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ABSTRACT 
We present combined optical-infrared spectrophotometry of the emission line spectra of 14 

QSOs. These observations allow determination of the La/Balmer ratios in high-redshift objects 
and the Pa/Balmer ratios in the low-redshift objects. An attempt is made to synthesize the 
“intrinsic” hydrogen line spectrum of QSOs. The resulting spectrum is inconsistent with optically 
thin recombination models reddened by dust, but agrees qualitatively with recent optically thick 
calculations with Te>\.5X104 K in the line emitting region with perhaps a small amount of 
reddening [E(B— K)<0.2]. Much of the observed “continuum” structure can be attributed to 
optically thin Balmer continuum emission from a region with Te<104 K plus blended optically 
thick Fe ii transitions. 
Subject headings: infrared: spectra—quasars— spectrophotometry 

I. INTRODUCTION 

Since the discovery of quasi-stellar objects, consider- 
able activity has been directed at understanding the 
nature of the QSO energy source and emission. It is 
now thought that the observed emission arises from 
three physically distinct regions. The “central machine” 
with dimensions on the order of 0.1 pc is at the heart of 
the QSO. This object produces the (presumably) non- 
thermal continuum which in turn excites nearby gas. 
The second region surrounds the central source and is 
believed to contain dense cm-3) condensa- 
tions that produce broad permitted lines. The widths of 
these lines are normally attributed to motions of the 
emission line clouds with relative velocities approach- 
ing 0.1c. A third, lower density («H<106 cm-3) region 
is believed to surround or be mixed with the broad line 
clouds, producing the narrow forbidden lines and, in 
some cases, narrow permitted line components. Re- 
cently, there has been renewed interest in the broad 
line region due to Baldwin’s (1977) suggestion 
that the La/Hß ratio is about a factor of 10 smaller 
than predicted by case B recombination theory and 
Grasdalen’s (1976) observation that case B line ratios 
with conventional reddening by dust are unable to 

1 Visiting Astronomers at Kitt Peak National Observatory and 
Cerro Tololo Inter-American Observatory which are operated by 
the Association of Universities for Research in Astronomy under 
contract with the National Science Foundation. 

reproduce the combined Pa/Hß ratio and Balmer dec- 
rement in 3C 273. 

The problem of investigating QSO hydrogen emis- 
sion naturally divides itself into two regimes: combined 
UV-optical observations and combined optical-IR ob- 
servations. UV-optical observations allow measurement 
of La/Ha in low redshift QSOs (z<0.3), and optical- 
IR observations in high-redshift QSOs (2.0<z<2.8). 
There have already been several measurements of this 
ratio. Working in the optical and infrared, Hyland, 
Becklin, and Neugebauer (1978), Soifer et al. (1979), 
and Puetter, Smith, and Willner (1979) have reported 
values for the La/Ha ratio in two high-redshift QSOs. 
In the UV, Davidsen, Hartig, and Fastie (1977) and 
Baldwin et al. (1978) have measured La in two more 
low-redshift QSOs. All of these observations seem to 
confirm Baldwin’s suggestion that La/Hß«3 to within 
a factor of about 2. More recently, a number of ob- 
servations of La in Seyfert galaxies and N systems 
have become available through observations with the 
International Ultraviolet Explorer. These observations 
also show the low La/Balmer broad Une ratio. 

The first theoretical attempts at explaining the 
La/Balmer ratio suggested that the La flux was sup- 
pressed below the case B recombination value by ex- 
tinction due to dust. Subsequent investigations realized 
the possible importance of collisional excitation and 
radiative transfer effects in determining the line ratios 
(cf. Netzer 1975; Baldwin and Netzer 1978; Hyland, 
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Becklin, and Neugebauer 1978; Krolik and McKee 
1978; Puetter et al 1978; Kwan and Krolik 1979; 
Ferland and Netzer 1979; Shuder and MacAlpine 1979; 
Netzer and Davidson 1979; Puetter et al. 1979; 
Mathews, Blumenthal, and Grandi 1980; Canfield and 
Puetter 1980, 19816). Reddening by dust is also a 
possible explanation of the steep Balmer decrements 
(Baldwin 1975). Recent UV observations of the active 
radio galaxy 3C 390.3 by Ferland et al (1979), how- 
ever, suggest that effects other than reddening may 
dominate the observed line ratios. In this object both 
broad and narrow hydrogen line components are ob- 
served. The narrow components are observed to be in 
the case B line ratios, but the broad line components 
show a depressed La/H/? ratio. Thus Ferland et al 
conclude that external reddening cannot explain the 
reduced broad line La/Balmer ratio, at least in this 
object. 

An observational approach to resolving the problem 
of the relative importance of reddening is to observe Pa 
in the near-infrared and the Balmer lines in the optical 
in low-redshift QSOs (0.1<z<0.3). Grasdalen’s (1976) 
initial measurement of Pa in 3C 273 suggested that case 
B recombination plus dust extinction like that of our 
Galaxy could not explain both the steep Balmer decre- 
ment and the Pa/H/3 ratio in that object. This conclu- 
sion has been confirmed by Puetter et al (1978) for 
that object and also for the quasar PG 0026+129. 

In order to define more clearly the relative effects of 
dust, either internal or external to the line emitting 
region, radiation transfer, and other effects, we have 
begun an extensive program of optical and infrared 
spectrophotometry of QSOs. Below we present observa- 
tions of Paschen/Balmer line ratios in low-z QSOs and 
also La/Ha observations in three high-redshift QSOs. 
These observations will be discussed in terms of current 
theoretical models for QSO broad emission line re- 
gions. 

II. THE OBSERVATIONS 

The optical observations reported here, as well as 
most of the infrared observations, were made with the 
3m Shane telescope of Lick Observatory. Additional 
infrared observations were obtained using the 4 m 
telescopes of Cerro Tololo Inter-American Observatory 
and Kitt Peak National Observatory. Table 1 gives the 
sample of objects and ajournai of observations for the 
optical and infrared data presented here. 

a) Infrared Observations 

Most of the infrared observations reported here were 
made using a UCSD InSb spectrometer, which employs 
a circular variable filter wheel with resolution AA/Xæ 
0.035, covering the region from 1.6 to 3.0 /xm. Broad 
band measurements from 1.25 to 2.28 jam and occa- 
sionally 3.5 ¡xm were obtained. At KPNO and CTIO 
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some of the observations were made with “in house” 
InSb systems with a resolution AX/Àæ0.015. In addi- 
tion, a few observations were made with the UCSD 
system employing a AÀ/Àæ0.02 wheel. Observations 
made at KPNO or CTIO, or with resolution other than 
0.035 are noted in Table 1. The angular diameter of the 
beam on the sky for these observations was 7."0-7."5. 
The system response and atmospheric extinction gener- 
ally were calibrated using A-type (except as noted in 
the Appendix) stars as standards. These stars were 
assumed to have roughly 9700 K blackbody energy 
distributions and fluxes consistent with the calibration 
of Vega by Oke and Schild (1970). The absolute magni- 
tudes of the standards used are probably accurate to a 
few percent except as noted in the Appendix. 

