
two in the optical passband — allowing straight-forward selection of both local
and distant quasar samples.

At the low-to-moderate power end of the LF large samples of radio galaxies
and quasars can be extracted from optically-bright galaxy catalogues to reveal
their absolute local space density. Condon, Cotton & Broderick (2002) deter-
mined the local radio LF for galaxies in both the Uppsala Galaxy Catalog (UGC:
Nilson 1973) and the NRAO VLA Sky Survey (NVSS: Condon et al. 1998). Fur-
thermore the 2dF Galaxy Redshift Survey (2dFGRS: Colless et al, 2001) and
NVSS sample of radio galaxies and quasars have been used to map the radio
LF between 0.05 < z < 0.3 (Sadler et al. 2002). The results show the extent
of the local evolution in a redshift range poorly represented in optically-selected
quasar samples.

At the other end of the radio LF, high-power radio quasars provide an effi-
cient probe of the very distant Universe. Compared to the optical passband, the
radio regime is un-obscured and there are no ‘color’ degeneracies by which bright
radio-loud quasars might overlap radio properties with other known cosmic ob-
jects. In the flux-density range 100 mJy to 10 Jy and at survey frequencies
of between 1 and 5 GHz almost all radio sources are radio-loud galaxies and
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quasars. This means that bright radio sources can be used to trace the LF of
powerful radio quasars; as long as we optically-identify all sources in a radio-
selected sample we can avoid any optical bias which might be due to intervening
obscuration.

To this end we set out to obtain a completely-identified sample of radio-
selected quasars, large enough to map directly their space density behavior and
to decide whether the optically-selected quasar LF turnover is real or induced by
dust obscuration. To ensure that our initial sample was dominated by quasars,
we use the ‘flat-spectrum’ criterion — compact radio-loud quasars characteristi-
cally have flat, undulating or inverted spectra at GHz frequencies (Kellermann
& Pauliny-Toth 1969, 1971) due to synchrotron self-absorption. The advantage
of this class of source is the relative ease of determining the arcsecond radio
position of the bright quasar core, and hence the ease of making a secure optical
identification of the host object.

We selected our sample from the machine-readable version of the Parkes
radio source catalogue (PKSCAT90: Wright & Otrupcek 1990). The catalogue
contains radio and optical data for 8264 radio sources south of +27° and was
compiled from a series of surveys at 2.7 GHz performed by John Bolton and
colleagues between 1969 and 1979 (Bolton, Savage & Wright 1979 and references
therein). PKSCAT90 also contains data from 5 GHz flux-density measurements,
compiled within a few months of the original 2.7 GHz surveys. As described
in detail in Jackson et al. (2002) we selected all flat-spectrum sources from
PKSCAT90 with a3GH%_ > —0.4, where S « v?, yielding an initial sample of
878 sources. Imaging and spectroscopy campaigns (Jackson et al. 2002; Hook et
al. 2003) yielded a final sample of identifications. We found that 677/878 sources
had stellar host objects (quasars and BL Lac objects). From this resulting set
of quasars we selected a complete sub-sample to map the high-redshift LF.

3. Radio quasar cosmic evolution

In calculating the high redshift LF we had to allow for the fact that ‘flat spec-
trum’ radio sources in reality have curved radio spectra. This could have a large
biasing effect, particularly if many sources have radio spectra which steepen at
high frequencies. In our sample, a number of quasars are only marginally flat-
spectrum between 2.7 GHz and 5 GHz, i.e. —0.4 < a < —0.3. Using cataloged
data at other radio frequencies we devised a methodology to predict the num-
ber of quasars expected at large redshifts based on the number seen at lower
redshifts. The procedure accounts for the individual spectra of each quasar and
maximizes the number of sources available to our analysis. We named this pro-
cedure, a variant of the Vip,y method, the ‘single source survey’ (‘sss’, Wall et
al., in preparation): each individual source is considered a ‘complete survey’ if
it lies above the Parkes survey limit relevant to its area.

