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ABSTRACT 

The rest-frame ultraviolet spectral properties of matched samples of radio-loud, radio-moderate, and 
radio-quiet quasars are investigated, using quasars drawn from the Large Bright QSO Survey. We 
confirm the absence of spectral differences between radio-loud and radio-quiet quasars at rest-frame 
wavelengths longward of 1600 Á, as reported by previous authors. However, at shorter wavelengths we 
find a significant difference: radio-loud quasars have narrower (96% confidence), higher 
equivalent-width (97% confidence) Lyman-a and C IV emission lines. We further investigate quasars 
which are radio quiet, but have radio-to-optical flux ratios at the upper extreme of the radio-quiet 
population. Broad absorption line quasars are overabundant by a factor of —10 in this radio-moderate 
population; the overabundance is significant at a 99.99% confidence level. 

1. INTRODUCTION 

The dichotomy in the radio properties of quasars is one 
of the oldest and most enduring problems of the field. The 
ratio of the radio to optical power of quasars spans more 
than four orders of magnitude, and is clearly bimodal 
(Kellerman et al 1989; Visnovsky et al 1992; Hooper 
et al 1993; Stocke et al 1992). Radio-loud quasars may 
have an excess of associated absorption lines (Foltz et al 
1986) and strong, flat spectrum x-ray emission (Lawson 
etal 1992). 

Despite the great differences at radio wavelengths, the 
optical spectra of radio-loud and radio-quiet quasars are 
remarkably similar. Boroson & Green ( 1992) find that low 
redshift radio-loud quasars tend to have strong [O Hi] 
emission and weak optical Fe II emission compared to the 
radio-quiet quasars, but neither Steidel & Sargent (1991) 
nor Corbin ( 1992) find any compelling spectral differences 
in higher redshift quasars. Baldwin etal (1989) identify 
possible differences, but they are unable to distinguish be- 
tween trends with radio power and with optical luminosity. 

In this paper we investigate the rest-frame UV spectra 
of well matched samples of radio-loud, radio-moderate, 
and radio-quiet quasars, all drawn from a homogeneous 
optically selected quasi-stellar object (QSO) sample, the 
Large Bright QSO Survey (LBQS). This paper probes 
shorter rest-frame wavelengths, and lower radio-to-optical 
flux ratios, than any existing work. The survey and obser- 
vations are described in Sec. 2, the analysis techniques and 
results in Sec. 3, and the results are discussed in Sec. 4. 

2. OBSERVATIONS 

All the quasars analyzed in this paper are drawn from a 
single optically selected sample, the LBQS. This ensures 

Observations reported here were obtained with the Multiple Mirror Tele- 
scope, a facility jointly operated by the Smithsonian Institution and the 
University of Arizona, and with the Las Campanas Observatory, a facility 
of the Carnegie Institution of Washington. 

that they are well matched in redshift and luminosity, and 
that the spectral observations are of uniform quality. The 
LBQS consists of data on 1018 quasars, with redshifts 
0.2<z<3.4 and apparent photographic Bj - band magni- 
tudes 16.0<wj9y< 18.85. A description of the survey selec- 
tion, the observing procedures and plots of all the spectra 
can be found in Foltz etal (1987, 1989), Hewett etal 
(1991), Chaffee etal (1991), and Morris etal (1991). 
The quasars are selected from objective prism plates using 
a variety of criteria, and the survey has proven to be sen- 
sitive to all known types of quasars, with the possible ex- 
ception of red BL Lac objects. Comparisons with surveys 
selected using different techniques and at different wave- 
lengths suggest that the LBQS is highly complete within its 
redshift range. 

LBQS spectra were obtained using the Multiple Mirror 
Telescope, whose data provide a spectral coverage of 3200- 
7400 at 6 Á resolution, and with the Du Pont Telescope of 
the Las Campanas Observatory (3200-6800 Á at 10 Á 
resolution). Each quasar was observed until a signal-to- 
noise ratio of —10 was obtained in the rest-frame wave- 
length region nearest to 4000 Á in the observed frame. 
Blue magnitudes accurate to 0.15 mag were obtained by 
automated scans of UK Schmidt direct plates, calibrated 
by CCD imaging. Note that due to the small apertures 
used in the MMT observations, the large-scale continuum 
energy distributions of some of the spectra are unreliable, 
and thus no attempt has been made to investigate contin- 
uum properties in this paper. 

