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ABSTRACT

We have used the first Hubble Space Telescope Faint Object Spectrograph spectra of our sample of radio-
loud quasars, and quasi-simultaneous ground-based spectrophotometry, to investigate the intensity ratio Lya/
Hp, whose small observed values are one of the outstanding problems of active galactic nuclei research. The
present sample of 20 quasars with complete flux and profile data shows the first significant correlations of this
ratio with other observed properties. The strongest correlations are with various continuum slope indicators:
we find smaller Lya/Hp ratios in quasars whose continua rise more steeply into the red. The long-wavelength
continuum slope (1909-4861 A) is strongly correlated with Lya/Hp, but the short-wavelength continuum slope
(1215-1909 A) is not. A separation into line components shows that the above correlations arise mostly from
the red wings of the lines. The core-to-wing flux ratio is also correlated with the slope. The correlation of
Lyo/HB with continuum slope is consistent with line and continuum reddening by an external dust screen
with Galactic-type extinction of up to Ez_, = 0.3. In this case the intrinsic Lya/Hf ratio is ~20. However,
other trends expected if dust were the sole factor are not seen. There are indications that core-dominated and
lobe-dominated sources differ in their Lya/Hf and continuum slope dependence. We calculate a grid of theo-
retical hydrogen line ratios and use it to investigate reddening and alternative explanations, such as depen-

dence upon ionizing flux. We suggest that several different mechanisms are operating.

Subject headings: galaxies: active — line: profiles — quasars: emission lines — quasars: general —
radio continuum: galaxies — ultraviolet: galaxies

1. INTRODUCTION

One of the outstanding problems of active galactic nuclei
(AGNs) research is the unusually small observed Lya/Hp
intensity ratio (typically 5-15) in the broad-line region (BLR)
spectrum compared with the prediction of simple recombi-
nation theory (30-50). This problem was first noted by
Baldwin (1977) and was extensively discussed observationally
(Puetter et al. 1981; Soifer et al. 1981; Allen et al. 1982; Wu,
Boggess, & Gull 1983; Kriss 1984, 1986) and theoretically
(Netzer & Davidson 1979; Kwan & Krolik 1981; Canfield &
Puetter 1981; Puetter et al. 1981; Weisheit, Shields, & Tarter
1981; Collin-Souffrin et al. 1981, 1986; Ferland & Mushotzky
1982; Kriss 1984; Kwan 1984, 1986; Hubbard & Puetter 1984;
Wills, Netzer, & Wills 1985; Kallman & Krolik 1986; Collin-
Souffrin & Dumont 1989; Avrett & Loeser 1988; Rees, Netzer,
& Ferland 1989; Ferland & Persson 1989; see Netzer 1990 for
a review).
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A major problem in understanding the observed Lya/Hp
ratio is the lack of a theoretical model involving a complete
treatment of line formation and radiative transfer (see the dis-
cussion in § 4 below). Present-day models are quite complete in
their treatment of atomic processes at the expense of an
approximate approach to the line transfer problem. It would
help if correlations between the observed Lya/Hp ratio and
other known properties of AGNs could be found. But no sulffi-
ciently large data sets have been available with accurate and
simultaneous Lya and Hp observations.

We have undertaken a program of observation with the
Hubble Space Telescope (HST) to investigate this, and other
questions about radio-loud quasars. Our sample was chosen to
study the dependence of UV-optical spectral properties on
orientation of the axis of the central engine. Thus we include a
wide range of the ratio, R, of radio core luminosity (supposedly
beamed) to radio lobe luminosity (supposedly isotropic). In
order to isolate possible orientation effects from those depen-
dent on intrinsic luminosity, we have selected objects on the
basis of their lobe luminosity. If core emission is not predomi-
nantly beamed, then we are investigating dependences on
intrinsic core luminosity. We started with the QSOs in the 3CR
catalog, and then added core-dominated sources of similar red-
shift and extended radio luminosity. Further details are given
in two earlier papers: Wills et al. (1993, an investigation of the
narrow emission lines, hereafter Paper I) and Wills et al.
(1995a, a description of our HST/Faint Object spectrograph
[FOS] data for 31 quasars, hereafter Paper II).

We have made a considerable effort to secure simultaneous
ground-based data, covering, in almost all cases, the entire
1100-5200 A rest-wavelength range. As well as the wide wave-
length coverage, our low-redshift sample has the advantage
that the Lya profile is not significantly affected by intergalactic
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absorption lines. The ground-based data for the 31 objects, as
well as a detailed discussion of line profile, line intensity, and
continuum correlations, well be given in a forthcoming paper
(Wills et al. 1995b).

