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ABSTRACT 

This dissertation investigates the properties of 

the metal-containing absorption lines seen in quasar spectra 

which have Z(abs) «Z(em). These systems, which probably 

originate in the halos of galaxies at high r~dshift, are 

then compared to observa tions of the halo and in terstellar 

medium of the Milky Way. We obtained echelle spectra at the 

Multiple Mirror Telescope (MMT) of the Z=1.79 absorption 

system of the quasar B2 1225+317. The velocity profiles 

showed complex structure which varied from ion to ion, with 

ionization and column densities varying from component to 

component. The relative columns were consistent with the 

expecta tions for approxi rna tely in terstellar abundance, low 

density material, in equilibrium with the ultraviolet 

radiation field of a spiral galaxy for A > 912 A, and the 

integrated light from QSOs at Z=1.79 for A < 912 A. The 

aggregate C IV profile has a width of about 450 km/sec, 

larger than that expected for a single galaxy halo, however. 

with the MMT spectrograph and echellette grating, 

and MMT echelle, we studied the properties of three other 

redshift systems of 82 1225+317, which are optically thin at 

the Lyman limit, but have saturated Lyman alpha, and unlike 

xviii 
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material in the Milky ~'lay, have strong C IV and no 

detectable C II. In some cases Si III and Si IV are weakly 

detected. Constructing photoionization models, we derive low 

total densities, cloud diameters on the order of a few 

kiloparsecs, and abundances which are consistent with the 

interstellar values. 

We calculated the contribution of quasars to the UV 

radiation field as a function of redshift. The calculated 

field depends on a number of uncertain assumptions, which 

were varied in order to estimate their effect on the result. 

Finally, we discuss an important input into these 

calculations, the continuum spectral energy distribution for 

quasars, with particular attention to the extreme 

ultraviolet. 

• 



CHAPTER 1 

OVERVIEW 

The narrow metal absorption line systems seen in 

QSO spectra with Z(abs) « Z(em) are thought to originate 

in the halos of galaxies at high redshift (Bahcall and 

Spitzer, 1969). Thus, comparison of these systems with 

similar obsGrvations of the gaseous halo and interstellar 

medium (ISM) of the Milky Way and other local galaxies can 

yield unique information about the kinematical and chemical 

evolution of galaxies. 

Previous work (reviewed by Weymann et al., 1981; 

and York, 1982) has shown several differences between the 

physical properties of the QSO systems and the gas seen in 

the halo of the Milky Way. The ioniza tion of high redshift 

halo gas is systematically higher than halo gas in the 

Galaxy, perhaps because of the high ambient ultraviolet 

radiation field produced by QSOs at early epochs (Wolfe, 

1983; Chapter 4). Also, QSO systems are observed to 

consist of mUltiple clouds, with dispersions in cloud 

velocities which exceed those observed along any line of 

sight in the Milky Way, LMC or SMC (Blades et al., 1982; 

Pettini et al., 1983; York et al., 1984; Chapter 2). 

Finally, the results of homogeneous surveys show that the 
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mean free path for the metal line systems imply cross 

sections for absorption for an average galaxy which are much 

larger than the optical or HI extent of typical galaxies 

today (Young, et al. 1982; Weymann et al., 1979; Chapter 

6). These differences imply that halos evolve, being much 

larger and dynamically active at early epochs. 

There are four main topics discussed in this 

thesis: (1) echelle observations of the 2=1.79 absorption 

line system in 82 1225+317, (2) the properties of the C IV 

metal line systems which have no detectable C II, (3) the 

ultraviolet radiation field due to the integrated light from 

QSOs, and (4) the extreme ultraviolet (EUV) continuum 

spectral energy distribution of QSOs. A brief overview of 

each is given below. 

Observations were obtained with the echelle 

spectrograph at the Multiple Mirror Telescope (MMT) of the 

2=1.79 absorption line system of 82 1225+317 (Chapters 2 and 

3), at higher spectral resolution than most previous work. 

