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ABSTRACT

The relettionship between the radio and optical properties of quasars and the
connection between these properties and the quasar host galaxies are investigated.
Radio data have been analyzed for 359 of the 1055 quasars in the Large Bright
Quasaj Survey (LBQS). A major result of this work is that the radio-loud fraction
is mostly insensitive to redshift and quasar optical luminosity, remaining at w 10%
over the absolute magnitude range —28 < MB < —23 and from redshifts z = 0.2 to
2 ~ 5. Two deviations from these flat distributions occur at z ~ 1, where there is
a modest increase in the radio-loud fraction, and for absolute magnitudes brighter
than MB = —28, where the fraction climbs to 20-30%. The rise in radio-loud
fraction at 2 ~ 1 is reproduced by a model based on the optical and radio quasar
luminosity functions. The increase at high optical luminosities is consistent with
the existence of two radio emission mechanisms, one correlated with optical
luminosity, the other independent. The nearly flat distributions in the LBQS differ
markedly from those of the optically selected Palomar-Green Bright Quasar Survey
and the X-ray selected Extended Medium Sensitivity Survey. A subset of 16 LBQS
quasars was imaged with the Hubble Space Telescope to study the dependence of
radio and optical luminosity on the absolute magnitudes and morphologies of the
host galaxies. There is no distinction in host galaxy magnitude between radio-loud
and radio-quiet quasars, assuming they are all of the same galaxy type. The
magnitudes of the hosts are ^ L', and the optical luminosities of the hosts and
nuclear components are positively correlated. Many of the host galaxies have small
axial ratios, which may indicate that they are inclined disk systems; or else they
have bright elongated features which are visible while the bulk of the underlying
lower surface brightness components of the host galaxy are not.
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CHAPTER 1

INTRODUCTION
The research for this dissertation has already been published in the Astrophysical
Journal and is presented here in reprint form as three appendices. The copyright
for these papers is held by the American Astronomical Society, but the copjo-ight
agreement explicitly grants the authors republication rights. The author of this
dissertation is also the principal author of each of these papers. Each of the
appendices contains its own introduction and reference list relevant to the topic
at hand. The reference section for the main body of the dissertation contains
references for the introduction and the conclusion. The dissertation introduction
presents a wider and generally earlier historical overview of the field than is
contained in the following appendices, and it provides context specific to the
detailed results which follow.
Chapter 2 contains a synopsis of the results presented in each appendix, as
well as a synthesis of the results for the dissertation as a whole. Appendix A
contains a paper on the radio properties of optically selected quasars, Appendix B
is a follow-up paper to the first, and Appendix C is a paper discussing imaging of
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quasar host galaxies with the Hubble Space Telescope.

1.1.

Overview of the Field

This work concerns quasaxs and the galaxies with which they are associated.
Quasaxs are energetic compact objects which produce copious amounts of
electromagnetic radiation and can accelerate particles close to the speed of
light. They reside at the cores of some galaxies, which are gravitationally bound
concentrations of gas and billions of stars.
Quasar and galaxy studies are major subfields of astronomical research and
have captivated many professional astronomers for decades. The number of papers
in the refereed literature on these two broad topics exceeds 50,000. Numerous
compelling issues and questions drive this fascination. Earth's sun formed within a
galaxy, and the heavy elements essential to our existence were forged in previous
generations of galactic stars. Galaxies are the most numerous discrete parcels of
luminous matter discernable at any great distance beyond our galaxy, as individual
stars are far too small and faint. This property makes galaxies critically important
for studying the structure and evolution of the known universe. Quasars are exotic
objects which provide an opportunity to examine physics in extreme gravitational,
energy density, and velocity environments. The most widely held theory of their
nature is that they are powered by the consumption of material by a gigantic
(millions to billions of times the mass of the sun) black hole. Quasars and their
host galaxies exist in symbiosis; material in the galaxy surrenders its gravitational
potential energy to power the quasar mechanism, and the near light-speed jets
emitted by the central engine can induce the formation of stars in the surrounding
galaxy. The vast luminosity generated by some quasars, coupled with their compact
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size, makes them effective identifiers of distant galaxies and probes of intergalactic
gas clouds.

1.2.

Early History of Galaxies

Nearby galaxies visible to the naked eye, such as our own Milky Way and the
Large and SmaJl Magellenic Clouds, were noted and recorded by early civilizations
(Urton 1988; White 1997, personal communication). It is not clear whether some
of these people speculated that these objects were vast collections of stars, the
interpretation later revealed by telescopes. Published speculations that faint
patches of light in the night sky were distant stellar conglomerations appeared as
early as the mid eighteenth century (Wright 1750: Kant 1755).
Nearly 200 years of debate followed about the nature of these objects, often
referred to as "nebulae." Part of the difficulty arose because what are now known
as very different objects, gas clouds in our own galaxy and separate galaxies at
great distances, had been lumped together. The controversy became more focused
in the first quarter of this century, with new data enabling a more quantitative
discussion (Curtis 1921; Shapley 1921). The resolution came during the 1920s with
the identification and measurement of Cepheid variable stars in nearby galaxies
(e.g., Hubble 1926). Cepheids were known to posess a relationship between their
period of variation and luminosity (Leavitt 1912), which enabled the star's distance
to be calculated once its apparent brightness was measured (Hertzsprung 1913;
Shapley 1918). This technique placed several of the nebulae millions of light years
away from Earth, a massive increase in the accepted size of the known universe.
Spectroscopic data revealed that the light from most measureable galaxies
was predominantly redshifted (Slipher 1917). The Doppler effect provided a
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ready explanation if most galaxies were moving away from us. However, this
initially seemed to contradict the well-established philosophical principle that
Earth is not at a special location in the universe, and it was expected that equal
numbers would be blueshifted (Hubble 1936). Attempts to reduce the relative
motions to a distribution centered on zero velocity by introduction of an additional
somewhat arbitrary constant (Wirtz 1918; see also Seitter & Duerbeck 1990)
became increasingly more complicated with the ever growing body of data (Wirtz
1922). Hubble (1929) demonstrated that the redshifts of galaxies in the relatively
nearby universe are approximately linearly related to distance from the observer.
The connection between distance and apparent recession velocity is a keystone of
modem cosmology.
Two major models for the known universe based on Einstein's general theory of
relativity emerged at about the same time as the early results on galaxy redshifts.
but the observers and theoreticians apparently were initially unaware of each other's
work. This early theoretical work was influenced by a philosophical predilection
that the global structure of the universe is static, although objects within that
structure certainly move. Einstein's initial solution to the field equations of general
relativity produced a model universe which was expanding, and he introduced an
additional term to prevent this (Einstein 1917; Kragh 1996). De Sitter's (1917)
alternate model also had features of expansion, but he interpreted the equations in
terms of a static universe (Kragh 1996). The first model to directly incorporate
evolution into the structure of the universe (Friedmann 1922) was initially largely
ignored or misunderstood (Kerszberg 1989). However, by the early 1930s the
empirical and theoretical foundations of an expanding universe became more widely
known (Ellis 1990), a framework which is still cogent today. The apparent velocities
of galaxies and other distant objects have two components. The dominant one in
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all but the closest galaxies arises from the expansion of the universe, producing
a redshift in galaxy spectra which increases with distance of the galaxy from the
observer. Motions of the individual galaxies within the structure of the universe
are superimposed upon the cosmic expcmsion. The observations are consistent with
a model of the universe which flows naturally from general relativity ajid predicts
that a similar redshift phenomenon would be seen from any point in the universe,
thereby avoiding the objectionable inference that the Earth is in a privileged
location.

1.3.

Early History of Quasars

It is generally accepted that quasars were discovered in 1960 (see Burbidge
1967 for a review). However, objects such as radio galaxies and Seyfert galaxies,
which are now thought to contain mechanisms similar to those of quasars, were
known prior to this date.
Seyfert (1943) examined a sample of unusual spiral galaxies which have very
bright unresolved nuclei and emission lines from highly ionized atomic species.
The lines in some of the galaxies are quite broad, which was attributed to high
speed motion of the emitting plasma. This class of galaxies, later called Seyferts,
was largely ignored until near the time of the discovery of quasars (Pacholczyk
& Weymann 1968). Quasars, while generally much more luminous than Seyfert
galaxies, have similar spectral and other characteristics. Many studies have probed
the relationship between Seyferts and quasars, beginning with Burbidge, Burbidge,
& Sandage (1963).
Studies of radio galaxies and improvements in the technology and techniques of
radio astronomy led directly to the discovery of quasars. Relatively poor positional

13

accuracy had been a central problem in radio astronomy, making it difficult or
impossible to identify a visible counterpart to a radio source in all but the most
obvious cases such as bright galactic sources or nearby external galaxies. Mills
(1952) found that the radio sources in his survey appeared to represent two distinct
distributions in space, one associated with the plane of our galaxy and the other
isotropic, possibly extragaJactic. As the number of identifications of radio sources
with external galaxies increased, it became apparent that some of these galaxies
were extraordinarily luminous radio emitters with respect to typical nearby galaxies
(Minkowski 1958).
Improvement in the positional accuracy of radio sources led to optical
identifications with objects which were not particularly large, bright or otherwise
conspicuous. One of these had a star-like appearance, but its spectrum was
unlike any known star, containing unknown broad emission lines (Matthews et
al. 1961). Eventually the mysterious spectral features in this and similar objects
were recognized as highly redshifted lines of known ionic species (Schmidt 1963;
Greenstein

Matthews 1963; Oke 1963). The redshifts came as a strong surprise

(Schmidt 1983), despite the fact that radio galaxies with higher redshifts were
known (Minkowski 1960). It had been believed that the star-like radio sources were
part of a long-sought class of radio stars (Greenstein 1963; Sullivan 1990), which
were not expected to have such large redshifts. The quasar redshifts, if assumed
to result from cosmological expansion, implied that these objects were billions of
light years away and had luminosities many times those of the brightest known
galaxies. The extreme luminosities were particularly unusual, as variations in the
brightnesses of some quasars (Matthews & Sandage 1963; Smith &: Hoffleit 1963;
Sharov & Efremov 1963) implied that the emitting volume is more than a trillion
times smaller than a typical galaxy.
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Quasars were known as a class of radio emitting objects for several years
following their discovery. However, star-like objects having optical properties
similar to radio-selected quasars were discovered at locations which didn't
correspond to any known radio sources (Sandage 1965). This meant that the
definition of a quasar had to be changed to include strictly optical criteria, with
strong radio emission a feature of some members of the class. The taxonomy
of quasars has grown increasingly complex with observations at many different
wavelengths and the discovery of new features, but the core of the classification is
still the optical properties.

1.4.

The Quasar-Galaxy Connection

Extended optical nebulosity was found in the immediate vicinity of the first
quasar discovered (Matthews & Sandage 1963). The possibility that this was a
galaxy associated with the quasar was considered and rejected as unlikely because
the size would have been much larger than any known galaxy, and the quasar was
not centered on the extended emission. Nevertheless, the large redshifts plus the
suspected similarities between the mechanisms powering quasars and the active
nuclei of Seyfert and radio galaxies gave rise to speculation that quasars might
also reside at the centers of galaxies. Concentric extended emission observed
around a few quasars (Arp 1970) provided some observational support for this
view. It was understood that the ratio of the luminosity of an active nucleus to the
surrounding star light, as well as the distance to the object, could have a significant
effect on the object's classification (Sandage 1971). Kristian (1973) estimated the
detectability of a host galaxy on deep photographic plates based on the distances
and brightnesses of several known quasars and found non-stellar morphologies in
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many cases where it was expected.
Observations of quasar tiost galaxies are very difficult because the surface
brightness of the quasar is much larger than the underlying galaxy. This is
exacerbated by atmospheric seeing, which smears out the light from the quasar
regardless of the size or quality of the telescope, effectively hiding the galaxy
in many cases (Greenstein k Schmidt 1964). Even when extended flux was
visible, its interpretation was complicated by the fact that in some cases the
source of the emission was line-emitting gas clouds rather than stars (Wampler
et al. 1975; Stockton 1976). However, possible stellar features were found in low
signal-to-noise spectra of extended emission around a small number of low-redshift
quasars (Morton, Williams, &; Green 1978; Wyckoff et al. 1980). The quantity of
data supporting the existence of host galaxies continued to grow, as moderately
sized imaging samples provided evidence that extended emission around many
quasars was consistent with the morphologies, sizes, and brightnesses of galaxies
(Hutchings et al. 1981; Wyckoff, Wehinger, &: Gehren 1981). More and better
quantitative estimates of host galaxy parameters became possible with the advent
of CCD detectors (e.g.. Smith et al. 1986; Veron-Cetty & Woltjer 1990), but
nevertheless the results often had large uncertainties and/or were contradictory.
Recent technological advances are driving substantial progress in host galaxy
research. The refurbished Hubble Space Telescope is providing unprecedentedly
high resolution images of quasar systems, and similar capabilities are expected
from the ground in the near future using adaptive optics systems. In addition, the
Keck telescopes are obtaining high quality spectra of the stellar component of the
host galaxies.
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1.5.

Overview of the Present Work

This dissertation explores the connection between the radio and optical
emission components of quasars and their relationship with the host galaxies.
Quasars have been studied extensively in these two wavebands, both for the
historical reasons outlined earlier and because the bulk of the radiation in each
spectral region is generated by different physical mechanisms. It is generally
accepted that radiation at radio frequencies is predominantly due to synchrotron
processes, which depend on the energy distribution of relativistic particles and
magnetic field strength. The source of the optical continuum and broad lines is an
accretion disk and centrally concentrated hot gas clouds, respectively. Therefore the
optical luminosity is closely tied to the accretion rate and the mass of the central
engine. The ultimate goal of research in this area is to produce a comprehensive
model of the queisar mechanism, including the connection between the fueling of
the black hole, the gas and dust in the vicinity of the central engine, the method of
particle acceleration, and the host galaxy and surrounding cluster environment.
Efforts to reach this goal generally follow one of two approaches: observe
and model individual objects in detail; or study statistical trends in subsets of
the quasar population. The present work is of the latter type. Quasar surveys
based on a particular set of observed characteristics provide the raw material for
this analysis. Many surveys have been conducted in a variety of wavebands, from
radio to X-rays. The product desired from many such surveys is a catalog of all
quasars which conform to a precise set of selection criteria. This is not possible
in practice (Weedman 1986), but an achievable and very useful alternative is to
determine a quantitative estimate of the degree of incompleteness, from which the
intrinsic distribution of quasar properties can be inferred (Hewett & Foltz 1994).
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Optical surveys conducted within the past decade have the advantages of machine
analysis of the data and computer selection algorithms, which make it possible to
calculate the probability of including any observed or modeled quasar based on its
brightness, redshift, and spectrum. A particularly effective and relatively recent
survey is the Large Bright Quasar Survey (LBQS; Hewett, Foltz, &; Chaffee 1995),
which contains more than 1000 quasars selected by quantifiable and well-defined
optical criteria. The LBQS is the backbone of this dissertation, as all observations
conducted by the author are of LBQS quasars.
Many of the questions addressed in this dissertation involve the fraction
of optically selected quasars which are strong radio emitters, called radio-loud
quasars. The relative frequency of radio-loud quasars has been an area of ongoing
research since Sandage (1965) first discovered that the fraction is less than one.
It has been difficult to obtain reliable values for the radio-loud fraction and its
dependence on quasar optical luminosity and redshift. This, coupled with a close
similarity in the optical properties of radio-loud and radio-quiet quasars, makes the
connection between the two emission mechanisms difficult to model. In particular,
this dissertation investigates the evolution of the radio-loud fraction and its
dependence on optical luminosity, correlation between radio and optical fluxes, and
the distribution of radio luminosity.
The connection between quasar radio and optical fluxes and the nature of
the host galaxy is also explored, including the distribution of host luminosity and
its correlation with the luminosity of the nuclear component. The question of
whether the host galaxy morphologies in the LBQS sample are consistent with the
conventional wisdom that radio-loud and radio-quiet quasars reside in elliptical
and spiral galaxies, respectively, is addressed.
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CHAPTER 2

PRESENT STUDY
The methods, results, and conclusions of this study are presented in the papers
appended to this dissertation. The most important findings in each of these papers
are summarized below. A global summary of the dissertation follows, including
commentary and future plans.

2.1.

Summciry of Appendix A

Approximately one quarter (255 objects) of the Large Bright Quasar Survey has
been observed at 8.4 GHz with the VLA in C configuration. The median 3 sigma
noise limit was 0.29 mJy, and 45 objects (18%) were detected. The radio-loud (8.4
GHz luminosity > 10^® W Hz"^) fraction remains constant at ~ 10% from 2 = 0.5
to

2

> 3.5, and there is some evidence that this holds for z < 0.5. There is no

correlation between radio luminosity and absolute blue magnitude for MB < —24,
and the radio-loud fraction does not depend on blue magnitude. However, the
number of powerful radio sources with MB > —24 drops precipitously; among 20
objects, none had detectable radio luminosity above 10^^ W Hz~^ The distribution
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of log R (ratio of radio to optical luminosity) appears to be bimodal, with a gap at
log i? ~ 1 for ail redshifts and absolute magnitudes.

2.2.

Summary of Appendix B

A sample of 103 quasars from the Large Bright Quasar Survey (LBQS) has been
observed with the VLA at 8.4 GHz to study the evolution of the radio luminosity
distribution and its dependence on absolute magnitude. Radio data from pointed
observations are now available for 359 of the 1055 LBQS quasars. The radio-loud
fraction is constant at « 10% over the absolute magnitude range —28 ^ MB ^ —23.
and it rises to ~ 20% (logi28.4 > 1) or ~ 35% (log 1/8.4 > 25) at the brightest
absolute magnitudes in the sample. This nearly flat distribution differs markedly
from those of the optically selected Palomar-Green (PG) Bright Quasar Survey and
the X-ray selected Extended Medium Sensitivity Survey (EMSS), both of which
have lower radio-loud fractions for absolute magnitudes fainter than MB = — 24
and higher fractions at brighter magnitudes. The reason for the high radio-loud
fraction at bright absolute magnitudes in the PG, compared to the LBQS and
other optically selected quasar surveys, is unknown. The trend of increasing
radio-loud fraction with absolute magnitude in the EMSS is due at least in part to
a correlation between X-ray and radio luminosity. Combining the LBQS data with
radio studies of high-redshift quasars leads to the conclusion that the radio-loud
fraction in optically selected quasars does not appear to evolve significantly, aside
from a modest increase at z ~ 1, from z = 0.2 to redshifts approaching 5, a result
that is contrary to previous studies which found a decrease in radio-loud fraction
with increasing redshift by comparing the low-^ fraction in the PG to higher
redshift samples.
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2.3.

Summary of Appendix C

A sample of 16 quasars selected from the Large Bright Quasar Survey in the
redshift range 0.4 < z < 0.5 has been imaged in the R band with the Planetary
Camera on the WFPC2 instrument of the Hubble Space Telescope. The host galaxy
magnitudes are mostly similar to or brighter than L", and the host luminosity is
positively correlated with the luminosity of the quasar nuclear component. There
is no distinction in host galaxy magnitude between radio-loud and radio-quiet
quasars, assuming they are all of the same galaxy type. Many of the host galaxies
in the sample have small axial ratios, which may indicate that they are inclined
disk systems. Alternatively, this elongated appearance may be due to bars or other
distinctive morphological features which are visible while the bulk of the underlying
lower surface brightness components of the host galaxy are not.

2.4.

Summary of the Dissertation

Significant new results regarding the radio and optical properties of quasars and
the connection between quaseir emission and the host galaxy are presented in this
dissertation. The foundation of the research is a large data set of radio and optical
fluxes for close to 400 quasars chosen from the Large Bright Quasar Survey, a
well-defined homogeneous sample. This subsample covers a redshift range that
spans more than half of cosmic time and an absolute magnitude interval which
includes most quasars. There are sufficient numbers of quasars in the sample to
make meaningful statements about trends across these large ranges. In addition
to standing on their own as a self-contained study, the LBQS data provide a good
comparison for smaller, higher redshift samples. The combined data sets probe the
behavior of the radio and optical properties over almost the entire period in which
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quasars are known to exist.
The conventional picture of the distribution of radio-loud quasars at the
onset of the research for this dissertation was somewhat complex. The radio-loud
fraction was thought to evolve strongly from around 10% at high redshift to values
as large as 50% for z < 0.5 (e.g., Schneider et al. 1992; Visnovsky et al. 1992).
The proportion of radio-loud quasars was found to be greatest at very bright
absolute magnitudes (absolute blue magnitude Ms ^ -28), decreasing among
fainter quasars, particularly for MB ^ —24 (e.g.. Peacock 1986). Some of the
earlier results were based on LBQS data which have been incorporated into the
sample used in the present work. Visnovsky et al. (1992) obtained radio fluxes for
a sample of LBQS quasars at z > 1 to compare to the predominantly low redshift
Palomar-Green (PG) optical quasar survey (Schmidt & Green 1983; radio data
for the PG are in Kellermann et al. 1989). The radio-loud fraction in that LBQS
sample was much lower than among the PG quasars, and like other workers who
found similar values, they concluded that the radio properties of queisars have
undergone significant evolution. No single survey had sufficient numbers of objects
to independently determine the evolution of the radio-loud fraction over the full
range of accessible redshifts, and all of the current studies at the time used the PG
as a low redshift anchor point.
While a few of the results which emerged from the expanded LBQS sample
are consistent with these earlier studies, many are quite different. No evolution
is seen in the radio-loud fraction except for a moderate rise at z w 1, and the
dependence of the radio-loud fraction on absolute magnitude is nearly flat except
among the brightest quasars in the survey. There is no detectable correlation
between radio and optical luminosity among the radio-loud quasars. The source of

this discrepancy with previous results is a fundamental difference between the radio
properties of the PG and the LBQS plus virtually every other optically selected
survey. La Franca et al. (1994) studied a composite sample comprised of several
optically selected quasar surveys of small to moderate size, and they noted that
evolution of the radio-loud fraction was apparent only if the PG was included. The
remaining surveys provided no independent evidence for evolution.
Several arguments suggest that the LBQS results are more complete and
accurate than previous studies, which did not have the advantage of a large modern
survey with which to work: (1) the LBQS spans much of the relevant parameter
space in a single homogeneous survey, which is well defined and effective at finding
almost all known types of quasars; (2) the La Franca et al. (1994) results suggest
that the radio-loud fraction in the PG is anomalously high; (3) an independent
study using very different selection techniques (Bischof & Becker 1997) found
similar results. The consistency of the LBQS findings with those of Bischof &
Becker (1997) is particularly compelling, since the sample they used was quite large
(4079 quasars) but was very heterogeneous, with sources selected by a wide variety
of surveys at different wavelengths. This sample is likely rife with unknown biases,
yet it still produced conclusions similar to those from the LBQS.
The reason for the uniqueness of the PG sample is an important question,
especially given the large numbers of studies which have utilized PG quasars.
However, the more fundamental issue is the somewhat counter-intuitive insensitivitv
of the radio-loud fraction to redshift and optical luminosity found in the LBQS and
the Bischof & Becker (1997) samples. The same gravitational engine is presumably
the ultimate power source for both radio and optical emission. A positive
correlation between radio and optical luminosity would seem to be a natural
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consequence of this mutual origin, yet this is not apparent among the radio-loud
quasars. There is indirect evidence that such a correlation is present among the
radio-quiet quasaxs in the LBQS sample. Two radio emission mechanisms may
be in operation. One is driven by optical/UV radiation pressure (Stocke et al.
1992) and is present in many quasars. This process does not produce suflBcient
luminosity to exceed the radio-loud threshold except for quasars with the highest
optical luminosities, which would account for the upturn in radio-loud fraction
at MB ^ —28. The other mechanism, which is responsible for the radio-loud
quasars with MB > —28, is decoupled from the optical luminosity and hence the
mass accretion rate onto the central black hole (see e.g., Wilson & Colbert 1995).
The lack of strong evolution must also be incorporated into any models used to
e.xplain the observed radio properties. The radio emission mechanisms must be
mostly insensitive to the factors which have effected large changes in the luminosity
functions of quasars over cosmic time.
While the consistency between the LBQS results and the Bischof &: Becker
(1997) study may indicate convergence on the radio properties of optically selected
quasars, many refinements are needed, and the proposed models need to be tested
against the data in detail. The next stage of this research will use the vast
new radio surveys. National Radio Astronomy Observatory Very Large Array
Sky Survey (NVSS; Condon et al. 1995) and Faint Images of the Radio Sky at
Twenty-centimeters (FIRST; Becker, White, & Helfand 1995), to obtain radio fluxes
or upper limits for the remaining quasars in the LBQS. The three-fold increase
in sample size will reduce the errors on derived parameters. It is particularly
important for models of the radio emission mechanisms to determine whether
the increase in radio-loud fraction at bright absolute magnitudes is as strong as
currently indicated. Bischof