Line intensities were derived by making x2 minimi- 
zation fits to the infrared data, assuming that the 
continuum may be approximated as a power law and 
that the line may be represented by the convolution of 
two triangles of arbitrary height but previously de- 
termined width. To a good approximation the transmis- 
sion of the filter wheel is triangular with a full width at 
half-maximum of 3.5% of the central wavelength. The 
shape of the line itself was approximated by a second 
triangle with a FWHM (velocity) determined from 
hydrogen lines observed at optical wavelengths. While 
one would prefer to determine the line width directly 
from the infrared data, the resolution of the filter wheel 
and the relatively poor signal-to-noise of our observa- 
tions do not justify doing so. For objects for which 
good data exist, the permitted lines do appear to have 
the same profiles (e.g., Baldwin and Netzer 1978) so 
that we do not expect to introduce significant errors by 
assuming that the optical and infrared features have 
the same velocity widths. The error introduced by the 
assumption of a triangular line profile may be judged 
from the optical data shown in Figure 1 and is believed 
to be small compared with other errors. Figure 1 also 
shows the infrared data along with the line and con- 
tinuum from a typical x2 fit. 

The statistical uncertainty in the determination of 
the height above the continuum of the line (and hence 
the line flux) was determined from the variance of the 
height as determined by the x2 minimization proce- 
dure. The statistical uncertainty, of course, says noth- 
ing about the errors introduced by systematic effects. 
To attempt to evaluate the magnitude of systematic 
errors, we performed a grid of x2 fits for each line, 
changing various parameters within what we consid- 
ered to be reasonable limits. In some cases, we included 
more or fewer narrow-band and/or broad-band points 
to determine the continuum. In other cases we assumed 
that the continuum flux per Hertz was linear as a 
function of X while in others we assumed Fx was linear 
in X. After several x2 fits were completed, we calcu- 
lated an average value of the line flux. This value, 
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TABLE 1 
Journal of Observations 

UT Date of Observation* 
QSO Blue Yellow Red IR 

III Zw 2. 

PG 002<H-129. 

PHL 957. 

NAB 0205+024. 

PKS 0837-120.. 
Q1101-264  
B2 1128+315 ... 
B2 1225+317 ... 

3C273 

Ton 256 

0.089 

0.147 

2.69 

0.155 

0.200 
2.145 
0.289 
2.20 

0.158 

0.131 

V396 Her  
PKS 2135-147.... 0.200 

2141+-174. 

4C 31.63. 

0.213 

0.297 

8/2/79 

10/J1/77 
11/14/77 

10/9/77 
11/14/77 

11/14/77 

4/20/77 
5/21/77 
5/26/73 
2/5/79 

5/5/79 
5/4/79 

5127/79 
8/17/79 

10/11/77 
11/15/77 

11/14/77 

7/18/77 
7/19/77 

10/4/78 

10/11/77 
8/12/78 

8/12/78 

10/12/77 

4/19/77 
3/7/78 
6/3/73 
3/7/78 
2/5/79 

7/1/78 
8/12/78 

10/5/78 

8/11/78 
8/12/78 
10/5/78 

8/11/78 

2/4/79 

8/12/78 
7/9/79 
8/11/78 
4/21/79 4/22/79 

10/4/78 

10/11/77 
\0/\2/ll 
8/2/79 

10/2/78 
10/5/78 
10/12/77 
8/11/78 

10/10/77 10/12/77 
10/12/77 8/11/78 

6/50/78 

9/20/78 
9/22/78 
12/15/78 
10/28/77b,c 

11/29/78 

\2/\/llà 

9/2Q/H 
9/21/18 
9/20/78 
12/14/78 
4/6/79c,e 

4/6/79 
4/28/78b,c 

3/19/78d 

4/28/78b,c 

7/22/78 
1/23/18 

9/20/78 

7/21/78 
7/22/78 
7/23/78 
7/24/78 
7/21/78 
7/22/78 
7/23/78 
7/24/78 

l/\2/19 
7/13/79 
7/14/79 

a Dates which are italic indicate nights on which large aperture data were taken in addition to 
small aperture data. 

bKPNO 4 m observation. 
c Resolution = 1.5%. 
d Resolution —2.0% UCSD system. 
eCTIO 4 m observation. 

along with the typical statistical uncertainty from the 
X2 fits and the dispersion among the different fits (i.e., 
the standard deviation of the values of the line flux), is 
reported in Table 2. The statistical uncertainty reflects 
the quality of the data, and should be used, for exam- 
ple, in deciding such questions as whether or not a line 
has been detected. The model dispersion reflects the 
applicability of the model of the line and continuum to 
the data. The uncertainty in the absolute determination 
of the line flux should be some combination of these 
two uncertainties (we have taken it to be the square 
root of the sum of the squares). 

b) Optical Observations 

The optical observations reported here were made 
with the Robinson-Wampler image dissector scanner 
on the Lick Observatory Shane telescope. With the 
gratings employed for these observations the IDS has a 
resolution of 10 Á (FWHM) and covers approximately 
2400 Á of spectrum. Three settings are therefore neces- 
sary to cover the entire wavelength range over which 
the IDS is sensitive (3000 À<X<8800 Á) with reasona- 
ble overlap. Because the aperture best matched to the 
resolution of the image tube/dissector chain is small 
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Fig. 1.—Optical and infrared spectrophotometry of the objects in our program normalized to the calibration of Vega by Oke and 
Schild (1970). The spectral resolution of the optical data is 10 A. The spectral resolution of the infrared data varies between A\/X=0.015 
and 0.035 but is typically 0.035. Also plotted are broad band infrared measurements (□) and a typical x2 fit to the infrared emission line. 
The bandpasses of the infrared broad-band filters are 0.3, 0.3, and 0.5 jum for the 1.25, 1.65, and 2.28 /im filters, respectively. 
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Fig. 1.—Continued 
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(~2."8), accompanying observations with a larger aper- 
ture (generally 8") were made in order to obtain abso- 
lute spectrophotometry. Standard photometric proce- 
dures were employed to reduce the observations to 
incident flux above the Earth’s atmosphere (see, for 
example, Smith 1975; Baldwin 1975). 

It was our goal to obtain two observations, each 
accompanied by a large aperture observation, at each 
wavelength setting—blue, yellow, red. As can be seen 
from Table 1, this goal has not been achieved for the 
majority of objects. 

The observations are summed by a routine which 
normalizes the overlapping wavelength regions of ad- 
jacent scans to produce the spectra shown in Figure 1. 
In some cases the observations are separated by several 
months so that variability in the continuum could 
produce errors in the line intensities due to this normal- 
ization procedure. Two of the objects discussed here, 
III Zw 2 and PKS 2135—147, exhibited significant 
variability during this period. Fortunately, the Pa and 
Balmer measurements were obtained within a few weeks 
of each other in both cases. The overlapping con- 

TABLE2 
Infrared Broad-Band and Line Observations 

Object 

Line0 

1.25 /im 1.65 jüim 2.28 /un 3.5 /un valine •*obs °model 
(%) 

Pa Observations 

III Zw2  
PG 0026+129 .. 
NAB0205+024. 
PKS 0837-120. 
B2 1128+315... 
3C273  
Ton 256  
V396 Her  
PKS 2135-147. 
2141 + 174  
4C 31.63  
m  

9.2 

2.7 
1.7 
1.9 

31.4 
3.9 
2.3 
2.8 
2.1 
4.6 

15.4 
6.0 
3.0 
1.9 
1.8 

41.6 
5.3 
3.2 
2.5 
2.8 
6.2 

26.4 
8.7 
5.5 
2.2 
3.4 

96.4 
10.7 
5.2 
5.9 
4.0 

11.3 

51.2 

15.0 (3a) 

1.0 
1.2 
0.65 
0.33 
0.30 
5.0 
0.95 
0.28 
0.69 
0.72 
0.47 
0.39 

32 
15 
25 
34 
29 
31 
15 
39 
20 
19 
38 
29 

6 
10 
7 

14 
28 

9 
8 

30 
6 

14 
11 
3 

33 
18 
26 
37 
40 
32 
17 
49 
21 
24 
40 
29 

Ha Observations 

PHL 957  
Q1101-264.... 