The present paper is based on a partial data set containing
20 quasars with flux and profile information on both Lyx and
Hp. We are thus in a position to investigate the Lya/Hp ratio,
as well as several other properties, in a way never attempted
before. Section 2 below gives information about the obser-
vations and data reduction pertaining to this sample. In § 3 we
show the first ever observed statistically significant correlations
of the Lya/Hp ratio with other properties and discuss some

known and expected trends. Section 4 includes a discussion of -

the new correlations, including new theoretical calculations,
and the possible implications for the physical conditions in
high-luminosity AGNs.

2. OBSERVATIONS

2.1. HST Observations

A detailed description of the HST/FOS observations is
given in Paper II. Below is a summary pertaining to the present
study.

HST/FOS observations were obtained for all sources in our
sample with z < 1.8 and V < 18. We have used the various
FOS grating settings to cover the spectral region from below
Lya to observed wavelengths of 3250 or 4800 A, with S/N ~ 22
per diode, in the continuum. The effective spectral resolution
corresponds to ~350 km s~! and the photometric accuracy,
given the 473 x 4”3 aperture used, is ~5%. Wavelength deter-
mination is crucial for the present work. We have used the
[O mr] A5007 line to determine the redshift and the internal
FOS calibration to obtain UV wavelengths. In some cases, we
could check the HST wavelength scale using Galactic inter-
stellar lines. The accuracy of the wavelength scale is ~ 100 km
s~! with a few exceptions of 200-300 km s~ !. Paper II gives
line intensity and other information not listed here, and Figure
1 shows the continuum-subtracted Lya region for all 20 objects
used in this work. Objects are identified by the first four digits
of the coordinate name, or by the full coordinate name in cases
of ambiguity.

2.2. Ground-based Observations

We attempted to obtain data from the atmospheric cutoff
near 3200 A to beyond Hp or Ha within a few days of the HST
observations, or within a day for the most variable quasars, but
such quasi-simultaneous observations were not always pos-
sible. The optical region between 3200 A and 1 um was
observed from McDonald Observatory (2.7 m), Kitt Peak
National Observatory (KPNO; 2.1 m), or Cerro Tololo Inter-
American Observatory (CTIO; 4 m). Near-infrared spectra
were observed with the 4 m United Kingdom Infrared Tele-
scope (UKIRT). Details of the ground-based observations,
including observing logs and specific information on individual
objects, are given by Wills et al. 1995b).

Most data in the HF—[O nr] 45007 region were obtained at
McDonald with a significant number also from KPNO and
CTIO. Short exposures with a large projected slit width of
typically 8” were made for spectrophotometry, and longer
exposures with an ~2” slit were made for best S/N’s and wave-
length resolution equivalent to ~350-600 km s~'. For a
subset of objects, these were supplemented by McDonald
observations of higher resolution (200-300 km s~!) made
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for a parallel investigation of the HS—[O mu1] 15007 profiles
(Brotherton 1995). Telluric absorption bands were removed
using spectra of hot stars observed close to the QSOs in time
and air mass.

All optical spectra were reduced using the NOAO package
within IRAF. The estimated absolute flux calibration uncer-
tainties are ~5%. Wavelength scales were checked both inter-
nally, using multiple exposures and sky lines, and externally by
comparing narrow lines in the McDonald spectra with those
from KPNO’s Goldcam spectrograph. The internal consis-
tency of the wavelength scale was a few tenths of an angstrom
(rms), with an estimated absolute error of less than 1 A.

For PKS 0859 — 14 and DA 406, Hp falls in the J band and
the data were obtained with the CGS4 spectrometer on
UKIRT. The resolution (FWHM) was ~1000 km s~ ! and
spectral coverage was 51,000 kms !,

Figure 2 shows the 20 continuum-subtracted Hf profiles
used here. Note that the Fe 11 blends (see § 3.1) and the narrow
[O m] lines have been subtracted, but the narrow Hp core is
shown.

3. RESULTS

3.1. New Line and Continuum Measurements

Our optical and UV data sets were processed in several
stages to obtain the Lya/Hp line ratio and the continuum
shape. First, we applied a correction for reddening in our
galaxy, as described in Paper II. At short observed wavelengths
the uncertainties in this correction can be significant. Fortu-
nately, the uncertainties become less at the longer, redshifted
wavelengths. For our sample, typical uncertainties are 5%,
with a few up to 8%. The exception is 0710+ 118 (3C 175) with
an uncertainty of 15%. Then we proceeded to isolate Lya pro-
files. The procedure involves setting the local underlying con-
tinuum and decomposing the Lya and N v 11240 blend into
several Gaussian components. This was achieved using
GAUSSFIT or the various procedures supplied in IRAF. The
best fits thus obtained were used to remove the N v 11240 line
and to recover the Ly profiles over wavelength ranges affected
by absorption. We are thus left with smooth, absorption-free
Lya profile fits.