Becker (1997) noted a downturn in the radio-loud
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fraction for z < 0.5. The redshift range of the LBQS extends only to z = 0.2,
but there may be enough overlap to test for this decrease in the full sample.
The extended data base will also help to address the question of whether the
distribution of radio luminosity is bimodal. Indications of a bimodal distribution
led to the quantitative distinction between radio-loud and radio-quiet quasars, but
the current LBQS radio sample is too small to rigorously test the existence of two
modes. Subsequent research will include deeper radio observations of some LBQS
quasars which currently have only upper limits in order to better constrain the
nature of the radio-quiet quasars. This will be particularly important for evaluating
the model which connects low-level radio emission to the optical luminosity of the
quasar.
A subset of 16 LBQS quasars with radio data was selected for a study of
the host galaxies using high-resolution Hubble Space Telescope (HST) imaging.
The sample size necessarily had to be small, due to the demanding nature of the
observations and the scarcity of HST time. This restriction placed a premium
on careful sample selection. The targets were chosen based on three criteria: (1)
a radio luminosity span typical of optically selected quasars; (2) nearly identical
redshifts to avoid problems of interpretation due to evolution and to provide a
uniform rest-frame spatial resolution scale; and (3) quasar absolute magnitudes
bright enough to exclude Seyfert galaxies, yet not so bright that the nucleus
completely obscures the host galaxy.
Research on quasar host galaxies has entered a new era after the refurbishment
of HST, which has triggered rapid evolution in our understanding of this important
aspect of the quasar phenomenon. The initial research programs after the repair
mission examined a wide variety of quasars in an attempt to establish the range of
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host galaxy properties and reveal rough trends with quasar type. This was a crucial
first step, but it is difficult to determine the distribution of the host parameters
from such a heterogeneous mix. The LBQS data are the first homogeneous sample
and therefore will be quite valuable for statistical analysis. The work presented in
this dissertation is helping to shape the new views by confirming some trends seen
in earlier studies and pointing out new features of host galaxies.
Quasar host galaxies in the LBQS and other studies are rather luminous; most
have luminosities near or above the level at which the space density of galaxies
begins to decline exponentially. It is likely that the high luminosities reflect
large stellar mass, suggesting that large black holes either cannot form or are not
adequately fueled in small galaxies. However, the optical brightness can be strongly
affected by star formation, so it is conceivable that some quasars could reside in
relatively small galaxies which are actively forming stars. This concern led McLeod
Rieke (1995a,b) to examine low redshift quasars in the near infrared, which
is less sensitive to star formation and more closely traces the mass-bearing older
stellar population. They found that the host galaxies have a minimum infrared
luminosity which is positively correlated with quasar luminosity, suggesting a
connection between galaxy mass and quasar power. A similar trend is present in
the LBQS sample after adjusting for the difference in observing passband.
Differentiation of host galaxy type by quasar radio luminosity was a major
tenet of pre-HST work in this area. Radio-loud and radio-quiet quasars were
thought to reside in elliptical and spiral galaxies, respectively (e.g.. Smith et al.
1986). Most hosts examined to date with HST appear to be early type galaxies
(Disney et al. 1995; Bahcall et al. 1997), including some radio-quiet quasars. It
is very difficult to accurately determine the morphological type of a quasar host
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galaxy, even with HST data, and this has not yet been done for the LBQS sample.
However, the apparent shapes of the hosts in the LBQS sample provide important
clues about the nature of the galaxies. Most of them appear highly elongated, to
the point that they are inconsistent with being drawn from the standard population
of elliptical galaxies. The galaxies could be inclined disk systems, which would
run counter not only to the prevalence of ellipticals seen by other workers, but
also to the high incidence of face-on systems in cases where spirals were found
(McLeod & Rieke 1994). The elongated features could be bars, which would also
indicate a large proportion of spiral hosts in the sample. Other possibilities include
tidal distortions or gas ionized by the quasar. The observed features are unusual
compared to other studies and represent new aspects of quasar host galaxies which
need to be further explored.
Future work related to the HST study will include a more detailed analysis of
the current data, high-resolution infrared imaging, and a study of the surrounding
galaxy cluster environment. The current HST images will be further analyzed
to determine the morphological type of each host galaxy, calculate uncertainties
for the measured parameters, and look for nearby companion galaxies. Infrared
data will be obtained in order to estimate the mass of the host galaxies and the
nature of the stellar population. In particular, the new data may help determine
whether the elongated features seen in the current sample are present in the older
stellar population, are areas of strong star formation, or are gas clouds ionized
by the quasar. A proposal to use the new NICMOS infrared camera on HST to
observe the current sample has been submitted. Ground-based adaptive optics
systems have also been used, but the diflficulties of the project exceed the current
capabilities of this technology. It is expected that the project will be feasible with
adaptive optics in the relatively near future, as more advanced systems come on
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line. Lower technology instruments also have a role. A wide field seeing-limited
imaging program in both the optical and infrared passbands is ongoing. These
data will be used to study the effect of the surrounding galaxy cluster environment
on the quasar. This will be followed by spectroscopy of the companion galaxies to
determine their individual redshifts and the velocity dispersion of the cluster.
In summary, this dissertation has significantly advanced our understanding
of the radio properties of quasars. The picture has changed from one in which
the radio-loud fraction undergoes substantial evolution and varies strongly with
absolute magnitude to a population which is much less prone to change. In
addition, major results on queisar host galaxies have been corroborated by a
sample which is well suited to statistical analysis, and new features of host galaxy
morphology have been revealed.
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APPENDIX A.
RADIO PROPERTIES OF OPTICALLY
SELECTED QUASARS
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ABSTRACT
Approximately one-quarter (236 objects) of the Large Bright Quasar Survey (LBQS) has been observed with
the VLA at 8.4 GHz. resulting in 44 detections (17%) with a median 3 7 noise limit of 0.29 mJy. Quasars with
radio luminosity detectable at this limit are underrepresented at iaint absolute blue magnitudes
-24).
an effect which cannot be explained by a potential LBQS selection bias against quasars which have large
radio luminosities and small optical luminosities. The radio-loud (8 GHz limiinosity > 10'^ W Hz~') fraction
is observed to change as a function of redshift and Mj. (or M,< —24, although the causal variable is ambig
uous. The description most consistent with the available data is that radio-loud fraction is approximately con
stant over the range —27.5 < M,S —24 and increases at brighter absolute magnitudes. The radio-loud
fraction as a function of redshift reaches a local maximum at :% I, and, aside from the effects of increased
radio-loud fraction at bright Mg, remains roughly constant to redshifts approaching S. The log R, 4 distribu
tion (radio-to-optical luminosity ratio) of the current LBQS sample may be bimodal. but the results of sutistical tests are ambiguous, requiring a larger sample size to become definite.
Subject headings: quasars: general — radio continuum: galaxies — surveys
I. rNTRODUCnON

A long-standing problem central to understanding the
quasar phenomenon is the lack of a simple scaling between
quasar radio and optical luminosity, the presence of which
would result in a constant ratio of the luminosities in the two
spectral regiiDcs. The observed ratios of radio to optical lumi
nosity. R, span several orders of magnitude. It is important to
explain such a large spread, ^ven that the radio and optical
emission mechanisms are believed to be driven ultimately by
the same central engine. The wide range of observed radio
luminosity was once thought to arise from the orientation of a
beamed relativistic jet (Scheuer & Readhead 1979). resulting in
a spread in if the optical emission is unbeamed or emitted in
a jet with a different opening angle. However, a range in the
luminosity of large-scalc nonbeamed radio emission indicates
an intrinsic spread in radio power (Orr & Browne 1982).
Coleman & Dopita (1992) hypothesized that quasar radio
luminosity may depend on the angle of the accretion disk with
respect to the rotation axis of the central supermassive black
hole. The fundamental mechanism regulating radio emission
may be connected in some way to the host galaxies of quasars,
as is the case with radio galaxies and Seyfert galaxies. The
results of some studies of quasar host galaxies are consistent
with the stronger radio emitters residing in ellipticals and the
radio-weak quasars existing in spirals, but these conclusions
are not definitive (e.g. Smith et al. 1986; Veron-Cetty &
Woltjer 1990).
Much of the basic data on the radio and optical properties of
quasars has come from optical fcllow-up of radio surveys, such
as the 3 CR (Spinrad et al. 1985), the 2 Jy survey of Wall &
Peacock (1985), the 1 Jy survey (Kuhr et al. 1981 bl the S4
(Pauliny-Toth et al. 1978) and S5(Kahret al.1981a) surveys to

a limiting flux of 0.5 Jy, and the 100 mJy Parkes Seleaed
Regions (Dunlop et al. 1989). Optically derived redshifts have
enabled the determination of a quasar radio luminosity func
tion and its evolution to redshifts z > i (Dunlop & Peacock
1990).
Since the initial realization that not all quasars are strong
radio emitters (Sandage 1965), several optically selected quasar
samples have been observed at radio frequencies (e.g., Sramek
& Weedman 1980: Condon et al. 1981: Marshall 1987; Miller.
Peacock. & Mead 1990, hereafter MPM). Typically only I0°b40% of the quasars were detected, even in relatively deep radio
observations, and the radio luminosities of most of these detec
tions lie below the luminosity range sampled by the radio
surveys. The Very Large Array' (VLA) observations of the
Palomer-Creen (Schmidt & Green 1983) Bright Quasar Survey
by Kellerman et al. (1989. hereafter PC), which detected more
than 80% of the 114 quasars in the survey, are a notable excep
tion to the low detection rates. The PG sample is consistent
with two simple models of the joint optical and radio lumi
nosity function, in which the radio luminosity function is either
independent of optical luminosity or, as hypothesized b>
Schmidt (1970), is parameterized by R. te.. a function of the
ratio of radio to optical luminosity. MPM found that the R
parameterization is inconsistent with the radio luminosities of
quasars with faint absolute magnitudes.
Quasars have been designated either radio-loud or radioquiet based on a division in R (c.g.. PG) or radio luminositv. L
(e-g.. Peacock, Miller. & Longair I986I. Stocke et al. 11992)
* Tlie Ven' Large Anay (VLAI of the National Radio Astronom> Ob^r.
vatory is operaied by Associated Uiuvemties. Inc^ uitder 2 cotiperative agree
ment with the National Saencc Foundation
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OPTICALLY SELECTED QUASARS
found statistical support for bimodal distributions in both log
R and log L. Recently, La Franca et al. (1994) have analyzed
the redshift and absolute magnitude dependence of the fiat^on
of radio-loud quasars using a data set consisting of most of the
available optically selected samples with radio observations.
They determined that the radio-loud fraction is substantially
higher for quasars with r < 1, a result due to the fact that the
predominantly low redshift PG sample has a high overall
radio-loud fraction; evolution is not required for r > 1 if the
PG is excluded. The radio-loud fraction was found to be higher
at bright absolute magnitudes, regardless of whether or not the
PG sample was included in the analysis.
The L^ge Bright Quasar Survey (LBQS) (Hewett, Foltz. &
Chaffee 1995) consists of more than 1050 quasars with magni
tudes 16.0 S
s 18.85 and redshifts 0.2 S i s 3.4. Posi
tions, magnitudes, redshifts. and spectra for the entire sample
are now published (Hewett et aL 1995, and references therein).
The LBQS was compiled using well-defined selection criteria,
app&ed to objective-prism spectra of a broadband flux-limited
catalog of objects. Quasar candidates were selected from
among the objective-prism spectra according to a number of
color and spectral feature-ba^ criteria. The aim was to iden
tify essentially all known types of quasars or active galactic
nuclei whose broadband fluxes placed them within the magni
tude limits of the LBQS.
Hewett et al. (1995) discuss the properties of the LBQS in
some detail. The smooth number-redshift relation and high
surface density of objects demonstrate that the LBQS is as
effective as any existing optical survey of quasars. Direct com
parison of the LBQS catalog with other surveys undertaken
using a broad range of techniques shows that the only class of
known active galactic nuclei to which the survey is not sensi
tive is featureless objects with red spectral energy distributions,
e.g.. some radio-selected BL Lac objects. Important advan
tages of the survey relative to other samples include (a) the very
low percentage of objects that remain spectroscopically
unidentified; only eight objects compared to the total of 1055
confirmed quasars (<I%) remain unclassified, and (b) the
inclusion of quasars whose direct images are resolved due to
the presence of an onderlying gala^. The very small percent
age of
that icmain unidentified ensures that bias
against objects with weak emission lines is negligible, while the
inclusion of olqects with nonstellar morpholo^ is important
when the properties of quasars with low redshifts: < OJ are
considered. The probability of selecting a candidate is a func
tion of its intrinsic spectral energy distribution, a property
common to all quasar surveys based on observ^-frame,
magnitude-limited samples (see Hewett & Foltz 1994).
However, with the exception of red featureless active galactic
nuclei (AGNs) and large amplitude photometrically variable
objects such as optically violent variable quasars, the LBQS
appears to be free of significant variations in the probability of
detecting quasars whose magnitudes place them within the
broadband flux limits.
The initial radio observations of the LBQS (Visnovsky et aL
1992. hereafter Paper I) consisted of 124 quasars in the redshift
range 1.0 <; < 3.0. chosen to complement the predominantly
low redshift PG. The present work presents the radio data for
an additional 132 LBQS quasars, which, together with the data
from Paper 1. span the full redshift range of the LBQS. The
enlarged sample enables an independent and self-contained
analysis of the evolution of the distribution of radio strength
and its dependence on optical luminosity. Optical spectral

properties, including broad absorption lines, of the LBQS
radio sample are discussed in Frands, Hooper, & Impey
(1993). Section 2 simunarizes the observations and presents an
analysis of the noise properties of the radio maps and the
criteria for detection. Section 3 examines evidence for a
bimodal distribution of radio strength and discusses evolution,
correlation of radio strength with absolute magnitude, and
potential selection effects. Section 4 summarizes the results.
Details of a statistical test for a bimodal distribution and an
examination of the impact of selection effects are presented in
Appendices A and B. respectively.

2. OBSERVATIONS AND DATA REDUCTION

Zl. Sunmiary of Observations
VLA observations at 8.4 GHz of 124 LBQS quasars in the
redshift range 1.0 < i< 3.0 were presented in Paper I. Sub
sequent observations at the same frequency of 132 additional
LBQS quasars extended the redshift range to 0.2 < ; < 3.4.
Table 1 summarizes each observing run. listing the date,
nimiber of quasars observed. VLA array configuration, pixel
size of the maps, and the average angular extent of the major
and minor axes of the beams at half-maximum intensity. All of
the observations were snapshots, with exposure times ranging
from 7.5 to 11 minutes. Table 2 lists the otqects in the com
bined sample as follows.
Column (1): object name, listed in order of increasing right
ascension.
Column (2): apparent B magnitude, calculated as described
in §2.3.
Column (3); redshift from Hewett et al. (1995).
Column (4): absolute B magnitude, calculated as described
in § 2-5.
Column (5): flux density (mJy) at 8.4 GHz and I a error, or
3 a upper limit, measured as described in § 2.2.
Column (6): logarithm of the ratio of 8.4 GHz luminosit>
(W Hz"') to optical luminosity (W Hz"') averaged over the B
passband; R, t = L^ JL,. See § 2.3.
Column (7); logarithm of 8.4 GHz luminosity (W Hz~'l.
log Z.g See § 2.3.
Standard AIPS software was employed to produce dinv
total-intensity (Stokes /) maps for all fields. Those containing a
strong source were subsequently CLEANed. with the excep
tion of three previously catalogued sources: 1148 -0007. a
VLA calibrator; 1215-1-1121 (Bennett et al. 1986|; and
1229 — 0207 (Kuhr et al. 1981b). A noise analysis was per
formed on the VLA maps of the quasars listed in Paper 1 and
the more recent sample of 132 objects. Quasars with measured
radio flux above a preset multiple of the noise were considered
to be detected, as described below.
TABLE I

SUMMAJtY or VLA OBSERVA'DONS
Date

Number
Observed

VLA ArTa>
Configuration

Pixel
Sue

FWHM
Major*

1989 Ma>' .
1989 Oct' .
1990 0a
I99I Jan

97
27
50
82

BC
CD
C
C

0-25
0 25
0 60
0 60

5
37
45

•»-<

FWHM
Mmcr*
(T^

:
2 7

* Average angular extent of the major axu of (he beam profile at FWH M
* Avcra^ anguUr etteni of the mmor axu of the beam prolile at FWH M
* These obKTvatitms were abo reported in Paper I
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TABLE 2
Radio and OpnCAL Observations or LBQS Quasahs
LOGLT.I
1OSA«.4

(4)

(mJy)
(5)

(6)

(WHs-^)
(7)

-27.11 ± 0.76
-2739 ± 031
-27.69 ± 036
-2632 ± 0.76
-28.19 ± 0.85
-27.03 ± 0.77
-27.03 ± 0.76
-2735 ± 030
-27.17 I 0.74
-2731 ± 0.76
-27.88 ± 0.93
-2739 ± 0.88
-2835 ± 033
-27.08 ± 0.77
-27.51 ± 0.81
-2630 ± 0.75
-2633 ± 0.77
-26.88 ± 0.7G
-27.70 ± 0.79
-2738 ± 0.77
-27.24 ± 0.78
-2632 ± 0.76
-2739 036
-27.75 ± 033
-27.63 ± 0.81
-27.58 ± 0.83
-27.03 ± 0.79
-28.43 ± 037
-2736 ± 034
-28.66 ± 0.96
-27.25 ± 0.76
-28.18 ± 037
-2233 ± 035
-27.27 ± 0.79
-26.44 ± 0.43
-27.01 ± 0.80
-25.79 ± 0.44
-24.70 ± 037
-25.08 ± 0.44
-2333 ± 034
-25.93 ± 0.49
-26.24 ± 0.60
-26.64 ± 0.57
-23.59 ± 036
-2537 ± 0.58
-22.98 ± 036
-23.63 ± 034
-27.77 ± 0.88
-25.78 ± 0.49
-25.67 ± 0.45
-27.08 ± 0.82
-25.64 ± 0.55
-27.72 ± 038
-2433 ± 039
-23.97 ± 036
-25.59 ± 0.52
-26.19 ± 0.61
-22.73 ± 036
-26.87 ± 0.73
-24.63 ± 0.40
-26.10 ± 0.56
-26.79 ± 0.75

< 034
< 038
< 034
< 3.54
< 0.18
< 0.19
< 034
< 0.23
< 0.24
< 0.48
< 030
< 0.22
< 0.26
< 0.22
< 0.26
< 035
< 0.23
< 032
< 0.43
< 0.24
< 0.40
< 034
< 030
0.92 ± 0.07
031 ± 0.06
< 036
< 031
635 ± 0.19
< 1.47
0.63 ± 0.08
< 0.28
< 039
< 037
< 0.22
137.0 ± 5.6
< 0.26
< 039
< 039
< 0.29
< 032
< 032
< 0.23
< 0.22
< 0.23
< 031
< 0.40
< 0.40
< 0.21
< 0.52
< 030
< 0.27
70.19 ± 237
< 033
37.73 ± 031
< 5.14
< 0.22
< 0.19
< 0.24
< 0.22
< 0.73
0.27 ± 0.07
< 0.26

0.07
< 0.11
< 0.04
< 131
< -030
< 0.03
< 035
< -0.02
< 0.01
< 0.28
< 0.17
< -0.02
< -0.23
< 0.06
< 0.05
< 0.19
< 0.17
< 0.12
< 0.15
< -0.00
< 039
< 033
< 034
033 ± 039
0.07 ± 039
< 0.19
< 0.11
134 ± 0.46
< 033
033 ± 0.46
< 0.09
< -0.04
< 0.06
< 0.03
2.26 ± 0.20
< 0.21
< -0.13
< -0.09
< 0.09
< -0.22
< 0.01
< 0.06
< -031
< -0.09
< 0.25
< 0.18
< -0.17
< -0.01
< 0.28
< -0.05
< 034
2.61 ± 0.25
< oxa
230 ± 0.17
< 1.20
< 0.05
< 0.01
< -0.10
< 0.06
< 0.43
0.07 ± 039
< 032

< 24.62
< 24.78
< 24.82
< 25.78
< 24.68
< 24.55
< 24.77
< 24.70
< 24.59
< 24.92
< 25.03
< 2433
< 24.81
< 24.60
< 24.77
< 24.62
< 24.62
< 24.58
< 24.94
< 24.65
< 24.89
< 24.76
< 24.91
2534 ± 031
24.83 ± 0.22
< 24.93
< 24.64
26.42 ± 0.25
< 25.56
25.41 ± 0.25
< 24.69
< 24.93
< 22.90
< 24.65
26.54 ± 0.10
< 24.73
< 2338
< 23.49
< 23.83
< 22.81
< 24.09
< 24.26
< 24.15
< 23.05
< 2431
< 23.09
< 22.98
< 24.79
< 2430
< 23.92
< 24.78
26.57 ± 0.13
< 24.83
2530 ± 0.07
< 24.50
< 24.00
< 24.20
< 22.69
< 24.52
< 23.99
24.22 ± 0.18
< 24.64

Source
(1)

B

z

Ma

(2)

(3)

0006+0230
0006+0200
0009+0219
0013-0029
0016-0220
0019+0107
0025-0151
0027+0149
0028+0236
0040-2917
0041-2638
0041-2707
0041-2607
0041-2859
0042-2930
0045-3002
0047-2759
0048-254S
0049+0045
0050-2523
0052*-0058
0053-0134
0100-3105
0105-2649
0109+0213
0252+0136
0254+0000
0256-0000
0258+0210
0302-0019
0307-0058
1009-0252
1010+0219
1011-0144
1013+0124
1014+0023
LOLS+0147
2021-0250
1021-0118
1026-0144
1027-0114
1128+0022
1129-0218
1129-0229
1130+0018
1131-0039
1132-0302
1132-0054
1132-0013
1135+0044
1135-0255
1137+0110
1138-0107
1138-(-0003
1138+0204
1139-0257
1141-0222
1141+0227
1145-0039
1145-0216
1145+0235
1146+0207

18.06
17.89
18.02
18.24
17.46
18.17
18.11
17.73
17S1
17.85
18.50
13.04
17.17
18.13
1734
IB^
1837
18.28
17.50
17.86
17.93
1831
1832
17.70
17.66
1737
18.16
18.54
17.99
18.13
17.93
17.69
17.68
17.91
16.68
18.22
1736
17.44
17.93
17.13
17.62
18.02
17.43
17.74
18.20
17.91
17.01
18.11
17.77
17.52
1830
18.24
18.17
17.93
17.64
18.09
18.09
17.72
18.14
17.78
17.92
1834

2.098
2336
2.642
2.083
2.596
2.130
2.076
2328
2.007
2.087
3.053
2.786
2.505
2.134
2388
2.021
2.130
2.082
2.265
2.159
2.212
2.062
2.641
2.463
2343
2.465
2.247
3364
2.524
3381
2.106
2.746
0.222
2.236
0.779
2.291
0.791
0.496
0.743
0317
0.958
1379
1.247
0333
1.255
0.268
0.237
2.753
0.955
0.803
2.407
1.138
2.754
0.500
0383
1.028
1394
0.216
1.941
0.566
1.217
2.054
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TABLE l-~-Contaaud

•Sa.i
(mJy)

logLt.4

B

s

MB

(1)

(2)

(3)

(4)

(5)

(6)

(7)

1146-0128
1148-0007
1148-0033
1148+0055
1149+0043
1150+0127
1150+0041
1203+1043
1204+0935
1204+1136
1205+1729
1206+1318
1206+1500
1206+1716
1206+1250
1208+1535
1209+1046
1209+1524
1210+1731
1210+1507
1210+1425
1210+1324
1211+0848
1211+1106
1211+0841
1212+1445
1212+0830
1212+1045
1212+0854
1212+1411
1213+1015
1213+0922
1213+1208
1213+1722
1213+1709
1214+1804
1214+1753
1214+0826
1215+1202
1215+1121
1216+1754
1216+1032
1216+1656
1218+1611
1220+0939
1222+1640
1222+1433
1222+1235
1222+0901
1222+1334
1223+1723
1224+1244
1224+1538
1225+1502
1225+0836
1225+1512
1226+1526
1228+1642
1228+1116
1228+1808
1228+1216
1228+1602

16.67
17.29
17.76
18.19
17.07
17.80
17.65
17.96
17.88
18.08
17.12
17.94
18.07
18.13
16.88
17.97
17.73
18.50
17.44
17.29
17.95
17.62
17J7
17.73
17.65
17.94
18.12
17.79
18.22
18.03
18.28
18.15
17J1
18.08
17.75
16.73
17.68
17J0
18.28
16.62
18.13
17.62
18.26
17.78
17.62
17.78
17.02
17.45
17.89
17.99
18.14
18J9
18.05
17.88
17J5
18.10
18.22
17.59
17.42
18.17
17.55
17.76

0.460
1.976
0.800
1.885
0.466
1.636
0.781
1333
1.559
1.010
0.548
1334
2.595
1.012
1.002
1.961
2.187
3.059
2.543
1.613
0.723
1.141
0.810
1337
0.585
1.656
1.664
1.970
2344
0347
2.513
2.714
1.486
1305
1.196
0374
0.679
0343
2341
1398
1.810
0.542
2318
0.231
0.681
0.549
1337
0.412
0.535
1.796
2.402
2.156
1.771
0.856
1.471
1390
1.122
0.841
0.237
2.649
1.408
0.511

-3532 :k 036
-27.75 ± 0.73
-35.42 ± 0.45
-26.75 ± 0.72
-2434 ± 036
-2632 ± 0.66
-25.47 ± 0.45
-2633 ± 0.60
-26.63 ± 0.65
-25.58 ± 032
-35.22 ± 0.40
-2636 ± 0.60
-2738 ± 035
-2533 ± 032
-26.75 ± 030
-27.06 ± 0.74
-2734 ± 0.78
-2738 ± 0.93
-28.14 ± 034
-2739 ± 0.66
-2439 ± 0.45
-2637 ± 035
-2533 ± 0.47
-26.47 ± 0.60
-24.83 ± 0.41
-36.70 ± 0.67
-36.53 ± 0.67
-3735 ± 0.74
-37.07 ± 031
-3537 ± 0.48
-37.35 ± 0.84
-37.67 ± 0.87
-37.09 ± 0.63
-35.91 ± 037
-3633 ± 0.56
-3434 ± 036
-35.13 ± 0.43
-34.09 ± 037
-37.73 ± 039
-37.66 ± 0.60
-36.72 ± 0.71
-24.70 ± 0.40
-27.72 ± 0.89
-2231 ± 038
-35.18 ± 0.43
-24.57 ± 0.41
-27.18 ± 0.59
-2431 ± 038
-34.40 ± 0.41
-3634 ± 0.70
-37.33 ± 0.83
-36.84 ± 0.78
-26.75 ± 0.70
-35.45 ± 0.48
-3633 ± 0.63
-36.96 ± 0.74
-35.63 ± 035
-35.70 ± 0.47
-3332 ± 037
-37.55 ± 0.86
-26.74 ± 0.61
-34.45 ± 0.40