(H/3)  
B2 1225 + 317.. 

1.3 
2.2 

1.9 

1.1 
2.9 

1.8 

1.4 
3.0 

2.2 

0.61 
2.0 
0.73 
1.1 

26 
18 
29 
18 

8 
7 

16 
11 

27 
19 
33 
21 

a Continuum fluxes in units of 10 
bLine fluxes in units of 10 “13 

-26 
ergs cm 2s‘ 

ergs cm ‘V ̂ Hz“ 
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tinuum measures for the other large-aperture observa- 
tions generally agree to a few percent. The spectra 
shown in Figure 1 have been normalized to the large- 
aperture fluxes. This normalization has two parts: a 
gray shift, typically 30% but for some objects, nearly up 
to a factor of 2, which corrects for light spilling out of 
the 2." 8 aperture, and a wavelength-dependent correc- 
tion for atmospheric dispersion. All observations were 
made at small hour angles; even so, refraction of the 
blue and UV, combined with the red (S-25) response of 
the TV guiding system at Lick led to the necessity of 
applying corrections up to 30% at the blue end of the 
spectrum in some cases. These corrections, however, do 
not significantly influence the hydrogen line ratios 
which are the heart of this work. For objects in com- 
mon with the study of Neugebauer et al (1979) our 
measures are in good agreement, and in most cases we 
believe that systematic photometric errors should not 
exceed 10%. 

Line intensities were derived by a program which fits 
least squares polynomials (linear or quadratic) through 
preselected continuum intervals, subtracts the inter- 
polated continuum, and integrates over the line inter- 
val. This technique is necessarily quite sensitive to the 
choice of continuum interval, and we believe that this 
is the largest source of uncertainty in the quoted line 
intensities. As one may see in Figure 1, most of these 
QSÓs have very rich emission line spectra; real con- 
tinuum intervals are difficult to find, and line blending 
further disguises the true continuum level. Spectropho- 
tometry of several of these objects has previously been 
published by Baldwin (1975) or by Neugebauer et al 
(1979). Because of our high signal-to-noise and resolu- 
tion, we expect that the quality of the line intensity 
measurements reported here to be generally higher than 
previously reported values. In cases where we do not 
have good spectrophotometry, we have adopted line 
intensities from these sources. 

For many objects in this sample, strong telluric 02 

and H20 absorption overlie Ha or other features of 
interest. This absorption does not follow normal atmo- 
spheric extinction corrections and may be variable dur- 
ing the course of a night. For most red observations, 
accompanying observations of a star nearby were ob- 
tained and the atmospheric absorption removed by 
dividing the QSO spectrum by the normalized stellar 
spectrum over the region covered by these bands. For a 
few observations, it was necessary to divide by the 
spectrum of a standard star observed at the beginning 
of the night. The 7600 Á band of 02 is particularly 
strong and lies within the Ha profiles for PG 0026 + 129, 
NAB 0205 + 024, 3C 273, V396 Her, and PKS 2135- 
147; thus this is a very important correction, up to 30% 
for the worst case. 

The combined optical/infrared line ratios are given 
in Tables 3 and 4 along with relevant UV measures of 

La when available. In order to estimate the extinction 
due to material in the Galaxy, we have employed the 
correlation, found by Burstein and Heiles (1978), be- 
tween E(B—V), 21 cm hydrogen column density, and 
Shane-Wirtanen (1967) galaxy counts to calculate the 
galactic reddening in the direction of each of the ob- 
jects in our sample. The line ratios were then dered- 
dened using the mean galactic extinction curve given 
by Savage and Mathis (1979). These corrected line 
ratios are also given in the tables. Since these objects 
are at relatively high galactic latitudes, the corrections 
are small; only for 4C 31.63 does the color excess due 
to galactic reddening exceed 0.1. 

c) Notes on Individual Objects 

i) III Zw 2 

This object, classified variously as a QSO or a Seyfert 
1 galaxy, has been suggested to be variable by up to 
several tenths of a magnitude (Green 1976; Rieke and 
Lebofsky 1979). Our continuum measures show that III 
Zw 2 was about 40% brighter in the fall of 1978 than in 
1977 July (Neugebaur et al 1979). The data reported 
here were all obtained within a span of a few weeks, so 
we do not expect that variability should be a serious 
source of error. 

Osterbrock (1977) has also observed the spectrum of 
HI Zw 2. He finds a Balmer decrement Ha/H/?=3.68, 
steeper than our value of 3.34 but within the observa- 
tional error. 

ii) PG 0026+129 

Preliminary results for this object were published by 
Puetter et al (1978). The x2 fitting procedure for Pa 
and additional optical spectrophotometry have caused 
slight revisions in the line ratios, but the essential 
conclusions of that paper—that the hydrogen line 
spectrum of PG 0026+129 cannot be reproduced by 
case B ratios reddened by a physically realistic extinc- 
tion curve—remain valid. 

iii) PHL 957 

Our La intensity is in good agreement with that 
determined by Lowrance et al (1972) and Baldwin and 
Netzer (1978). 

i\)B2 1128+315 

Unfortunately, optical spectrophotometric measures 
of this object do not yet exist. 

v) B2 1225+317 

Previous optical/infrared spectrophotometry have 
been reported by Puetter, Smith, and Willner (1979) 
and Soifer et al (1979). The revised line fitting proce- 
dure has brought our Ha intensity into closer agree- 
ment with the value obtained by Soifer et al 
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vi) 3C273 

Line intensities for 3C 273 have been reported by 
several authors (Baldwin 1975; Neugebauer et al 1979; 
Boksenberg et al 1975) with reported Ha/Hß ratios 
varying from 2.8 to 5.2. 3C 273 is not among the highly 
variable QSOs, and we suspect that these differences 
represent the error in the determination of the line ratio 
rather than variability in the emission lines. Our value 
falls at the lower end of the range. 

vii) V396 Herculis 

This object and PKS 2135- 147 show distinct broad 
and narrow components to the Balmer line profiles. We 
have crudely deconvolved the lines into broad and 
narrow components. Because of our poorer resolution 
in the infrared, we are unable to separate the compo- 
nents of Pa; thus the ratios reported here are for the 
sum of the two components. In at least one object, 3C 
390.3 (Ferland et al 1979) the narrow components 
exhibit “normal” (case B) ratios while the broad lines 
exhibit “anomalous” ratios similar to the broad lines in 
other objects. Since the narrow components in V396 
Her and 2135- 147 are only a few percent of the total 
intensity, the ratios quoted here most nearly reflect the 
broad component. 

viii) PKS 2135-147 

The broad components in PKS 2135—147 are ex- 
ceedingly wide with full widths at zero intensity corre- 
sponding to a velocity width of nearly 25,000 km sr1. 