255 optically bright quasars were selected for radio ob- 
servation. The sub-sample was chosen to cover the whole 
range of LBQS redshifts, without reference to the spectral 
properties. Observations were made with the Very Large 
Array2 ( VLA) at a frequency of 8.4 GHz, using the C and 
C/D array configurations, and the integration times 

2The Very Large Array (VLA) of the National Radio Astronomy Ob- 
servatory is operated by Associated Universities, Inc., under a cooperative 
agreement with the National Science Foundation. 
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Table 1. LBQS quasars from the MG catalog 

LBQS Name MG Name Other Name 

0056+0009 
0100-2702 
0106+0119 
1012+0213 
1130+0032 
1137+0110 
1210+1324 
1215+1121 
1218+1734 
1226+1035 

0059+0006 

0108+0134 
1015+0158 
1133+0015 
1140+0053 
1213+1307 
1218+1104 
1220+1718 
1228+1018 

PHL 923 
PKS 0100-270 
PKS 0106+01 
PKS 1012+022 

DW 1211+13 
MC 1215+113 

MC 1226+105 

ranged from 7 to 11 min. A full account of the radio ob- 
servations can be found in Visnovsky et al (1992) and 
Hoopers a/. (1993). 

Radio maps were processed with a point-source detec- 
tion algorithm; a quasar was listed as detected if the mea- 
sured flux exceeded three times the standard deviation of 
the noise, and if the positional agreement between the radio 
and optical positions was better than 2 arcsec. Given this 
3(7 flux limit, ~2 spurious detections are expected. The 
expected number of chance positional coincidences is less 
than 0.05 in the whole sample (Visnovsky et al 1992). 
Fluxes include only the component unresolved on a scale 
of ~3 arcsec, however, fewer than 20% of the detections 
have discernible extended emission, and in no case does the 
extended flux exceed 50% of the core flux. Radio-to- 
optical flux ratios are constructed between the rest-frame 
Johnson B band and rest-frame 8.4 GHz. Optical k cor- 
rections were computed from a LBQS composite spectrum 
(Francis et al 1991), and radio k corrections assumed a 
spectral index a= —0.5 (/voc va). 

In order to enlarge the sample of radio-loud quasars, the 
remainder of the LBQS not observed with the VLA was 
checked for positional coincidences with the 5 GHz MIT- 
Greenbank (MG) survey (Bennett et al 1986). Ten coin- 
cidences to within two standard deviations of the radio 
positional accuracy were found; 0.36 would be expected by 
chance. One additional LBQS quasar was identified as ra- 
dio loud by positional coincidence with a Parkes radio 
source listed by Veron-Cetty & Veron (1987). These ad- 
ditional detections (with the exception of one which was 
also detected with the VLA) are listed in Table 1. 

3. RESULTS 

45 quasars (18%) were detected by the VLA measure- 
ments. The distribution of quasars as a function of optical 
luminosity and redshift is discussed by Hooper et al 
(1993); for the purposes of this paper we consider only 
radio-to-optical flux ratios. The redshift and luminosity 
distributions of detected and undetected sources do not 
differ significantly. 

Fig. 1. Distribution of radio-to-optical flux ratios R for the quasars with 
VLA observations. The histogram shows the distribution of the quasars in 
R, corrected for the sample completeness as described in the text (left- 
hand axis). The dotted line shows the percentage completeness of the 
survey as a function of R (right-hand axis). The uncorrected number of 
quasars is shown as the lower bars in the histogram columns; the differ- 
ence between corrected and uncorrected distributions is invisible for 
log10(^)>0.5. 

Despite the large fraction of the quasars with only upper 
bounds on their radio fluxes, limits can be placed on the 
distribution of the radio-to-optical flux ratios R. The 
method is this; due to the uneven sensitivity of the obser- 
vations and the range of optical luminosities, a small num- 
ber of the observations are sensitive to quasars with radio- 
to-optical flux ratios as small as log10(R) = —0.5, whereas 
most are sensitive only to quasars with radio-to-optical flux 
ratios greater than log10(R ) > 0.1. Using the distribution of 
the limiting radio-to-optical ratios, the fraction of the qua- 
sars which would have been detected if they had had a 
given radio-to-optical ratio can be computed. This com- 
pleteness fraction is then used to correct the number of 
detected quasars in each bin of radio-to-optical flux, yield- 
ing an estimate of the true distribution of radio-to-optical 
fluxes. For example, three quasars are observed to have 
—0.3>log10(ii) > —0.4, while only 3% of the observa- 
tions are sensitive to R values this low. Thus if the whole 
sample had been sensitive to such small R values, ~ 3/0.03 
= 100 would have been seen. Note that sidelobes in the 
VLA maps containing strong sources make accurate error 
determination impossible. The completeness fraction has 
thus been computed using only the 242 observations in 
which no object with Æ > 100 was detected. As nothing was 
known a priori about the radio properties of the quasars, 
the noise properties of the observations with strong detec- 
tions will not greatly differ from the rest. 