This redshift system shows lines from a wide range of ions, 

and complex velocity structure in C IV and si IV. The high 

resolution allows us to detect weak, unsaturated lines, and 

to make accurate physical measurements in closely spaced 

velocity components. Further, the high resolution allows us 

to resolve the thermal line widths of the light elements and 

distinguish whether photo- or collisional ionization is the 
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dominant process determining the distribution of ions (see 

Chapters 2 and 4). 

In Chapter 4, we discuss several other redshift 

systems in the spectrum of 82 1225+317 which are optically 

thin in the Lyman limit but show C IV and saturated Lyman 

alpha absorption. These systems are very different from 

Milky Way halo clouds in that they are more highly ionized, 

with C IV» C II. Their neutral hydrogen columns are N(HI) 

= 1016 cm- 2 so that they are of interest to compare to the 

"Lyman alpha forest" clouds which typically have N(HI) < 

1015 cm- 2 and to the optically thick, mixed ionization metal 

line systems with N(HI) > 1017 cm- 2• 

The detailed study of a few systems complement the 

surveys of quasar absorption line systems in many objects, 

at lower resolution. A summary of the published survey 

results, and a discussion of the implications of our results 

for their interpretation is given i~ Chapter 2. 

Since we cannot measure the column densities for 

all ions of a particular species, a correction must be made 

for the ionization in order to, for example, derive 

abundances. For the most part, we discuss the line ratios 

in terms of photoionization models where the UV radiation 

field below the Lyman limit is assumed to be dominated by 

the integrated light from QSOs. Other sources of ionizing 

photons may be present, especially near a large, star-
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forming galaxy. However, an estimate of the contribution 

from galactic sources of UV radiation is highly 

problematical, and not discussed in detail here. 

The quasar contribution to the UV radiation field 

is uncertain due to uncertainties in the QSO luminosity 

function, particularly the assumed form a thigh redshifts ~ 

the contribution from Seyferts, .whose luminosity function is 

difficult to estimate~ the adopted intrinsic EUV spectra 

for quasars~ and the modification of the spectrum by 

continuous absorption by intervening material. The relative 

importance of these various effects is discussed in Chapter 

5. The largest uncertainties arise from the uncertainties 

in the QSO luminosity function at high redshifts, and in the 

adopted EUV spectra. 

A discussion of the uncertainties involved in 

estimating the EUV spectral shape for QSOs is given in 

Chapters 6 and 7. The continuum spectral energy 

distribution can be directly observed in the soft X-rays for 

apparently bright, low redshift objects and in the UV for 

luminous, high redshift objects where the spectrum at the 

Lyman limit is redshifted above A(obs) ;f 1200 A. The 

detailed spectral shape between the Lyman limit and the soft 

X-rays is crucial to the UV radiation field calculations, 

but, unfortunately, difficult to constrain. In Chapter 6, 

we discuss various effects which can modify the spectral 



5 

shape of the emitted UV radiation below the Lyman limit and 

must be accounted for in order to interpret the spectra we 

observe. 

In Chapter 7 we discuss efforts to estimate 

indirectly the EUV spectrum of one object for which very 

high quali ty da ta exist (PG 1211+143). Modeling of the EUV 

as emission from a standard accretion disk around a 

supermassive black hole is discussed (see also Chapter 5). 

The broad emission lines, particularly Lyman alpha and He II 

1640 are also used to estimate the EUV flux. Unfortunately, 

both approaches allow a fairly wide range of EUV spectral 

shapes, due to inadequacies in our knowledge of accretion 

disk parameters and broad emission line region processes. 

For a more complete summary and discussion of the 

results, the reader is referred to the end of Chapter 4. 



CHAPTER 2 

HIGH RESOLUTION SPECTROSCOPY OF THE Z=1.79 

ABSORPTION LINE SYSTEM TOWARD 82 1225+317 

In troduc tion 

82 1225+317 is a bright (V = 15.9), high redshift 

(Zem = 2.23) QSO, with a prominent metal-containing 

absorption line system at Zabs = 1.79. The absorption 

system was first identified by Ulrich (1976), who commented 

tha t 82 1225+317 "affords an exceptional opportuni ty for 

detailed study." Subsequent studies at moderate spectral 

resolution were carried out by Wilkerson et al. (1978), 

Grandi (1979) and Sargent et al. (1980). The presence of 

strong lines from a range of ionization states of several 

elements, the large difference between Zabs and Zem' and 

early evidence that the line profiles are complex, 

indicated that it is an example of absorption arising in 

material associated with an intervening galaxy. The 

comparison of the properties of this and similar high 

redshift quasar absorption line systems with analogous 

observations of the Milky Way and other local galaxies can 

yield unique information about the kinematical and chemical 

evolution of gas in galaxies. 