PKS 2135—147 has also been observed by Baldwin 
(1975) who finds much smaller equivalent widths. We 
suspect that this difference is due to variability in the 
continuum. Our blue scan, obtained nearly a year after 
the other optical data shows that the continuum had 
brightened by about 30% over that time interval. The 
line intensities reported here were all obtained within a 
2 week period in 1978 September-October. 

ix) 2141 + 174 (— OX 169) 

The spectrum of this object lends additional support 
to our conclusion that the broad line emitting region is 
optically thick. The Balmer emission profiles in 2141 + 
174 are self-reversed, possibly due to absorption due to 
the presence of an emission-line cloud along the line of 
sight (Smith 1980). The inferred optical depth in Ha is 
at least r=40. 

x) 4C 31.63 

This object shows unusually strong Fe n emission as 
one can see in Figures 1 and 6. We discuss the Fe n 
spectrum of 4C 31.63 in more detail in § III c. With the 
redshift of 4C 31.63, Pa lies right at the edge of the 2.3 
jam window so that this line intensity is particularly 
uncertain. Previous optical observations of this object 
have also been reported by Grandi and Phillips (1979). 

The QSO 4C 31.63 is the lowest galactic latitude 
object in this survey (611 = —19°) and shows Galactic 
H and K absorption with iFx(K)æl Á, similar to the 
interstellar line strengths present in the spectrum of 3C 
273, IFX(K) = 0.5 Á (Greenstein 1968), and horizontal 
branch stars in some globular clusters (Sargent 1967; 
Greenstein 1968). 

in. DISCUSSION 

a) The Hydrogen Line Spectrum 

Probably the most striking recent result concerning 
QSO broad line spectra is the unexpectedly low 
La/Balmer line ratio. In Figure 2 we plot the La/Ha 
ratios versus the Hyß/Ha ratios for the three high- 
redshift QSOs in our infrared-optical sample, as well as 
for other broad line objects which have published 
La/Ha/Hß intensities. Our results confirm that the 
La/Ha ratio in the broad line region is depressed by a 
factor of between 5-20 below the value of about 12 
expected for a case B recombination (see, for example, 

TABLE 4 
Line Intensity Ratios for High-z Objects 

PHL 957 QUOI—264a B2 1225+317b 

£(£-F) = 0.03 E(B-V) = Qm £(£-K)=0.00 
Line Tx/Fna (F\/Tho^cotx Fx/FHa (Tx/Fuc)^ Fx/FHa (^/Fj^)^ 

La   1216 2.10 2.40 1.95 2.20 0.86 0.86 
Ha.   6563 1.00 1.00 1.00 1.00 1.00 1.00 
HjS        4861 ... ... 0.37 0.37 0.25 0.25 
FroOO-13 ergs 

cm-2s-1)  0.64 0.65 2.00 2.04 11.1 11.1 

aThe line strength for La is taken from Osmer and Smith 1977. The determination of E{B— V) for this object is based solely on the 
H i column density in the line of sight. 

bThe Hj8 line flux is that determined by Soif er et al. (1979) normalized to our data such that the continuum levels are in agreement. 
The value oi E{B—V) for this object is suspect since the H i column density in the line of sight is poorly determined. 

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



19
8l

A
pJ

. 
. .

24
3.

 .
34

5P
 

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



19
8l

A
pJ

. 
. .

24
3.

 .
34

5P
 

359 SPECTOPHOTOMETRY OF QSOs 

Osterbrock 1974). Also plotted in Figure 2 is the curve 
representing the locus of line ratios for case B com- 
bined with varying amounts of reddening due to 
galactic-type dust external to the line emitting region. 
Although the best-fit relation to these data would be 
somewhat steeper than the reddening curve, the results 
are consistent with intrinsic case B line ratios reddened 
by an amount corresponding to E(B— K)~0.2-0.4. 
Based on results for other line ratios, we will argue that 
dust alone cannot produce the observed hydrogen line 
spectrum and that effects other than dust are likely to 
dominate. In the case of 3C 390.3, the dust, if present, 
must lie just outside the broad line region since the 
narrow components of the hydrogen lines suggest little 
or no reddening (Ferland et al 1979). Nevertheless, 
since we know of no other process which naturally 
predicts the observed correlation, we suggest that dust 
may be present in these objects and might be important 
in determining the Lyman/Balmer line ratios. 

The relation between the La/Ha ratio and the UV- 
optical spectral index is plotted in Figure 3. In this case 
the spectral index, a, has been determined by assuming 
a uniform power law, Fp ozv~a, in the continuum be- 
tween La and Ha. Again, reddening is a possible 
explanation for the observed correlation. Note, how- 
ever, that for reddening to be the sole explanation of 
the La/Ha ratio, the intrinsic continuum spectra must 
be quite flat or even rising into the UV as suggested by 
Netzer and Davidson (1979). Our limited understand- 
ing of the QSO continuum emission mechanism cannot 
preclude such models. However, the observation that 
some objects (e.g., 3C 373, Swanenburg et al 1978) 
show a continuous spectrum with relatively constant 
spectral index, aæl, from radio to X-ray wavelengths 
suggests to us that this is not a general phenomenon. 

The Paschen/Balmer line ratios should also be a 
sensitive indicator of the presence of dust. In Figure 4 
we plot the Pa/Ha ratio versus the Balmer decrement 
for our sample of low-redshift QSOs. For comparison 
we also plot the reddening track for case B line ratios. 
In this case several objects have line ratios that are 
inconsistent with case B plus reddening. In fact, the 
data appear to be correlated in a sense opposite to that 
expected from reddening. 

Line ratios are not the only evidence that the intrin- 
sic QSO emission line spectrum is not described by 
case B recombination. In Figure 5 we plot the rest 
frame equivalent width of Ha, JFA(Ha), versus the 
optical spectral index. The optical spectral index was 
determined by a least squares fit to selected optical 
continuum points after correction for galactic redden- 
ing. Several objects show a change of slope in the blue 
region of the spectrum which we interpret as due at 
least in part to Balmer continuum emission (see 
§ III 6). For these objects we used only the continuum 
points from the red portion of the spectrum. In all 
cases, except 4C 31.63 which is not plotted, the fit to a 
power law was quite good. For optically thin recom- 
bination models, assuming that all UV photons are 
absorbed, we may write 

jj/- /u x 6563 «H« ( 6563 >\-a ^ 

where eA is the covering factor, aHa is the effective 
recombination coefficient for Ha, aB is the total case B 
recombination coefficient, and a is the intrinsic UV 
continuum spectral index. Assuming that the optical 
spectral index which we derive applies well below the 
Lyman limit, we have plotted the expected relation 
between JFx(Ha) and the observed optical spectral 