This corrected distribution of radio-to-optical fluxes R 
is shown in Fig. 1, along with the uncorrected distribution 
and the completeness fraction. The distribution is reason- 
ably well defined for log10(iO £0 and two populations are 
clearly distinguished, a radio-loud population with 
log10(iO > 1.2 and a radio-quiet population with log10(Ä) 
<0.7. This well-known bimodality occurs at the same 
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value of the radio-to-optical flux ratio as reported by other 
authors (e.g., Kellerman 1989; Stocke et al 1992). 

None of our observations probe radio-to-optical flux ra- 
tios below log10(R) = —0.6, and so the shape of the distri- 
bution at these low values is undefined. However, a large 
fraction of the few observations going as deep as 
log10(R) 0.5 are detections. For example, three of the 
seven quasars observed to log10(R) < —0.3 were detected, 
and the one quasar observed to log10(R) < —0.5 was de- 
tected. This suggests that over half of the survey quasars 
may have — 0.6<log10(R) < — 0.3. If this is the case, few 
quasars remain to have log10(R) < —0.6, though those few 
could have extremely low values of R. 

For the purposes of this paper, we define three quasar 
sub-samples. Radio-loud quasars are those with 
log10(R) > 1.0, radio quiet have log10(i?) <0.2 with radio- 
moderate quasars have 0.2 <log10(J?) < 1.0. The value of 
log10(iO=0.2 for the divide between radio-moderate and 
radio-quiet quasars is chosen because the radio detections 
are 75% complete above this value; the results reported in 
this paper are insensitive to the exact value selected. The 
two quasars with upper limits above log10(R) = 1.0 are not 
used, and the 44 quasars with upper limits in the range 
0.2 <log10(^) <1.0 are classed as radio quiet, though it is 
expected that —4 will actually be radio moderate. 

3.1 Broad Absorption Lines 

The one well-established relation between radio proper- 
ties and optical spectra is the absence of radio-loud broad 
absorption line quasars (BALQSOs, e.g., Stocke eiö/. 
1992). Given the limited signal-to-noise ratio and resolu- 
tion of our spectra, it is not always possible to unambigu- 
ously decide if a given quasar is a BALQSO. Luckily, 
Weymann et al (1991, hereafter referred to as 
PALBAL) obtained high quality optical spectra of 23 
LBQS BALQSOs with redshifts above 1.5 as a part of their 
study of the spectral properties of BAL and non-BAL qua- 
sars. They applied a consistent technique to decide if their 
objects were BALQSOs, and we adopt their list. Ten of our 
objects are listed as definite BALQSOs by their criteria, of 
which one (1235 +1807B) is a low-redshift Mg II 
BALQSO. 

None of our 12 radio-loud quasars with redshifts above 
1.5 are listed as BALQSOs in PALBAL. Indeed, a visual 
inspection of the spectra reveals no definite or possible 
BAL features in any of the radio-loud quasars regardless of 
their redshift. Our data are thus consistent with the ab- 
sence of radio-loud BALQSOs. 

A very different picture emerges amongst the radio- 
moderate quasars. Of the six radio-moderate quasars with 
redshifts greater than 1.5, four are listed as BALQSOs in 
PALBAL. Only nine of the 111 quasars with detections or 
upper limits in the range log10(R) <1.0 (i.e., radio mod- 
erate or radio quiet) and redshifts above 1.5 are listed as 
BALQSOs by PALBAL. Given this frequency of 
BALQSOs, the binomial probability of finding four or 
more BALQSOs in any randomly selected sample of six 
quasars is 6x 10“4. We conclude that the fraction of radio- 

419 

moderate quasars with BAL features is significantly higher 
than in the radio-quiet population, confirming a tentative 
suggestion of Stocke et al. (1992). The mean absolute 
magnitudes of the radio-moderate and radio-quiet samples 
differ by only 0.03 mag., so luminosity differences should 
not affect this conclusion. Note also that the low-ionization 
BALQSO 1235+1807B has a radio-to-optical flux ratio 
log10(/O =0.5, making it one of the strongest radio emit- 
ters of the radio-moderate population. 

The above analysis relies upon selecting a somewhat 
arbitrary dividing line between radio-moderate and radio- 
quiet quasars, and makes no use of the information con- 
tained in the upper limits. To check this result, we there- 
fore used a survival analysis technique: the Gehan Statistic. 
The Gehan Statistic (Feigelson & Nelson 1985) is a gen- 
eralization of the nonparametric Wilcoxon test statistic to 
data with upper limits. We excluded radio-loud quasars 
from the analysis. The two-sided probability that the 
BALQSO and non-BALQSO samples have R values drawn 
from the same distribution was 1.2 X 10-7. If the alterna- 
tive Log-Rank weighting scheme is used, the probability 
remains very low; 1.8 X10-5. We conclude that the excess 
radio-to-optical ratios of the BALQSOs are not an artifact 
of the definition of “radio moderate,” and that including 
upper-limit information enhances the significance of this 
result. 