In the case of Hf we have removed a narrow Gaussian
component constrained to have the same width as the [O 1]
A5007 line. The Fe 11 blends were removed using the empirical
model derived by Boroson & Green (1992) from the spectrum
of I Zw 1 (PG 0050+ 124), a low-luminosity QSO with
“narrow” broad lines and strong Fe 11 emission. For each
spectrum, this model was broadened by convolution with a
Gaussian profile of constant velocity width and scaled by a
multiplicative factor, to fit the broad Fe 1 features at 4450—
4700 and 5150-5350 A. The subtraction of this model removes
Fe 1 from under the HB and [O m] 45007 profles. We have
estimated the local continuum by linear interpolation and
fitted the “cleaned ” broad Hf profile with up to three Gauss-
ian components (except for one object, 0903, where 10 com-
ponents have been used). This procedure is a way of smoothing
the profiles and is not meant to indicate a preference for a
particular theoretical shape or a cloud kinematic model.

In the rest of the discussion we consider only broad hydro-
gen lines and the continuum. These are spatially unresolved
and so completely included within our projected aperture sizes.
This is also the case for the dusty obscurer considered below.

Figure 3 shows normalized Lya and Hf profiles for the 20
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F1G. 1.—Continuum-subtracted, normalized Lya profiles for the 20 radio-loud quasars discussed in this work

objects discussed in this work. The objects are arranged in
order of increasing UV-optical spectral index o,g6; 1215 (S€€
below), and the zero of the velocity scale is determined from the
narrow [O n1] A5007 line.

Flux measurements were performed on all the Lya and Hp
lines using the deblended, continuum-subtracted profiles. This
enables us to form the ratio of HB/Lya as a function of velocity
which we also plot in Figure 3. We draw attention to the fact
that for several objects this ratio approaches, and even exceeds,

unity in the wings of the lines. This is something we will discuss
further in § 4. In order to try and quantify these changes of line
ratio with velocity in a way in which we can search for corre-
lations with other parameters, we subdivided the lines into
components in three ways:

1. Two components, blue and red, divided at zero velocity
as determined by the [O 11] A5007 line redshift.
2. Three components, a blue wing, a core, and a red wing,
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FiG. 1—Continued

with core component measured about the zero of velocity and
including all flux within the FWHM of Lya, and the wings
measured beyond the FWHM, at shorter and longer wave-
lengths from zero velocity. This division emphasizes the
“typical ” velocity field of individual sources.

3. Three components, a blue wing, a core, and a red wing,
the core being defined by a 3000 km s~ ! bin centered on zero
velocity. The choice of bins of fixed velocity width is motivated
by the successful description of line profiles in terms of cores of

identical width (e.g., Brotherton et al. 1994). Here, again, veloc-
ity is in the rest frame defined by the redshift of [O 1] 15007.

The Lyoa/HPp ratios were measured for all the above individual
conponents and are listed in Table 1 (the blue, core, and red
line ratios are for using the Lyx FWHM as separation points).
We also list the Lyx and Hf FWHMs and rest-frame equiva-
lent widths (EW).

The above division into components involves some uncer-
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FiG. 2—Continuum-subtracted, normalized HB profiles for the 20 radio-loud quasars discussed in this work. Fe 11 blends and narrow [O ur] lines have been
removed as described in the text.

tainties, mostly in defining rest-frame wavelengths, in contin-
uum placement, and in the deblending procedure. The blue
wings of many Hp lines are rather weak, and the uncertainty in
their measurements is particularly large. In addition, in many
cases (Fig. 3), the Hp profile is shifted with respect to the Lya
profile so that the definition of a “line core” is not intuitive. It
is not realistic to assign errors to individual line components,
however; various tests show that the important line ratio

correlations discussed below are little affected by the exact
definitions of FWHM, velocity width, or the exact wavelength
dividing the profiles into red and blue wings.

Two-point spectral indices (;, _ ;,, Where 4 is the rest wave-
length and F, oc v™* were defined over three wavelength
ranges: 1215-1909, 1909-4861, and 1215-4861 A. We have
used the continuum flux density measurements at 1550 A rest
wavelength (slightly extrapolated, in one case) and Einstein
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Fi1G. 2—Continued

X-ray measurements at a rest energy of 2 keV (Wilkes et al.
1994) to calculate a, 554 _x. This spectral index is equivalent to
the commonly used «,, index (e.g., Kriss 1984) based on the
2500 A continuum, but it is better defined because it avoids the
strong Fe 11 blends near 2500 A and because it uses a mono-
chromatic rather than a broadband flux density. Comparison
with values tabulated by Wilkes et al. (1994) shows very good
agreement between a, 550 x and a,,. The 2 keV measurements
were obtained several years before our optical and UV spec-

troscopy, so o 5s5o_x Would be affected by any variability of the
optical and X-ray continuum.