Our first sss analysis used only the PKS 2.7 GHz and 5 GHz survey data,
and predicts 53.5 sources lying between 3 < z < 8 if the space density found
between z = 1 and 3 remained constant out to z = 8. We improved our analysis
by tracing the spectral shape of each source using data from two lower-frequency
surveys — Texas at 365 MHz (Douglas et al 1996) and the NVSS at 1.4 GHz
(Condon et al. 1998). This modified the ‘observable volume’ for a number of
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sources up to their observed redshift. The adjustments work in both the positive
and negative senses so that the overall result is only marginally amended to 54.0
sources at 3 < z < 8. With some additional analysis based on higher-frequency
radio data (Wall et al. in preparation) we concluded that our sample should
have contained 40 to 50 quasars with redshifts 3 to 8, if the quasar space density
between z = 1 and 3 remained constant to z = 8. In the redshift range 3 to 8 we
actually found 16 quasars and we infer another 1.8 from the small (unbiased) set
of candidate quasars with no spectroscopy. Given that the difference between
the observed and predicted quasar number is significant at the > 30 level, we
conclude that the space density of our radio-loud quasar sample shows a real
diminution at z > 3. The similar high-redshift results from optically-selected
samples thus are not induced by dust obscuration.

The LF results for our radio quasar sample are shown in Figures 1 and 2.
The strong evolution in space density is clearly seen for the LFs of Figure 1
(left) computed in redshift bands from 0 to 2; Figure 1 (right) shows that this

. evolution has reached a plateau at z = 2, with the LFs for the ranges 2 < z < 3
and 3 < z < b lying successively lower.
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Figure 1.  The radio luminosity function (hg = 0.5, ,, = 1, Qs = 0) for the
quasars of the Parkes 0.25-Jy flat-spectrum sample, in log (number per Mpc?
per Alog(Pz7cn,) = 0.2 per Az = 0.5). Left: computed in three redshift
ranges, 0 — 0.5,0.5 — 1.0, and 1.0 — 2.0; right: in redshift ranges 0 — 0.5
(repeated from the left diagram), 2.0 — 3.0 and 3.0 — 5.0. Increasing line
weight represents increasing redshift. Dash-dot vertical bars indicate lower
limits of completeness for each redshift range, due to spectral-index spread.

The quasar LF as a function of redshift for different radio luminosities is
shown in Figure 2. Numbers are small for each power range; but in general
the space density is seen to decrease at redshifts greater than 2, mirroring the
results from our sss analysis described above.
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Figure 2. The space densities of Figure 1 shown as a function of redshift
for 6 power ranges, logFs » = 26.0 to 26.2, 26.2 —26.4, 26.4—26.6. 26.6 — 26.8,
26.8 — 27.0 and 27.0 — 27.2, distinguished by decreasing line weight. Abscissa
values are at the mean redshifts in each of the 5 redshift ranges in the caption
to Figure 1.

4. Future quasar LF studies

Our radio-selected sample demonstrated the utility of bright radio samples to
probe the high redshift quasar LF. The selection function ensured that most
objects in our initial sample were quasars whose radio positions were readily
measured to arcsec accuracy. Even though the quasars are radio-bright, a 4-m
class telescope was required for the optical identifications and spectra.

The greatest lesson we learnt with this sample is the necessity for contempo-
rary flux-density measurements. At GHz frequencies, a large fraction of quasars
— perhaps 30% or more — are variable. It is vital to sample the population at -
one state, whether it is in the ‘up’, ‘down’ or ‘intermediate’; and the problem is
that surveys of objects obeying a steep power-law source count are dominated by
objects in the ‘up’ state. Our use of survey data from one epoch and flux-density
measurements from later epochs means that we do not have a clean sample of
radio spectra from which to trace the high redshift LF. The range of our results,
e.g. the prediction of 40 to 50 quasars at 3 < z < 8, reflects the uncertainty
in taking this bias into account (Wall et al. in preparation), and highlights the
dangers in using different-epoch data for any study of quasar attributes. The
bias may well explain the much lower significance ascribed to a redshift cutoff
from a similar sample by Jarvis and Rawlings (2000).

Current and future multi-wavelength large-survey-area campaigns covering
radio to X-ray pass bands (SWIRE, CDFs, ELIAS-S1, etc.) promise that much
will be learnt about the quasar LF. Radio surveys and radio-selected quasar
samples have a major role to play in these projects. In the course of these,
to obtain single-epoch radio spectra we propose to exploit the wide field of
view and multi-frequency agility of modern interferometers such as the Australia
Telescope Compact Array.
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The refined definition of the quasar LF will lay a foundation for understand-
ing the physical nature of the evolution of these objects as well as the relation
between radio-loud and radio-quiet quasars. More detailed knowledge of the
internal quasar mechanism would provide important insights into the feedback
loop with the IGM, particularly for studying the re-ionization epoch. Before
this, we have to determine how best to recognize these rare objects at such
epochs.
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