< 0.40
1201 ± 27
4.14 ± 0.12
< 035
< 0.49
< 030
< 038
< 0.45
< 033
< 038
< 030
< 031
< 033
< 035
036 ± 0.07
< 0.20
< 0.48
< 034
< 0.24
033 ± 0.073
< 031
429.8 ± 43
7.06 ± 0.15
< 038
< 0.96
0.45 ± 0.07
< 0.29
< 034
< 0.67
< 035
< 034
30.61 ± 1.13
< 0.41
< 035
< 0.21
< 031
< 0.21
< 0.26
< 0.23
133.9 ± 6.6
49.76 ± 2.62
< 031
< 0.25
< 0.21
0.50 ± 0.11
< 0.25
< 034
2130 ± 0.43
< 0.28
< 0.20
< 0.47
< 0.44
< 0.23
< 0.24
< 0.35
< 0.23
< 0.28
< 031
< 039
< 032
< 0.55
< 0.28

< -036
3.46 ± 035
1.17 ± 031
< 0.14
< -0.02
< -0.08
< -0.03
< 031
< 0.00
< 0.27
< -030
< -0.01
< 030
< 036
-036 ± 0.26
< -0.02
< 0.24
< 032
< -0.16
-033 ± 034
< -0.03
3.14 ± 035
1.44 i 031
< 0.14
< 030
031 ± 033
< 0.19
< 0.12
< 0.62
< 0.07
< 031
2.16 ± 0.41
< 0.03
< 0.25
< -0.10
< -0.36
< -0.13
< -0.33
< 0.06
2.25 ± 0.28
2.42 ± 033
< 0.00
< 0.09
< -0.13
0.21 ± 032
< -0.03
< -033
1.76 i 0.16
< 0.07
< -0.03
< 0.43
< 0.46
< 0.07
< -0.01
< 0.17
< 0.08
< 0.31
< -0.01
< -0.03
< 0.31
< 0.25
< 0.00

< 2336
2837 ± 0.18
25.04 ± 0.10
< 2435
< 23.66
< 2435
< 2336
< 24.51
< 2436
< 2431
< 2339
< 24.19
< 2434
< 24.18
24.04 ± 0.16
< 2430
< 24.96
< 25.09
< 24.79
2439 ± 031
< 23.67
2736 ± 0.13
25.29 ± 0.10
< 24.44
< 24.14
24.70 ± 0.18
< 24.51
< 24.73
< 25.15
< 23.89
< 24.92
26.94 ± 0.32
< 24.57
< 24.33
< 24.09
< 23.27
< 23.62
< 23.12
< 24.86
27.03 X 0.15
26.81 ± 0.18
< 2338
< 24.89
< 22.69
23.99 ± 0.13
< 23.50
< 24.25
25.19 ± 0.06
< 3334
< 34.42
< 25.03
< 24.91
< 24.48
< 23.87
< 24.49
< 24.57
< 34.17
< 33.97
< 22.97
< 24.94
< 24.65
< 23.49

Source
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TABLE 2—Caiutiwed

losIra.«
(4)

(mJy)
(5)

(6)

(7)

-2730 i 031
-2635 ± 0.68
-26.68 ± 0.66
-2434 ± 0.42
-2432 ± 037
-2337 i 031
-23.69 ± 034
-26.64 ± 035
-2436 ± 038
-26.78 ± 0.73
-26.05 ± 0.60
-26.66 ± 0.69
-2231 ± 032
-27.76 ± 0.76
-25.48 ± 032
-26.95 ± 0.60
-26.72 ± 0.65
-27.07 ± 031
-2630 ± 0.63
-27.02 ± 0.71
-2533 ± 0.41
-2639 ± 0.65
-28.43 ± 038
-2730 ± 0.81
-2538 ± 0.43
-26.12 ± 031
-2437 i 035
-2431 ± 033
-25.61 ± 032
-2233 ± 035
-2431 ± 038
-2736 ± 0.72
-27.05 ± 0.68
-26.70 ± 0.73
-25.70 ± 0.54
-2637 ± 0.68
-2434 ± 038
-2633 ± 0.63
-26.71 ± 032
-26.18 ± 034
-2738 ± 0.76
-25.67 ± 0.41
-26.16 ± 036
-25.66 ± 0.54
-27.41 ± 0.76
-26.67 ± 0.64
-2538 ± 0.52
-27.44 ± 0.53
-26.95 ± 0.77
-28.15 ± 0.57
-26.51 ± 0.68
-25.57 ± 0.46
-26.50 ± 0.62
-25.74 ± 0.56
-26.97 ± 0.70
-27.05 ± 0.60
-25.49 ± 0.42
-23.91 ± 036
-2634 ± 0.79
-2731 ± 033
-26.66 ± 0.69
-28.04 ± 0.85
-27.42 ± 0.76
-27.23 ± 0.79
-27.08 ± 0.77
-2837 ± 0.92
-2735 ± 0.76
-2639 ± 030
-27.11 ± 0.75
-2737 ± 035

331 ± 0.11
< 031
< 039
034 ^ 0.08
< 036
0.41 ± 0.11
< 033
5339 ± 1.07
< 0.40
< 031
< 035
033 ± 0.08
< 037
1536 ± 039
53.99 ± 130
< 039
< 034
< 031
< 0.24
0.68 ± 0.08
< 033
0.26 ± 0.08
030 ± 0.06
< 030
< 0.40
< 034
< 030
< 0.17
< 036
< 036
0.72 ± 031
< 0.27
< 036
< 033
< 0.23
< 0.27
< 033
< 030
< 038
< 039
< 034
< 0.44
< 0.76
< 036
< 1.15
< 0.27
1437 ± 031
037 ± 0.09
< 033
67.75 ± 038
< 0.25
< 031
< 032
< 0.46
< 0.24
< 0.27
< 0.26
< 0.29
< 0.41
0.49 ± 0.14
< 033
< 0.27
< 0.25
< 0.27
< 035
031 ± 0.09
< 0.20
< 0.23
< 036
< 036

135 ± 039
< 036
< 0.12
0.19 ± 032
< 0.04
-0.06 i 0.17
< -0.07
238 ± 031
< 037
< 0.26
< 031
036 ± 034
< -0.06
1.64 ± 036
230 ± 034
< 0.02
< 0.00
< 030
< 0.12
0.47 ± 034
< -0.03
0.07 ± 033
-0.29 ± 0.44
< 0.11
< 0.13
< -0.13
< -0.17
< -032
< 0.13
< -0.05
0.51 ± 0.21
< -0.12
< -0.02
< 030
< 0.10
< 0.01
< 0.04
< 0.23
< -0.25
< O.Ol
< 0.00
< -0.06
< 0.47
< 0.13
< 0.62
< 0.03
1.75 ± 0.24
-033 ± 0.28
< 0.69
1.71 ± 0.27
< 0.15
< 0.01
< 0.12
< 0.41
< 0.01
< -031
< -0.19
< -032
< 0.42
0.47 i 0.41
< 0.07
< -0.08
< -0.03
< 0.12
< 0.27
0.11 ± 0.44
< -0.16
< 0.18
< 0.09
< 0.17

25.94 ± 0.21
< 24.59
< 2430
23.83 ± 0.14
< 23.44
22.95 ± 0.12
< 23.10
26.75 ± 0.16
< 23.68
< 24.68
< 24.44
24.63 ± 030
< 22.77
26.45 ± 0.19
26.40 ± 0.12
< 2431
< 24.40
< 24.83
< 2435
2439 ± 0.19
< 23.80
24.42 ± 0.21
24.78 ± 0.27
< 24.82
< 23.95
< 24.01
< 23.28
< 22.90
< 24.09
< 22.82
23.90 ± 0.14
< 24.61
< 2430
< 24.69
< 24.09
< 2431
< 23.57
< 24.43
< 24.14
< 24.20
< 24.62
< 23.91
< 24.64
< 24.11
< 25.29
< 24.41
25.81 ± 0.12
24.15 ± 0.19
< 25.17
26.68 ± 0.14
< 24.46
< 23.95
< 24.43
< 24.42
< 24.51
< 2431
< 23.71
< 23.04
< 24.90
25.06 ± 0.25
< 24.44
< 24.84
< 24.63
< 24.72
< 24.81
25.25 ± 0.25
< 24.56
< 24.69
< 24.64
< 24.83

Source
(I)

B
(2)

*

Mb

(3)

1313+0107
1314-0008
1315+0127
1315+0140
1316+0023
1317-0142
1317-0018
1319+0039
1319+0033
1320+0048
1320-0006
1320+0103
1321-0145
1323-0248
1324+0039
1326+0206
1329+0242
1329+0018
1330+0113
1331-0108
1332-0045
1333+0133
1334-0033
1334+0212
1334-0232
1337-0146
1338-0030
1340-0038
1340+0107
1342-0000
1343-0221
1344+0137
1344-0105
1345-0137
1346+0007
1346-0251
1347-0026
1348-0054
1348+0118
1349+0057
1428+0202
1429-0100
1429-0036
1429+0127
1429-0053
1429+0137
1430-0046
1430-0041
1433+0223
1435-0134
1435+0228
1437+0224
1438+0002
1440+0149
1440-0024
1440+0154
1440-0234
1441+0142
1442-0011
1443+0141
1445-0231
2206-1958A
3209-1842
2212-1759
2230+0232
2231-0015
2241+0014
2243+0141
2244-0105
22484'0137

18.16
18.22
17.93
17.99
17.91
17J6
17.76
17.95
18.01
18.25
18.22
18.15
17.71
17.44
18.26
17J5
17.82
18.24
18.13
17.92
17.44
17.95
17.52
17.85
17.66
17.54
17.25
16.98
18.15
17.77
17.99
17.42
17.70
1830
18.16
17.75
17.68
18.15
17.09
17.71
17.90
17.06
17.80
18.14
17.74
17.80
17.79
16.40
18.27
16.01
18.16
17.66
17.84
18.20
17.88
17.18
17JO
17.19
18.24
18.22
1%X39
17.56
17.74
17.94
18.14
17.74
17.65
18.26
17.99
18.23

2J93
1.747
1.628
0.689
0.492
0.225
0354
1.619
0.530
1.954
1388
1.776
0.224
2.120
1.061
1.416
1.583
2351
1.511
1381
0372
1.577
2301
2382
0.722
1.014
0385
0326
1.067
0344
0309
1.913
1.737
1.929
1.128
1.715
0.515
1.474
1389
1.144
2.106
0.659
1.180
1.092
2.078
1333
1.023
1.116
2.140
1310
1.676
0321
1.446
1.169
1.815
1359
0.678
0396
2326
2.451
1.734
2.558
2.092
2.217
2.147
3.015
2.131
2314
2.030
2359

67

(wh«-M

3

68

HOOPER ET AL.

12. Noise Analysis and Source Detection
A procedure was developed in Paper I to fit the core of each
beam to varioiu regions of the associated map. The core is
chosen to extend to approximately the first tninimuni of the
beam profile. To fit this core to a region centered on an arbi
trary pixel in the map, the beam is translated without rotation
to the desired location, and a least-squares fit is performed by
minimizing

•y= i i W i (•)
1
where m, and fa, are the intensity values of the ith pixel in the
overlap of the map and the beam core, respectively. The
number of pixels in the fitted region is n, and /is a scale factor
for the beam, which is adjusted to minimize the value of X. The
value of/at a minimum X is the flux in Jy assigned to the map
pixel, since the beam represents the intensity distributioo of a
1 Jy point source.
The noise estimate for maps without strong sources was
obtained by performing the fitting routine on pixels randomly
distributed across the map. The number of random points was
chosen to keep the coincidence rate < S%.
All but a few of the maps produced noise distributions which
closely approximatod a Gaussian with a mean of zero. The
cumulative distributions of fluxes from the random sampling of
apparently empty maps indicate that the probability of obtain
ing a 3 (r or greater positive fluctuation is 1.8 times greater
than the value expected for a Gaussian noise model:
1.8(1JS X 10"') = Z4 X 10"'. The excess of positive fluctua
tions may be due to weak sources in the maps, or it may be due
to part of the sidelobe patterns from unknown oflf-map sources.
A few of the nondetections have 3 a upper limits much higher
than the typical values (see Table 2). Most of these high limits
are due to observed nearby strong sources.
Tbe beam was fitted to each pixel whose center was within 2'
of the cemer of the map to determine whether a source is
pRscm. and. if so, to mcssure its position. If the maximum flux
assigned to any pixel within tin's 3iea,f^, equaled or exceeded
3 times the rms noise of the map (3 a), then a detection of/„
Jy was adopted for the object. Table 2 contains the results of
this analysis for both the sample from Paper I and tbe new
observations: fluxes with I a noise values for 44 detections and
3 a upper limits for the remaining quasars. The pointing accu
racy- of the VLA IS generally much better than the astroraetric
aocmac}' of ihcLBQS;tlie latter is estimated to be £2' for the
oci^al qoasar positions (Morris et al. 1991. and references
thereto^ which were the coordinates used in the VLA obser
vations. An internal consistency check of the positional accu
racy was performed by analyzing the data using a 4TS search
radius. Every strong source Uw > T c) discovered in this test,
with the exception of one. lay within 2' of the map center. The
exception. 1229 -0207, is located a:8' from the center of the
map. Since the LBQS coordinates differ by less than 3' from
the position of a VLBI source (Wehrle, Morabito. & Preston
1984). it is assumed that the VLA was misaligned and the radio
source is associated with the quasar. It is possible that the VLA
was mispointed for other LBQS quasars with detectable radio
flux, which would be diflicult to determine if the radio source
were faint or displaced by a large angle from the center of the
map. There is a noticeable source within 1' of the map center
for three quasars listed as upper limits in Table 2: (X)49-^(X)4S.
1429 -0036. and 2244 -0105. located 26". 47", and 29". respec
tively. from the map center.
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Tbe number of independent sampling points within the
search region of each map was approximated by the ratio of
the area of the 2' search disk to the area of the beam at halfmaximum. Table 1 lists the average FWHM of the beam major
and minor axes. When this area ratio was less than 1, the
number of independent points was assumed to be I. The
average of the number of independent sample points per search
disk for all of the maps in the snapshot survey is 3.9. The
expected total number of spurious 3 tr or greater detections is
the product of the total number of objects, the probability of a
spurious source, and the number of independent sample points
per search repon; 256(2.4 x 10"'X35) Z4.
Tbe detection method is optimized for point sources. Given
the resolution of the maps (Table 1) and the redshifts of the
quasars, hot spots in jets and the gross features of extended
emission are expected to be the only structures present in these
maps, in addition to the core sources. Only seven of the 44
detections have noticeable multiple structure, and all of these
are core-dominated, with flux from other features amounting
to no more than 50% of the core flux. Table 2 lists only the
detections oC and upper limits to, the unresolved core fluxes of
the quasars.
There are discrepancies between Table 2 and seven quasars
listed in Paper I. The flux density for 1229 — 0207 listed in
Paper I was measured at the center of the map, but. as noted
above, the radio source is offset by 8'. and the flux density
measured at the position of the source is listed in Table 1
SUght changes in the noise analysis technique from Paper I
resulted in the reclassification of a nondetection to a detection
(1334 —0033) and a detection to a nondetection (1237 +1325).
Upper limits instead of detected flux
were listed for
1239-1-1118. 1320-h0103, and 1333-1-0133 in Paper 1 due to
typographical errors. A detection was listed for 1203 + 1043 in
Paper I based on analysis of a CLEANed map which con
tained no obvious radio source. However, the quasar was not
detected in the unCLEANed map; consequently it is listed as
an upper limit in Table 1 All of the deteaions which were
added or deleted have flux densities near the 3 cr detection
limit.
13. Derived Quantities
The optical magm'tudes measured for objects in the LBQS
are total Bj magnitudes, containing contributions from the
quasar nucleus and any host galaxy. The Bj band is the natural
system of the Kodak Illa-J emulsion and GG 395 filter. Appar
ent Bj magnitudes of quasars with redshifts r < 2.2 were con
verted to rest-frame absolute Johnson B magnitudes (M,)
using i;-corrections calculated from a composite LBQS spec
tral energy distribution (Francis et al. 1991). Since the 5 and B,
passbands can include Lyman z absorption systems for
z > 2.2. the high redshift fc-corrections were calculated (S. J.
Warren 1994. private communication) using the mean Lyman
X absorption as a function of wavelength and redshift from the
model of Meller & Warren (1991) with parameters as given in
Warren. Hewett & Osmer (1994|. A power-law continuum
(/, X V*; I = —0.75| and Lyx'N v emission lines of 84 A restframe equivalent width replaced the LBQS composite spec
trum shortward of /. = 1290 A. The conversion from Bj to
Johnson 5 as a function of redshift is

(B ^ Bj)ab9€rytii = 'Hg — ffig, = Mg — Mgj &g^gjki:\ . (2)
(B-Bj]^^ = -15{Tog

- log Fg,U\]
~ Ag.g,ict:) + C .

(3l
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where
and Fg/A.) ate the Box densities of the LBQScom
posite spectnim averaged over the rest-frame B and Bj passbands. respectively,
Hz) is the difference in ^corrections
between B and Bj, and C is a constant depending only on the
zero-point flux densities of the two passbands. The final
expression for the conversion is

(B-B;).t«.«d = A.-.,A(2) + 0.04.

(4)

Rest-frame absolute magnitudes and 8.4 GHz luminosities
(^•.«) were calculated assuming Ho = SO km s~' Mpc~qo =
0.5. a radio spectral index a = —0.5 (/, k v*), and the optical
jli-corrections described above. The derived quantities M«.
La and R, the ratio of
to the average optical lumi
nosity over the B passband, are listed in columns (4), (7), and
(6), respecovely, of Table 2.
Errors in log Lg.4 and Mg are due to measurement uncer
tainty, a dispersion in fc-corrections. and source variability.
Uncertainty ia tiie measured radio flux values, along with an
uncertainty in the 4.8-14.5 GHz spectral index of a:0.4 (AUer,
Aller, & Hughes 1992), lead to the error in the derived value of
log L, 4 listed in Table 2 for each detection. Photometric
imprecision in the LBQS Bj magnitudes is sO.lS mag (Hewett
et i. 1995). The LBQS survey plates predate the VLA observa
tions by 3-14 yr. wUch introduces an additional uncertainty
due to variability of the quasars (e.g_ Hawkins 1986). Variabil
ity uncertainties as a ftinction of the difference in epoch
between the optical and radio observations were calculated for
each quasar in the sample using equation (20) of Hook et aL
(1994). These magrutude uncertainties were combined in quad
rature with a rather large assumed lucertainty due to a disper
sion in rest-frame optical to near-UV specti^ Index of s:0.6
among LBQS quasars (Francis 1993), resulting in the errors
ia Mg listed for each object in Table 2. Errors in log
for
the detections are the quadrature sum of uncertainties in M,
and L,^.

shift evolution of radio properties from changes with optical
luminosity in all flux-limited quasar samples of limited
dynamic range.
3i The Relationship between Radio and Optical Luminosity
The distributions of log R1.4 and log Lg.« are plotted against
Mf in Figure 4. There are no detections in the range 0.54 <
log
< 1.17 for all values of Afj (Fig. 4a), which suggests
a bimodal distribution. The luminosity of the corresponding
division in the log t distribution increases with Afj (Fig. 46)
from log
% 24 at M,= —24 to log L, « £ 26 at Mg =
-28.

3.2.1. EmJencefor a Bimodal Distribution oflog R,t
The possible presence of a bimodal distribution in log R, 4
for the LBQS radio sample was tested quantitatively with the
Lee statistic (Lee 1979; Fitchett 1988). For two-dimensional
data (Mg and log R, t in the present case) the sutistic is based
on the dumpiness in the projection of the data points onto a
line. The projected data with the maximum amount of clump
ing, determined by rotating the line, is tested for consistency
with a bimodal distribution. Specifically, for each orientation
of the projection line, a measure of the scatter of the data is
calculated from the distances between the points along the line.
I
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3. RADIO AND OPTICAL PROPERTIES
3.1. The Subsample of the LBQS with Radio Measurements
The apparent magnitude range of the LBQS is constrained
to 16.0 s B/ S 18.85 (Hewett et aL 1995). The VLA sample was
chosen to span the entire redshift range of the LBQS, but it
excluded quasars with apparent magnitudes near thetaint limit
of the survey. These criteria arc reflected in cumulative dis
tributions of apparent and absolute magnitude and redshift for
(he radio sample and the LBQS quasars not observed at the
VLA (Fig. 1). The cumulative distributions of the same proper
ties for radio detections and nondetections within the VLA
sample are compared in Figure 2 Ko(mogorov-Smimov(KS)
tests on each pair of distributions in Figure 2 indicate that
LBQS quasars with delectable radio fluxes have a marginally
signUicantly different absolute magnitude distribution but are
not found at significantly different redshifts than those which
were not detected. The KS probability that the M,, z. and B
distribution pairs are drawn from the same parent (lopulation
is 10%. 82%. and 29%. respectively. Figure 3 shows absolute
magnitude plotted against redshift for the radio detections
{filled circles), nondetections (crosses), and. for clarity, ^ of the
LBQS quasars without radio observations (Y-shaped symbol),
selected without regard to redshift or absolute magnitude. The
bias toward bright magnitudes in the radio sample is apparent,
as is the strong correlation between Mg and redshift. which is
responsible for the well-known difficulties in disentangling red-
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Tbe data are then partitioned into two sections, and the scatter
is calculated separately for each section, ir the data are intrinsi
cally clumped in two groups, the partition which corresponds
to the division between these groups results in a small scatter
within each section, relative to the dispersion of the entire data
set Therefore, the maximum, over all possible partitions, of the
ratio of total scatter to the sum of the scatter in each of the two
sections is a measure of the clumping of the data. This ratio is
subsequently maximized over all rotations of the line to obtain

Redshiit
FIG 3.—Dutnbutions ofMg against redshift for the LBQS radio deiecuo&s (yUM ARCIESTJND upper hnuts (aounl. Y-shaped symbols represent LBQS quasars
without radio observatioos. only j of which are ptotied for dam>
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the Lee statistic. Monte Carlo simulations based on an
assumed unimodal comparison distribution are used to cali
brate the statistic and evaluate the significance of the result. An
analysis of three comparison distributions appropriate for the
LBQS data is presented in Appendix A.
Stocke et aJ. (1992) applied the Lee statistic to the distri
butions of radio luminosity and log R at S GHz (log Lj and
log R,, respectively), deriv^ from Paper L MPM, and PG. the
major radio surveys of optically selected quasars available at
the time. All of these samples have log L, and log R, distribu
tions which were shown to be difTerent from a single Gaussian
function (incorporating upper limits) at or above the 98% con
fidence leveU from which Stocke et aL (1992) concluded that the
log Rf and log L, distributions are bimodaL Delia Ceca et aL
(1994) applied the same test as Stocke et al. (1992) to a sample
of 406 X-ray-selected quasars with radio data and found evi
dence for a bimodat distribuuon of the radio to optical lumi
nosity ratios. The log /?,.« distribution of the current, enlarged,
LBQS radio sample is also incompatible with a Gaussian dis
tribution (point iii. in Appendix A) at a 99.8% confidence level.
The confidence level of the result remains at or above 99%
when either the mean or standard deviation are changed by a
few tenths.
The results from the Gaussian comparison functions alone
do not unequivocably demonstrate that the data have a
bimodal distribution. The observed data would have to be
inconsistent with all reasonable unimodal distributions to
reach such a conclusion. Since testing all potential models is
impracticaL some of the most stringent tests were performed,
using distributions which closely approximate the data, except
that the models are unimodal. This has the effect of isolating
the feature of interest, the hypothesized gap in the log Rs,t
distribution, and reducing the influence of differences between
the model and the data unrelated to testing for a local
minimum. The observed log R, 4 data differ from one such
model (point ii. in Appendix A) at only a 39% confidence leveL
Therefore, given the size of the current data set. a Gaussian
model is ruled out, but it is not possible to use the Lee statistic
to discriminate between a bimodal distribution and a
unimodal distribution with an extended tail.
Regardless of whether the log Rt.A distribution is truly
bimodal. in common with previous work, the high log R, ^ tail
of the distribution is classified as " radio-loud.~ A dividing
value of log Rg ^ = I was chosen to coincide with the apparent
gap and for consistency with other studies. PG and Padovani
(1^3) used the same dividing value. Siocke et al. (1992)
adopted log R, ^ = 1.Z and La Franca et al. (1994) employed a
radio to optical spectral index definition equivalent to a divi
sion at log Rs 4 = 0.86. assuming an 8.4 GHz to S GHz spec
tral index of -0.5. A corresponding division between loud and
quiet in terms of radio luminosity was chosen to be log L, 4 =
25. close to the radio Inminosity of an object with log R, 4 = 1
and the median absolute magnitude of the sample. The two
definitions of radio-loud are not equivalent, especially at low
and high optical luminosities. The observed sample has no
radio-loud quasars, by either definition, at low optical lumi
nosities. and the only differences in classification of detections
occur for M, < -212:0105- 2649.0302 -0019.1235 + 0857,
1443 +0141.2231-0015 have log L,,4 >25 but log R,,4 < I.
3 ? ? Datribiaion of Radio Luminosity as a Funetion ofM,