3.2. New Lya/Hp Correlations

Standard correlation analysis was performed on all data
shown in Table 1 and the other measured line parameters.
Several significant correlations were found and are listed in
Table 2 where we give the linear (Pearson’s r) and Spearman’s
rank-order correlation coefficients, with their associated prob-

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995ApJ...448...27N

N

). D 144810

{1995

No. 1, 1995 HST SAMPLE OF RADIO-LOUD QUASARS 33
1TEF T[T T T L TTT T T[T T T T T T T[]
8E 11117 B- 0133 S | -
6 = =
4E = A
2F s Ncen.) = S
(== NS T = = 7 =
L =S L "N e = L L L B L B B =
8FE 0403 |} = B 1354 ||} =
4 = _ - —

> 2 A — ; N —

= — Y Qutd 0t o 9 E BN 3~
2 0 S i |l I I A sl N

o 1TEF T[T T T T[T & T =

e} — J F 3

> B8 2251+ - E —

5 — J E =

= O6F =R E

O — = —

qN) .4 — 1 &= 3

= 2 — —

© — JE S, -

£ 0 | T s =

5 1T prrrrgrrrryT & T T 1 =

<  8F 0903 O E —

— . ! N E =

6 E s 5 3FE =

4 = ; H = ' —

2 /N - ¥ —

0E ot N R + E L1 =

1 T T 171 p T =

8 E- = E | =

.6 — —

4 = — B —

2 - —

0 — R =

-10000 0

10000

Velocity (km/sec)

F1G. 3.—Observed, smoothed Ly (solid line) and Hp (dotted line) profiles for the 20 quasars. The objects are arranged in order of increasing continuum slope
48611215 (see text and Table 1). The profiles are normalized to unit peak intensity and the HB/Lyx ratio, as a function of velocity relative to the [O m] 45007
redshift, is shown as a dash-dotted curve. Objects are identified in the top left corner of each panel by the first four digits of the RA.

abilities (the two-tailed probability of the observed correlation
arising by chance if the variables are uncorrelated). Listed in
the table are correlations with probability of less than 1% in
one of tests and no greater than 2% in the other test. Figure 4
shows several of the correlations that we consider most impor-
tant. In all diagrams we identify radio lobe-dominated (R < 1)
and core-dominated (R > 1) quasars by different symbols (see
Table 1).

-10000 0 10000

Velocity (km/sec)

4. DISCUSSION

The data presented in this paper show the first significant
correlations of the Lya/Hp ratio with other observed proper-
ties of quasars. The most interesting results are the new corre-
lations of this ratio with various continuum slope indicators
and the correlations involving line-profile components. Pre-
vious studies of the hydrogen line ratios (see Kriss 1984, 1986
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for summaries) found no clear correlations with other proper-
ties. The only exception is the suggestion by Soifer et al. (1981)
that the Lya ratio is positively correlated with the continuum
slope defined by the flux density ratio F,,,s/F¢se3. This trend,
which is similar to one found here, was of no statistical signifi-
cance.

Below we discuss the new results, first, by addressing the
theoretical Lya/Hp ratio in AGNs and, second, by considering
two possible explanations: reddening by external dust and a
multiple-component continuum.

4.1. Theoretical Lya/Hp Ratios

The notable discrepancy between the observed and predict-
ed Lyo/Hp ratios in quasars stimulated detailed investigations
of this and related problems of quasars’ broad-line spectra. The
intrinsic hydrogen line ratio depends on density and line
optical depth in the BLR clouds. The fundamental difficulty
with all BLR models is that they do not combine complete
atomic treatment with accurate line transfer. The most com-
prehensive calculations so far (e.g., Kwan & Krolik 1981;
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F1G. 4—Several observed correlations in radio-loud quasars. Filled symbols in all diagrams indicate core-dominated sources with R > 1, and open squares
indicate lobe-dominated sources with R < 1. For the levels of significance and more correlations, see Table 2.

Kwan 1984; Rees et al. 1989; Ferland & Persson 1989; Netzer
1993; Baldwin et al. 1995) are complete in their treatment of
atomic processes but use a simple escape probability method
for the evaluation of line transfer. The few models with better
radiative transfer (e.g., Avrett & Loeser 1988; Hubbard &
Puetter 1984; Collin-Souffrin et al. 1981) suffer in their treat-
ment of the atomic processes, and their solution for the tem-
perature and ionization structure is uncertain. This problem
has been discussed by, e.g., Collin-Souffrin et al. (1981, 1986),

Collin-Souffrin & Dumont (1989), Rees et al. (1989), and
Netzer (1990). While this fundamental difficulty is not yet
resolved, we present here a grid of models, based on what we
consider to be the most detailed calculations so far, to enable a
comparison with the observations.