6 
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York et ale (1984; hereafter Paper I) presented a 

spectrum of the 2=1.79 C IV doublet obtained with the 

Multiple Mirror Telescope (MMT) echelle spectrograph. They 

showed that the profile of C IV, which at 40 km/sec 

resolution had shown, incipiently, 3 separate velocity 

components (Sargent et al., 1980; Sargent, 1977) split into 

at least 11 components when observed at very high 

resolution, (R ~ 30,000, or C/R ~ 10 km/sec, corresponding 

to Doppler width b = 6 km/sec.) Also, Paper I placed upper 

limits on the b values of several of the velocity 

components in the range 6-8 km/sec, which corresponds to 

thermal temperatures of 26,000 - 46,000 K. These 

temperatures are cooler than the temperatures at which 

observable C IV is likely to be produced by collisional 

ionization the ionization fraction of C IV peaks at T = 

10 5 K for collisional ionization equilibrium, and is less 

than 3x10- 5 for T<46,000 K (Shull andVanSteenberg,1982). 

Paper I concluded therefore, that for these velocity 

components, photo- or shock ionization dominates 

collisional ionization in determining the distribution of 

ions. This contrasts with the situation in the halo of our 

Galaxy, where collisional ionization has been suggested as 

an important mechanism for producing C IV (Savage and 

t1assa, 1985). 
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In addition, the velocity width of the aggregate 

C IV profile in the B2 1225+317 system was shown to be 

about 500 km/sec, which is much larger than the C IV or Si 

IV profiles observed through the halo of our Galaxy. This 

large width, and the large number of veloci ty componen ts, 

have led to the suggestion that in this system and similar 

complex systems, our line of sight is passing through a 

cluster of galaxies (Pettini et al., 1983; Paper I). The 

absorption we see is then due to the gaseous halos of 

several galaxies overlapping in projection, with the large 

velocity width reflecting the velocity dispersion of the 

cluster as a whole. Although an unbiased sample of C IV 

systems observed at high resolution is not yet available, 

the relatively frequent occurrence of such complex systems 

in QSO spectra studied so far, compared to the number 

predicted from the distribution of galaxies and clusters, 

suggests that statistically, few of the complex systems can 

in fact be attributed to cluster lines of sight. If a 

majority arise instead in single galaxy halos, then the 

implication is that these are not halos similar to our own 

(see also York, et al., 1985). 

To pursue this comparison of QSO absorption line 

systems and the gas in present day galaxies, we obtained 

observations of other species in the Z = 1.79 system 

towards B2 1225+317, with the MMT echelle spectrograph. 
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The advantages of detailed study at echelle resolution are 

that one can resolve the line widths of the lighter 

elements, detect weak, unsaturated lines of the less 

abundan t species, and make accura te physical measure men ts 

in the closely spaced velocity components. Here we discuss 

the differences in the line profiles among the different 

species, and attempt to derive abundances and other 

physical properties of those velocity components which show 

absorption in the low ionization species, Mg I, Mg II and 

Fe II. The physical conditions in the velocity components 

which are seen primarily in the high ionization species, C 

IV and Si IV are discussed in a subsequent paper (Bechtold 

e t al., 1985, herea fter Paper I II, or C,hapter 3). 

Data 

Observations were made with the Multiple Mirror 

Telescope (MMT) echelle spectrograph (Chaffee,1974) and 

intensified Reticon detector (Latham,1982). The wavelength 

ranges covered, exposure times and dates of observations 

are given in Table 1. The spectrograph and telescope 

operating procedures are detailed in Chaffee et al., 1983. 

A one arc second entrance slit was used and a resolution of 

10 km/sec (FWHM) was achieved. Every 20 minutes the 

exposures were stopped and the spectrum of a thorium-argon 

wavelength standard wa.s recorded. Each exposure was 



Table 1. ~ of Observations. 