The radio-loud (log L, 4 > 25) quasars are distributed rela
tively uniformly in
and log La.4 for M, < -24 (Fig. 4). A
BHK correlation test, a Kendall's r (est modified to incorpo
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rate upper limits (Isobe, Feigelson. & Nelson 1986), of detec
tions and upper limits with log LF,^> 25 showed no sig^cant
correlation between A/g and log L1.4, consistent with (he
results of MPM and Stocke et aL (1992).
MPM found evidence that the fiaction of quasars with high
radio luminosity increases with increasing optical luminosity, a
result which is strengthened by combining the MPM sample
with data from the first LBQS radio observations (Paper I). A
similar result at a 99.6% confidence level is obtained if the test
criteria from Paper L which divided quasars in the redshift
range 1 < z < 2.5 into two absolute magnitude groups
separated at M, = —27.5, are applied to the enlarged LBQS
sample alone.
P^ovani (1993) found that the optical luminosity fimctions
(OLFs) for tte full PG sample and the radio-loud (log R,^ >
1) suteample have similar cosmolopcal evolutions and a
similar shape for bright absolute magnitudes, within the uncer
tainties of the data. At fainter absolute magnitudes the radioloud OLF is flatter, resulting in a lower radio-loud fraction.
The change in slope occurs at M( ss —24 for := 0 and at
higher optical luminosities with increasing redshift. Analogous
results were obtained by Delia Ceai et aL (1994) for the X-ray
luminosity function (XLF) of X-ray-selected quasars: the
radio-loud and radio-quiet XLFs have experienced similar
luminosity evolution, and the radio-loud fraction decreases at
low X-ray luminosities. The pure luminosity evolution and the
local OLFs determined by Padovani (1993) were used to calcu
late expected radio-loud fractions in the LBQS. The results for
high-r^hift quasars are ambiguous, since the evolution is
undetermined for z > 2.2. the redshift cutoff of the PG sample.
Two extremes of htgh-redshift evolution were considered; no
evolution for :> 2.2; and the same function used for lower
redshifts. The predicted radio-loud fractions were not mark
edly different for these two choices, and both reproduced the
overall trend u the data of higher radio-loud fraction at
brighter absolute magm'tudes. However, the total number of
radio-loud quasars predicted is 2.5 times the number observed,
and even after normalizing the model to match the observed
total, the predicted radio-loud fraction as a function of abso
lute magnitude does not fit the data well. A
test for a series
of absolute magnitude bins gives a 95% probability that the
data and model arc incompatible. A somewhat better fit (89%)
is obtained by considering only LBQS quasars with ; < 2.Z
but the same qualitative differences between model and data
remain.
La Franca et aL (1994) combined several published optically
selected quasar samples with radio data and observations of
their own for a study of the radio-loud (log Rs.4 > 0.86) frac
tion. One of the products of this analysis is a series of expected
radio-loud fractions in redsfiifi and absolute magnitude bins
(their Table 5) based on derived radio-loud and total optical
luminosity functions. The model radio-loud fractions increase
with bri^ter absolute magnitudes in each of the redshift
ranges. The full LBQS radio sample was found to be inconsis
tent at the 97% confidence level with these predictions, based
on a x' goodness-of-fit test, with some of the bins combined to
obtain an expected number of radio-loud (log R, 4 > O.861
objects greater than two in each bin. The model predicts a
substantially higher radio-loud fraction than is observed for
the LBQS (%2S% compared to % 10%) in the redshift range
0 < : < I. which is dominated by PG quasars in the La Franca
et al. (1994) sample. If low redshifts are not considered, the
LBQS data are more compatible (inconsistent at the 87% con
fidence level) with the expected fractions for I < r < 3.
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The Eractions of detections with log Lt.« > 25 and log
Rg.« > 1 are 27/256 (11%) and 22/256 (9%), respectively, for
the LBQS sample. A
test for goodness of fit was used to
detcnniiic whether the average radio-loiid fraction for the
sample is consistent with the radio-loud fractions in eight
absolute magnitude bins chosen to each contain 32 quasars.
The null hypothesis that the fraction of detections with log
> 25 is independent of absolute magnitude can be rqected
at the 99.6% confidence leveL A similar test using the log
> 1 definition of radio-loud gives rqection of the null
hypothesis at an 88% confidence leveL The only differences in
the log La.4 and log
distributions occur in the two bright
est absolute magnitude bins, which contain a total of five more
detectioos with log Lg> 25 than with log Rt.t > 1A graphicaJ representation of the behavior of the radio-loud
fraction as a frinction of M,, shown in Figure 3. was con
structed by cakulaling the radio-loud fraction of objects
within a I mag range centered on the Ai, value of each quasar
in the sample, essentially a boxcar smoothing of the data. The
error bars (±l tr) shown at selected values of
are the
standard deviations of a fraction calculated from a binomial
random variable; a = [/(I
where / is the radioloud fraction in a 1.0 mag bin centered on JVfg containing N
points. The salient features of the functions, namely a value of
zero at faint magnitudes, rising to ~ 15% around Mg = —25.5,
reaching a minimum for M, ~ -27, climbing to the highest
values at the brightest absolute magnitudes, and differences
between the log
> 1 and log L, « > 25 fractions at bright
absolute magnitudes, are present for smoothing scales ranging
from 0.5 to ZO mag.
The sharp rise in smoothed radio-lood fraction (log L, « >
25) at bright absolute magnitudes and the differences in the
goodness-of-fit results between log
> 25 and log
> I
are suggestive of a greater proportion of luminous radio emit
ters among optically luminous quasars. The most optically
luminous absolute magm'tude bin contains 10/32 (31%j detec
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tions with log
> 25. Given the average radio-loud fraction
for the whole sample of27/256(11%). the binomial probability
of obtaining at lew this many radio-loud quasars in one bin is
(X(X}12. Since no a priori decision was made to test a particular
bin. the probability was multiplied by the number of bins (8),
for a final confidence level of 99.0%. The fraction of detections
with log
> 1 in the most optically luminous bin is not
significantly different from the average, despite the fact that the
smoothed fraction attains its highest value at bright absolute
magnitudes.
The relatively high fraction of LBQS quasars with log
Lf t > 25 at bright absolute magnitudes may be the result of a
positive correlation between radio and optical luminosity
among the radio-quiet population, as was found in the PC by
Stocice et aL (1992). In this scenario, since the radio-loud
quasars appear to have no such correlation, the two popu
lations merge at high optical limiinosity, resulting in an
enhancement in the fraction of quasars with radio luminosity
above the "radio-loud" threshold. Siocke et al. (1992) sug
gested that the radio-quiet correlation could arise if a large
portion of the radio emission in these quasars comes from the
Idnetic energy of outflowing material, such as broad absorp
tion line clouds, driven by optical/UV radiation pressure.
There is indirect evidence that the above explanation holds in
the LBQS, in that the fraction of radio detections among the
radio-quiet quasars remains roughly constant at 5%-IO% over
the full range of absolute magnitude. If there were no corre
lation or a negative correlation between the lummosities
among the radio-quiet objects, the fraction of detections would
decline at higher redshifts (brighter M,), since the radio lumi
nosity of the 3 a detection limit increases with r (Fig. 46).
3 J J . Evidencefor a Change in the Quasar Populaiionai
Faint Optical Luminosities

Peacock et al. (1986) presented evidence for an abrupt
change in the radio properties of the quasar population at an

S (u

Fic. 5-—Smoothed ndio-loud fracttonasifunction of My Tort smooihingscaleofl.Oma^ The solid bncisihe/nciKNi ofdeiecnoiK with logL^ . > Z5. and the
dotted line represents the fnction with log Rt*> I Error bars t * I fft. calculated as described m $ 3^2. are sho«-n at seteded absolute magnitudes.
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absolute magnitude
- 24, based on the PC stuvey and a
radio-selected sample from the Parkes catalog. In particular,
they found a dramatic reduction in the fraction of quasars that
were radio-loud at magnitudes Mg > —24. None of the PG
quasars with Mg > —24 is radio-loud flog tj> 25), com
pared to a radio-loud fraction of 24/69 (35%) for the remainder
of the survey, a change significant at more than the 99.99%
confidence level. This change with absolute magnitude is
clearly seen in the luminosity fiinction of the radio-loud PG
quasars (Padovani 1993). Although Delia Ceca et al. (1994) find
some radio-loud quasars with
—24 in an X-ray-selected
sample, the fraction (3%) is significantly less than for brighter
absolute magnitudes (30%) at greater than 99.99% confidence
level Inspection of Figure 4 suggests that the radio properties
of the LBQS quasars concur with these results.
The change in the radio distribution for quasars fainter than
Mg = — 24 could be an evolutionary effecL All of the lowluminosity (Mg 2: —24) quasars in the LBQS are in the redshift range 0.2 <r <0.41 (Table 3). For comparison, the
radio-loud fraction is close to 10% for the higher luminosity
quasars with z < 0.5, although most of these have r > 0.41.
This suggests that the change in the radio distribution is likely
to be caused by differences in M, rather than z, but the con
fidence level of the result is only 90% due to the small number
of objects involved. The PG sample also has limited overlap in
redsWt between the bright and faint quasars (Table 3).
However, the bright PG quasars provide a closer redshift
match for the LBQS quasars fainter than Mg — —24. The
radio-loud fraction among the optically bright (M, < —24)
PG quasars in the range 0.2 < r < 0.41 is 9/21 (43%), different
from the optically faint LBQS sample at greater than 99%
coafideoce level
Statistical tests comparing the absence of radio-loud quasars
at faint absolute magnitudes to the radio-loud fractions of
brighter quasars have low confidence levels (91% for log
> 25; 86% for log ^1,.^ > I). The relatively weak results
are due to the small number (20) of LBQS quasars fainter than
Afg = — 24, combined with the low predicted occurrence of
radio-loud quasars (~ 10%), determined from the brighter
quasars. However, the VLA observations provide information
on the incidence of quasars with radio luminosities consider
ably fainter than the canonical log £.,« = 25 limiL A signifi
cant number of detections for objects with luminosities as faint
as log Z.a.4 = 23.8 occur for iVf, < —24. Upper limits to the
radio luminosity are also present above log
= 23.8, but
the number of detecu'ons places a firm lower limit to the frac
tion of quasars with radio luminosities exceeding log L, ^ =
23.8. At absolute magnitudes brighter than Mg= - 24,43;'236
(18%) quasars are detected with log
t > 23.8. There are 20
quasars with Mg ^ —24, with no detections at log L, ^ > 23.8
and only one upper limit exceeding this luminosity

(1138-1-0204). Based on the expected fraction of 0.18 from the
bright sample for the admittedly a posteriori radio luminosity
division log
23.8, the binomial probability of observing
one or fewer quasars more luminous than log Lg^ = 23.8
(assuming the upper limit is deteaed at log L, « > 23.8) is
0.098, and (asstiming the object with the upper limit is not
detected at log Lg.4 > 23.8)ofzero quasars is 0.018.
If more sensitive observations confirm that 1138 -1-0204 has
a radio luminosity log
< 23.8, the LBQS sample will
provide further evidence of the discontinuity in the radio
properties of quasars at Mg ~ — 24 reported by Peacock et al.
(1986).
A potential selection effect may be influencing the observed
fraction of radio-loud quasars at faint optical luminosities. The
Mg values used in the LBQS analysis include contributions
from both quasar and host galaxy. Magnitudes of the quasar
alone could be fainter by up to 0.75 mag (factor of 2), since the
LBQS selected quasars at least as bright as their host galaxies.
Shifts to fainter magnitudes for individual quasars will tend to
be greater for fainter Mg, since the relative contribution of the
host galaxy will be larger. Ifl as in the hypothesis of Peacock et
aL (1986), the radio-loud quasars lie in elliptical galaxies, which
may be intrinsically brighter than the spiral galaxies which
host the radio-quiet quasars, then the luminosities of the radioloud quasars may shift farther to the left in Figure 4 than the
radio-quiet quasars. Conceivably, one or more of the three
quasars with radio luminosities log L, 4 > 23.8 and absolute
magnitudes —24.75 < Mg< —24.0 could reside in a highluminosity elliptical galaxy, in which case the nuclear lumi
nosity of the quasar may be fainter than Mg = — 24.
Peacock et aL (1986) ascribed the origin of the apparent
change in the radio-loud fraction at Mg = —24 to a systematic
difference in the classification of active galactic nuclei, coupled
with the existence of two distinct classes of objea: radio-quiet
quasars which exist primarily in spiral galaxies and radio-loud
quasars which reside primarily in elliptical galaxies. In the
analysis of quasars taken from radio surveys, they hypothe
sized that radio-loud quasars with faint optical luminosities
are classified as radio g^axies, resulting in a deficiency of opti
cally faint quasars where the elliptical galaxy host appears
sufficiently prominent
This explanation cannot be tested quantitatively with the
PG quasars, as the effects of host galaxy type and magnitude
on quasar selection probability are not accurately known for
this survey. The significance of this selection effect for the iden
tification of quasars in the LBQS was investigated in detail (see
Appendix B). an analysis made possible by the survey's broad,
well-defined, and consistently applied selection criteria,and the
ability to accurately simulate the appearance of a test spectrum
on the objecuve-prism plates. The simulations show that ver>
few quasars residing in elliptical hosts would be missed by the

TABLE 3
(UdkvUx.'d Fkactxjn ilof L, ^ > 251 as a Functios of
Survey
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: AND Si,

Mg Range

r < 0.2

0J < r < 04l

a«tl < z < Ql5

Oi^ < r < 1.0

r > l.O

(,W,>-24
)M,<-24
(M,>-24
i.Vf, <-24

...
..
0'45'
117(6%P

0-20
05
9-2l«43*..l

3 5(60--)

5,7(7l*,>

20!77(ns>
6 19 (32*a)*

* 0,'24 for
< - 217. the faint absolute magnitude bmit of the LBQS
* I . V y > -2S.7.ihebnghiabsoiutemjgn)tudelimfroriheLBQS.
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LBQS selection algorithms. The revised significance calcu
lation. taking into account the results of the simulation,
ascribes a si^ificance of 0.030 (cf. 0.018 above) to observing 0
radio-loud quasars among the 20
—24 objects. The
simulations are based on a series of conservative (worst case)
assmnptions. and the results suggest that the hypothesis
advao^ by Peacodc et aL (I986> to explain their own result
does not provide a tenable ezpisiiation for the iadc of optically
&int. ladio-ioud quasais in the LBQS sample.
3J. The Evolution of Radio and Optical Luminosity
The smoothed radio-loud fraction as a function of redshift
(Fig. 6) was calculated using the method described in § 3,2,2,
ibr a redshift interval of 0.5. The upturn in radio-loud Gog
L, 4 > 25) fractioa for the observed data at high-; and the
apparent peak at r % 1 arc present for larger smoothing scales,
althoagh the peak becotoes broader and less prootiDent and is
hardly visible for a redshift interval of 1.5. The increased fmtion of detections with log
> 1 is barely present with
larger smoothing intervals. A ^ test found that the LBQS
sample, divided into eight redshift bins with 32 quasars in each,
is inconsistent with an unevolving radio-loud fraction at the
97.2% (log L, 4 > 25) and 94% (log R^.^ > 1) confidence levels.
The only substantial departures from the average radio-loud
fractions are overabundances of radio-loud objects in a bin
consisting of the redshift interval 0.75 < r < 1.12 and. for log
L|4 > 25 only, the highest redshift bin. 2.41 <: < 3J6, con
sistent with the redshifts at which the smoothed fraction is
enhanced. A model based on Padovani's (1993) optical lumi
nosity functions (see § 3.2.2.) predicts that the radio-loud (log
R, t > I) fraction rises slowly with increasing redshift. which,
except for the peak around r = 1, is consistent with the
obse^ed data.
Many of the quasars in the two redshift ranges with
increased radio-loud fraction have absolute magnitudes corre
sponding to the maxima in the radio-loud fraction as a func

tion of Mg (Fig. 5). resulting in an ambiguity as to whether
observed changes in radio-loud fraction are primarily evolu
tionary effects or a function of absolute ma^itude. La Franca
et aL (1994) found that the radio-loud fraction decreases with
redshift for constant M, (their Table 5). The MPM sample is
well suited to resolve the ambiguity in the cause of the elevated
radio-loud fraction at :% 3 and at :% 1, since that sample is
confined to a redshift range (1.8 < r < 15) between the redshifts of these peaks and has an absolute magnitude coverage
(—28.4<
—25.0) which includes the absolute magni
tudes of the peaks. Absolute magnitudes for the MPM quasars
were calculated in the same manner as for the LBQS. after
apparent B magnitudes were derived from m,4Ts as described
in La Franca et aL (1994). The smoothed radio-loud fraction
for the MPM data, calculated with a 1.0 magnitude smoothing
range, is flat within the error bars from M, = —25 to —27. at
which point the fraction rises steeply, consistent with the rise at
bright absolute magnitudes in the LBQS sample. Lack of a
local maximum at MgS: -25.5 supests that the peak
observed at these absolute magnitudes in the LBQS is caused
by an increase in radio-loud fraction for : % 1. In summar>.
the causal variable for the upturn in radio-loud fraction
appears to be absolute magnitude at r % 3 and redshift at
z s 1. although the current LBQS radio subsample is insufTident to resolve this issue conclusively.
An independent estimate of the evolution of the radio-loud
fi^on was obtained from the 2.7 GHz luminosity function
models of Dunlop & Peacock (1990). The expected radio-loud
fraction in any re^hift interval.< i < zj. is proportional to
the double integral of the radio luminosity function (RLFl over
(r,. ij) and the luminosity range log L, * > 25 divided by the
number of optically selected quasars in this redshift range. The
lower luminosity limit is equivalent to a 2.7 GHz lummosity of
10*"'W Hz"'sr"'. assuming a spectral index of -0.5 and a
bam of 4z to convert to the hnninositv units used in Dunlop
& Peacock (1990). LBQS quasars in the apparent magnitude
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range of the radio subsample, 16.0 < B < 18J (Fig. 1), were
Dsed for the coont of optically selected quasars. The same
apparent magnitude criteria were incorporated into the RLF
by multiplyiiig the integral by the ftw^on of radio-selected
quasars having apparent magnitudes in the above range and
redshifts in (Zi, Zj), determined from the more than 1100 radioselected quasars with redshifts and apparent V magnitudes
listed in the latest version of the Hewitt & Burbidge Catalog
(WBV B— K colors from Cristiani & Vio (1990) were used for
the cataloged quasars without measured colors, as the LBQS
composite spemum does not extend sufficiently to the red to
calciilate B—V colors. Model radio-loud fractions were nor
malized by requiring that the calculated fraction for the redshifi range of the LBQS radio sample equal the observed
average Action.
Radio-load fractions were calculated from the flat-spectrum
MEAN-z
RLFl of Dunlop & Peacock (1990) for the
ledffaift intervais lesolang from the division of the LBQS radio
saatpfe into eight reddafi bins of 32 quasars each. Although a
test indicates that the model is inconsistent with the
observed data for the eight bins at the 99.7% confidence leveL
the predicted numbers of radio-loud (log L, ^ > 2S) quasars
are dose to the observed values in all but the highest redshift
bin (Z4I <: < 336), in which 1.6 are predicted, compared to
seven observed. The discrepancy in the high-redshift range is
responsible for the high confidence level from the
test: if
only the first seven bins are used, the model is not rqected by
the test The model rather closely reproduces the local
maximum at ; % 1 seen, along with the discrepancy at high
redshift, in the smoothed radio-loud fraction (dotted line in
Fig. 6), calctilated for the model in an analogous manner to
that employed for the observed data.
The ^vergence of the model and data for : > 2.5 can be
understood if optical luminosity is the causal variable for the
enhanced radio-loud fraction at bright absolute magnitudes. In
this case the increase in the fraction at high redshift results
from the preponderance of opu'cally luminous objects among
the high-redshift quasars in the radio sample. Otherwise, the
discrepancy between model and data is unexplained. The slight
upturn in model smoothed fraction for :> 3 may arise from
the change in the evolution of the luminosity function of opti
cally selected quasars for r ^ 3: Heweti, Foltz, & Chafee (1^3)
foood thai the few LBQS quasars with :> 3 are consistent
with a axistant space density at these redshifts. and Warren et
al. (1994) condaded that the space density declines for r > 3.3.
Sharp variations in the smoothed fraction at these redshifts
result from small number statistics in the apparent magnitude
correction factor to the RLF and in the number of LBQS
quasars in the smoothing intervai.
Radio luminosity and log
are pioned against redshift
and iooUnck time in Figure 7. The radio-loud LBQS detecBoiisaiid upper limits show no significant correlation between
redshift and log t or log KtThe LBQS was supplemented
at high redshift with data from McMahon. Irwin. & Hazard
(1992) and Schneider et aL (1992). also shown in Figure 7.
McMahon et aL (1992) used the VLA to observe 29 optically
selected quasars with 3.5 < r < 4.7 and M, < - 26. detecting
four of these quasars at 5 GHz. Individual redshifts and magni
tudes were not published. Any biases in the sample selection
are unknown. The four detections, which have :< 4.25, are
indicated by lines of constant 8.4 GHz luminosity and log R, ^
in Figure 7. The published R values for the detections, defined
as the ratio of 5 GHz to I'-band flux, were converted to R,,
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Fic. 7.—Tbe disthbuuon of la) lot L,^ and (fc) log K, ^ agimst redshift.
and (c) log
against look-back time. Filled arcks and ihon dashes repnaent t3QS detections and upper lisiits, respectively. Tbe asterisk is the
SrhnnftfT ci sL (1993) high-iedshift detection, and their 5 c upper linuts are
ifaown as crosses. Tbe solid lines indicate the redshift range and the radio
luminosity or log
« vahie for the four detections in McMahon et ai (1992).
Tbe noodetecUoDs m McMahon a al.11993) an displayed collectively by the
dotted line u a range of upper limits in log L,« or logR, .. Error bars(± I <ri
Ibr log L, 4 and log R,cakulated as described in { 3J.. ate shown for >
lepreseaiaiive high-redshiii poini in each panel t.ow-redshift error bars are of
order the si2e of tbe filled ardes.

assuming an optical spectral index of 0.0 and a radio spectral
index of —0.5. The dotted line in each panel shows the 8.4 GHz
luminosity and log« values corresponding to the 3 ir upper
limit of 0.5 mjy in McMahon et al. (1992) as a funcuon of
redshift Schneider et aL (1992) sute that their sample of 22
optically selected quasars in the absolute ma^tude range
— 27.3 < Mg < —24.9 drawn from the literature is incomplete,
but they believe that the radio properties are unbiased. They
detected only one object at 5 GHz at a 5 it limit of %0J1 mJy.
The detection and the individual upper limits, converted to 8.4
GHz, are represented in Figure 7 by an asterisk and crosses,
respectively.
ilie radio-loud (log L, > 25) fraction in tbe combined
McMahon et al. (1^2) and Schneider et al. (1992) data sets is
5/51 (10%), consistent with the LBQS radio-loud fraction in
the redshift range U < ;< 2J. Tbe absolute magnitude range
of these lower redshift LBQS quasars (see Fig. 3) is similar to
that of tbe Sdmeider et ai. (IW2| data, and there is overlap
with the McMahon et al. (1992) objects, aJchougti some of che
quasars in the latter sample may have substantially higher
optical luminosities. The simplest interpmation of ^1 of the
observations is that tiie radio-loud fraction of quasars with
M, 2 -28 is Slo-IO'o from z s 1.5 to redshifts close to 5. A
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direct test of this interpretation would require a larger sample
of quasars with z>X5 and Mg > — 28.

4. SUMMARY
The evolution of radio luminosity with cosmic epoch and its
relationship with opucal luminosity for optically selected
quasars has been investigated, with the following principal
results.
i. There is a significant deficit of optically faint (Afj s —24)
quasars with radio luminosities dete^ble at the flux limits of
the LBQS VLA study. This effect appears to be the result of a
real physical change in the quasar population, since it cannot
be accounted for by an LBQS selection bias against quasars
which have large radio luminosities and small optical lumi
nosities. The deficit of optically faint, radio-loud quasars does
not appear to be an evolutionary effect, since the change is
present amoogquasars of similar redshifts.
ii. Tbe radio-loDd fractioa (log
> 25) of LBQS quasars
is approxaoaieiy lOV indepoident of absolute blue magni
tude. in the ran^ -27J S M, < —24, and rises sharply for
brighter absolute magnitudes. An observed increase in the frac
tioa around M, % -25.5 is more likely a manifestation of an
enhanced radio-loud fraction at z % 1. No significant corre
lation between Mg and log
is present among the radioloud quasars.
iii. The radio-loud fraction exhibits a peak around:% 1, is
constant at % 10% until : a; 2J. and then increases substan
tially to : = 3.4. the highest redshift in the LBQS. A model
bas^ on radio luminosity functions produces a good match to
the data for r $ 2.5 but predicts too low a fraction at higher
redshifts. The radio-loud fraction at :> 3.5. based on data
from the literature, is a: 10%. similar to that in the range 1.5 £
I S 2.5. There is evidence that the enhanced observed radioloud flection at :% 3 may be a result of increased radio-loud
fraction at bright absolute magnitudes (see point ii. above),
which would explain the discrepancy between the data and the
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model and indicate that the radio-loud fraction is roughly con
stant from z « U to redshifts approaching 5. No significant
correlation between z and log L,.* ^ present among the radioloud quasars.
iv. The log
distribution may be bimodaL A Gaussian
model is clearly not consistest with tbe observed data, but tbe
sample size is insufficient to determine the applicability of
other classes of unimodal distributions.
v. PC quasars have substantially higher radio-loud fraction
than the LBQS for Mg brighter than —24 over the redshift
range in common to the two samples. A similar discrepancy
exists between the PG and other samples, which has led to the
conclusion that the radio4oud fraction decreases for z > 1.
compared to lower redshifis (e-g.. Paper I; La Franca et al.
1994). La Franca et aL (1994) note that their combined sample
is consistent with no evolution in the radio-loud fraction
among z > t quasars if the PG is excluded. The expanded
LBQS sample contains a large number of quasars with z < 1.
and the strong evolution between low and high redshifts indi
cated by (he PG is not seen. Tbe reason for (he enhanced
radio-loud fraction in the PG, relative to other optically selec
ted quasar samples, is unknown.
Tbe authors thank Stephen Warren for calculating the high
redshift Jb-corrections. Karen Visnovsky and Paul Francis for
helpful discussions, and Ken Kellerman for a thoughtprovoking question. Joan Wrobel provided assistance with the
reduction of the VLA data. The referee. John Stocke. made
insightful and useful comments and suggestions. This work
was partially supported by NSF grants AST 90-01181 and
AST 93-20715 and NASA grant NGT-51152. This research has
made use of the NASA Astrophysics Data System (ADS) and
tJw NASA/IPAC Extragalactic Database (NED), operat^ by
the Jet Propulsion Laboratory. California Institute of Tech
nology, under contract with the National Aeronautics and
Space Administration.