Are any of the BALQSOs definitely radio quiet? Three 
of the PALBAL BALQSOs have upper limits 
logioW <0.2 and one has log10(.Æ) <0.0, so at least some 
radio-quiet quasars are BALQSOs. 

Could the preponderance of BALQSOs in the radio- 
moderate population be simply due to their faintness in the 
optical caused by the absorption troughs? The BAL ab- 
sorption will depress the optical magnitude and thus en- 
hance the ratio R. The size of this effect was estimated by 
interactively measuring the equivalent widths of all BAL 
troughs lying within the Bj passband, in the radio- 
moderate BALQSOs. The BAL troughs reduced the Bj 
flux by between 6% and 40% with a median loss of 16%, 
which as Fig. 1 shows is too little to generate the radio- 
moderate population by enhancing the R values of radio- 
quiet quasars. Note however that if Mg II BALQSOs are 
dusty, as suggested by Sprayberry & Foltz (1992), their 
optical fluxes could be greatly suppressed, leading to the 
high observed R. An extinction factor of —5 at 1500 A 
would suffice to put most Mg II BALQSOs in the radio- 
moderate population, even if their intrinsic spectra were 
identical to those of radio-quiet quasars. 

The sample is too small to test for differences in the 
strength and shape of the BAL troughs between radio- 
moderate and radio-quiet quasars, but we note in passing 
that the mean “balnicity index” as defined by PALBAL is 
higher in radio-moderate BALs, but that they have a 
smaller “detachment index.” Neither difference is statisti- 
cally significant at the 2a level. 

3.2 Emission-Line Properties 

The measurement of emission-line parameters is a no- 
toriously subjective process (Francis 1991), and for this 
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reason we compared the emission-line properties of radio- 
loud and radio-quiet quasars in three distinct ways: by 
forming composite spectra, by direct measurement, and by 
principal components analysis (PCA). 

3.2.1 Composite spectra 

Composite spectra of the radio-loud and radio-quiet 
populations were constructed as a first look at the data. 
BALQSOs were excluded from the composites; this meant 
that too few radio-moderate quasars remained to give a 
meaningful comparison, so they were combined with the 
radio-quiet population. Using redshifts derived from cross- 
correlation with the composite spectrum of Francis et al 
(1991), each spectrum was shifted to its rest frame and 
rebinned on a uniform wavelength scale. For each of three 
rest-frame wavelength regions, all the spectra showing the 
entirety of that region were normalized to have unit flux 
over that wavelength region and were summed. The vari- 
ance of the spectra summed to give each bin was also re- 
corded. 

The rest-frame wavelength regions used were: 1150- 
1650 À (the 79 radio-quiet and 8 radio-loud quasars with 
3.5>z> 1.8 contributed), 1700-2150 Â (the 124 radio- 
quiet and 21 radio-loud quasars with 2.44>z> 0.9 contrib- 
uted), and 1900-3050 Â (the 53 radio-quiet and 14 radio- 
loud quasars with 1.4>z>0.7 contributed). All results 
were checked by constructing composites with narrower 
rest-frame wavelength coverages (centered on emission 
lines) and hence more contributing spectra. In no case did 
these narrow-coverage composites differ appreciably from 
the wide wavelength-range composites. 

The composites are shown in Fig. 2. Differences in con- 
tinuum slope may be artifacts of the narrow apertures and 
large airmasses of certain observations. No difference be- 
tween the radio-loud and quiet quasars is seen at the wave- 
lengths of Mg II and C III]. There is possibly a small dif- 
ference at around 2300 A in a blend of Fe II emission 
(Wills et al 1985), N v may be slightly stronger in the 
radio-quiet composite, but both Civ and Lyman-a are 
clearly stronger in the radio-loud composite. 

Could the excess equivalent-widths of CIV and 
Lyman-a be due to the Baldwin effect, the well known 
tendency of brighter quasars to have lower equivalent- 
width CIV? The radio-loud quasars with redshifts high 
enough to see CIV have an average absolute magnitude 0.1 
mag brighter than that of the radio-quiet sample, so the 
Baldwin effect works in the opposite sense to the correla- 
tion noted here. 