Observed 
Wavelength 

Range (A) 

3879-3910 

3911-3933 

4245-4282 

4480-4505 

4615-4650 

5639-5685 

6522-6580 

7219-7285 

7798-7866 

7950-7990 

Species 

SiIV 1397 

SiIV 1403 

Si II 1526 

PeII 1608 

CI 1657 

ZnII 2025 

PeII 2345 

PeII 2600 

MgII 2800 

MgI 2852 

Exposure 
Time 
(min) 

160 

280 

210 

120 

120 

110 

110 

120 

200 

80 

140 

Oa te 

6/09/84 

2/08/84 

4/24/84 

4/23/84 

4/25/84 

4/24/84 

2/21/84 

2/9/84 

2/7/84 

2/6-7/84 

2/9/84 

10 

Heliocentric 
Correction 

(km/sec) 

+25.2 

-14.5 

+16.9 

+16.5 

+17.1 

+16.9 

-9.2 

-14.1 

-14.8 

-15.0 

-14.1 
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divided by a continuum white light spectrum to remove pixel 

to pixel variations in sensitivity, and then wavelength 

corrected. The resulting 20 minute accumulations were 

rebinned, coadded, and dark subtracted. The residuals of 

the dispersion polynomials fi t to the thorium-argon lines 

were typically about 0.3 pixels, or 1.5 km/sec, so that 

quoted wavelengths are uncertain by that amount. One 

exception is the spectrum of Mg I A 2852 centered at 7970 

A. Here, the paucity of thorium argon lines in this region 

resulted in a substantially larger uncertainty in the 

dispersion curve, with wavelength errors for each 20 minute 

accum ula tion on the order of 0.3 A or 13 km/ sec. 

The dark level was estimated by several long (2 to 4 

hour) accumulations made periodically during each run, 

w h i c h w ere s moo· the d , s cal edt 0 e x po sur e tim e , and 

subtracted from the data. Since zero point errors can 

dominate uncertainties in column densities for weak, 

unsaturated lines, it is important that the dark level be 

subtracted with care. The typical dark count was 4 

counts / pixel/second during the February run, and 3 

counts/pixel/second during the April run, with variations 

of up to 40% during runs, due to instabilities in the 

detector cooling system. We estimate the uncertainty in 

the zero point to be on the order of 30%. 

Separate integrations on the star HD 93521 and blank 
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sky were obtained at each setting redward of 5000 A in 

order to identify telluric absorption and emission 

features, respectively. 

contribution to the flux 

At other settings, the sky 

was negligible, so that sky 

subtraction was not necessary. 

Analysis 

In Figures 1 - 10 we plot each coadded, dark 

subtracted spectrum, smoothed with a boxcar filter 3 pixels 

wide. Indicated for each species are the expected 

posi tions of the veloci ty componen ts corresponding to the 

reddest and bluest CIV components listed in Paper I. Also 

indicated are the expected positions of strong metal lines 

corresponding to unidentified lines seen blueward of Lyman 

alpha in emission, under the assumption that they are Lyman 

alpha (Chapter 4)~ these predicted metal lines are listed 

in Table 2. In no case do these latter lines significantly 

contaminate the profiles of the Z = 1.79 system. Mg II or 

Fe II lines from lower redshift systems could fall in the 

observed spectral regions, however. 

Voigt profiles were fit to each line in the Z = 1.79 

system, in order to derive column densities and 

temperatures of the absorbing material. The analytic 

approximations given in Humlicek (1979) for the Hjerting 

functions were used to generate the Voigt profiles. The 
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Figure 2. - MMT Echelle Spectrum of Si IV ~1402. Lettered 
lines indicate predicted positions of metal lines from other 
redshift systems. 
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Figure 3. - MMT Echelle Spectrum of Si II A' l526. Lettered 
lines indicate predicted positions of metal lines from other 
redshift systems. 
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Figure 6. - MMT Echelle Spectrum of Zn II ~2025. Lettered 
lines indicate predicted positions of metal lines from other 
redshift systems. 
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Table 2. Other Possible Lines from Other Sys te m s. 