Figure 5 shows theoretical Lyo/Hp ratios for a range of BLR
conditions, calculated by G. Ferland’s photoionization code
CLOUDY (e.g., Baldwin et al. 1995). These results were com-
pared with those of a second code, ION (Netzer 1993, and
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TABLE 2
CORRELATION COEFFICIENTS AND PROBABILITIES FOR VARIOUS MEASURE PROPERTIES

SPEARMAN
PEARSON’S 7 RANK-ORDER
VARIABLE a VARIABLE b n r Probability r Probability
048611909 Lyo/HB 20 —-0.51 0.020 —0.57 0.008
04861 - 1909 Lya(core/wing) 20 0.59 0.006 0.66 0.001
048611909 Lyo/HpB(3000 red) 20 —0.65 0.002 —0.52 0.018
04611215 Lyo/HB 20 —0.58 0.008 —0.62 0.004
O4g61—1215 Lyo/HpB(red half) 20 —0.58 0.008 —-0.58 . 0.008
O4g61-1215 Lya(core/wing) 20 0.59 0.006 0.59 0.007
O4g61—1215 Lya/HB(3000 red) 20 —0.64 0.002 —0.55 0.012
Oy550-X L(Lya) 17 0.63 0.007 0.74 <0.001
Oy ss0-X Ly s 17 0.61 0.009 0.77 <0.001
Lyo/HB Lya(core/wing) 20 —0.60 0.005 —0.62 0.004
Lya/HB C1v/HB 19 0.61 0.005 0.59 0.008
Lyo/Hp(red half) Lya(core/wing) 20 —0.60 0.005 —0.64 0.002
Lyo/Hp(red half) Civ/Hf 19 0.59 0.007 0.58 0.009
Lyo/Hf(core HA(FWHM) 20 0.84 <0.001 0.79 <0.001
Lya/Hp(core) EW(Lyo) 20 0.66 0.001 0.54 0014
Lya/HB(3000 core) HA(FWHM) 20 0.89 <0.001 0.81 <0.001
EW(Lyo) log R 20 —0.74 <0.001 —0.82 <0.001
EW(Lyo) Lyys 20 —0.60 0.005 —0.62 0.004
EW(Hp) log R 20 —0.63 0.003 —0.60 0.005
C 1v/HB L(HP) 19 —0.60 0.007 —-0.59 0.008

references therein). The two codes give similar solutions to the
line ratio, given the same escape probability approximation.
The figure shows the Lya/Hp ratio predicted for a series of
calculations with fixed continuum shape, similar to that
deduced by Mathews & Ferland (1987), and solar chemical
composition. Constant hydrogen density, ny, across a cloud
was assumed, and the flux of ionizing photons ®(H) (photon
s~ ! cm~2) varied over a wide range of values. These results are
from the grid of BLR models generated by Baldwin et al.
(1995). We show results as a function of the ionizing photon
flux and the hydrogen density rather than as their ratio, the
ionization parameter U, since ®(H) is conveniently proportion-
al to the inverse square of the source-cloud separation [the
conventional ionization parameter of 10~ !> corresponds to
®(H)/ny = 10° cm s~ ']. All clouds are radiation bounded, i.e.,
have sufficient column density to nearly fully absorb the inci-
dent continuum.

Several trends are evident. Points are not plotted at the
high-flux, low-density corner of the diagram since these corre-
spond to ionization parameters so large that the gas is in equi-

60

40

Lya/ Hﬁ 20

log LTI

21
log ®(H)
FiG. 5—Calculated Lya/H§ ratios for a grid of constant density models, as

a function of the hydrogen density ny, and incident photon flux ®H) (photons
cm~2s7Y). For explanation see text.

22
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librium at the Compton temperature of the continuum source
rather than at nebular temperatures. Such clouds would effec-
tively be spectroscopically invisible. For parameters with
nebular solutions we see that the largest ratios are found for
lower densities and fluxes. Collisional excitation of Ly« can rise
the Lya/Hp ratio well above that (35) expected for pure recom-
bination. Denser clouds, where collisional suppression of level
2 is important, tend to have smaller Lya/Hf ratios. For
expected BLR fluxes ®(H), the line ratio, is mostly in the range
20-30. It is important to note that Lya/Hp ratios of order
unity are not predicted, yet such ratios are observed in the
wings of the lines of some objects (see Fig. 3).