APPENDIX A
TESTS FOR A BIMODAL DISTRIBUTION
The effectiveness of the Lee statistic in determining whether a set of observed data has a bimodal distribution depends on the
ability of tbe statistic to distinguish between a unimodal distribution and one with similar overall shape containing a local
annimmn. The discrimination betweeu unimodal and bimodal in general depends on the distribution of the observed data, the
number of points in tbe sample, and the assumed comparison distribution. For illustration, tbe Lee statistic was evaluated for 1000
realizations of each of a pair of simple unimodal and bimodal log
distributions having tbe rough characteristics of and the same
number of data points as the LBQS log
sample. Each log Rg « value was paired with an absolute magnitude chosen from a
model based on the observed distribution of Mg. Upper limits were treated the same as detections in evaluating the statistic.The set
of values of the Lee statistic for the unimodal comparison distribution establishes the significance of the result for each test data set
drawn from the bimodal popolatioii. The iiactioa of Lee values in (he comparison set less than the value for the test is the confidence
level thai the (est data set is nor consistent with the comparison distribution. A large number of test data sets establishes a range of
confi(kiKr levels, toefiil for evaluating the utility of the statistic in differentiating two populations. Results for three illustrative pairs
of distributions are described below and plott^ in Figure 8. Each distribution was normalized by requiring that the cumulative
probability over all values of log
be unity.
I The simplest comparison is between a uniform probability distribution over the observed log R,., range. —0.6 < log R, * <
3.6 (solid line in Fig. ^1, and the same distribution with zero probability in the range of the observed gap. 0.5 < log R, ^ < 1.2
(dotted line in Fig. Sal. The chance of finding an object with any other value of log R, * is zero. The distribution with the gap shows
evidence for being bimodal since 83% of the realizatiotis are different from the unbroken comparison distribution at or above tbe
95% confidence level.
ii A hybrid model consisting of a probability function based on the observed log R,» distribution for log R, * < 0.5. and a
constant probability for higher values, is a closer approximation to the observed data and hence a better test of the utility of the Lee
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statistic. The value of the constant probability was chosen to match the observed fraction of objects with log
> 0.5. This model
is displayed as the solid line in Figure 86. with the observed data represented by bins of width 0.1 in log
The dotted line
represents the same model, except for a region of zero probability in the range 0.5 < log
< 12. The statistic is not as successful
at distingtiishing the hybrid model with and without the gap; only 34% of the test data sets have values of the Lee statistic exceeding
the 95% confidence level.
iii. The hybtid model with a gap was also compared to a Gaussian with a mean of — 2.2 and standard deviation of Z3 in log
selected to match the range of the observed values of log R,^ and the fraction of quasars in the sample with log R,,^ > I. .4
detection limit of log
= 0 ±02 was imposed to correspond to the observed sample. The statistic exce^ed the 95% confidence
level in 50% of the realizations of the hybrid model. There is a discontinuity in the Gaussian-based model at log R,= 0 (Fig. 8c|
resulting from the imposed detection threshold, which allows upper limits of log
> 0 but excludes detections with log R,^ < 0.
The shape of the function near log R,^ = 0 is similar to the probability distribution of the observed data (cf. Fig. 8b). although the
value of the function is approximately a factor of 2 higher, a result of constraining the Gaussian to accurately reproduce the
radio-loud (log « > 1) fraction.
A similar idealized test of a large ensemble of data sets to give the full range of significance levels for each comparison funaion is
not possible with observed log R,^ data, since the true distribution is unknown, and the number of available empirical
"realizations' is limited. However, the basic method of comparing the value of the Lee statistic for an observed sample to a set of
values from a comparison distribution to determine a confidence level is unchanged.
The eflectiveness of the Lee statistic applied to the LBQS radio sample is limited by the relatively narrow apparent gap In log R, ^
and by the small number of quasars expected to have log Rg« values in the range of this gap under the null hypothesis of a unimodal
distribution. Simulations indicate that the Lee statistic often cannot distinguish between a unimodal log R, 4 distribution similar to
that observed (ii. above) and one with a local minimum.
APPENDIX B
HOST GALAXY SELECTION EFFECTS
Seleaion of LBQS candidates with redshift less than about 2 depends primarily on the color of the object as derived from us
objective-prism spectrum. Since elliptical galaxies are redder than quasars, if an elliptical host galaxy were sufTiaently luminous the
quasar plus elliptical objective-prism spectrum could be reddened enough that it would fail the color-selection criterion.
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Simulated spectra consisting or weighted sums of quasar and elliptical galaxy template spectra were constructed to examine the
sensitivity of tte LBQS selection criteria to a population of relatively opti<^y f^t quasars within giant elliptical host galaxies. The
host galaxy template chosen for the simulations is the reddest elliptical (NGC 3379; B-V = 0.9S) in the spectral atlas of Kennicutt
(1992). Data from Burstein et aL (1988) were used to extend the spectral coverage into the ultraviolet. Using a red elliptical is
conservative, in that rest frame optical colors of quasar host galaxies tend to be bluer than those of normal ellipticals (e-g.. Hatchings
1987). The composite quasar spectrum of Frands et al. (1991) was used as the quasar template. Two simulated spectra were created
by applying different relative scalings to the quasar and elh'ptical galaxy templates before co-adding; the quasar had the same
absolute B magm'tude as the galaxy in one and was 0J2 magnitudes brighter in the other. Only a small percentage of quasars with
< —23 have host galaxies whi(± are more luminous than the quasar (e.g., Vnon-Cetty & Woltjer 19%). Thesimulation did not
include morphological information, because the LBQS selection criteria were applied irrespective of the morphological classi
fication of the image on the direct plates, as long as the quasar flux eqtialled or exce^ed that of the host galaxy.
Each quasar plus ellipticalspecmun was redshifted to produce observed-frame spectra for the range 0.0 < r < 0.6. The redshifted
spectra were then transformed to simulate their appearance on a typical objective-ptism plate, including the effects of atmospheric
extinction, seeing, sensitivity of the IllaJ emulsion and the nonlinear dispersion of the objective prism. The transformation was
derived empirically by matching ^ 100 flux-calibrated spectra of LBQS candidates taken at the Multiple Mirror Telescope to their
corresponding spectra on the objective-prism plate. The resulting transformation function produces synthetic objective-prism
spectra that are indistinguishable from the actu^ spectra. Colors of the synthetic spectra were then calculated in exactly the same
way as in the generation of the LBQS candidate Ust (Hewett et al. 199S).
Color tracks of the redshifted synthetic spectra are shown as solid lines in Figure 9, with the upper, redder track corresponding to
the case in which the quasar and its host galaxy have equal rest-frame B magnitudes. Redshift is listed along the abscissa, the
ordinate is the color estimate derived from objective-prism spectra, with lower numbers indicating bluer colors, and the dashed
horizontal line represents the color boundary used to select quasar candidates for spectroscopic follow-up. The region below this
line has been explored extensively, whereas few objects above the line have been selected for follow-up spe^roscopy on the basis of
their color. Quasars above the boundary, such as objects with :> 2.5, are identified by the presence of strong emission lines or
continuum breaks. The upper color track crosses the selection boundary at r - 0.24, implying that the equal-brightness test object
would be selected for redshifts ;> 0J4. A quasar 0.25 magnitudes bri^ter than the host galaxy (lower track in Fig. 9) would be
selected for z > 0.18, a redshift range which includes all of the LBQS quasars. Filled circles in Figure 9 represent LBQS quasars
selected by color and/or spectral features from the plate used to determine the transformation for the simulated spectra.
The probability of selecting a quasar as a function of the ratio of quasar to host galaxy luminosity was used to estimate the
expected fraction of quasars with Mg 2 -24.0 having log L,,t > 23.8 in the LBQS. All quasars with log L, ji > 23.8 were assumed
to have elliptical host galaxies, with the remainder residing in spirals. The selection probability equals the probability that the
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FIG. 9 ~Color denved from tn ob)ective>pnsm LBQS plate plotted against redshift Larger color values represent redder objects. The horizontal line is the LBQS
color-ieiecuoa boundar> for this plate Confimed quasars and active galacuc oudo are represented b> filled arcles. TheoDiorsoftwo synthetic quasar plus elliptical
ipeara as functionsof redshift are shown as solid lines crossing the oolor-selection boundary at; « 0.1& and :« 0.24
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quasar is brighter than the host galaxy for z > 0^4 and at least 0^ magnitudes brighter for z < 0^4. The distribution of quasar to
host galaxy optical luminosity ratios was drawn from the literature (Romanishin & Hintzen 1989; Hutchings 1987; Smith et al.
1986; Gchrcn et at 1984), subject to the foUowing restrictions; the quasars were radio-selected to avoid a potential optical selection
bias against faint quasars in bngbt host galaxies; the total magnitude of the host galaxy and quasar was fainter than M| = — 24; the
magnitude of the quasar alone was brighter than an absolute blue magnitude of — 22, corresponding to the faintest total Mg in the
LBQS radio sample if the quasar and host galaxy contnbute equally to the total The quasar is brighter than its host galaxy in 92Va
of the cases and isat least 0.25 magnitudes brighter for 77% of the objects.
The likelihood of selecting a quasar with log
> 23.8. P(selecti radio), is related by Bayes's theorem to the probability.
P(radio (select), that a quasar selected by the survey meets this radio luminosity criterion:
PiTzdio (select) =

P(select i radio)i'(radio)

(Bl)

PCselect i radio)P(radio) + P(selcct|radio)[l - P(radio)]

/^select {radio) is 0.92 for quasars with z > 024 and 0.77 for = < 0.24, as determined from the analysis of the LBQS selection criteria.
P(radio) is the unconditional probability that a quasar has log
> 23.8, and F(select| radio) is the probability of selecting an
object with lower radio luminosity, assumed to be unity, a conservative estimate, since a tower probability would raise
P(radio( select). The results for P(radio (select) are 0.146 and 0.170 for low and high redshifts, respectively, using P(radio) =
43/236(18%), thefraction of M* < —24 detections with log Lg * > 23.8.
Of the 20 quasars in the LBQS radio subsampie with Mg ^ —24. eight have z < 0.24. The expected number of quasars with
log La.4, > 23.8 is 8 X 0.146 -h 12 x 0.170 = 3.21. The binomial probability of finding 0/20 quasars exceeding this radio luminosity
when 3J1 are expected is 0.030, a result insensitive to the exact value of the redshift at which the selection criteria change. For
example, if the redshift division bad been 0.3. the final probability would change by less than O.Ol.
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ABSTRACT
A sample of 103 quasars from the Large Bright Quasar Survey (LBQS) has been observed with the
VLA at 8.4 GHz to study the evolution of the radio luminosity distribution and its dependence on
absolute magtiitude. Radio data from pointed observations are now available for 359 of the 1055 LBQS
quasars. The radio-loud fraction is constant at % 10% over the absolute magnitude range
-28 < Afg < -23, and it rises to ~20% (log
^ > 1) or ~35% (log L,., > 25) at the brightest abso
lute magnitudes in the sample. This nearly flat distribution differs markedly from those of the optically
selected Palotnar-Green (PG) Bright Qizasar Survey and the X-ray selected Extended Medium Sensitivity
Survey (EMSS), both of which have lower radio-loud fractions for absolute magnitudes fainter than
Afg ='—24 and higher fractions at brighter magnitudes. The reason for the high radio-loud fraction at
bright absolute magnitudes in the PG, compared to the LBQS and other optically selected quasar
surveys, is unknown. The trend of increasing radio-loud fraction with absolute ma^itude in the EMSS
is due at least in part to a correlation between X-ray and radio luminosity. Combining the LBQS data
with radio studies of high-redshift quasars leads to the conclusion that the radio-loud fraction in opti
cally selected quasars does not appear to evolve significantly, aside from a modest increase at r ^ 1.
from z = 0.2 to redshifts approacUng 5. a result contrary to previous studies that found a decrease in
radio-loud fraaion with increasing redshift by comparing the low-r fraction in the PG to higher redshift
samples.
Subject headings: quasars: general — radio continuum: galaxies — surveys — X-rays: galaxies
generally had high radio luminosities due to the relatively
low sensitivity limits of the surveys. Sandage (1965| deter
mined that not all quasars are powerful radio sources and
hence detectable in radio surveys. Since then, in addition to
radio surveys, radio follow-up observations have been
made of surveys conducted in the optical (e.g.. Sramek &
Weedman 1980; Condon et al. 1981; Marshall 1987; Miller.
Peacock. & Mead 1990; Schmidt et al. 1995) and other
wave bands. Targeted radio observations of quasars selec
ted by other means lypically go deeper than the radio
surveys. As a result the median radio luminosity of these
samples is lower, but they usually contain few of the verypowerful objects common in radio surveys. Taken together,
the two survey methods have detected quasars with a range
of more than 6 orders of magnitude in radio luminosit>.
This wide span of radio power has commonly been divided
into two regimes, radio-loud and radio-quiet.
Two definitions of radio-loud arc generally employed,
one based on radio luminosity, and the other on the ratio.
R,. of radio luminosity at frequency v to optical or nearultraviolet luminosity. These different definitions produce
the same classification for most quasars, except at low and
high optical luminosities. The empincal basis for this was
discussed extensively in Stocke et al. (1992) and in Hooper
et al. 11995. hereafter Paper III. Peacock. Miller. & Longair
11986) explored the implications of using radio luminosit>
or a radio-to-optical luminosity ratio as the parameter of

1. INTRODUCTION

Optical and near-UV light from quasars is comprised
primarily of thermal components and emission lines, with
some contribution from synchrotron radiation. The source
of the optical continuum and broad lines in the sundard
black hole model for quasars (e.g., Rees 1984) is an accretion
disk and centrally concentrated hot gas clouds, respectively.
In this model, optical luminosity is closely tied to the accre
tion rate and the mass of the central engine.
Radiation at radio frequencies is predominantly due to
synchrotron processes, which depend on the energy dis
tribution of relativistic particles and magnetic field strength.
The ultimate power source for particle acceleration and
magnetic field production is presumably the same gravita
tional engine producing the optical flux, but the relation
ship is not straightforward. Radio and optical data for an
ensemble of quasars should place constraints on the con
nections between the fueling of the black hole, the gas and
dust in the vicinity of the central engine, and the particle
acceleration mechanism.
The relationship between quasar radio and opucal emis
sion was studied initially using radio-sclecied objects, which
' Some of the observations reponed here were obtained witb tbe Multi
ple Mirror Telescope, a racility operated jointly by the Umversity of
Anzoaa and tlie Smithsonian InsQtuuoa.
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radio strength in a joint radio-optical luminosity function.
The analysis in the present work is conducted using both
definitions.
Many studies have concluded that the fraction of
radio-loud quasars decreases with increasing redshifts by
comparing the radio observations of the predominantly
low-redshift Palomar-Green optical quasar survey
(Kellermann et al. 1989, hereafter PG). which has a high
radio-loud fraction, to higher redshift optically selected
samples with relatively fewer radio-loud quasars (Peacock
et al. 1986; Miller et al. 1990; Schneider et al. 1992;
Visnovsky et al. 1992). However, there is no strong evidence
for evolution for :> 1 if the PG is excluded from the
ensemble of optically selected samples (La Franca et aL
1994). A sample of quasars from the Large Bright Quasar
Survey (Hcwett. Foltz. & Chaffee 1995. hereafter LBQS) in
the redshift range 0.2 <; < 3.4 did not show the strong
evolution in radio-loud fraction inferred from comparisons
of the PG with other surveys (Paper II). These results indi
cate that the PG has an anomalously high radio-loud frac
tion (at bright absolute magnitudes) compared to other
optically selected quasar samples. This difference remains
unexplained.
Peacock et al. (1986) noted that suong radio emitters
were found to be relatively rare at absolute blue magnitudes
{Mg) fainter than —24. These authors proposed a simple
and plausible selection effect, arising from the classification
of active galactic nuclei (AGNs) as either quasars or radio
galaxies, to explain this observation. If radio-loud AGNs
reside in large bright elliptical galaxies, and radio-quiet
AGNs have less luminous spiral host galaxies (see. e.g..
Smith et al. 1986; Veron-Cetty & Woltjer 1990; Hutchings
et al. 1994; however, there are indications that some radioquiet quasars reside in elliptical host galaxies; e.g., Disney et
1995; Bahc^ Kirhakos, & Schneider 1996), powerful
radio sources with optically weak nuclei would be classified
as radio galaxies in radio surveys. They would not be selec
ted by optical surveys because of the low contrast between
the quasar light and the relatively bright, red, and extended
stellar component. In fact, just such a decrease in the frac
tion of radio-loud quasars with Af, > —34 has been seen
directly in foUow-up radio data to optica] and X-ray
surveys. The effoa is highly significant in the PG survey (sec
also Padovani 1993; La Franca et al. 1994), and a sharp
decrease m radio-loud fraction at the same optical lumi
nosity is present among the quasars selected at X-ray wave
lengths by the Extended Medium Sensitivity Survey iDelJa
Ceca et ai. 1994. hereafter EMSS). In apparent aipport of
this conclusion, no radio-kiud quasars fainter than .Vf, =
- 24 were found is a sample from the LBQS discussed in
Paper Fl. The probability of selecting a quasar using the
LBQS criteria is quantifiable in terms of quasar spectral
energ\- distribution, absolute magnitude, redshift, and
brightness relative lo the host galaxy, an advantage over
many existing surveys. This probability distribution was
used to test the selection effect hypothesis of Peacock et al.
(1986). which was found to not explain the trend seen in the
sample drawn from the LBQS.
Further analysis of the radio properties of optically selec
ted quasars with absolute magnitudes near A/g = — 24 was
the primary motivation for obtaining the data presented in
the current work, which is the third paper in a senes
examining the radio properties of the LBQS. Paper I in the
series (Visnovsky et al. 1992) presented radio data for 124
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high-redshift (1.0 < z < 3.0) LBQS quasars, selected as a
comparison sample for the predominantly low-redshift PG
survey. The parameter R,.* was found to be independent of
both redshift and absolute magnitude in this subsample.
and the distribution of log Jig.^ appeared to be bimodal.
The radio-loud fraction was lower than in the PG sample,
from which it was inferred that the fraction evolves. One of
the principal motivations at that point for expanding the
LBQS radio sample was to cover the full redshift range of
the LBQS (0.2 < z < 3.4), in order to independently investi
gate the evolution of the radio-loud fraction using a single
well-defined survey. An additional 132 LBQS quasars were
added to the radio sample in Paper II to accomplish this.
The optically brightest quasars at each redshift were selec
ted for Papers I and II in order to study the radio properties
at the lowest values of
^ possible for a given radio flux
limit. A more detailed discussion of sample selection is given
in § Zl. The radio-loud fraction in the Paper II sample was
nearly constant at - 10% from redshift 02 to 3.4, and. with
the addition of high-z samples from the literature, showed
no evolution to a redshift of almost 5. The fraction was also
independent of absolute blue magnitude in the range
— 27.5 < iVfg < — 24. A higher radio-loud fraction was
found at the brightest absolute magnitudes. As discussed
above, there were no radio-loud quasars with Mg > —24.
The change in radio-loud fraction of LBQS quasars at
faint absolute magnitudes reported in Paper II, while sig
nificant at the 97% confidence level, was based on only 20
quasars with Mg fainter than —24. Absolute magnitude
errors were 03-0.4 for Mg — —24. Given the survey's rela
tive insensitivity to selection bias against optically weak,
radio-loud quasars (see Paper II and Hewett et al. 1995 for
details), it is important to expand the radio database of
LBQS quasars and to reduce the magnitude uncertainties of
radio-loud objects with absolute magnitudes near Mg =
— 24. New obKrvations with the Very Large .Array- (VLAI
of an additional 103 LBQS quasars with absolute magni
tudes in the range -25<Mg<—2i and redshifts
0.2<r<l.l are presented in this paper, along with
improved magnitude determinations for objects at faint
optical Mg (§ 2). The latest data are combined with those
from Paper I and Paper II to form one of the largest
samples of sensitive radio observations of quasars selected
at other wavelengths in a single survey. The distribution of
radio luminosity as a function of Mg is analyzed and com
pared to the PG and EMSS samples (§ 3), and the evolution
of the radio properties of these three samples is explored in
§ 4. Models proposed to explain the radio luminosity dis
tribution as a function of absolute magnitude are discussed
in § 5. Section 6 contains a summary of the major results.

1 OBSERVATIONS AND DATA REDUCTION

Radio obsen-auons of an additional sample of LBQS
quasars and improved opticai data for a subset of the radioloud quasars axe presented and discussed below. Rest-frame
8.4 GHz luminosities (L,^) and absolute blue magnitudes
(Mgl were calculated using //„ = 50 km s"' Mpc'' and

* The Very Large Array fVLAi of the National Radio Astrooomv
Obs<rvator> u operated by Assooated Universities. Inc. under a coopera
tive agreement with the National Science Foundation.
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ijo = 0.5. The liuninosity ratio,
is Lg.* divided by the
average luminosity over the B passband.
The radio luznioosides were derived from observed fluxes
assuming a radio spectral index « = —0.5 (/, oc »*). Optical
fc-corrections for the majority of the quasars in the sample
were calculated from the composite quasar spectrum of
Francis et al. (1991). Details of these calculations and atten
dant error analysis are given in Paper II. The absolute
magnitude errors, which are conservative overestimates, are
typically ±0.4 mag for Mg ^ —24, rising at brighter Af,
(Ugher redshifts) to ±0.9. These errors are the quadrature
sum of three components: (1) uncertainty in the kcorrection, the dominant source of error for most of the
quasars in the sample, particularly at high redshifts: (2)
optical variability of the quasars over the time interval
between the optical and radio observations: and (3) a
photometric imprecision of %0.15 mag in the ori^nal Bj
magnitudes determined from Schmidt photographic plates
(Hewett et al. 1995), which is the smallest contributor to the
total uncertainty, although still significant at faint absolute
magnitudes. While the resulting precision is adequate for
determining large-scale trends in a substantial data set. a
detailed view of the change in radio-loud fraction around
Mg = -24 is difficult with the current magnitude uncer
tainties, given the small number of radio-loud quasars. Each
of these uncertainties was reduced for sever^ radio-loud
quasars with absolute magnitudes near Afg = — 24 by
obtaining improved optical spectra and multicolor CCD
photometry at an epoch closer to that of the radio data.
2.1. Sample Selection
Each subsampie of the LBQS selected for observing with
the VXA was chosen to address specific sdentific questions,
as discu.<!sed in the introduction. Neither the individual subsamples nor the combined set of radio data are representa
tive of the LBQS as a whole, in the sense that the
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distributions of B, z, and Mg are different for the radio
sample and the remaining LBQS quasars (see Fig. 1 in
Paper II). The current sample is simply that from Paper II
with the addition of many of the remaining LBQS quasars
in the magnitude range — 25<Mg< —23. The radio
sample now coataios 146/276 (53%) of all LBQS quasars in
this absolute magnitude range. The 103 new observations
are nearly equally divided about Mg = —24. Figure I
demonstrates the effects of the various selection criteria on
the radio sample. Absolute blue magnitude is plotted
against redshift, with individual radio detections and upper
limits indicated by filled circles and horizontal lines, respec
tively, and the Y-shaped symbols represent LBQS quasars
without radio data. All of the quasars without radio data
are plotted for: > 2.5, but. due to the large numbers of such
objects at lower redshifts, only of them with r < 2.5 are
plotted.
Figure 1 shows that, for Mg < —25. the radio sample lies
in the brighter portion of the region of absolute magnitude
redshift space occupied by the LBQS. TUs effect is due to
the selection priorities of Papers 1 and II, which resulted in
the exclusion of almost all LBQS quasars with B > 18.4
from those samples. There is a thin strip corresponding lo
B > 18.4 in which there are no radio data, and the radio
properties of the LBQS are formally unconstrained for
these combinations of r and M,. However, it is unlikely that
the radio properties are radically different in this unsampled
region. The strip is narrow, typically half a magnitude at
any redshift. The difference between the brightest members
of the radio sample and the remaining LBQS quasars was
measured in a series of adjoining redshift intervals of width
0.2 over the range 1.1 < r < 3.3. The average magnitude
difference is 0.55 mag, with an rms dispersion about the
mean of 0.15 mag. The unsampled region spans between
125 Myr and 1 Gyr of lookback time. Therefore, any major
differences between the sample and the unsampled region