Fig. 3.—La/Ha versus the spectral index as calculated from the continuum flux at 1216 Á and 6563 Á for the three high-redshift 
objects of our sample and other broad line objects with published La/Ha. The direction in which reddening takes the La/Ha ratio is 
plotted for comparison. Note that the origin of the reddening curve has been arbitrarily positioned and that each tick mark along the curve 
corresponds to an increase in E{B— V) of 0.05. 
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360 PUETTER, SMITH, WILLNER, PIPHER Vol. 243 

Fig. 4.—HyS/Ha versus Pa/Ha for the low-redshift QSOs of our sample. The track that case B line ratios would take for different 
amounts of external reddening is plotted for comparison. Each tick mark along the reddening track corresponds to an increase of 0.05 in 
E(B-V). 

index for unity covering factor in Figure 5. The effects 
of decreasing covering factor and reddening are indi- 
cated by arrows. Several objects in Figure 5 lie above 
the predicted relation—that is, they show a larger 
equivalent width of Ha than would be predicted if 
every UV (À<912 Â) photon photoionizes a hydrogen 
atom which recombines producing case B ratios. In 
principle, reddening may account for this effect, but we 
expect that the effects of reddening would be offset by 
the covering factor being much less than unity. In 
addition, other considerations suggest that reddening is 
not important for some of the objects that lie above the 
predicted curve. For example, the Pa/Ha ratio and 
Balmer decrement of Ton 256 indicate little or no 
reddening in that object, thus requiring a covering 
factor near unity. A simplistic interpretation of this 
result is that Ha is enhanced above case B ratios rather 
than that La is depressed. 

Other possible interpretations of this result include 
the following: (1) The optical spectral index is not 
indicative of the spectrum at ionizing energies. If a 
decreases considerably in the UV, then arbitrarily large 
Ha (and also La) equivalent widths could be pro- 
duced. (2) For QSOs that are highly variable the aver- 
age JF^Ha) could be lower than that plotted in Figure 
5 if we observed the object in its quiescent state. As 

previously discussed, only III Zw 2 and PKS 2135 — 147 
are known to be highly variable, but both Ton 256 and 
PKS 0837—120 do exhibit variability on the order of a 
few tenths of a magnitude (Grandi and Tifft 1974). The 
error bar for PKS 2135 — 147 in Figure 5 shows the 
range in Wx(YLa) for that object between our observa- 
tions and those of Baldwin (1975). (3) Photoionization 
from the central object is not the excitation source for 
the broad-line region. Baldwin et al (1977) have con- 
sidered high-energy particle excitation as a possible 
mechanism, but concluded that this is unlikely due to 
the absence of emission features from species produced 
in spallation reactions. Shock excitation is also a possi- 
bility, but shock models do not generally agree well 
with the observed spectrum. 

It is curious that Figure 5 shows a correlation 
opposite to that which would be predicted by photo- 
ionization models, in the sense that the steeper spec- 
trum objects appear to have larger equivalent widths of 
Ha than the hard spectrum QSOs. From the point of 
view of the number of photons available to ionize 
hydrogen, one would expect larger Ha equivalent 
widths from harder ionizing spectra. It is possible that 
the correlation between a and JFx(Ha) indicates some 
dynamical mechanism in which UV radiation pressure 
decreases the amount of broad line gas present in the 
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No. 2, 1981 SPECTOPHOTOMETRY OF QSOs 361 

Fig. 5.—The rest frame equivalent width of Ha versus the optical spectral index for the low-redshift QSOs in our sample. The expected 
equivalent width for unity area covering factor for optically thin recombination assuming all UV photons are absorbed is plotted for 
comparison. The direction that the recombination curve would be displaced for reddening [each tick corresponding to 0.05 in E(B— V)] 
and covering factors less than unity are indicated by arrows. The equivalent widths assuming unity covering factor produced by the Kwan 
and Krolik (1979) model B and the TA = 1.5 and 2.0 models of Canfield and Puetter (1980, 19816) are plotted as open circles. The error 
bars for PKS 2135-147 show the range of Wx(Ha) due to continuum variability as well as the statistical error. 

objects with flatter spectra. On the other hand, there is 
no clear correlation between JF^Ha) and the observed 
optical luminosity assuming cosmological distances, nor 
between line velocity width and spectral index or 
luminosity as might be expected if such a mechanism 
were operating. 

Another question concerning dust reddening models 
is: In what region of the spectrum will the absorbed 
UV radiation be reradiated by the dust? For a power 
law spectrum with spectral luminosity Lv=Kv~a and 
a= 1 the ratio of the reradiated blackbody flux to the 
nonthermal flux at blackbody maximum will be 

_ 32vhc* Luv 1 
O K exp(2 hc/k) — 1 

where Luy is the absorbed nonthermal ultraviolet 
luminosity ( = LBB = total radiated thermal luminosity 
from dust). For most objects in our sample, the availa- 
ble infrared photometry is insufficient to rule out the 
presence of a strong thermal component due to dust. 
However, for 3C 273 there is relatively good photome- 
try or upper limits (Hildebrand et al 1977) from the 
near-IR to millimeter wavelengths. If the UV con- 
tinuum of 3C 273 is uniformly depressed by the factor 
of 5 necessary to explain the La/Balmer ratios, we find 

Lbb /Z»t =6. (3) 

Such a large departure from a power law in 3C 273 is 
ruled out in all well observed regions of the spectrum. 
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TABLE 5 
Observational and Theoretical Hydrogen Line Spectra 

Vol. 243 

Ratio PG0026+129 3C273 
STD 
QSO Case B 

Kwan 
and 

Krolik 
Model B 

Canfield 
and 

Puettera 

Ta =2.0 

La/Ha.. 
Hß/Ha . 
Hy/Ha . 
Hô/Ha . 
Bc/Hab. 
Pa/Ha.. 

1.8 
0.31 
0.10 
0.04 
0.9 
0.17 

2.0 
0.35 
0.15 
0.04 
2.0 
0.08 

2.0 
0.33 
0.14 
0.05 
1.2 
0.12 

12 
0.35 
0.16 
0.09 
1.4 
0.12 

1.9 
0.21 

0.55 
0.12 

2.1 
0.31 

2.4 
0.10 

1.7 
0.37 

1.5 
0.09 

aThese models assume a constant hydrogen density of nH = 1010 cm-3 and an ionizing flux distribution ^(v)ccv~l’° with 
(3(v)= 10-8 ergs cm-2 s_1 at 1 Rydberg. 

b Be — Balmer continuum. 

In the unobserved region between 10 jum and 100 jum a 
150 K thermal source of the requisite luminosity could 
marginally exist within observed limits. An improved 
limit at 100 /tm or a good limit at 20 /tm would easily 
rule this out. Certainly some Seyfert galaxies (e.g., 
NGC 4151, NGC 1068 [Cutri et al 1981]) show clear 
evidence for thermal dust emission, but there is no 
evidence for significant amounts of dust in 3C 273. As 
we will see, this is consistent with the interpretation of 
3C 273’s spectrum as representative of the “intrinsic” 
unreddened QSO spectrum, whereas NGC 4151 can 
be seen to be further along the reddening curve in 
Figure 2. 

The data were searched for a number of other corre- 
lations between line intensity, line width, luminosity, 
spectral index, etc. In none of these cases was a signifi- 
cant correlation found. 