Figure 5 presents the results of this particular model just as
an example because basic questions remain about the shape of
the continuum striking the clouds, their composition and
equation of state, the formation of hydrogen lines under these
conditions, and whether all clouds contributing to the net spec-
trum are optically thick. The model calculations do point to
some possible causes of the core-wing distinction evident in
Figure 3 and Table 2. For instance, the observed line profiles
could be modeled as a core with larger Lyo/Hp ratio and wings
with smaller Lya/Hp ratio. If the wings are formed at smaller
radius (higher flux) than the core, then the fact that the wings
have a shallower decrement limits parameters to only certain
regions. These results are the basis for the following compari-
son with the observations.

4.2. External Reddening

There are two indications that external reddening may be
important. The extreme Lya/Hp ratios of order unity in the red
wings of the lines of some objects are not consistent with
photoionization models. And the correlations of the Lya/Hp
ratio with the various continuum slopes suggest that the broad
emission lines and the nonstellar continuum may be subjected
to extinction by dust (a “ dust screen ”) located outside the BLR
and the continuum source. Reddening by such dust steepens
the intrinsic continuum and decreases the intrinsic Lya/Hp
correspondingly.
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Reddening of quasars’ broad emission lines has been sug-
gested, on theoretical grounds, by Netzer & Davidson (1979)
and has been discussed in many papers since. This idea fol-
lowed the failure of other explanations of the observed hydro-
gen line ratios and was claimed to improve the agreement
between the observed and predicted intensity ratios of other
lines. The line reddening was required even after including the
effects of high density and high optical depth. It was suggested
that continuum reddening might also be present but not neces-
sarily equal to that of the lines. In a later paper, De Zotti &
Gaskell (1985) argued that the broad Balmer line ratios in
AGNs are correlated with the axial ratio of the host galaxy and
interpreted this as due to reddening by dust in the disk of the
galaxy. Much more recently it has been appreciated that dust
absorption and emission is a key ingredient in various unified
schemes for luminous AGNSs to the extent of completely deter-
mining the AGNS’ classification (e.g., Hines & Wills 1993; see

. also earlier discussion by Rowan-Robinson 1977).

As argued by Netzer & Davidson (1979), there are two line
ratios that are particularly suitable as reddening indicators:
[O 1] 18446/[O 1] 41304 and He 1 A4686/He 11 11640. Note,
however, that the usefulness of these was challenged in several
papers (e.g., Grandi 1983) on the grounds that optical depth
effects can influence the line ratios. Unfortunately, neither can
be used in the present study. [O 1] 18446 is not observed in our
sample, and [O 1] 41304 is extremely weak. The He 1 14686
line is present in about one-fourth of the objects, but is weak
and blended with the blue wing of Hf and the strong Fe i1
lines, which precludes reliable intensity measurements. He 11
A1640 is also blended. We cannot even use the Balmer decre-
ment; we do not have Ha measurements for most of the
objects, and Hy is too weak and blended to be measured reli-
ably in most cases. So we must rely on correlations with con-
tinuum and other properties.

We have analyzed the correlation of the Lya/Hp ratios with
the three UV-optical spectral indices (Table 1) to test for
reddening. We assume that the intrinsic continuum shape is
the same in all objects. In this case we expect a gradual change
in slope, with more extinction at shorter wavelengths. In 17 out
of 20 objects studies here, ;9991215 i indeed greater than
%4861 —1909- HoOwever, we find no significant correlation
between the Lyo/Hf ratio and the difference between
®1900—1215 and O4ge;-1900- As noted earlier, the short-
wavelength continuum is curved in many cases, and its descrip-
tion by a single slope between 1909 and 1215 A is too simple.
Moreover, in tests carried out with a different short-
wavelength continuum slope, defined by a least-square fit to
the data, we found some correlations that are not seen for the
two-point spectral index a;999-12;5. In § 4.3 we discuss pos-
sible explanations for the Lya/Hp versus slope correlations in
terms of several continuum components.

To further check for consistency, we examined the actual
relation between the Lya/Hp ratio and F,,,s/F 3¢, and found
that it was consistent with a proportional relationship as
expected for an external reddening screen. In Figure 6 we show
a reddening line with values of Ez_, calculated assuming
intrinsic ratios of Lya/HB =20 and F,,,s/Fsg6; = 10
(%4861 -1215 = 0.34) and a Galactic extinction law. The data
are consistent with reddenings up to E;_, = 0.3. Interestingly,
this and larger reddenings would correspond to colors too red
to select quasars by commonly used methods (e.g., for the PG
survey, or by comparison of prints of the National
Geographic-Palomar Observatory Sky Survey).
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Finally, for the simple reddening explanation, we expect a
correlation between the observed C 1v 11549/Hp ratio and the
continuum shape. We find weak, insignificant correlations for
all continuum indices. This test is inconclusive in the presence
of intrinsic scatter, because the effect of reddening is expected
to be smaller at C 1v 11549 than at Lya.