3.2.2 Direct parameter measurements 

The composite spectra provide a model-free look at the 
spectral differences between the classes, but they are insen- 
sitive to some line-profile changes and can be badly affected 
by small numbers of extreme spectra. For this reason, line 
parameters were measured directly for Lyman-a, N v, 
C IV, and Fe n. BALQSOs were excluded from the mea- 
surements. Equivalent widths W were measured as de- 
scribed in Francis (1993) using the same continuum win- 
dows and integration limits for Lyman-a, C IV, C ill] and 
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Mg II. For N v, continuum windows were 1150-1180 and 
1250-1300 Â, and the integration limits were 1230-1250 
A; these limits will include substantial flux from Lyman-a. 
For Fe II, continuum windows were 2200-2300 Â and 
2500-2600 A, and the integration limits were 2300-2500 
A. Note that the integration limits for Fe II are narrower 
than conventionally employed; they were chosen to con- 
centrate on the Fe II blend showing the maximum differ- 
ence between the radio-loud and quiet composite spectra 
(Fig. 2). Results are shown in Table 2. In addition, peak 
heights (the ratio of the line peak flux to the underlying 
continuum flux) and velocity widths (full width at half 
maximum height, FWHM) were measured interactively 
for all the CIV profiles. C IV was chosen as the one rela- 
tively unblended line for which a difference was seen in the 
composite spectra. For C III] the direct parameter mea- 
surement showed differences between the mean equivalent 
widths of the radio-loud and quiet samples, which were not 
seen in the composite spectra. The differences proved to be 
strongly dependent on the placing of the continuum win- 
dows, and could go in either sense. A small number of 
radio-loud quasars observed at high airmass and with red- 
shifts such that the emission line appeared at a very blue 
observed-frame wavelength were responsible for the dis- 
crepancy. When these objects were removed, no discrep- 
ancy remained, and the composite spectra (Fig. 1) show 
no features at the wavelengths of these lines. We therefore 
assign the radio-loud population the same mean equivalent 
width as is measured for the radio-quiet population. 

Table 2 shows that the only differences significant at the 
2a level are the equivalent widths of Lyman-a and CIV. 
To further test the reality of these excesses, a Kolmogorov- 
Smimov (KS) test was carried out on the equivalent-width 
distributions. This test is insensitive to small numbers of 
extreme spectra. The two-sided probabilities of obtaining 
differences this large were 9% for CIV and 7% for 
Lyman-a, so the equivalent-width excesses are of marginal 
significance. 

The peak heights and velocity widths of C IV are shown 
in Fig. 3. Peak heights and widths strongly anticorrelate 
(Francis et al 1992), and radio-loud and moderate objects 
are strongly concentrated toward low velocity widths. The 
mean velocity width (FWHM) of the 12 contributing 
radio-loud quasars is 5000 ±570 kms-1, of the 3 radio- 
moderate quasars 4500 ±950 km s_1 and of the 106 radio- 
quiet quasars 6700±260 km s-1. A KS test on the distri- 
butions yields a two-sided probability of the FWHM 
distributions of radio-loud and quiet quasars being drawn 
from the same population of 4%. The radio-moderate pop- 
ulation is too small for the differences to be significant. 
Note that the one radio-loud quasar with a FWHM greater 
than the mean of the radio-quiet population is not a mea- 
surement error. 

Thus the excess line emission of Lyman-a and C IV 
radio-loud quasars is significant at a 90% confidence level, 
and the narrowness of C IV in radio-loud quasars is signif- 
icant at a 96% confidence level, based on these data alone. 
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Fig. 2. Composite spectra of the radio-loud and quiet populations. Three different rest-frame wavelength regions are shown. The top 
panel in each shows the composite radio-loud spectrum (solid line), the composite radio-quiet spectrum (dotted line), and the standard 
deviation of the radio-quiet spectra (dashed line at the bottom). The bottom panel in each shows the difference A between the radio-loud 
and the radio-quiet composites (loud minus quiet). 
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Table 2. Emission-line equivalent widths. 

Line Number 
Loud Quiet 

Equivalent Width W (Â) 
Loud Quiet 

Lyman-a 
N V 
C IV 
C III] 
Fe I I 
Mg II1 

7 
7 
12 
21 
18 
18 

78 
78 
122 
124 
103 
98 

58 ±9.8 
17 ± 1.8 
28 ± 3.6 
19 ± 1.4 
15 ± 1.6 
64 ±4.2 

37 ±2.0 
20 ±0.5 
19 ±0.7 
19 ±0.6 
14 ±1.4 
67 ±2.7 

3.2.3 Principal components analysis 

The narrow (—2500 kms-1), strongly peaked, high 
equivalent-width high ionization lines seen in the radio- 
loud population are the defining characteristics of the 
narrow-line QSO sub-class (NLQSOs, Baldwin et al 1988; 
Francis et al 1992). Indeed the difference spectrum be- 
tween radio-loud and radio-quiet quasars (Fig. 2) bears a 
strong resemblance to the principal component used to 
define the NLQSO class in Francis et al Can the emission- 
line differences between radio-loud and radio-quiet quasars 
be explained simply by an overabundance of NLQSOs in 
the radio-loud population? 

In Francis et al (1992) the NLQSO class is identified 
by its strong first component weight in the classification 
scheme defined in that paper. The mean first component 
weight of the 8 radio-loud quasars analyzed is 2.36 ± 1.19, 
while that of the 72 radio-quiet quasars is —0.08 ±0.29. 