Redshift
Fic I —IJistribunons of M, against redshift for the LBQS radio detections (/i/U nrctol and upper luniLsihonistuoi /I«JI Y-ihaped symbols represent
LBQS quasars without radio observations. All of the latter class with :> IS are plotted, but the large numbers at lower redshifts would overclutter the plot
The^ore. a random selection of I 3 of the quasars with: < IS lacking radio data are plotted

oo
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would have to occtu' over a luminosity interval of 0.5 mag
and £ 1 Gyr in lookback time. These are small intervals for
major changes, given that the radio properties of LBQS
quasars for which data exist are nearly constant over S mag
and 8 Gyr of lookback time (see §§ 3 and 4). Note that, for
every v^ue of redshift and absolute magnitude in the
unsampled strip, there are radio data at a different z/A/j.
The unsampled region extended over all absolute magni
tudes in Paper II. but it ends at Mg = —25 in the present
work due to the addition of the new radio data in the range
— 25 < Mg < — 23. The radio sample now covers the same
region of absolute magnitude/redshift space as the entire
LBQS in this absolute magnitude range. No radio data are
available for LBQS quasars fainter than Mg = —22.7 (Fig.
1). but this does not affect the conclusions regarding the
radio properties of the brighter quasars in the sample.
2.2. Radio
All of the radio observations of LBQS quasars were
obtained with the VIA at a frequency of 8.4 GHz. The
latest group of 103 quasars, presented here, were observed
on UT 1993 June 4 and 25 in the B/C and C array configu
rations. respectively. Exposure times were about 2 minutes
for all objects. Standard AIPS software was employed to
produce diny total intensity (Stokes I) maps for all fields.
Those containing a strong source were subsequently
CLEANed.
A detailed description of the noise analysis and source
detection procedure used for these maps was presented in
Paper fl. but the principal steps are summarized here.
Radio flux at any point on a map was determined by fitting
the core of the corresponding team to the region around
the desired map location. Noise levels were determined by
performing the fitting procedure on a random sample of
points across each map. Subsequently, a circle of radius 2"
at the center of the map was searched for radio flux exceed
ing a detection threshold of three times the rms noise value.
A small number of spurious detections are expected near
the 3 ff detection limit The probability of obtaining a 3 o- or
greater positive fluctuation at a given position on an appar
ently empty map in the latest set of observations is
1.9 X 10'^, 1.4 times greater than predicted by a Gaussian
noise model using the measured rms. The excess of positive
fluctuations may be due to weak sources in the maps, or it
may be due to part of the sidelobe patterns from unknown
off-map sources. The chance of a spurious detection in a
map is this probability multiplied by the Dumber of inde
pendent sampling points within the 2" search radius. The
average number of independent sample pomts per search
disk for the cunent data set is 3.4, giving an expected total
of(1.9 X 10"'K3.4)I03 % 0.7 spurious detectiotis among the
103 maps. The expected number of spurious detections in
the previous radio data sets is i4 (Paper II), for a total of
3.1 among 61 recorded detections from 359 observed fields.
The search radius was chosen to match the astrometric
accuracy of the LBQS, estimated to be £ 2" for the original
quasar positions. The results were checked by reanalyzing
the data with a 475 search radius to look for larger posi
tional offsets. Every strong source (flux > 7 a. where a is the
rms noise) found using the larger search radius is within 2"
of the map center, and the greatest distance from the center
of any detected source is 2T4 (1322 — 0204. a 3.8 a detection).
One quasar not detected using a 2" radius had a positive
fluctuation greater than 3 a within a 4T5 radius. The
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expected ntmiber of additional spurious detections using
the larger radius in 103 maps is ~2.7. These tests indicate
that a 2' search radius is adequate, and this value was used
to determine the LBQS radio fluxes.
Radio and optical data for each quasar in the current
data set, as well as quasars listed in Paper II with new
optical data, are listed in Table 1 in the following format;
Column (I).—Object name, listed in order of increasing
right ascension.
Column (2).—Apparent B magnitude derived from
observed (Hewett et al. 1995) as described in Paper II. or.
for five quasars flagged in the table, measured directly
(§2J).
Column (3).—Redshift from Hewett et al. (1995).
Column (4).—Absolute B magnitude.
Column (J).—Flux density (mJy) at 8.4 GHz and 1 cr error,
or 3 <r upper limit
Column (6).—Logarithm of the ratio of 8.4 GHz lumi
nosity (W Hz"') to optical luminosity (W Hz"') averaged
over the B passband;
= Ls JLg.
Column (7).—Logarithm of 8.4 GHz limiinosity (W
Hz"'). log Lg^.
2.3. Optical
Many existing spectra of LBQS quasars suffer from sys
tematic light loss in the blue due to several instrumental
effects and from poor signal-to-noise ratio. Higher quality
long-slit CCD spectra were obtained with the Multiple
Mirror Telescope (MMT) for 10 radio-loud LBQS quasars
on the night of UT 1995 February 5. The new data, which
cover a wavelength range 3400-6900 A. were reduced using
standard procedures. The normalization of the flux scale is
imreliable. due to a narrow slit and thin cirrus during the
observations, but the relative flux calibration is unaffected,
since the long axis of the slit was maintained parallel to the
direction of atmospheric dispersion.
Improved spectra were not obtained for three radio-loud
quasars with M, near -24 (1430—0046. 2348-(-0210. and
2351 —0036), so archival spectra were analyzed. The spec
trum for the latter object does not appear to sufl'er from the
instrumental blue light loss mentioned previously. The
other two archival spectra show downturns blueward of
40(X) A. This wavelength region was excluded from spectral
index determinations.
A spectral slope was determined for each of the 13
quasars using the ratios of fluxes measured in pairs of fixed
rest frame continuum windows chosen to avoid prominent
emission lines (Francis 1993). Only one pair of windows was
observable in each spectrum, either 2150-2230 to 30203100 A or 3020-3100 to 4150-4250 A rest frame, depending
on the redshift of the quasar. Uncertainties in the spectral
slopes were calculated from the error m the mean flux of
each window (standard deviation across the window
divided by the square root of the number of spcctral
resolution elementsi and a wavelength uncertainty equal to
half of the width of the window. Equivalent widths were
measured for Mg ti and, for higher redshift objects. C in],
the only prominent emission lines in the spcara of these
quasars.
Broadband optical magnitudes were obtained with the
Steward Obsen-atorj 2.3 m (nights of UT 1995 Februar\ "
and 8. April 8i and i.5 m (nights of UT 1995 Februar) 19.
March 14| telescopes. Exposure times were 5 minutes or less
per frame. In almost all cases, each quasar was observed

TABLE I
RADIO AND OPTICAL OBSEXVATBRA OF LBQS QUASAXS
Source
(1)
0002 -0243
0004 +0036
0004+0224
0006+0015
0010 +0035
0010+0131
0017+0209
0020 +0018
ro21+0241
0021-0301
0022 +0015
0028-0101
0042-2550
0047-2647
0049-2840
0050-2742
0052 -0203
0053 +0124
0055 -0206
0057 -0135
0058 +0205
0059-2525
0100 +0205
0101+0009
0110 -0047
0251-0054
1137+0110*
1138+OOOr

1148-0033"
12D9 + 1259
mO+1434
1211+0848"
1212 +0945
1212 + 1217
1218 +1734
1222 +1010
1222 +1235"
1223 +1226
1224 + 1604
I228 + I00I
1228+1411
1229 +0834
1229 -0207"
1230 +1427
1230 -0015*
1230 + 1627A
1231 + 1627
1231 + 1728
1232+1433
1234-r 1217
1236-1-1802
1237 + 0824
1237 + 1100
1238 + 1401
1240+1551
1240+1746
1241+0107
1241-^0844
12421719
1244 + 1358
1244-i-1529
I250 +0I09
1308 + 0<M7
1308 -0111
1311^0131
1313+0020
1313-022S
1315+0150
1316+0103
1321 -0213

(2)

(3)

(4)

(mJy)
(5)

18J0
17.80
17J4
17.42
17.85
18.73

0432
0J17
OJOO
0263
0J«3
0433
0.401
0423
0.495
0.422
0404
0543
0.4S4
0495
0640
0.479
0577
0440
0.239
0325
0600
0.4S4
0393
0394
0412
0433
1.138
0500
0.800
0.418
0.870
0.810
0J73
0.872
0.444
0J98
0.412
0874
0533
0637
0.512
0761
1.045
0.422
0.470
0.918
0.999
0623
0.920
0662
0517
0.412
0881
0641
0573
0.549
0786
0J78
0540
0601
0781
0792
0428
1.004
0781
0735
0704
0.539
0.394
0.991

-23.57 ±040
-23.44 ± 038
-23.80 ± 0J7
-23.45 ±037
-23.67 ±039
-23.15 ± 041
-24.17 ± 0J8
-23.20 + 041
-24J1 ±040
-23.02 ± 041
-24.81 ± 037
- 23.88 ±042
-23.65 ± 0.40
-23.53 + 0.41
-2354 ±044
-24.19 ±039
-23.98 ±0.43
-24.09 ± 0J9
-23.17 ±038
-23J5±0J9
-24.00 ± 044
-24J6 ± 038
-24.14+ 038
-24J6±0.38
-23.07 ±041
-24.11 ±039
-25.76 ±0.21
-23J7±025
-2450 ± 0J5
-23^±042
-24.75 ± OJO
-25.30 ±019
-23J3±041
-24.65 ±0.51
-23J5±0J3
-23.35 I 0.41
-23.67 ±0.26
-24.68 ±0.51
-23.48 ±0.44
-24.60 ±044
-23.5! ± 044
-24.42 ±048
-26.42 ±018
-23.06 ±0.43
-23.77 ±0.28
-24.74 + 0.52
-24.79 + 0.54
-24.24 r 0.45
-24.61 ±0J2
-24.28 + 046
-23.53 r 0.44
-23.12 ±0.42
-24.71 ±051
-24.27 + 045
-23J8 ±0.45
-24.31+0.43
-24.66 ±0.48
-23.22 ±0.41
-23.68 ±0.44
-23.70 ±0.45
-24.23 ± 049
-24.71 +0.48
-23J1 r 040
-2465 + 0.18
-24.63 ±0.47
-2467 ±045
-24.22 -0 45
-23.72 r 0.41
-23.15 r 0.39
-2480 r 052

<041
0.84 ±013
IJl ± 013
<042
<078
2J2 ± ai6
<0J8
<041
<0.42
<0.41
<041
<048
<0.42
<044
<0.51
<0.43
<0.40
4.78 ± 016
<044
<0.43
<0J9
<0.47
<0.43
<0.40
<0.43
<0.45
70.19 ± 2-37
37.73 + 081
4.14 ± 0.12
<0.44
<038
7,06 ± 0.15
<0.43
<0.40
25J6± 1.11
<042
21.80 ± 0.43
<0.42
<0.49
181 ± 0.22
<033
1.06 ± 006
2835 ± 235
<042
63J3 ± 151
<0.49
<0.47
<0.41
<0J7
<044
1.12 ± 012
<033
0.70 ±013
<045
<036
<042
<0.45
0.54 I 014
<0.44
<0.39
<0.42
<0J9
<0.69
4-58 :E 0.21
<0.42
<0.41
<0.30
<0.37
<0.41
<036

M,

B

ns*

18.62
17J4
18.79
16.92
18.45
18J2
18.62
18.74
17.89
18.48
17.82
17.50
17S4
1834
17.61
17J3
17.42
18.70
17.77
18.24
I8J5*
17.73
\&SI

18.62
17.84
18.24
18.72
18.36'
18.35
1753'
18.70
18.81
18.07
18.70
18.65
17.69
18.75
17.04
18.74
18.85
18-38
18.88
18.48
18.70
18.65
18.69
18.41
18.86
18.05
18.49
18.37
18.64
18.84
18.90
18.45
18.63
18.51
18.50
18.32
18.67
18.60
18.53
18.83

log R , j
(6)

logt,,.
(W Hz"')
(7)

<038
0.47 ± 017
0.48 ± 016
<000
<047
lj0±018
<004
<031
<025
<038
< -018
<032
<0.40
<054
<067
<024
<046
1.25 ± 017
<005
<0.24
<046
<016
<008
<0.01
<056
<021
157 ± 015
235 ± 012
1J8 ± 014
<032
<0.48
1.46 + 013
<036
<034
128 ± 012
<0.41
102 ± 012
<035
<0.68
1.14 ± 0.20
<066
0.94 r 0J4
184 ± 014
<037
156 ±013
<063
<067
<0.42
<057
<0.49
0.99 ±019
<063
077 + 0J4
<0.47
<056
<030
<030
052 0.21
<036
<0.59
<064
<0.43
<0.74
1.72 ±014
<0.47
<0.39
<041
<047
<047
<054

<2332
2336 ±008
23.70 ± 006
<23.09
<23.65
24J7 ± 007
<23.41
<2330
<23.64
<2330
<23.45
<23.78
<2337
<23.66
<2355
<23.62
<23.75
24.60 ± 0.06
<23.03
<23J9
<23.77
<23.61
<23.45
<23.42
<23.49
<23.56
2637 ± 013
25.60 ± 0.07
25.04 ± OlO
<2332
<24.09
25.29 + OlO
<23.40
<24.11
25J3 ± 0.07
<23.46
25.19 ± 0.06
<24.13
<23.78
24.68 ± 0.09
<23.77
24.41 ±015
27.11 ±012
<2331
25.77 ± 0.06
<24.24
<24J9
<13.83
<24.12
<2351
2411 ±0.09
<2338
2436 ± 014
<23.89
<23.70
<23.73
<24.07
23.52 ±012
<23.74
<23.78
<24.04
<24.02
<23.73
2i2S * 012
<24.03
<23.97
<23J»
<23 66
<23.44
<2417
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TABLE I—Contdaud
Source
(1)
1322-0204
1323 +0205
1324+012J
1326-0257
1328 +0205
1330 -0156
1334 +0053
1335-0241
1340-0020
1344-0227
1345-0000
1350 +0052
1429 -0039
1429-0246
1430-0046'
1433 +0011
1433-0016
1435 +0130
1437-0143
1438 +0210
1440-0303
t441+0t34

1443-0207
1444-0019
1444-0300
1445+0222
1446 +0027
1446 +0218
2158-1657
2159-1906
2207-1703

2212-1634
2214-1903
2235 +0054
2235 -0112
2348+0210
2350-0045B
2351 -0036
2352 + 0025
2353 +0032
2357-0014

B
(2)
18.54
18.55
18.73
18.19
18.16
18.87
18J9
18.09
18.15
18J9
1759
18.43
18.21
18.63
17.57
18J7
17.80
iaj3
18.15
19J4
18.63
18.45
18.49
18.20
18.46
18J4
18.61
17.89
18.47
18.43
17.80
18.18
18J7
18.21
17.67*
18.43
18.71'
17.81
18.59
17.86

(3)

osn
a64i
0.970
a743
a692
a889
a647
a608
a786
0.511

OJ52
a485
0J62
0.853
1.023
0L583
0325
0.633
0.718
0.797
a754

0.753
0J97
a697
0.549
0.775
a832
a672
0.475
0J64
0J71
0.296
0J96
<LS29
0J61
0J04
0.764
0.460
0.271
0J5S
a479

s..
(mJy)
(5)

M,
(4)
-23.90 ±a42
-24.13 ± a43
-24.86 ±0.52
-24.83 ±a45
- 24.69 ±a44
-24J5 ± OJO
-24.41 ± 0.44
-24.48 ± a43
-25.00 ± a47
-2352 ±0.41
-24J8±a41
-23.68 +a41
-23JO ±0.40
- 24.69 ±0 JO
-26.17 ±ai7

-2351 ±0.44
-23.49 ± 039
-24J2±0.45
-24.79 ±0.46
-23.78 ±0.20
-24.42 ± 0.48
- 24.60 ±a47
-23.20 ±041
-24.67 ± 0.46
-23.90 ±043
-24S7 +0.48
-24.66 ±0.49
-2450 ±044
-23.60 ± 043
-23JO ± 0.42
-23.13 ±0.42
-23J1 ±0.41
-23J1 ±042
-23.71 ±042
-23J9 + 0J9
-24.73 ±018
-24.65 ± 0.47
-23.61 +0.22
-23.12 + 0.38
-23.80 ±043
-24.22 ±0.40

053 ±014
<051
<048
<041
<041
<048
<1.76
<038
<0.40
<043
<0.45
<0.45
<0.40
<040
1457 ±0J1
<0J9
<0.47
<0.41
<0.49
236.6 ± 11.0
<0.45
<040
058 + 016
<0.49
<043
<0J5
<0.74
<0J7

<0.42
<0.47
<0.42
<042
<045
267 + 0.43
<0.45
33.77 +0.45
<0.43
279.0 r 3.4
<0.43

<0.46
<0.41

(6)
060 ±0.22
<059
<063
<034
<0J3
<067
<1.02
<027
<0J1
<0.40
<031
<0.47
<0J3

<0J0
1.64 ± 014
<0.48
<0J2
<0.41
<0.40
3J8 + 0.13

<0J6

<0.44

0.60 ± 0.21
<0.43
<0.48
<041
<0.76
<019
<0.46
<0.40
<0.43
<017
<0.37
1-31 ± 0.20
<0J7

156 ± 0.10
<0.46
3.25 ±011
<017
<0.56
<0.21

log
(WHz"')
(7)
2187 ± 014
<2355
<24J8
<2358
<2352
<24JO
<24.49
<23.77
<24.02
<23.68
<23.77
<23.65
<2335
<24.09
25.81 ±012
<23.75
<2332
<23.84
<24.03
2680 ±010
<24.03
<23.99
23.59 ±014
<24.00
<23.74
<2355
<2433
<23.85
<23.61
<23.43
<23.39
<23JO
<23.48
24.50 ±010
<23.40
25.56 ± 007
<24.02
2640 + 007
<23.13
<23.79
<23.60

' Previoiuly reponed in Paper Q. The denved qnaotioes M, and log R,^, inrliiding enon, have been
updated luing the numbers in Table Z Redshift and 8.4 GHz flux and luminosity, and in most cases apparent B
magnitude, are retained from Paper U A new B magmtude, if available, is listed in CoL (2) and flagged (see
below).
* The apparent B magnitude was determined from the new photometry in Table Z Entries without this flag
have B-values calculated from original B, magnitudes, as described in Paper II.

more thati once per passband Standard reduction teciiniques of bias subtraction and flat-fielding were applied to
all frames, followed by the determination of instrumental
magnitudes for standard stars and program quasars using
Stetson's (1987, 1990) DAOPHOT and DAOGROW pack
ages. Additional data. Sagged in Table 2, were drawn from a
large multiband photometric study of the LBQS. currently
in preparation.
The R passband is roughly coincident with rest frame B
at redshifts : — 0.5, malcing it more accurate to calculatc
Mg from the R magnitude, rather than observed B. This
conversion can be expressed as

where Fg and Fg are the flux densities of a power-law spec
trum with Index a averaged over the rest frame B and R
passbands, respectively, d[_ is the luminosity distance, and
/,(B or
= 0) is the flux density for magnitude zero. The
error in the conversion from R to Mg, given an uncertaini>
in spectral index a,, is

r. .
~ urio L
J r'ln vB(v)dv |i-'ln vR(v|(/v"|
J r'Bfrldr
J r'Riv)dv J '

^

where B{v) and R(vi are the filler transmission functions.
The factor In v arises from the derivative of v' with respcct
to z. Spectral indices determined for each quasar were used
in these calculations. Absolute magnitude was derived from
observed V in an analogous manner for the two quasars in
Table 2 without R magnitudes. Uncertainties in the conver
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TABLE 2
OPTICAL DATA FOK SELBCIED RAOIO-LOUD LBQS QVASAU
Name
(1)
1137+0Il(r
1138 +0003
1148 -0033*
1211+0848*
I2I8 +1734
+1235
1229-0207"
1230-0015*
1308 -0111
1430-0046*-'
1438 +0210
2348+0210'
2351 -0036'

y
a.)
17.71 tao9
lgj0±0.02
17^6 ±0.11
17.46 ± 0.06
18j0±0.03
17.86 ± 0.04
16.76 + 0.07
17.63 + 0.12
18J4 + 0.02
I7J1 ± a05
19.01 ±ao3
17J3 ± a<M
I8J0 + a05

B-V

V-R

(31

(4)

aos±ao2
ao6±ao4
ao7 ± ao4

0J4i:a04
0.41 ± 0.06

OJO ± 0.17
ai6 + 0.02
OJ7±OJO
OJO + 0.10
0j6±a04
0j4±0.04
0.18 ±ai3
0.00 + 0.22
0.13 ± 0.02
a45 ± ao9
0.25 ± 0.03

s
(5)

MGA

-0J5 ± 0.13
1.09 ± ai9
-0J7±0.11
-0J6 ± 0.t0
0J5 ± ai4
i.oo + ai8
-023 ± ai2
0.66 ± 0.16
-0.04 ± ai4
-0.47 ± 0.15
-a68±aii
-0J9 ± ai8
-OJO ± 0.24

97± 10
79±3
53 ±4
59±5
14 ±1
78 ±3
95 ±8
15 ± 1
71 ±6
59± 10
30±6
36±4
41 ±7

(6)

Cm
(7)
61 ±4

31 ±4
46±6
35+5

* y and y—Rare from a Urge multiband study of the LBQS currently in progress.
' No recent long-ilit CCD spectra ate avaiU'bie for these quasarj. Archival spectra wetc used to calculate
spectral indices, k-cormaotu,tad eqoivaknt widths.

sion from K or R to M j were typically 0.03 mag and did not
exceed 0.05 mag for any object, leaving variability as the
largest error component for the 13 quasars with new photo
metry. The final errors in M,, listed for each object in Table
1. are a factor of 2 lower for the quasars with improved
optical data, compared to other LBQS quasars at the same
redshifts. Absolute magnitudes for LBQS quasars other
than those listed in Table 2 were calculated using the
method described in Paper II.
The newly obtained optical data, including 1 a errors, for
selected radio-loud quasars are presented in Table 2 as
foUows:
Column (I).—Object oanie.
Columns (2}-(4i.—V magnitude. B-V and V —R colors,
where available.
Column (5).—Spectral index, i (T, x v").
Columns Id) and (7).—Observed-frame equivalent widths
for Mg II i2798 and C m] xl909.
DTSNUBUNON OF RADIO LL'IONOSRRY AND
log
^ AS FUNCTIONS OF M,

Figure 2 shows the distributions of log
^ and log
versus Mg for the data from Table I plus those from Table 2
in Paper II. Detections with log ig , s 25 or alternatively
log Rnj ^ 1 are considered to be radio loud, the same defi
nitions employed in Paper II. Quasars in the new radio
sample form a cluster of upper limits and detections with
elevated radio luminosities in the magnitude range
—25 < Mg < —23. due to shorter integration times than
the observations described in Paper II.
Radio-loud LBQS quasars are distributed fairly uni
formly throughout a range of over two decades in Rg ^ and
Lf^ and across all absolute magnitudes sampled by the
survey. No correlation between either log R^ ^ or log
^
and Mg is observed among the radio-loud quasars, consis
tent with previous studies by Miller et al.(1990) and Stockc
et aL (1992). The apparent correlation between radio lumi
nosity and absolute magnitude at low values of log
^ is
the result of the LBQS flux limit.
Comparisons between the LBQS and other opbcally
selected surveys, such as the PG, demonstrate the effects of
different optical selection criteria on the inferred radio
properties. Contrasting the LBQS with surveys selected at
other wave bands, such as the X-ray selected EMSS. pro

vides further insights into the relevant physical mechanisms
and helps identify radio properties of quasars that are universaL regardless of selection frequency. The overall radioloud (log Lj 4, > 25) fraction for the LBQS. 32/359 (9%). is
nearly identioil to that in the EMSS. 39/411 (9%). but is less
than half of the value for the PG. 24/114 (21%). Overall
fractions with log R, 4 > 1 are similar, with the LBQS at
31/359 (9%), the EMSS at 46/411 (11%). and the PG at
22/114 (19%). Radio data for all of the PG quasars (Table 1
in Kellermann et al. 1989) and the EMSS detections classi
fied as " AGNs" and having radio fluxes (Table 4 in Stocke
et al. 1991) are used in the comparisons throughout this
paper. Radio fluxes and luminosities at other frequencies
taken from the Uterature were extrapwiated to 8.4 GHz
using a spectral index of —0.5, the same value employed for
the LBQS data.The radio luminosity and log Rg ^ distribu
tions versus absolute magnitude for the LBQS differ from
the PG and the EMSS, as shown in Figure 3. These plots
were constructed by calculating the radio-loud fraction of
objects within a 1 mag range centered on the Mj-value of
each quasar in the sample, producing essentially a boxcar
smoothing of the data. The error bars (± 1 IT) shown at
selected values of Mg are the standard deviations of a
fraction calculated from a binomial random variable:
<r = [ [/(1 — /)/N]"". where/is the radio-loud fraction in a
I.O mag bin centered on Mg containing N points. The
radio-loud fraction in the LBQS is constant at % 10% for
all but the most optically luminous quasars, rising to
~ 35% (~20% for log Rg ^ = I) for Afg < —28. The latter
fraction is rather uncertain due to the small number of
objects in this range.
A series of statistical tests were performed on the Mg
distributions of the radio-loud and radio-quiet quasars in
the LBQS to quantify the significance of the observed
trends. A Wilcoxon two-sample rank sum test indicated
that the radio-loud and radio-quiet quasars do not have
significantly different absolute magnttiide distributions (the
statistic differed by only 0.03 <r from the value expected
under the null hypothesis of equivalent Mg distributions)
using the log R, 4 > I definition of radio-loud. There is
some indication of a difference using the log Lg 4 > 25 cnlenon (97° o confidencel. However, when the 11 quasars
with Mg < -28—the approximate region where the frac
tion of detections with log £.g 4 > 25 is observed to nse—
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LSQS
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(c)
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X
28

o
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-28

Fic. 2.—Distiibudon of (a| log
and (b) log L,^ against M, tor the
LBQS. The dau shown consist ot the new observatians from Table 1 and
those Crom Table 2 in Paper n. Filled drdes represent detections, and
horizontal liiKs are upper limits. Error bars (± 17). calculated as described
in § 2. ate shown for a represenutive point at bright (M, • -27.8: log
R,^ = 3.5, log L,^ " 28J) and one at laint (M, " —23.2: log A, 4 =
IJ, log L,^ = 24j) absolute magnitudes and individually for those
quasars that were reobserved in the opQcaL Error bars in log
are not
plotted in (b) for the quasars with new photometry 10 avoid unnecessary
aowding and because the radio luminosity uncertainties are not affected
by the new data.