It is of interest to relate the possible line and continuum
reddening to the special nature of the radio sample under. dis-
cussion. In the Unification Scheme for radio sources (e.g., Orr
& Browne 1982; Barthel 1989), core-dominated sources are
those where our line of sight is at a small angle to the radio
beam, while the lobe-dominated one are at large angles. If the
ionized gas clouds lie in a plane perpendicular to the beam, the
lobe-dominated sources are the objects where we might expect
absorbing gas and dust along the line of sight to both the
emission-line and continuum regions. This idea can be exam-
ined since the radio core-to-lobe luminosity ratio R is known.
We have tested the various line and continuum ratios and
found no significant correlations between the core dominance,
R, and any of the possible reddening indicators such as the
Lyoa/Hp ratio, F,;s/F4ge1, €tc. The R versus F,,,s/Fig61
correlation is even present in the wrong sense in our larger
sample (or Paper II) and other samples; it is clear that the
simple model involving orientation and reddening in the plane
perpendicular to the radio jet cannot explain the correlations
found in the present data set.

Another test involving radio properties is to check whether
the observed correlations arise from the core-dominated or
lobe-dominated sources. In the present sample there are 10 of
each subgroup and while, numerically, there is a significant
correlation of Lya/HB with slope for the lobe-dominant
quasars alone (at a level of <1.5%), the difference between the
subgroups is insignificant.

4.3. A Multicomponent Continuum

Our sample of radio-loud objects differs from radio-quiet
samples in including some sources with steep optical-UV con-
tinua, in particular 2251+ 158 (3C 454.3) and 1641+ 399 (3C
345), and perhaps others. Polarimetry and variability studies
show the presence of a radio-IR synchrotron source extending
into the optical and UV regions, in addition to the usual
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quasar continuum. The typical slope of such a component is
~2, as indicated by the recent 3C 279 observations by Netzer
et al. (1994) and the very steep polarized flux spectra of many
blazars (Wills 1990). This component differs in shape from the
typical continuum slope of ~0.7 of most radio-quiet objects
(e.g., Laor 1990), thought to arise from thermal emission, e.g.,
an accretion disk. The steep synchrotron component in core-
dominated objects is added to the disk component, in various
proportions, to give steeper spectra, especially at longer wave-
lengths. In our sample the shorter wavelength continuum is
steeper, in most cases, than the long-wavelength part, suggest-
ing that if accretion disks are important, we may be looking at
the short-wavelength decline of the thermal emission of the
disk (see Laor & Netzer 1989).

The presence of different amounts of synchrotron contin-
uum is probably at least one cause of the decrease in
EW([O 1] A5007) with increasing R in radio-loud quasars
(e.g., Wills & Browne 1986; Jackson et al. 1987). We suspect
that the strong negative correlation we find between log R and
log EW(Lya) (Fig. 4) is of similar origin. This could be caused
by a combination of a narrow-angle beamed continuum and a
spherical gas distribution whose line emission is only weakly
affected by the beam radiation. As noted earlier, lobe-
dominated objects, with negligible synchrotron components,
seem to be the drivers of the Lya/Hf continuum shape corre-
lations. Even in the core-dominant sources of this sample, the
synchrotron component is expected to be weak at 1216 A.
Thus the synchrotron continuum component suggested as the
cause of the small EW(Lya) cannot be the steep continuum
related to the small Lyo/Hp ratio.

We are left with the possibility that the intrinsic ionizing
continuum differs in shape from one source to the next,
resulting in different ionizing flux and line strengths. We note
that this explanation is in conflict with the simplest unified
scheme where it is assumed that the intrinsic spectrum of
quasars is identical except for the orientation-dependent syn-
chrotron continuum.