Table 3. Comparison with other authors. 

Ratio W(loud)/W(quiet) 
Line LBQS Corbin Steidel fc Sargent Weighted Mean 

C IV 1.47 ±0.24 1.17 ±0.27 
C III] 1.00 ±0.11 1.13 ±0.28 
Fell 1.06 ±0.23 1.27 ±0.15 
Mg II 0.96 ± 0.12 

1.30 ±0.21 1.32 ±0.14 
0.92 ±0.10 0.96 ±0.07 

1.22 ±0.12 
1.06 ±0.13 1.01 ±0.09 

The difference is thus 2.44 ±1.22, significant at the la 
level. A KS test yields a 6.6% two-sided probability that 
the two samples were drawn from the same population. 
Alternatively, note that of the five most extreme NLQSOs 
(first component weight>4), three are radio-loud (and 
another is radio-moderate), although the radio-quiet sam- 
ple is nine times bigger than the radio-loud sample. Visual 
inspection shows that only one of the radio-loud quasars 
(1323—0248) is definitely not a NLQSO, and two more 
are borderline cases. 

The conclusion is that NLQSOs are overabundant in 
the radio-loud population. The correspondence between 
NLQSOs and radio-loud quasars is not, however, perfect. 

3.2.4 Comparison with existing work 

Both Steidel & Sargent ( 1991 ) and Corbin ( 1992) have 
analyzed the emission-line properties of C IV, C III], Fe II, 
and Mg II in radio-loud and radio-quiet quasars without 
finding significant differences. Is the discrepancy signifi- 
cant, and what does the combined data-set tell us? 

3.5 
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Fig. 3. Peak heights (the ratio of the flux at the line peak to the flux in the underlying continuum) and velocity 
widths (FWHM) for the C iv emission line of all non-BALQSO quasars with radio observations. Filled circles 
are radio-loud quasars, filled triangles are radio-moderate quasars and crosses are radio-quiet quasars. 
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Table 3 shows equivalent width (fV) data compiled 
from their papers and from this work. As the methods of 
measuring equivalent widths and the quality of the spectra 
differ greatly between the surveys, we have not attempted 
to compare the equivalent widths directly. Instead, we 
show the ratios of the equivalent widths in the radio-loud 
population to the equivalent widths in the radio-quiet pop- 
ulation. We have used the comparison between the LBQS 
and the PKS sample from Corbin’s paper, and have as- 
signed errors to his LBQS values using his sample size and 
the standard deviations we measure from the same sample. 
Our data are inadequate for deblending the feature on the 
blue wing of C ill], but the weakness of this feature means 
that it does not invalidate the comparison with Sargent and 
Steidel’s deblended data. 

The first conclusion to be drawn from Table 3 is that all 
the measurements agree to within a standard deviation. 
Second, note that both Corbin and Steidel & Sargent find 
excess emission in CIV; while it is not statistically signifi- 
cant in either paper individually, combining the data en- 
hances the significance of the result. The combined data on 
Cm] and Mg II confirm the similarity of these lines in 
radio-loud and quiet quasars, and tighten the limits on how 
much they can differ. Corbin confirms our detection of a 
marginal excess in the Fe II emission at around 2400 Â, but 
even with the combined data the excess is only significant 
at the 1.8í7 level. 

The good agreement between different authors is not 
seen in the velocity width measurements. Corbin reports 
CIV velocity widths 30% larger in radio-loud quasars (the 
PKS sample) than in radio-quiet (the LBQS sample); the 
opposite sense to that reported here. However, his other 
comparison (BQS vs Corbin’s observations) gives a con- 
trasting result; marginally broader lines in the radio-quiet 
sample. The LBQS measurement in his first comparison 
gives a substantially lower width than our measurements of 
the same sample: the difference may result from his mea- 
suring the width not from the individual spectra, but from 
a composite spectrum. 

A final caution: The majority of the radio-loud quasars 
in both Steidel & Sargent and Corbin were selected by 
surveys at longer wavelengths and much lower sensitivity 
than the radio observations reported here. The differences 
may reflect a different balance between steep and flat- 
spectrum sources, or some correlation with radio power. 

4. DISCUSSION 

4.1 Broad Absorption Line Quasars 

A popular model for BALQSOs is that all radio-quiet 
and radio-moderate quasars have BAL clouds covering 
~ 10% of the sky as seen from the central engine. This 
naturally explains the essential similarity of the optical 
spectra of BALQSOs and normal quasars (PALBAL). To 
explain the abundance of BALQSOs amongst the radio- 
moderate population, however, stronger radio emission 
must be seen when observing on lines of sight that pass 
through the BAL clouds. This might occur if the radio 
emission came from a relativistic jet, and if the BAL clouds 
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were concentrated near the jet axis. Note that this model 
does not purport to explain radio-loud quasars; they can- 
not be part of this unification scheme for radio-moderate 
and radio-quiet quasars. 