One of the goals of this program has been to obtain 
the “intrinsic” hydrogen emission spectrum of the broad 
line region for comparison with theoretical models. In 
Table 5 we have attempted to synthesize the spectrum 
of a “standard” QSO from our data. The clumping of 
objects near La/Haæ2 in Figure 2 and the lack of 
objects with La/Ha>2 suggests that this may be a 
reasonable estimate of the intrinsic La/Ha ratio. From 
Tables 3 and 4 we can see that among objects for 
which we have reasonably complete observations, there 
are five QSOs which have very similar line ratios. These 
are PG 0026+129, NAB 0205 + 024, 3C 273, Ton 256, 
and 2141 + 174. For the standard QSO Balmer and 
Paschen line ratios we have used an average of the 
ratios for these objects. Note, however, that there is a 
large variation in the Pa/Ha ratio among the low- 
redshift objects. Thus the value we quote for this ratio 
in the standard QSO must be considered poorly de- 
termined. There are two QSOs, PG0026+129 and 3C 
273, for which Unes from all three series have been 
observed. The line ratios for these two QSOs are also 

listed in Table 5 along with the integrated Balmer 
continuum emission ratioed to Ha. The identification 
of the Balmer continuum emission is discussed below. 
One can see that the line ratios in these two objects are 
very similar to those of the standard QSO. For want of 
a better choice, we will adopt the line ratios shown in 
Table 5 for the purpose of further discussion. 

One can see, both from our standard spectrum and 
also from the spectra of individual objects, that case B 
ratios with dust reddening alone cannot explain the 
hydrogen line ratios. The Pa/Ha ratios suggest little or 
no reddening and, in some cases, lie significantly below 
the case B ratio, whereas reddening would increase the 
ratio. On the other hand, the La/Ha ratio and Balmer 
decrement would suggest moderate reddening. The in- 
tensities of the higher Balmer series members are not 
well determined, but there does appear to be a uniform 
tendency for the Balmer decrement to steepen with 
increasing series member relative to case B values. 
These results confirm those of Puetter et al (1978), who 
suggested that the reddening curves required to pro- 
duce the spectra of PG0026+ 129 and 3C 273 are not 
physically reasonable. 

As discussed previously, there have been a number 
of recent attempts at modeling QSO broad line spectra 
which include more realistic treatments of radiative 
transfer effects. One of the most detailed recent calcu- 
lations is that of Kwan and Krolik (1979), who have 
calculated a self-consistent thermal structure for emis- 
sion line clouds including the effects of heavy elements. 
Their models are able to produce many of the observed 
features of QSO broad line spectra, including the low 
La/Balmer line ratio. In these models, collisional ioni- 
zation and photoionization from the higher bound levels 
by the nonthermal continuum allow the clouds to re- 
main relatively highly ionized (ne/nH æ0.3) to very 
large optical depths (rLa>108). This results in en- 
hanced Balmer emission from this extended region 
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where Ha is the dominant coolant. Comparison of 
Kwan and Krolik’s model B with our standard ratios 
shows relatively good agreement: considerably im- 
proved over case B ratios. Their model, however, pro- 
duces a steeper Balmer decrement than is observed and 
fails to produce sufficient emission in the Balmer con- 
tinuum (Be). 

Another recent calculation by Canfield and Puetter 
(1980, 1981a, 6) presents a more detailed calculation of 
the radiative transfer, at the expense of assuming that 
the emission line clouds are isothermal and composed 
purely of hydrogen. The principal improvement in these 
calculations is the treatment of the photon escape prob- 
ability in the wings of the nonresonance Unes, resulting 
in considerably higher escape probabilities than used 
by Kwan and Krolik (a factor of 25 in Ha, for exam- 
ple). Their predicted line intensity ratios are qualita- 
tively similar to those of Kwan and Krolik. They also 
find an extended, ionized zone which principally pro- 
duces Balmer emission. In this case the ionization is 
near unity due to upper level ionization from the higher 
bound-free diffuse continua. Line ratios for two Can- 
field and Puetter models, TA = 1.5 and r4 =2.0, are also 
presented in Table 5. They are in relatively good agree- 
ment with our standard QSO spectrum with the possi- 
ble exception that they produce too much Balmer con- 
tinuum. This, however, is probably the most poorly 
determined ratio observationally, owing to the sensitiv- 
ity to selection of continuum interval and shape. It is 
not clear that poor agreement with the Be/Ha ratio 
should be considered a significant weakness for either 
class of models. 

Because Ha emission is enhanced in both the models 
of Kwan and Krolik and those of Canfield and Puetter, 
they are capable of producing the observed Ha equiva- 
lent widths. The points appropriate to the models listed 
in Table 5 for unity covering factor have been plotted 
in Figure 5 for comparison with the observations. The 
models of Kwan and Krolik produce considerable Ha 
emission: for reasonable values of the covering factor, 
ca~0-1, the isothermal models require high tempera- 
tures 7;«2X104 K. The requirement of such a large 
temperature in the Balmer line producing region will be 
a sensitive test of these models when thermal balance is 
fully included. 

b) Balmer Continuum 

The presence ofQ a broad feature between roughly 
4000 Á and 2000 Á in the spectra of QSOs has been 
recognized by a large number of authors (Baldwin 
1975; Neugebauer et al 1979; Richstone and Schmidt 
1980), and a wide range of identifications have been 
suggested (see Richstone and Schmidt 1980). These 
identifications include emission from a 12,000 K ther- 
mal source, synchrotron emission from monoenergetic 
particles, starlight from a superposed galaxy, the pres- 

ence of a large number of unresolved emission lines, 
and Balmer continuum emission. 

Most of the above explanations have difficulties 
(Richstone and Schmidt 1980). The thermal emission 
mechanism has a spectral peak which is extremely 
temperature sensitive and produces a feature which is 
somewhat too broad. The synchrotron mechanism pro- 
duces a feature much too broad to be plausible as well 
as being very sensitive to the magnetic field strength 
and particle energy distribution. The starlight interpre- 
tation seems unlikely since normal spirals and elliptical 
galaxies have insufficient flux below 3800 Á to account 
for the observed feature, unless the QSO “event” has 
triggered the formation of stars in the recent past as 
suggested by van den Bergh (1975). In addition, the 
flux distribution due to stars would also be too broad 
to explain this feature. The basic difficulty with the 
Balmer continuum interpretation has been considered 
to be the relative strength of the integrated Balmer 
continuum emission (Be) compared to the Kß line flux, 
and the shape of the continuum feature. Following 
Baldwin (1975), we attribute the bulk of this feature to 
Balmer continuum emission. We attribute the remainder 
of this feature to superposed line emission, principally 
from multiplets of Fe ii. In Figure 6 we show this part 
of the spectrum of 4C 31.63 shifted back to the QSO 
rest frame. Plotted on the spectrum is the optically thin 
Balmer continuum spontaneous recombination spec- 
trum given by 

F(v)=F(i’0)exp[-h(v-r0)/kT]; v>v0 (4) 