were excluded no significant difference (82% confidcnce
level) was Tound between the radio-loud and radio-quiet
tlistributions. The Wilcoxon test was also applied to the
absolute magnitude distributions in a series of redsbift bins
in order to remove some of the degeneracy between z and
MB inherent in any flux-limited sample. Data for the 40
high-redshift quasars in Schmidt et al. (199S), discussed in
more detail in § 4. were added to the LBQS radio sample to
extend the redshift range. Two binning schemes were
employed, one using the redshift ranges of Schmidt et al.
(1995). and in the other case the combined sample was
divided into five bins of nearly equal ntmibers. The only
moderately significant (96.8% confidence) difference
between the radio-loud, using either definitioti. and remain
ing distributions occurred for log L, 4 > 25 in the equalnumber bin covering the redshift range 2.34 < r < 4.90.
Again, this was due to the enhanced radio-loud fraction at
bright absolute magnitudes. Ties in the rankings for the
Wilcoxon tests were handled in the standard way by
averaging the ranks of a group of quasars with the same
Mg, and the probabilities quoted are for a two-sided test

-30

FIG. 3.—Smoothed radio-loud fraction as a fiuiction of M, (smoothed
over an interval ot 1.0 niag) for the LBQS (a), the PC survey (it), and the
EMSS (cl Solid lines represent the {raction with log t,« > 25. and doited
lines are for log K, « > I. Error bars, calculated as described m the text,
are shown at selected values of M,.

using the asymptotic normal distribution of the rank sum
statistic.
The LBQS radio data, sorted by Mg. were divided into 10
bins each containing a: 36 objects to perform some of the x'
and binomial tests described in § 3J~2 of Paper II. The
results are very close to those in Paper II and are consistent
with the restilts of the Wilcoxon tests above. The number of
detections with log
^ > 1 in each bin is cotisistent with a
constant radio-loud fraction equal to the average fraction
for the whole LBQS radio sample (the probability that the
sample is not consistent with the fiat distribution is 81%|.
This is not the case, however, tising the radio luminosity
criterion for radio-loud, which produces a distribution that
is not flat at the 99.7% confidence level. The discrepancy
lies in the brightest absolute magnitude bin.
— 28.7 < Mg < —27.5. and if this bin is excluded the con
fidence level drops to an insignificant 76%. The likelihood
from a binomial distribution of selecting at least the
observed number. 10/36 (28%), of radio-loud quasars m the
brightest bin, given the average radio-loud fraction for the
full sample, is 0.00092. Since this bin was selected a poste
riori because of its high incidence of radio-loud quasars, the
true significance of the enhanced radio-loud fraction is the
binomial probabiUty multiplied by the number of bins (lOi.
for a final confidence level of 99.1 %.
All of the statistical tests performed on the distribution of
radio-loud objects with .Vfg in the LBQS sample are consis-

!
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lent with the representation shown in Figure 3a; the radioloud fraction is essentially constant except at the brightest
absolute magnitudes, and even then it is only significantly
higher using the log Lg> 25 criterion. Some possible
interpretations of this distribution are discussed in § 5.
Both the PG and EMSS have substantially higher radioloud fractions than the LBQS for MB brighter than -24
(see Figs. 36 and 3c|. Note that the PG has an anomalously
high radio-loud fraction in this absolute magnitude range
compared to other optically selected quasar samples (La
Franca et aL 1994; Delia
et al. 1994). The reason for
this discrepancy remains unexplained. A strong trend in
radio-loud fraction as a function of both absolute magni
tude and redshift is expected in the EMSS, due to the wellknown correlations between radio. X-ray, and optical
luminosity (see, e.g., Worrall et al. 1987) and the X-ray flux
limiL Figure 4 shows absolute magnitude plotted against
redshift for the LBQS and EMSS, with the radio-loud
(log L^ ^>2S) quasars indicated by filled triangles. It is ap
parent that the observed trends with redshift and absolute
magnitude are mostly degenerate. In particular, all but one
of the radio-loud EMSS quasars bri^ter than Mg = — 24
have r > 0.5. whereas the bulk of the radio-quiet quasars
fainter than this absolute magnitude are at redshifts; < 0.5.
However, some discrimination as a function of Mg is pos
sible in the redshift interval 0.4 < r < 0.7. In this redshift
range the radio-loud fraction is 7/20 (35%) for Mg < —24
and 3/45 (7%) among the fainter quasars, suggesting that at

(a)

0

0 . s 1

l

s

z

a

(b)

0

0.S

t

1.S

2

LBQS

s

s

a

s

EMSS

as

3

as

Redshift
Fic 4.—Absolute magmtude vs. redshift for the LBQS lai and the
EMSS
This is similar to Fig. I. but in this case the filled tnangles are
radio-loud Hog L, ^ > 25) detections, crosses represent radio-quiet detec
tions. and honzontai Uoes indicate upper iimits. asstuned to be r^o-quiet.
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r ~ 0.5 the radio-loud fraction of X-ray selected quasars is
dependent upon absolute magmtude, decreasing for MB
fainter than —24. The selection effect proposed by Peacock
et aL (1986) does not explain the decline in radio-loud frac
tion for MB > —24 in the EMSS, since the ratio of quasar
to host galaxy optical luminosity is not expected to affect
X-ray selection.
The Peacock et al. (1986) selection effect is still a viable
explanation for the decrease in radio-loud fraction in the
PG, since a quantitative test of the apph'cability of this
hypothesis to the PG cannot be performed as was done for
the LBQS in Paper n. Alternatively, the PG may have a
nearly normal radio-loud fraction for MB > —24, perhaps
only slightly depressed by the selection effect, which only
appears abnormally low because the fraction at brighter
absolute magnitudes is atypically high. If the radio-loud
fraction among the optically faint PG quasars is compared
to the fraction at absolute magnitudes brighter than —24 in
the LBQS, rather than in the PG, the significance of the
change becomes equivocal. The fraction of quasars with log
> 1 in the faint PG sample (2/45, 4%) is not signifi
cantly different (71% confidence level) from the LBQS value
of 23/286 (8%) for M, < —24. However, the difference is
significant at the 98.6% confidence level using the log Lg ^
definition of radio-loud, for which the fractions are 0/45 and
26/286 (9%) in the PG and LBQS subsamples, respectively.
If PG quasars with MB fainter than —22.7—the faint abso
lute magnitude limit of the LBQS—are excluded from the
comparison, the fractions for both definitions become 0/24,
for which the confidence levels are 87% (log Kg> I) and
90% (log Z.g,« > 25).
No pronounced decline in radio-loud fraction at absolute
magnitudes fainter than —24 is seen in the LBQS. contrary
to the other two samples (Fig. 3). As noted in the intro
duction. a decrease was seen in this range in Paper IL but
the number of objects with Mj > —24 was small (20), and
the absolute magnitude uncertainties were +0.4 mag. The
new LBQS data increase the sample size at faint optical
luminosities by more than a factor of 3 and decrease the
magnitude uncertainties for radio-loud objects near M, =
—24 by a factor of 2. Improved absolute magnitude
determinations for two radio-loud quasars listed as sUghtly
brighter than Mg = -24 in Paper II (see Fig. 4 of that
work) now place them fainter than this division, along with
four new radio-loud quasars. The radio-loud (log Lg ^ >
25) fraction in the combined LBQS sample is 6/73 (8%) at
absolute magnitudes fainter than Mg = —24. nearly identi
cal to the fraction (26/286. 9%) at brighter absolute magni
tudes. Much of the discussion to date on the radio
luminosity distribution of quasars at low optical lumi
nosities has been based at least in part on the PG (Peacock
et al. 1986; Miller et al. 1990; Padovani 1993; Falcke.
Gopal-Krishna. & Biermann 1995). The LBQS results show
that the radio-loud fraction does not decline for .Vf, > — 24
in all opticatly selected quasar samples. In cases where ii
does, the cause may be a selection effect at famt absolute
magnitudes or an increased prevalence of radio-loud
quasars at bright absolute magnitudes.
4. THE EVOLUTION OF RADIO AND OPTICAL LLTtONOSm'

Radio-loud fraction is nearly constant in the LBQS over
most OF THE redshift ranee of (he survey, as shown in Figure
5. The smoothed fraction as a function of r was calculated
with a redshift smoothine interval of 0.5 in a manner analo
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(a) LBQS — log

(b)

LBQS ~ log Ra^

Redshift
FIG. 5.—Smoothed radio-loud fiaction as a function of redsliift in the
LBQS sample using the (a| log L, ^ > 25 and (i| log R,.. > 1 criteria.
Solid lines indicate the observed data, while dotted and dashed lines rep
resent tile Sat and steep spectrum model predictions, respectively. Values
for the data as well as the models were calculated with a redshift smoothing
interval of O.S. Error bars, calculated in an analogous manner to those in
Fig. 3, areshown at repreaentattve data values.

gous to its determination as a function of Mg. above. Some
of tlie same statistical tests used in § 3 were applied to the
distributions of log Lg « and log Rg with a similar result
that the quantitative measures confinn the trends displayed
graphically in Figure 5. The Wilcoxon rank sum statistic for
detections with log Rg , > 1 differs by only OJ a from the
value expected if these have the same redshift distribution as
the remaining quasars in the LBQS radio sample. The
radio-loud quasars have a moderately significantly
(confidence level 95%) different redshift distribution using
log Lg X > -5. but the significance disappean (revised con
fidence level 77%) when the region with the observed spike
in radio-loud fraction, r > 3, is excluded. The results of a ar"
goodness of fit test of a model in which the radio-loud
fraction is unevolving and equal to the sample average are
not as clear cut as those from the Wilcoxon test, because of
a greater sensitivity to the rise in radio-loud fraction around
r s 1. While the increase in radio-loud fraction for r s: I is
not nearly as great as the apparent climb at :^ 3, this
enhancement contributes significantly to the
statistic.
For example, the log R, ^ distribution, which has very close
to the exp^ted number of radio-loud quasars in the highest
redshift bin, is inconsistent with a flat distribution at the
94% confidence level based on the z" test.
A model for the evolution of the radio-loud fraction was
constructed from the radio luminosity functions of Dunlop
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& Peacock (1990). They derived separate luminosity func
tions for flat and steep spectrum objects, divided at a spec
tral index a = —0.5, firom a radio-selected sample of
quasars and radio galaxies. Distinct versions of the model
were formed firom the steep and flat spectnmi RLFl
MEAN-z luminosity functions, since radio spectral infor
mation is not available for most quasars in the LBQS. The
luminosity functions were tnmcated at a radio luminosity
equivalent to log Lg= 28.85. two decades below the limit
employed by Dunlop & Peacock (1990). The steep spectrum
RLFl function has an unphysical sharp upturn in number
density at luminosities greater than this value. Function
RLF2 remedies this with an imposed exponential cutoff at
high luminosities, but the model based on this luminosity
function does not match the observed data as well as the
truncated RLFl. The true niunber of objects excluded by
tnmcating the liuninosity functions nearly 4 orders of mag
nitude above the radio-loud threshold of log Lg t, = 25 is
expected to be relatively small and have neghgible impact
on the predicted space density of radio-loud quasars. The
log Rg.4 radio-loud criterion was also employed, although
indirectly, as the luminosity functions do not provide a
one-to-one correspondence between radio luminosity and
absolute magnitude. A radio luminosity threshold that
depends on redshift, log Lg ^ = 24.6 + 0.36r, was used to
approximate the log Rg= 1 boundary (sec Fig. 7 in Paper
II). The normalization of the predicted fraction is set by the
overall radio-loud fraction of the LBQS. as described, along
with other details of the modeL in Paper II. The predicted
evolution of radio-loud fraction for various model param
eters is shown with the observed smoothed fhtction m
Figure 5. The fiat spectrum versions match the data well,
including the modest rise around ; = 1. at all except the
highest redshifts. where the model does not reproduce the
substantial rise in the fraction with log Lg « > 25. A similar
local maximum occurs in the steep spectrum version, but at
higher redshifts than observed.
Many of the quasars at high redshift, where the radioloud fraction rises, have absolute magnitudes ~ —28 (Fig.
3A). It is not possible to disentangle redshift from MG as the
causal variable for the enhanced radio-loud fraction using
only the LBQS data. However, the radio-loud fraction m
the restricted redshift (1.8 < z < 2.5) sample of Miller et al.
(1990) rises steeply for Mg brighter than —27, indicating
that elevated radio-loud fraction at bright absolute magni
tudes is a common feature of optically selected quasars over
a wide range in redshift. A similar ambiguity between Mg
and r involving the rise at r = I was discussed m Paper 11.
where it was concluded that the effect is probably evolution
ary. The new data support this, as there is no peak m radioloud fraction at Mg
25.5, the typical absolute
magnitude for LBQS quasars with; •<- I (Fig. 3).
Optically selected quasars with r > 3.0 have a radio-loud
fraction .si^ar to that of the LBQS. McMahon. Irwin. &
Hazard (1992| collected radio data for 29 quasars m the
redshift range 3.5 < r < 4.7. 4 of which have log L, ^ > 25.
and 3 have log Rg « > 1. Individual absolute magnitudes
and redshifts for these quasars were not published.
Schneider et al. (1992) observed 22 quasars at 5 GHz. which
were reobserved at 1.5 GHz along with an additional 18
quasars by Schmidt et aL (1995). One target was detected in
the original study, and it was also above the detection
threshold at 1.5 GHz. along with two others that were not
included m the first sample. The common detection has log
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shift bins iirom Schmidt et aL (1995). listed in Figure 6. from
a single well-defined survey, with the following constraints.
The LBQS has little overlap with their highest redshift bin
(3.1 < z < 45). in which they used their own observations.
Many of the PG quasars in the low-z bin (z < 0.6) have
z < 0.2, the lower r^hift limit of the LBQS. The absolute
magnitude discrimination used for most of the analysis by
Schmidt et aL (1995), Afg < —24.5, excludes almost 90% of
these low-z PG quasars but also restricts the LBQS to
z > 0.35. Redshift-segregated cumulative distributions of
LBQS quasars are shown in Figure 6, along with the high-z
data of McMahon et al. (1992) and Schmidt et al. (1995)
plotted as a single distribution. Kohnogorov-Smimov tests
were performed on these distributions in two ways. In one
case, the true log Rg.^-values of the upper limits were
assumed to all lie below the smallest value for a detection,
as displayed in Figure 6. Only the portions of the distribuuons consisting of detections were compared to derive the
test statistic. In the other case, the cimiulative distributions
were formed only from the detections, ignoring the upper
limits completely. A significant difference was not found in
any of these tests, the highest cot^fidence level being 92%.
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Lg i > 25 and log iig,* > 1 for both observatioiis. The
remaining two low-f^uency detections have log Ln >
25. but only one is radio-loud by the Rs,^ criterion. The 40
quasars in the combined sample he in a redshift interval
3.1 < r < 4.9 and have absolute magnitudes ranging from
-24.1 to —27.8, with an average of —263 (values taken
directly from Schmidt et aL 1995). Merging the high-z data
sets gives a high-redshift radio-loud fraction of 7/69 (10%)
for log Li t,> 25 and 5/69 (7%) using the luminosity ratio
criterion, values consistent with the LBQS in the redshift
range 1.5 < z < 2.5. A Wilcoxon test on the combined
LBQS and Schmidt et aL (1995) samples found no sta
tistically significant (88% confidence level) difference in the
redshift distributions of the detections with log
> 25
and the remaining quasars, even without removing the
high-z LBQS objects. Similar results were obtained when
this combined sample was divided into five equal-number
absolute magnitude bins. No significant differences in the
redshift distributions were found among the bright bins,
which contain the high-z quasars. Ten of the quasars in the
Schmidt et al. (1995) sample lie in a redshift range that
overlaps the LBQS (3.1 < z < 3.4). and none are radio loud.
All of these have Mg fainter than —273, lending further
support to the conclusion that the apparent rise in radioloud fraction at high z in the LBQS is a manifestation of a
trend with absolute magnitude. Therefore, despite the
appearance of Figure 5 at high redshift. there is substantial
evidence that the radio-loud fraction of optically selected
quasars does not evolve, aside from a modest pe^ around
z a: 1. over 65% of cosmic time, from z = 0.2 to redshifts
approaching 5: (1) the radio-loud fraction at high z is con
sistent with that of the LBQS at moderate redshift; (2) a
model that matches the LBQS data well at most redshifts
does not reproduce the large fraction at high z: and (3) Mg
is the caosaJ variable for the af^arent rise in radio-loud
fraction for z g 3 in the LBQS, indicated by higher redshift
samples. The overall radio-loud fraction in the high-z
sample and the LBQS data with z < 3.i. together covering
the redshift range OJI < z < 4.9, is 37/426 (9%) for
log Lg ., > 25 and 34/426 (8%) for log Rg.< > 1.
A nearly unevolving radio-loud fraction is inconsistent
with many previous studies, which compared the predomi
nantly low-z PG with higher redshift optically selected
samples and found a pronounced decrease in radio-loud
fraction with increasing redshift (Peacock et al. 1986; Milfer
et al. 1990; Paper 1; Schneider et aL 1992). La Franca et al.
(1994) noted the same trend but found that evolntion of the
fraction was no longer indicated conclusively if the PC were
excluded from the analysis. Recently. Schmidt et al. (1995)
compared cumulative distributions of log R in four nonoverlapping redshift ranges using data from a different
survey for each distribution. The cumulative functions for
the three highest redshift bins (z > 1) do not indicate sub
stantial evolution over this range, but the low-redshifl dis
tribution (z < 0.6). containing only PG quasars, has a
significantly larger fraction of quasars with high values
of log R. especially for Ma < —24.5 (see their Figs. 2 and 3).
They concluded that the radio properties of quasars have
evolved such that either the values of R have decreased by 2
orders of magnitude from z = OJ to 1.3 while maintaining
the same distribution or that a population of quasars with
very weak radio emission was more prevalent at z > 1.
The redshift coverage of the LBQS is extensive enough to
generate cumulative distributions in three of the four red-

Ma < -24.5 .
a 2 < 0.0
• to < s < 1.6
+
< r < 2.6
« 3.1 < a < 4.9
•
•

•
•

+**.

, , . . 1

log Ra.4
FIG. 6.—CumuUtive discributions <7(>log R, j of LBQS quasars m
three redshift ranges; squares represent : <0.6; filled ordes represent
1.0 <; < 1.8; and plus signs represent 1.8 < z < 15. The high>redshift
range 3.1 <;<4.9. represented by stars, contains the samples of
McMahon et al (1992) and Schmidt et aL (199S). Panel (a) includes all
quasars with A/g< —23, a o d t h e absolute magnittide rettnctioQ ts Afg <
—24.5 in pand ibi. Tbe redrinft bins, symbols, and absolute magnitude
langes match those used in Schmidt et al. <1995|. Only tbe detections are
plotted for darity All of the quasars m each redshift range were used to
calculate tbe cumulative probabilities, assuming that all of the upper limits
have log
^^vaiues less than tbe lowest detection.

63

OPTICALLY SELECTED QUASARS, m.

No. Z 1996

The cumulative distributions in tlie four redshift ranges are
similar, indicating no evolution. In particular, tlie z < 0.6
distribution, which had a ctmiuiative firaction substantially
higher than the other redshift ranges in the Schmidt et aL
(199S) analysis, is slightly below that for 1.0 < z < 1.8 for
most values of log Ry^.
While the radio-loud fraction in the LBQS shows little
dependence on redshift, the EMSS exhibits a rapid rise with
re^hift until reaching a plateau at s;40% for z > 1, as
shown by the solid line in Figure 7. The fractions with log
Lg.4 > 25 and log
> 1 are nearly identical; the latter is
slightly higher at low redshifts. Note that the behavior of
the ra^o-loud fraction at the bigh-redshift end of this plot is
particularly uncertain, as there are only four quasars in the
EMSS sample with z > 2. This trend of radio-loud fraction
with redshift is expected in X-ray selected samples as a
result of the correlation between X-ray and ra^o lumi
nosities, which is thought to arise from a synchrotron selfCompton component of the X-ray emission. At higher
redshifts the flux limits of an X-ray survey correspond to
higher luminosities, which, because of the correlation, tend
to have higher radio luminosities.
A model for the relationship between radio-loud fraction
and redshift in the EMSS was constructed using the expres
sion for the dependence of X-ray luminosity on radio
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FIG. 7.—Smoothed ndio>!ou<l fraction as a functioo of redshift in the
EMSS sample usmg the (a) log L, « > 25 and
log
« > I criteria.
Solid lines indicate the observed data, while dotted and dashed lines rep>
resent the flat and steep spectrtim model predictions, respectively. Values
for the data as well as the models were calculated with a redshift smoothing
interval of 0.5 The error bars are analogous to those in the other plots of
smoothed radio-loud fractioa
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luminosity given by Brinkmann et aL (1995). They para
meterized the correlation as log (/J = A^ +
^ log Cr).
where and 1^ are X-ray and radio monochromatic lumi
nosities at 2 keV and 5 GHz, respectively. The constants
were determined from ROSAT All-Sky Survey (Voges 1992)
data on quasars in the 87 Green Bank radio survey
(Condon et aL 1989) to be A,^ = 8.44 + 0.40, and
= 0.56
+ 0.03, where the uncertainties quoted here have been con
verted to 1 <r errors assuming Gaussian probability. Rest
frame 2 keV limiinosities were determined from the survey
flux limit at each redshift using a spectral index a= —1.13
(Brinkmann et al. 1995). The corresponding value of /, was
used as the lower luminosity limit in the integrals of the
Dunlop & Peacock (1990) steep and flat spectrum MEAN-z
RLFl luminosity functions. Tbe upper limit was the same
as for the LBQS comparison model. These functions were
also integrated over a redshift interval of 0.5 to find the total
expected number of quasars. The number of radio-loud
quasars was determine by integrating the same function
using as the lower limit the larger of the radio-loud lumi
nosity threshold, converted to the units employed in the
luminosity function, or the luminosity determined from the
conelation. This threshold was either log Lj= 25 or the
redshift-dependent value equivalent to log
= 1 dis
cussed earlier. The radio-loud boundary was not permitted
to be lower than the luminosity corresponding to the 0.9
mJy flux limit of the radio observations of the EMSS
(Stocke et aL 1991). The EMSS did not have a uniform
X-ray flux limit A weighted average for each integral was
calculated from six values of limiting X-ray flux determined
from Gioia et al. (1990), with the weights proportional to
the number of EMSS objects found at each limiting flux.
The predicted overall EMSS radio-loud fractions range
mostly between 10% and 20% [cf. the observed fractions of
9% (log Lg.J and 11% (log Ra.4); see § 3] as the values of
A^ and
were varied within their 1 a uncertainties.
V^ues for these parameters were chosen so that the predict
ed average radio-loud
fraction for the EMSS sample
matched that observed. Each combination of radio-loud
definition and luminosity function in the model was nor
malized separately. The predicted radio-loud fractions are
plotted in Figure 7, along with the observed fractions. Most
of the EMSS quasars are at low redshift (median z is 0.268).
where the ra^o-loud fraction is small, resulting in the
modest overall radio-loud fraction. While there is little dif
ference between the steep and flat spectrum models, the
form of the predicted r^hift dependence varies widely
within the I a uncertainties of the correlation parameters,
and none of the model distributions match the observed one
for z > 1. The excess of predicted radio-loud quasars at
high redshifts and the relative depletion at lower z are
directly connected, due to the normalization of the model
by the observed average fraction. Radio luminosity has a
spread of almost 2 dex for all
in the Brinkmann et al.
(1995) sample, which would lower the predicted radio-loud
fraction, especially at high redshift. In particular, the model
fraction would not reach 100% until a redshift at which the
radio luminosity predicted from the X-ray limiting flux
attained a value ~ 1 dex above the radio-loud boundary ,
since the mtrinsic scatter in I, would provide some radioquiet quasars up to this point. While these simple models do
not conform to the observed data over all redshifts. they
indicate that the rise in radio-loud fraction for z < I is an
expected feature of the X-ray radio luminosity correlation.
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S. DISCUSSION