How fast must the radio jet be to generate the necessary 
anisotropy? The bulk of the radio-quiet population lies at 
log10(iO 0.5 (Fig. 1), and the radio-moderate quasars 
have log10(Ä) as high as 0.6. We therefore need a factor of 
~ 10 variation in Ä as a function of orientation. If the 
optical emission is isotropic, and the radio-flux comes from 
a tightly collimated two-sided jet, the radio-emitting mate- 
rial must be traveling with i;~0.6c(y~ 1.3) to generate the 
necessary anisotropy by relativistic beaming, assuming a 
radio spectral index a of —0.5. The jet is thus only mod- 
erately relativistic. 

As the jet is only moderately relativistic, it will beam the 
radio flux into a wide solid angle, so a large fraction of 
quasars will be radio-moderate. If the peak of the radio- 
quiet population lies at around log10(iO 0.5, as sug- 
gested by Fig. 1, then this represents the flux from quasars 
observed at 90° to the jet axis. Given jets with y —1.3, and 
assuming that the optical radiation is isotropic, about 20% 
of quasars will have jets pointing near enough to the line of 
sight that they will appear radio moderate. Allowing for 
the sample completeness, —45 quasars should have been 
observed with 0.2<log10(i?) < 1, but only 10 were seen, a 
discrepancy significant at the 99.9% confidence level. 

The simple beaming model thus significantly overpre- 
dicts the numbers of radio-moderate quasars. A less colli- 
mated beam would only increase the predicted fraction of 
radio-moderate quasars. This result, however, assumed 
that the optical radiation was isotropic. Any anisotropy in 
the optical radiation will bias an optically magnitude- 
limited sample such as the LBQS toward quasars with par- 
ticular orientations. BAL clouds near the jet axis will di- 
minish the optical flux, causing pole-on quasars to drop out 
of the survey. Typical BAL troughs only diminish the op- 
tical flux by —20%, which given the steepness of the qua- 
sar luminosity function will cut their observed numbers by 
a factor of —2 (Francis 1993). Furthermore, at redshifts 
below 1.7, the BAL absorption does not appear in the Bj 
band, so over half the survey quasars are not affected. Thus 
at most, the BAL absorption will reduce the predicted 
numbers of radio-moderate quasars by 25%, insufficient to 
bring the model into agreement with the observations. 

If the rest-frame UV flux comes from an accretion disk, 
or from a jet, it will be significantly anisotropic, and qua- 
sars observed down the jet axis will have enhanced optical 
luminosities. This has two opposite effects on the predicted 
distribution of R. First, because the radio and optical fluxes 
are anisotropic in the same sense, the jet needs to be more 
strongly relativistic to give the same range in Ä. A more 
relativistic jet will beam its radio flux into a smaller solid 
angle, reducing the predicted numbers of radio-moderate 
quasars. On the other hand, quasars beamed toward us will 
be over-represented in the survey, due to their optical 
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brightness. To evaluate the relative importance of these 
two opposing effects, we assume that the observed optical 
flux varies by a factor of three with orientation angle, the 
greatest anisotropy allowed by the equivalent-width distri- 
bution (Francis 1993). A radio-jet with y =1.7 is now re- 
quired to generate the observed range of R. This reduces 
the predicted number of radio-moderate quasars by a fac- 
tor of two. However, the quasars viewed down the radio 
axis are three times brighter than those viewed from per- 
pendicular to it, and will be over-represented in the sample 
by a factor of ~50 (Francis 1993), far outweighing the 
effects of the higher jet velocity. We therefore conclude 
that relativistic beaming cannot unify radio-quiet and 
radio-moderate quasars. 

One alternative to the orientation model for BALQSOs 
is to say that they are in some intrinsic way different from 
other radio-quiet quasars. An orientation model, in which 
all radio-quiet quasars are BALQSOs when viewed from 
the right orientation, is still possible if we relax the assump- 
tion that all BALQSOs have identical BAL cloud covering 
factors. Radio moderate quasars have ~10x the radio 
flux of radio-quiet quasars, and BALQSOs are ~10x 
more common amongst them. If we allow radio-quiet qua- 
sars to have a factor of ten dispersion in their BAL cloud 
covering factors, and if the radio-flux is proportional to the 
BAL cloud covering factor, radio-quiet quasars will have 
~5% covering factors of BAL clouds, while radio- 
moderate quasars will have covering factors as high as 
50%, as observed. The physical problem is now to explain 
why the covering factor of BAL clouds should be roughly 
proportional to the radio flux. 