(see, for example, Jefferies 1968) and adopting T= 
104 K. Apart from the bumpy structure superposed on 
top, the general continuum structure agrees relatively 
well with the continuum shape. The extension long- 
ward of 3646 Á is undoubtedly due to the velocity 
broadening of the continuum itself and to the con- 
vergence of the higher members of the Balmer series. 
For the velocity width of 3300 km s “1 determined for 
4C 31.63 the half maxima of the Balmer Unes overlap 
for H8 and H9 (3889, 3835 Á). Also shown on Figure 6 
is the multiplet structure of Fe n in this spectral region. 
As will be discussed in § III c, we attribute the “excess” 
emission at the Balmer continuum to be due to blended 
emission Unes, principally those of Fe n. Assuming that 
this bump is due to Balmer continuum emission, we 
have used the height of the bump above the nonther- 
mal continuum at 3646 Ä to estimate the integrated 
strength of the Balmer continuum by: 

F(v0)kT 
h ’ (5) 

using a temperature which best fits the Balmer con- 
tinuum shape in that region. Because of the com- 
plicated nature of the continuum in this region, the 
necessity of extrapolating the underlying nonthermal 
continuum, and the sensitivity to T, the values of ^Bc 
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from 10,000 K gas. 

are not particularly well determined. Although choos- 
ing a temperature for the Balmer continuum is some- 
what quahtative in nature, temperatures in the range 
7500-10,000 K produce an adequate fit to the observed 
spectra, but temperatures as high as 15,000 K produce 
too much flux at A <2600 Á. The Balmer 
continuum/line ratios found in this study are in rela- 
tively good agreement with recent theoretical models in 
which the Balmer lines are optically thick, but the 
continuum is optically thin with Te «7000-10,000 K. If 
the temperatures we derive are correct, the Balmer 
continuum emission must come from somewhat higher 
optical depth than the region producing the lines, since 
covering factor arguments suggest that 7^ >15,000 K in 
the line-forming region. This result is consistent with 
the model calculations discussed here since both the 
Kwan and Krolik and the Canfield and Puetter models 
produce the Balmer continuum emission from regions 
deeper into the cloud where Te will be smaller. In order 
for the Balmer continuum emission to be optically thin, 

the column density of hydrogen in level 2 must be 
<2xlQ17 cm-2, which for the Canfield and Puetter 
models implies rLa<3x 106 in the emitting clouds. 

Recently, Grandi and Phillips (1980) have suggested 
that there are several problems with this identification. 
They argue that there is no correlation between the 
observed strength of the “bump” and the Hß flux, as 
might be expected. For optically thick models such as 
those of Canfield and Puetter, no strong Hß/Bc corre- 
lation is expected because the ratio will depend sensi- 
tively on the optical depth in the Balmer continuum. 
Grandi and Phillips also note that in some cases the 
excess emission shortward of A 3646 rest does not de- 
cline as would the Balmer continuum. We do not 
suggest that the Balmer continuum accounts for all of 
the emission shortward of A3646, only part of it, or that 
this “bump” must have the same origin in all QSOs. 
Our sample of objects does appear to be well fitted by 
a combination of Balmer continuum and Fe n emis- 
sion. 
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c) Fe ii Lines 
The presence of Fe n lines in Seyfert 1 galaxies and 

in some QSOs is well established. Strong optical Fe n 
emission in the 3000-7000 Á region has been observed 
in a number of objects (Phillips 1979a; Osterbrock 
1977). Fe il UV transitions also have been identified in 
a number of QSOs (Wills et al. 1979). The spectra of 
the low-redshift QSOs in our sample show a number of 
broad bumps, particularly near the Baimer continuum 
and near the Mg n A2800 emission line. In addition, 
the À2950 feature seen in many QSOs is also present. 

Figure 6 shows an enlarged view of the blue portion 
of the spectrum of 4C 31.63. This object is one of the 
objects in our sample showing strong Fe n emission. 
The positions of a number of Fe n transitions have 
been plotted for comparison with the data. As can be 
seen from the figure, a great deal of the unusual shape 
of the Balmer continuum region can be attributed to 
strong Fe n emission. The large bump at ~3200 Â is 
probably predominantly due to multiplets 6 and 7, 
although there may be some contribution from He i 
A3188 and He n A3203. The bump at 3250 Á is proba- 
bly due to multiplet 1, and the emission between 3350 
Â and 3550 Á is probably dominated by multiplets 4, 5, 
and 16 with perhaps a small contribution from multi- 
plet 10. 

The feature near 2950 Á in Figure 6 has been ob- 
served in a large number of objects (Phillips 1978a; 
Grandi and Phillips 1978, 1979). This feature has been 
attributed in the past to a variety of transitions. Past 
identifications include [Mg v] A 2931 (Lynds and Wills 
1968), Mg il A2934 (Grandi and Phillips 1978), and 
various blends of [Ne v] A2974 and [O i] A 2972. The 
forbidden line identifications seem unlikely since the 
observed feature has the typical broad character of a 
permitted transition. The Mg n A2934 identification 
agrees poorly in wavelength with the observed emis- 
sion, at least in 4C 31.63. Following the suggestion of 
Wills et al (1979), we attribute this feature to Fe n 
multiplets 2 and 8. The strong evidence of other Fe n 
emission in these objects seem to make the Fe n identi- 
fication of the A 2950 feature quite natural. 

In many broad line objects the Mg n A2800 emission 
is observed to be considerably broader than the Balmer 
lines (Grandi and Phillips 1979) or appears to sit on the 
top of a broad hump. We suggest that this is due to the 
presence of significant Fe n emission at wavelengths 
close to the Mg n peak. Wills et al (1979) identify the 
narrow A 2750 feature in PKS 2216 — 03 as due to 
multiplets UV62 and UV63. These lines probably also 
significantly broaden the apparent Mg n A 2800 emis- 
sion in a number of QSOs. Figure 6 shows that this is 
certainly a plausible explanation of the large blue wing 
of Mg il A2800 seen in 4C 31.63. In addition, we feel 
that the red wing of A2800 is also broadened by Fe n 

emission, possibly by UV61 and other multiplets. As 
can be seen from the figure, uncertainty in the amount 
of Fe ii emission due to low resolution data or poor 
signal-to-noise can lead to errors as large as a factor of 
2 in the Mg n line strength. 

Theoretical interpretations of the Fe n emission have 
been discussed by a large number of authors (Wampler 
and Oke 1967; Bahcall and Kozlovsky 1969; Adams 
1975; Oke and Shields 1976; Osterbrock 1977; 
Boksenberg and Netzer 1977; Phillips 19786; Collin- 
Souffrin et al 1979; Netzer 1980; Grandi and Phillips 
1980). Among the proposed excitation mechanisms for 
the Fe emission are ultraviolet fluorescence of the 
optical lines and direct collisional excitation. In support 
of the fluorescence interpretation, there is sufficient 
total energy in the continuum at the wavelengths of the 
UV transitions to produce the observed optical lines. 
However, recent work by Wills et al (1979) indicate 
that the UV transitions are in emission rather than in 
absorption as might be expected in this model. It is 
interesting to note that the UV resonance lines are not 
considerably stronger than the optical features arising 
from the same upper level. For example, we do not see 
any significant emission at A 2599 (UV1) in 4C 31.63, 
but there is emission near Ha which we attribute to 
multiplet 40. The branching ratio, however, favors 
A2599 by 104:1 (Phillips 1979c). The low observed 
UV1/multiplet 40 ratio can be interpreted as due to 
radiative transfer effects as is discussed below. 