Understanding the connection between the radio emis
sion and the properties of the centraJ engines of quasars
continues to be an elusive problem. The constancy of the
radio luminosity distribution over more than 2 orders of
magnitude in optical luminosity and other similarities
between radio-loud and radio-quiet quasars are somewhat
surprising in the context of the standard blacic hole model
of AGNs. The radio emission mechanism appears to be
only weakly tied to the mass accretion rate that presiunably
drives the optical and near-UV emission. Some models
decouple the radio and optical emission, an important
feature in attempting to explain the results from the LBQS
and other studies that show Uttle connection between these
emission mechanisms. Coleman & Dopita (1992) hypothe
sized that quasar radio luminosity may depend on the angle
of the accretion disk with respect to the rotation axis of the
central supennassive black hole. More recently however,
Wilson & Colbert (I99S) proposed that the hole masses and
accretion rates are similar in radio-loud and quiet quasars,
which would account for the similarities in emission fea
tures at other wave bands. The total radio luminosity is
presumed to derive from the spin energy of the hole via the
Blandford-Znajek process (Blandford & Znajek 1977).
Powerful radio emission arises only from massive rapidly
rotating holes, which in the view of Wilson & Colbert are
produced exclusively by mergers of two holes with similar
large masses. They assume that accretion of material from
the host galaxy is insufQcient to spin up the bole to the
necessary level because of either loss of angular momentum
to gas around the hole or variable orientation of the accre
tion disk with respect to the spin axis of the hole. Therefore,
two quasars with identical black hole masses and accretion
rates can have vastly different radio luminosities depending
on whether the hole was (1) built up by accretion and/or the
merger of a large and small hole or (2) produced by the
coalescence of two massive holes. The infrequency of
mergers of galaxies containing massive black boles accounts
for the rarity of powerful radio sources. The Wilson &
Colbert scenario is qualitatively consistent with the LBQS
results that radio luminosity is not correlated with Mg and
that the radio-loud fraction is constant over most values
ofM,.
A different radio emission mechanism that is correlated
with optical luminosity may be responsible for the rise in
radio-loud fraction at bright absolute magnitudes (M, <
— 28), seen also by Miller et al. (1990) and La Franca et al.
(1994). Stocke et al. (1992) noted that radio and optical
luminosity are correlated among the radio-quiet PC
quasars. The detection frequency among the radio-quiet
objects in the LBQS is too low to directly test for such a
correlation, but there is indirect evidence that such a corre
lation is present: the fraction of radio detections among the
radio-quiet LBQS quasars does not show a trend with
absolute magnitude. If there were a null or negative corre
lation between the luminosities, the detection fraction
among these objects would dechne at higher redshifts. cor
responding to brighter Mg. since the radio luminosity of the
Stocke et al. (1992)
3 detection limit increases with
hypothesized (hat the correlation arises from a component
of radio emission powered by the kinetic energy of out
flowing material driven by optical/UV radiation pressure.
Radiation pressure and consequently outflow velocity are
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not large enough to produce log Lg.* > 25 by this mecha
nism alone for Afg 1^—28, but this emission component
could exceed the radio-loud threshold (log Lg.^ > 25) at the
brightest absolute magnitudes in the LBQS. In this scenario
the enhanced radio-loud fraction at Mg
— 28 arises from
the combination of the black bole spin-driven component,
which is independent of Mg,and the onset of powerful radio
emission driven by outflows. The presence of two radio
emission mechanisms, one correlated with optical lumi
nosity, the other independent, accounts for the observed
features of the radio luminosity distribution as a function of
Mg in the LBQS.
Neither radio emission mechanism explains the low
radio-loud fraction observed at Mg > —24 in the EMSS
and the PG surveys. Falcke et al. (1995) proposed that the
decrease in radio-loud fraction at faint optic^ luminosities
can be explained by a consolidation of two standard quasar
unification schemes incorporating obscuring tori (e.g.,
Barthel 1989; Urry, Padovani, & Stickel 1991; Antonucci
1993). Radio-loud AGNs with weaker (presumably fainter
Mg) engines are observed as either BL Lac objects or PR I
radio galaxies, not as quasars, as the opening angle of the
torus is not wide enough in these objects for a direct view of
the nuclear region free from contamination by the jet emissioiL This explanation is not directly tenable for the LBQS.
since the incidence of radio-loud quasars is not observed to
change at faint Mg. It is possible that, due to some poorly
understood difference between the PG and the LBQS.
orientation effects are present in the LBQS at a weaker level
than originally proposed by Falcke et al. (19951 to explain
the PG results. If the lines of sight to the radio-loud quasars
with Mg > — 24 lie close to relativistic jets (to avoid obscur
ation by the tori), the emission lines are expected to have
low equivalent widths due to their dilution fay Dopplerboost^ optical synchrotron emission: i.e.. these AGNs
would be BL Lacertae-like. but not so much that they
would be classified as BL Lac objects. However, the radioloud LBQS quasars with faint absolute magnitudes are not
close to being classified as BL Lac objects, as four out of six
have prominent emission lines, and the lines in the remain
ing two. while weaker, still have Mg n equivalent widths of
approximately 15 A fTable 2). AGNs are classified as BL
Lac objects typically when they have emission line equiva
lent widths less than 5 A (e.g.. Stocke et al, 1991). The model
does not appear to be applicable to optically selected
quasar samples, as the proposed orientation effect is not
present in the LBQS at a detectable level, and a reasonable
alternative explanation exists for the PG. although the
model may partially account for the decrease observed in
the EMSS.
6. SUMMARY

1. The distribution of radio luminosity does not depend
on absolute magnitude over most of the range of Af, in the
LBQS. The radio-loud fraction remains constant at s: 10° o
for — 28 < Mg S — 23 but rises at brighter absolute magni
tudes to (20 ± 10)% for log
> 1 and (35 + 15)% for
log LB., > 25.
2. Radio-loud fraction is nearly unevolving at a value of
s:10% in the LBQS and three high-r optically selected
samples, which together span a redshift range from r = 0.2
to redshifts approaching 5.
3. The PG survey differs significantly from several opti
cally selected samples. The sudden decrease in radio-loud

65

No. 11996

OPTICALLY SELECTED QUASARS. 01.

fraction for Af, fainter than —24 observed in the PC is not
present in the expanded LBQS sample. The fraction of
quasars with log R,> 1 in the PG for Mg > — 24 is not
significantly different from the LBQS fraction, but the PC
has a much greater percentage of radio-loud quasars at
brighter absolute magnitudes. High radio-loud fraction in
the PG relative to other optically selected samples has led
several investigators to conclude that the fraction evolves to
lower values at higher This trend is not seen in the LBQS,
which provides a single well-defined sample with wide redshift coverage (0.2 <z < 3.4). The anomalously high radioloud fraction in the PG sample remains unexplained.
4. The radio properties of the X-ray selected EMSS also
differ from those of the LBQS. The rapid rise in radio-loud
fraction observed for Mg % —24 arises primarily from a
well-established correlation between X-ray and radio lumi
nosity. However, there is still a dependence of radio-loud
fraction on M, in the redshift range 0.4 < z < 0.7, an inter
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val containing substantial numben of quasars both brighter
and fainter than Mg = — 24.
5. The behavior of the radio properties of the LBQS
quasars as a function of Mg is consistent with the existence
of two radio emission mechanisms, one correlated with
optical luminosity, the other independent.
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HUBBLE SPACE TELESCOPE IMAGING OF z a 0.4 QUASAR HOST GALAXIES SELECTED BY
QUASAR RADIO AND OPTICAL PROPERTIES'
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ABSTRACT
A sample of 16 quasars seleaed from the Large Bright Quasar Survey in the redshift range 0.4 < z < 0.5 has
been imaged in the R band with the Planetary C^era on the WFPC2 instrument of the Hubble Space Telescope.
The host galaxy magnitudes are mostly similar to or brighter than L', and the host luminosity is positively
correlated with the luminosity of the quasar nuclear component. There is no distinction in host galaxy magnitude
between radio-loud and radio-quiet quasars, assuming they are all of the same galaxy type. Many of the host
galaxies in the sample have small axial ratios, which may indicate that they are inclined disk systems.
Altemativety, this elongated appearance may be due to bars or other distinctive morphological features which are
visible while the bulk of the underlying lower surface brightness components of the host galaxy are not.
Subject heading: galaxies: active — quasars: general
1. INTRODUCTION

2. THE SAMPLE

The refurbished Hubble Space Telescope (HST) has pro
vided a substantial boost to the study of quasar host galaxies
because of its ability to resohre the inner structures of the hosts
close to the quasar nncieus. Most quasars imaged to date with
HST lie at redshifts z < (X3 and haw low to moderate nuclear
source luminosities (Bahcall, Kirfaakos, £ Schneider 1994,
1995a, 1996; Hutchings et al. 1994; Boyce et al. 1997), al
though Bahcall, Kirhakos, & Schneider (1995b) and Disney et
al. (1995) include objects with My ~ -27 in the cosmology
adopted for this paper (Ho = 50 km s"' Mpc"', % = 0.5). The
detected host galaxies are typically at least as bright as the
Schechter function's characteristic luminosity L', but several
undeteaed hosts have estimated upper limits of sL' (Bahcall
et al. 199Sb). The most recent determination of L' in the
passband is MIS = —21.8 (Lin et al. 1996). While classifying
the host galaxies as either disk or elliptical systems is often
difficult because of contamination by the quasar and the
frequent occurrence of disturbed morphologies, most hosts
detected to date in the HST observations appear to have
luminosity distributions consistent with early-type galaxies
(Disney et al. 1995; Bahcall et al. 1997; summarized in
McLec^ & Rieke 1995b). Radio-quiet quasars, which were
once thought to reside in spiral host galaxies (e.g.. Smith et al.
1986), appear to exist in both elliptical (e.g.. Hutchings &
Morris 1^5) and disk (e.g., Hiitrhings et aL 1994) systems.
Several of the basts appear to be involved in interactions or
mergers (e.g., Bahcall et al. 1995a), especially the hosts of
infrared luminous quasars (Hutchings & Morris 1995; Boyce
et al. 1997).

Candidates for this study were selected from the Large
Bright Quasar Survey (LBQS; Hewett, Foltz, & Chaffee 1995
and references therein), the largest homogeneous optical
quasar survey to date, containing over ICXX) quasars in the
redshift range 0.2 < z < 3.4. The LBQS was compiled from
digitized UK Schmidt objective-prism plates, with candidates
selected based on one or more well-defined selection criteria:
(1) blue colon (2) strong emission or absorption features; or
(3) strong continuum breaks. Advantages of the survey include
(1) a greater than 99% success rate in classifying candidates;
(2) sensitivity to almost all known types of quasars, with the
exceptions of the rare classes of objects with red featiu-eless
continua or large-amplitude photometric variations; (3) detec
tion efficiency that varies smoothly and monotonically with
redshift; (4) quantifiable selection criteria, enabling the calcu
lation of the selection probability as a function of quasar
luminosity, redshift, and spectral energy distribution; and (5)
the inclusion of candidates whose images on the discovery
plates are resolved due to an underlying host galaxy.
This last point is particvJariy important for studies such as
this one. Several previous optically selected quasar surveys
required that a candidate appear pointlike, a seeing-dependent and often subjective criterion which could potentially
exclude quasars with bright host galaxies. Quasars with typical
colors and emission-line strengths at the redshifts of the
sample selected for WFPC2 imaging satisfy the LBQS magni
tude limit and selection criteria as long as the total luminosity
of the host galaxy is approximately equal to or less than that of
the quasar (Hooper et al. 1995; Hewett et al. 1995). Since the
absolute magnitudes of the quasars in the HST sample fail in
the range -25 < M, < -23, very few known galaxies would
be excluded a priori
The radio properties of the LBQS have been studied using
pointed Very L^e Array 8.4 GHz snapshots of one-third of
the sample (359 targets), reaching a median detection thresh
old of about OJ mJy ^oopcr et al. 1996). The fraction of
radio-loud quasars (8.4 GHz limiinosity > 10^ W Hz"') is
constant at ~10% within the errors over almost the full
redshift range of the survey and across nearly the entire

' Based on observations with the NASA/ESA Hubble Spcee Tdeseope.
obtained at the Space Telescope Science Institute, which is operated by the
Assodation of Universities for Research in Astrooom>-. Inc. under NASA
contract NA5 5*26555.
• Steward Observatory. University of Arizona. Tucson. AZ 85721:
ebooper(ffas.artzona.edu, dfnpey(i!as.anzona.edu.
^ Multiple Mirror Telescope Observatory. University of Anzona. Tucson.
AZ 85721: cfoltz(i'a&.arizoQa.edu.
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TABLE 1
Risum OF WFPQ ANALYSS

Name
(1)
0020+0018
0021-0301
0100-HJ20S
1X38+0003
1149+0043
1209+1259
1218+1734
i?77+inin
1222+1235
1230-0015
1240+1754
1242-0123
120+1701
2214-1903
2348-MmO
2351-0036

r
(2)

(WH2-')
(3)

R
(quasar)
(4)

MM
(quasar)
(5)

R
C"')
(6)

MM
(r»'*)
(7)

R
(disk)
(8)

Mm
(disk)

0.423
0.422
0.393
0-500
0.466
0^18
0.445
0J98
0.412
0.470
0.459
0.491
0.459
0J97
0^
0.460

<23J0
<23J0
<23.45
25.60
<23.66
<2332
2533
<23.46
25.19
25.77
<23.47
<23.47
<23.41
<23.48
25.56
26.40

19.52
19.15
17.81
1754
1737
19.56
1836
18.46
17.86
1731
18.13
18.26
18.71
18.98
17.18
ns2

-2239
-22.75
-23J3
-2435
-24.76
-2232
-23.66
-2330
-23.98
-24.64
-23.96
-23.99
-2338
-22.77
-25.13
-24.18

1933
19.87
19S7
1933
19.17
20.20
19.63
1936
18.85
18.96
1930
1931
20.84
19.18
1937
20.07

-23.42
-22S7
-2234
-2357
-2351
-2231
-2328
-23.18
-23.81
-24.14
-2330
-23.73
-2234
-2335
-23.75
-23.02

20,17
20.67
20.70
2036
19.77
20.85
2033
2039
1935
19.65
20.40
1951
2052
19.75
2035
20.87

-22.19
-21.68
-21.47
-2234
-2184
-21.48
-22.15
-21.60
-22.74
-2258
-2Z16
-22.84
-21.64
-2Z43
-2237
-21.70

absolute magnitude range (—28 < Mt < -23). The only
changes occur at the brightest absolute magnitudes, Mt <
-28, where the radio-loud fraction rises to as30%, and there is
also a slight rise around z <= 1.
Selection of targets for WFPC2 imaging was dictated by
several desiderata: (1) a radio luminosity span typical of
optically selected quasars; (2) nearly identical redshifts to
avoid problems of interpretation due to evolution and to
provide a uniform rest-frame spatial resolution scalc; and (3)
quasar absolute magnitudes bright enough to exclude Seyfert
galaxies, yet not so bright that the nucleus completely obsoues
the host galaxy. LBQS quasars in the redshift range 0.4 < z <
0.5 satisfy these criteria. All six known LBQS radio-loud
quasars within this redshift interval were selected. These
objects have radio luminosities ranging up to 3 x 10^ W Hz'*.
Ten quasars with 8.4 GHz luminosities slO^ W Hz'', well
below the radio-loud threshold, were selected to complete the
sample. The radio-quiet quasars were chosen semiuniformly
£rom the absolute magnitude range —25 < M, < —23, an
interval containing nearly all of the LBQS quasars with
redshifts 0.4 < z < OJ.
3. DATA REDUCTION AND ANALYSIS

The quasars were centered on the Planetary Camera (PC)
(07046 pixel"') of WFPC2 and imaged through the F675W
fflter. which approximates Johnson /?. Total integration times
of 20-30 minutes were divided into three or four separate
exposures to avoid saturation of the quasar core and to
facilitate cosmic-ray removal. The gain was set to 14 electrons
per data number in all exposures. Read noise. 7 electrons on
the PC, and digitization effects dominated photon noise from
the background in all of the images. The pipeline data
reduction products were used, which arc corrected for bias,
dark current, and fiat-fielding.
The reduced data were analyzed by cross-correlating twodimensional galaxy and point-spread function (psf) models
with the data to determine the optimal values of host galaxy
fiux, exponential scale length or effective radius, axial ratio,
and position angle, as well as the quasar cemroid and flux. A
description of the general two-dimensional cioss-conelatioa
method was presented by Phillipps & Davics (1991); Boyce,

(9)

Axial Ra
(10)
0.7
0.6
03
05
0.6
0.6
0.6
03
0.6
0.4
03
0.4
0.1
03
0.4
0.4

Phillipps. & Davies (1993) discussed its application specifically
to quasar host galaxy analysis. Advant^es of this method
include higher accuracy and sensitivity than one-dimensional
profile fitting, accurate determination of the flux of the quasar
nucleus even in low signal-to-noise data where the nature of
the host galaxy is rather uncertain, and relative insensitivit>- to
missing data or the presence of other nearby galaxies. Twodimensional models consisting of a psf, generated with Ver
sion 4.1 of the "Ti^ Tim" software (K^ 1995, 1997), and
either a disk or elliptical galaxy component were repeatedly
cross-correlated with the region around the quasar in the
WFPC2 images while varying the psf and model galaxy param
eters. The set of parameters that maximized the cross-corre
lation function was adopted. The two-dimensional technique
was checked by analyzing one-dimensional profiles derived
from elliptical isophote fits to the more prominent host
galaxies, cases in which this older method is still expected to be
fairly robust. The magnitudes from the one-dimensional tech
nique were typically ssOJ mag brighter than those from the
cross-correlation.
Fluxes were converted to Johnson X using equation (8) of
Holtzman et al. (1995). This conversion has a color term of less
than 0.15 mag for typical disk and elliptical galaxy and quasar
colors at z A 0.5. Colors for galaxies and quasars, as well as
^-corrections for conversion Co rest-frame absolute magni
tudes, were obtained from Coleman, Wu, & Weedman (1980)
and Cristiani & Vio (1990), respectively. Minor (sO.l mag)
corrections were applied to the derived magnitudes to account
for charge transfer efficiency effects and for differences in the
flux measurement methods between the calibration of the
WFPC2 photometric system and the LBQS data, as described
in Holtzman et al. (1995).
4. RESin.TS

Numerical results of the analysis are presented in Table 1.
which lists, for each target. (1) the source name: (2) the
redshift from Hewctt« aL (19%); (3) the 8.4 GHz luminositv(W tfe"') from Hoopcz et al. (1995, 1996); (4) apparent and
(5) absohne /i magnitudes for the quasar nuclear component:
(6) apparent and (7) absolute fl magnitudes for the host galaxvusing an exponential disk template; (8) apparent and (9)

71

No. 2, 1997

L97

HST IMAGING OF QUASAR HOST GALAXIES

absolute R magnitudes for an r"' model template; and (10) the
axial ratio of the host galaxy. The quasar magnitudes are
relatively insensitive to the galaxy template used in the analy
sis, differing by xypicaSiy 2% or less between the two models;
the average of the derived quasar magnitudes is listed in
columns (4) and (S). The integrated host galaxy fiuxes, bowever, are typically (X5-1 mag fajntrr fior the disic model, and
both are I^ed in tbc table. Axial ratios derived from the two
models are identical in most cases, and the average is listed in
the few that are not.
Scaled two-dimensional ps&, normalized to the flux derived
for the nuclear point source, were subtracted from the images
in order to see the host galaxies better. The region around
each quasar is shown in Figure 1(Plates L12-L16) before (left
cobmn) and after (nj^ column) psf subtraction. The stretch
was adjusted to show the faint outer isophotes in most cases,
although the hard-copy reproduction quality of these faint
features is poor. Each pixel corresponds to a projected dis
tance of 310 pc at z = 0.45, the midpoint of the recbhift range
of the sample, 0.4 < z < 0.5. The psf-subtracted images con
tain a discontinuity at the center wtere the quasar component
has been subtracted. This is an artifoct of the subtraction and
is found after a scaled psf is subtracted from a stellar image.
The discontinuity often appears as a small negative feature in
the images unless the central surface brightness of the host
galaxy is relatively high. Apparent companion objects lying
very close to the quasar were included in the displayed field.
Many of the fields contain extended objects on the PC images
which are not shown here. The two pointlike features close to
the quasar OlOO-t-0205 are likely to be artifacts associated with
the diffraction spikes.
Rigorous anatysis of the uncertainties in the derived param
eters and detctminanon of the limiting magnitude of a detect
able host galaxy are challenging problems, which will be
addressed in a subsequent paper. Hwever, some information
on the reliabiliQr of the analysis tccfaoiquc and detection
sensitivity was obtained by applying the twondimensional crosscorrelation method to stars found in the Planetary Camera
quasar fields. Comparison with the quasar results is compli
cated by the fact that the stars are typically substantially fainter
than the quasars. The brightest star analyzed, in the field of
1218+1734, had /? = 20.02, 05 mag fainter than the faintest
quasars in the sample (0020+0018 and 1209+1259). The 'host
^axy" magnitudes produced for this star were = 21.71 and
a = 77 7^ for the HHpfiral and disk templates, respectively, in
each case at least 1.4 mag fainter than the results for the
quasars. One quasar, 1243+1701, had a very low axial ratio of
0.1 and an unphysically small effective radius and e:qx>oential
scale length of s300 pc. Either there is littie or no detectable
flux from the host galaxy, or the host has an unusual morphol
ogy and low surface brightness, for which the standard tem
plates are inadequate. Some extended residual emission is
seen in the psf-subtracted image of this field (Fig. 1). The small
companion very close to the quasar did not affect the analysis,
since similar results were obtained after it bad been removed
from the image. Until additional analysis is performed, it is not
certain whether a host has been detected for this quasar or
others which have faint extended emission only in the near
vicinity of the quasar nucleus. Consequently, the discussion
that follows will consider both the entire sample and a subset
consisting of the most clearly visible host galaxies.

-S3

(a) Elliptical Template
d

-22
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-24^
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• — radio loud

•

-21

•

i
• *

-8&6
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••

-84
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Uu Quasar Nucleus
Fic. 2.—Host galaxy ibsolute magnitude derived from (a) elliptical and (6)
disk templates plotted against absolute magnitude of tbe quasar nudear
oomponenL Filled drdes are radio>loud quasars* mod asterisls represent
radio-qutei sources.
5. DISCUSSION

Absolute R magnitude (Mg) of the quasar nudear compo
nent is plotted against host ^axy Aft derived from r"' and
disk templates in Figure 2, with radio-loud and radio-quiet
quasars denoted by filled circles and asterisks, respectively.
The detected host galaxies are luminous; magnitudes derived
bom r"' fits and from many of the disk fits are brighter than
AfJ = —21.8 (Lin et al. 199Q. Published values of L* differ by
up to 1 mag, but this does not alter the basic result that the
eUiptical fits are mostly brighter than the characteristic lumi
nosity, while the magnitude distribution derived from disk
templates straddles L'. Note in particular that there is not a
dominant population of low-luminosity host galaxies in the
LBQS sample. Host galaxy luminosity is positively correlated
with quasar nuclear luminosity at the 99% confidence level
for the r"' and disk template magnitudes, as indicated by a
Kendall's r test. This correlation is consistent with the exis
tence of a minimum host galaxy luminosity which increases
with quasar luminosity, a trend noted by McLeod & Rickc
(1995a, 1995b) using H-band host galaxy magnitudes in lower
redshift samples. The lower botmd to the host galaxy luminos
ities, converted to tbe R band, is about 0.5 (disk template) or
1.5 (elGptical template)
fainter than the lower luminosity
envdope of tiie LBQS boa galaxies. The host galaxy magni
tudes deviate from this trend, becoming roughly constant with
quasar magnitude, for quasars fainter than Mi, ^ —24. A
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similar break occurs at roughly the same magnitude, after
adjusting for differences in pa^and and cosmology, in the
McLeod & Rieke (199Sa, 199Sb) data. The radio-loud quasars
all lie in the brighter half of the range of quasar nuclear Mg.
This was not an effect of the selection of the radio-loud
quasars, as the majority were in the feinter half of the range of
Mg. There is no apparent distinction between the host galaxy
magnitudes of radio-loud and radio-qtuet quasars with similar
nuclear component luminosities for a single type of galaxy
template. However, if the host galaxy morphologies differ
between radio Itmiinosity classes, such that radio-loud quasars
are in ellipticals and radio-quiet nuclei reside in spiral^ then
the hosts of luminous radio sources would be consistently
brighter by about 1 mag.
The ajdal ratios derived for the host galaxies have a median
of 0 with only two objects having ratios greater than 0.6.
These values are significantly lower than is typical for elliptical
galaxies, which generally appear less elongated. A Kolmogorov-Sminov (iS) test indicates that the distribution of axial
ratios in a sample of 171 elliptical galaxies from Ryden (1992)
differs bom the LBQS results at a confidence level greater
than 99.99%. Fewer than 5% of the ellipticals have axial ratios
less than 0.6, where the bulk of the LBQS objects lie. This
result may indicate that the LBQS sample consists primarily of
inclined disk systems, which differs bom the conclusion of
several other HST imaging studies that early-type host galaxies
are prevalent, even among radio-quiet objects. McLeod &
Rieke (1994a, 1994b) did not find any host galaxies with
measurable axial ratios less than 03 in a sample drawn &om
the Palomar-Green (PG) quasar survey (Schmidt & Green
1983), even among galaxies which appeared to be spirals. They
attributed the lack of inclined disk systems to the additional
reddening of the active nucleus caus^ by this viewing geom
etry, which would cause the quasar to fail the UV-excess
selection criterion of the PG. Increased extinction would also
remove potential candidates by making them fainter than the
PG magm'rnde limit However, veiy few quasars that are
intrinsically too bright to be included in the PG would cross
the magnitude selection boundary of the survey due to extinc
tion from an inclined host, because the bright flux limit of the
PG exceeds the apparent fluxes of virtually all known quasars.
The LBQS selection is based on spectral features in addition
to color, and its bright magnitude limit is roughly coincident
with the faint limit of the PG, so it is reasonable to expect that
spiral host galaxies with higher inclinations could be included

in the LBQS. Another possibility is that the detected portions
of some of the host galaxies are bars, .particularly in the cases
of very low axial ratios. These systems could have nearly
face-on disks that are too faint to detect, leaving only the bar
components visible.
Half of the sample, the eight targets with the most obvious
host galaxies in Figure 1, was examined separately to ensure
that the major re^ts are not skewed by the lower surface
brightness host galaxies, for which only marginal emission is
seen and which may not have been detected in some cases.
This subsample contains three radio-loud quasars
(1222+1235,1230-0015, and 2348+0210) and five radio-quiet
quasars (0020+0018, 0021-0301, 1149+0043, 1222+1010,
2214—1903). The absolute magnitudes of the quasar nuclear
components in these objects span the range of the full sample.
A correlation with host gal^ luminosity is still suggested
visually, particularly among the more luminous quasars, but
the trend is too weak given the reduced sample size to produce
a significant result from the Kendall's r test (86% cotifidence).
Radio-loud and radio-quiet qtiasars with similar central com
ponent magnitudes in the subsample have similar host galaxy
luminosities when derived from the same class of galaxy
template. Only one host galaxy in the restricted sample has an
axial ratio greater than 0.6, and the flattened morphologies of
the remaining objects can be easily seen in most cases in
Figure 1. The KS test usii^ Ryden's (1992) sample of elliptical
galaxies was repeated, with the conservative assumption that
the host galaxies not included in the subsample had relatively
round morphologies closely matching the a:^ ratio distribu
tion of the ellipticals. The two distributions were different at
greater than the 99% confidence level, indicating that there is
a significant component of clearly flattened systems in the
LBQS sample.
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