We conclude that models in which all radio-quiet and 
radio-moderate quasars have the same BAL cloud covering 
factor cannot explain why radio-moderate quasars tend to 
be BALQSOs. Either BALQSOs are a quite separate sub- 
population, or BAL cloud covering factors must vary be- 
tween quasars, and the radio flux must be proportional to 
the BAL cloud covering factor. 

4.2 Narrow-line Quasars 

As shown in Sec. 3.2.3, the observed emission-line dif- 
ferences between radio-loud and radio-quiet quasars can be 
interpreted as resulting from an overabundance of narrow- 
line quasars (NLQSOs) in the radio-loud population. If a 
NLQSO is defined as any quasar with a first component 
weight in the Francis et al. ( 1992) classification scheme of 
more than 2.5, then —70% of radio-loud quasars are 
NLQSOs, as opposed to —12% of radio-quiet quasars. 

NLQSOs are characterized by strong narrow 
(FWHM~2500 km s_1) cores on their C IV and Lyman-a 
emission lines. Note that while these cores are narrow in 
comparison with typical broad emission lines, they are sub- 
stantially broader than classical narrow emission lines such 
as [O III]. The line wings and other emission lines differ 
little between NLQSOs and normal quasars,and NLQSOs 
lie on the tail of the normal distribution of quasar spectral 
properties, rather than being an entirely distinct sub-class. 
Francis et al. (1992), Francis (1993), and Baldwin et al 
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(1988) argue that NLQSOs cannot be normal quasars 
viewed from some special orientation. 

NLQSOs may therefore have an intrinsic difference in 
their broad emission-line regions. The observations can be 
satisfied if, in addition to a perfectly normal broad-line 
region (BLR), these quasars have an additional set of 
emission-line clouds outside the normal BLR. These extra 
clouds would have roughly half the velocity dispersion of 
the normal BLR, a high density (p> 1011 cm-3) to elim- 
inate C III] emission, a low column density to prevent x-ray 
excitation of Mg II and a moderate ionization parameter; 
high enough to excite C IV but not high enough to excite 
N V. Support for this model comes from the variability 
mapping observations of Clavel (1991), in which the 
emission-line cores are found to lag the emission-line 
wings. 

The question remains: why are these excess BLR clouds 
found preferentially in radio-loud and radio-moderate qua- 
sars? The radio jets may generate these clouds, perhaps by 
interacting with the interstellar medium, or both the radio- 
emission and the clouds may be caused by some underlying 
parameter such as host galaxy type or the specific angular 
momentum of the accreting material. 

Can NLQSOs have broad absorption lines? As the BAL 
troughs absorb Lyman-a this is not straightforward to 
measure. However, at least one LBQS quasar, 1314+0116, 
is both a BALQSO (as defined by PALBAL) and shows 
strong narrow C iv emission. The similarity between the 
emission-line properties of BALQSOs and normal quasars 
found by PALBAL further argues that NLQSOs must oc- 
cur amongst the BALQSO class with approximately nor- 
mal frequency. 

4.3 Low Ionization Emission Lines 

This paper confirms the remarkable similarity between 
the Mg ll and C ill] emission-lines of radio-quiet and 
radio-loud quasars. The absence of measurable differences 
in these lines, compared to the strong differences found for 
Lyman-a and CIV, is evidence in favor of the two- 
component models of the broad-line region (e.g., Collin- 
Souffrin et al. 1988), in which high and low ionization 
lines arise in different physical regions. 

A caution: the quasars used to study Mg II and C ill] 
have lower redshifts and luminosities than those used to 
study the high ionization lines. The difference in their be- 
havior may thus be an evolutionary or luminosity effect. 
The emission-line properties of the LBQS as a whole do 
not, however, show any strong dependence on luminosity 
or redshift (Francis et al 1992). 

The similarity in the equivalent width of Mg ll is par- 
ticularly surprising in light of the observed high x-ray-to- 
optical flux ratios of radio-loud quasars (Lawson et al 
1992 and references therein). Radio-loud quasars typically 
have double the x-ray-to-optical flux ratios of their radio- 
quiet counterparts, while their Mg II equivalent widths 
agree to within 10% (Table 3). While the x-ray observa- 
tions are for much lower redshift, less luminous quasars 
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than those in the LBQS, this result suggests that x-ray 
heating is not a dominant process in creating low- 
ionization lines. 

5. CONCLUSIONS 

The three major conclusions of this paper are: 
(1) Radio-loud and radio-quiet quasars have remark- 

ably similar low-ionization emission lines. 
(2) The most radio-bright 5% of the radio-quiet popu- 

lation have spectral properties differing both from radio- 
loud and radio-quiet quasars. Over 50% of these radio- 
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moderate quasars have broad absorption lines, as 
compared with —5% of radio-quiet quasars and none of 
the radio-loud quasars. 

(3) The majority of radio-loud quasars have strong nar- 
row cores to their Lyman-a and C IV emission lines. 
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