Accepting the dependence of the Lya/Hp ratio on ionizing
continuum shape, it is of interest to examine whether the
observed decrease in Lya/Hf with increasing continuum slope
is the result of a decrease in Lya flux, an increase in Hp, or,
perhaps, both. For example, the Lya flux may be closely
related to the soft (a few rydberg) ionizing continuum, while
Hp may be more sensitive to the higher energy radiation. Such
an explanation requires that the 1-5 ryd continuum flux
decreases with increasing continuum slope while the harder
ionizing continuum (for which we have no direct information)
may be less affected. In the present sample there is no signifi-
cant correlation of EW(Lya) with any optical-UV continuum
slope, as would be expected if the Lya line is affected by soft-
continuum steepening. There is also no significant correlation
of EW(Hp) with those slopes, suggesting that the explanation
may involve a change of more than one parameter. We note,
however, that EW(H ) may be affected by the continuum slope
in another way, because of the increased F,q¢, in steep syn-
chrotron continuum cases. To overcome this complication we
have calculated a modified EW(H}), taking the ratio of the
observed Hp flux and the 1215 A continuum. No significant
correlation with continuum slope was found. The only sug-
gested correlation of any slope with line equilvalent width is of
EW(Lya) with o 55o_x. Using the Pearson’s r coefficient, this
correlation is strong, but it is marginal (4%) when Spearman’s
rank-order correlation coefficient is used. The correlation for
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EW(HP) is even weaker, and more data are required to confirm
this, especially for core-dominated sources (Fig. 4, bottom right
panel). If real, it is not possible to tell whether the Lya lumi-
nosity or the 1215 A continuum luminosity causes this, since
both are correlated with a, 556 _x-

Finally, much of the dependence of Hf/Lya with continuum
slope may be the result of ionization by the Balmer continuum
is very thick BLR clouds, since steeper continua correspond to
larger Balmer flux. In this case, much of the additional Balmer
ionization results in Balmer line production, as the Lya optical
depth in the partially ionized zones is extremely large. This
would predict a stronger Hf luminosity for a given continuum
luminosity.

In summary, our data, while showing clear correlations of
the Lya/Hp ratio with various continuum shapes, still do not
provide enough information to establish a clear and unique
explanation. Reddening seems to explain most correlations but
we suspect that the real situation is rather complex, involving
various other processes.

4.4. Core-Wing Correlations

An interesting finding of the present study is the strong
correlation of different line components with the total Lya/Hp
ratio and the various continuum indices. Most of the strong
Lya/Hp ratio correlations involve the red wings of the lines.
The line ratio in the blue wing is not correlated with slope, and
the core’s Lya/Hf correlation is marginal or absent. The
general trend is for HB to be relatively stronger at larger veloci-
ties from the line center for those objects with the steeper
continua. The most extreme Lyo/Hp ratio, in the far red wing
of some lines, is less than 1. While we are not sure of the exact
value, because of the uncertainty in subtraction of the N v
41240 line, the trend from blue to red must be real. As for the
Lya(core)/Lya(wing) correlation with slope (Fig. 4), we find this
to arise from core-dominated sources and to be correlated
most strongly with the 4861-1909 A continuum. This corre-
lation is influenced by three extreme cases and their removal
considerably reduces its significance.

It is not our intention here to develop a consistent model for
the gas motions and line profiles. We only comment that the
red wings of the lines appear to have the smallest Lya/Hp ratio.
On the external reddening hypothesis, these wings would come
from a region subjected to the largest amount of reddening.
This would be consistent with an outflow of the BLR gas in a
dusty medium of large filling factor, assuming individual
clouds emit isotropically. This idea does not fully explain the
relative velocity shift between the line centers, and there are
complications with the assumption of isotropic emission by the
clouds. An alternative that was discussed in the literature (e.g.,
Kallman et al. 1993; Ferland et al. 1992), and which does not
require any dust, is a line emission asymmetry caused by a
different optical depth structure of Hf and Lya. In most BLR
photoionization models, the Lya emission is highly non-
isotropic because of the ionization structure within the clouds.
However, the largest opacity for the Balmer lines is in the
partially ionized region at the back of the clouds, and this
opacity can vary across the BLR. This can cause location-
dependent back-to-front emission asymmetry of the Balmer
lines since most of the line photons escape from the illuminated
side of the clouds. The location of clouds with such extreme
conditions depends on the radial change of ionization param-
eters, density, and column density. We have not investigated
this scenario mainly because of the large uncertainty associ-
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ated with the éscape probability formalism in extreme, nonuni-
form optical depth conditions.

5. CONCLUSIONS

We have observed a sample of radio-loud quasars with HST
and several ground-based telescopes and found the first signifi-
cant correlations between the Lya/Hp ratio and other proper-
ties. The strongest correlations are with various continuum
slope indicators. In particular, the Lya/Hp ratio is weaker in
steeper continuum sources. Several possible explanations were
discussed. Reddening by an external dust screen is consistent
with the observed properties, but dependences on ionizing
photon flux may be important too. The correlations are
nominally stronger in lobe-dominated quasars and probably
arise in the red wings of the hydrogen lines. This may indicate

partial obscuration by dust or asymmetric line emission. Much
stronger tests of the ideas presented in this paper will be pos-
sible when the complete sample of spectra for ~ 50 quasars is
in hand.
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