Two recent detailed studies of the radiative transfer 
in Fe ii lines are those of Collin-Souffrin et al (1979) 
and Netzer (1980). These works separate out a set of 
lines that interact strongly with each other and interact 
only very weakly with other Fe n lines. The work of 
Netzer includes more physical processes and a slightly 
greater number of transitions than do Collin-Souffrin et 
al The results of this calculation appear to depend 
strongly on the particular model, and only a limited 
range of parameter space is explored. Furthermore, 
Collin-Souffrin et al solve the full frequency-dependent 
and depth-dependent radiative transfer equation rather 
than using escape probabilities or mean number of 
scatterings. In addition, they explore a much wider 
range of parameter space. For these reasons we choose 
to discuss our results in terms of the calculations of 
Collin-Souffrin et al 

Collin-Souffrin et al conclude that in order to pro- 
duce optical Fe ii emission that is comparable or greater 
than the UV emission, large optical depths in the UV 
transitions are required (tUV3~102 for Te —104 K and 
Tuv3~103 if Te =2x 104 K). In their models the exci- 
tation may be due to resonance fluorescence for Te = 
104 K while it is certainly collisional if Te = 2x 104 K. 
These conclusions were based on an assumed ionized 
fraction, ne/nH =0.004 for Te = 104 K, andne/aH«1.0 
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for re=2xl04 K. Recent theoretical studies suggest, 
however, that the ionized fraction will be unity until 
the electrons cool below T^æTxlO3 K (Canfield and 
Puetter 1980, 19816). In this case, the results of Collin- 
Souffrin et al indicate that the excitation mechanism is 
almost certainly collisional for Te>7x 103 K. 

While large optical depths in the Fe n lines might at 
first seem surprising, they are to be expected if the 
hydrogen lines are very optically thick. The relation- 
ship between rLa and is 

tUV3 
^L« 

guv3\i »(Fe) »(Fe n)/«(Fe) 
0L« /[ «(H) J n(H°)/«(H) 

(6) 

If in a given cloud the line width is purely due to 
thermal velocities and the iron abundance is solar, we 
obtain 

Tuv3 _ 10-4”(Fe n)/”(Fe) (7) 

Finally, if we take values of rLa^106 and «(H°)/«(H) 
«10~3 (corresponding to Canfield and Puetter 1980, 
19816 models with reæl.5-2.0x 104 K, which produce 
the observed hydrogen line ratios), we obtain 

tUV3~105 «(Fe ii) 
«(Fe) (8) 

The ratio of «(Fe n)/«(Fe) is very difficult to de- 
termine. For example, the value that Collin-Souffrin et 
al obtain for «(Fe n)/«(Fe) is based on an assumed 
ionized fraction of hydrogen and questionable values of 
available ionizing flux. In their calculation the majority 
of Fe is in the form of Fe in if there is significant 
radiation at the Fe n ionization edge. At the depths 
Fe ii emission is likely to form, the Lyman continuum 
is very thick (t^102-103). The radiation available to 
ionize Fe ii to Fe in at these optical depths will thus be 
diffuse Lyman continuum radiation. Therefore, the 
ionization structure of Fe is intimately related to the 
radiative transfer in hydrogen. Nonetheless, in view of 
equation (8) we feel it is likely that tUV3<:102 unless 
iron is very underabundant. 

Finally, since Fe n lines are probably quite thick, it 
seems reasonable that other metal lines are also quite 
thick. Equation (6) along with optical depths in La of 
106 and «(H°)/«(H)ælO “3 seems to guarantee that all 
the resonance Unes of the abundant ions are thick. 

IV. SUMMARY 

We have presented a variety of evidence indicating 
that QSO broad line emitting clouds have very large 
optical depths both in the lines of hydrogen (Lyman 

and Balmer; rLa^106) and in the resonance lines of 
the abundant heavy elements. Our best estimate of the 
“intrinsic” hydrogen spectrum is inconsistent with sim- 
ple optically thin recombination reddened by dust, but 
is in qualitative agreement with recent optically thick 
radiative transfer calculations with temperature Te>\.5 
X 104 K in the line emitting region. 

We attribute much of the structure seen in the “con- 
tinuum” to Balmer continuum emission plus blends of 
broad permitted lines, principally those of Fe n. Our 
results for the Balmer continuum are consistent with 
optically thin emission in this transition from a region 
with Te<104 K, which is significantly cooler than the 
line emitting region. 

The data presented show evidence of small amounts 
of dust [^(5-F)<0.2], but suggest that dust redden- 
ing does not dominate the broad line ratios. The lack of 
correlations among observed properties such as line 
strengths, widths, continuum luminosity, etc., and the 
presence of some “anomalous” correlations (e.g., Wx 

versus a0) indicate that factors other than those consid- 
ered in present models are probably important in the 
physics of the broad line emitting region. Full dynami- 
cal models incorporating radiative transfer effects will 
probably be necessary to treat the broad line region 
completely. 

Several additional observations would further our 
understanding of the broad line region. Observations of 
the He lines, especially He i XI0830 with respect to 
other helium triplet features, would allow us to probe 
the optical depth in helium. Further combined UV- 
optical-IR studies which would allow the measurement 
of line strengths in the Lyman, Balmer, and Paschen 
series in individual objects will hopefully allow us to 
produce specific models rather than general composite 
models. Finally, it would be of interest to see even 
more detailed theoretical treatments of the optically 
thick clouds, along the lines already begun by several 
authors. Of particular importance are thermal balance 
calculations which treat photon escape and heating in 
all energetically important transitions in a physically 
meaningful way. This would result in an emission cloud 
temperature profile which could be used in radiative 
transfer calculations aimed at deducing elemental 
abundances, area covering factors, etc. 
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APPENDIX 

The standards used for this program have been calibrated directly from observations of Vega over a period 
of almost 3 years. The internal consistency of the magnitudes as tested by measurements on nights of optimal 
conditions leads us to believe the absolute magnitudes listed in Table 6 are accurate to about 2% except as 
otherwise noted. The magnitudes Usted are consistent with the calibration of Vega by Oke and Schild (1970) 
and the fluxes for zero magnitude given by Neugebauer et al. (1979). 

TABLEÓ 
Standard Stars 

Star a(1950) 0(1950) 
Spectral 

Type mv [1.25] [1.65] [2.28] [3.5] 

72 Psc .. 
7T4 Ori . . 
X Gem.. 
54 Leo., 
e Her ... 
v Cyga .. 

lh 2m26s 

4 48 32 
7 14 13 

10 52 54 
16 58 22 
20 55 18 

14o40,42" 
5 31 17 

16 37 55 
25 1 1 
30 59 55 
40 58 24 

F2 
B3 
A2 
A0 
A0 
A0 

5.7 
3.8 
3.6 
4.5 
4.3 
3.9 

4.88 
4.12 
3.40a 

4.45 

3.77 

4.60 
4.09 
3.33 
4.36 
3.87 
3.67 

4.55 
4.14 
3.30 
4.31 
3.85 
3.65 

4.50 
4.15 
3.28 

3.90 
3.73 

aThe magnitudes marked are less certain than the rest. They are, however, probably accurate to 5%. 
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