Spect. Label WL Transition Z 
------------------------------------------------------
Si IV A 3879.31 CII(1334) 1.90745 

1393 B 3890.54 SiIV(1393) 1. 79197 
C 3890.78 CII(l334) 1.91605 
D 3906.38 SiIV(1393) 1.80333 

Si IV A 3914.60 SiIV(1393) 1.80960 
1403 B 3915.19 si IV(l403) 1.79197 

C 3919.71 CII(l334) 1.93812 
D 3922.70 CII(1334) 1.94035 
E 3928.01 SiIV(1393) 1.81923 
F 3929.73 siIV(l393) 1.82046 
G 3931.13 SiIV(1403) 1.80333 

Si II A 4248.58 SiIV(1403) 2.02940 
1526 B 4253.09 CII(1334) 2.18768 

C 4253.40 SiIV(1394) 2.05245 
D 4261.55 siII(l526) 1.79197 
E 4261.73 SiIV(l394) 2.05843 
F 4264.32 CII(1334) 2.19610 
G 4264.76 CIV(1548) 1.75528 
H 4267.24 SiIV(1403) 2.04270 
I 4268.90 CIV(1548) 1. 75795 
J 4271.84 CIV(1550) 1. 75528 
K 4272.09 SiIV(1403) 2.04616 
L 4275.84 CIV(1548) 1. 76244 
M 4275.99 CIV(1550) 1. 75795 
N 4278.90 SiII(1526) 1.80333 
0 4280.91 SiIV(1403) 2.05245 

Fell A 4464.64 CIV(1550) 1.87962 
1608 B 4468.52 CIV(1548) 1.88691 

C 4472.78 CIV(1548) 1.88967 
D 4473.41 AIII(1670) 1.67803 
E 4475.94 CIV(1550) 1.88691 
F 4480.21 CIV(1550) 1.88967 
G 4480.30 SiIV(1394) 2.21527 
H 4481.66 CIV(1548) 1.89540 
I 4482.38 SiIV(1403) 2.19610 
J 4484.43 CIV(1548) 1.89719 
K 4484.63 SiII(1526) 1.93812 
L 4486.82 CIV(1548) 1.89874 
M 4488.06 SiII(1526) 1.94035 
N 4489.10 CIV(1550) 1.89540 
0 4491.88 CIV(1550) 1.89719 
P 4494.28 CIV(1550) 1.89874 
Q 4497.69 CIV(1548) 1. 90576 
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Table 2 (Continued) 

R 4500.31 CIV(l548 ) 1.90745 

CI A 4615.45 CIV(1550) 1. 97689 
1657 B 4617.12 SiII(1526) 2.02491 

C 4617.60 CIV(1548) 1.98323 
D 4621.15 CIV(1550) 1. 98057 
E 4623.97 SiII(1526) 2.02940 
F 4625.27 CIV(1550) 1.98323 
G 4628.42 CIV(1548) 1.99022 
H 4634.02 CIV(1548) 1.99384 
I 4636.11 CIV(1548) 1.99022 
J 4637.96 CIV(l548) 1.99638 
K 4641. 72 CIV(1550) 1.99384 
L 4642.34 CIV(l548 ) 1. 99921 
t<l 4644.27 SiII(1526) 2.04270 
N 4645.66 CIV(1550) 1.99638 
0 4649.55 siII(1526) 2.04616 

Zn II A 5641.41 A1III(1862) 2.02940 
2025 B 5641.61 A1III(1854) 2.04270 

C 5648.02 AIIII(1854) 2.04616 
D 5650.33 SiII(1808) 2.12361 
E 5655.45 SiII(1808) 2.12897 
F 5659.68 AIIII(1854) 2.05245 
G 5659.70 SiII(1808) 2.13133 
H 5666.18 AIIII(1862) 2.04270 
I 5668.65 SiII(1808) 2.13628 
J 5670.78 AIIII(1854) 2.05843 
K 5672.61 AIIII(l862) 2.04616 

Fell A 6542.85 FeII(2344) 1. 79197 
2344 B 6563.05 Fell (2382) 1. 75528 

C 6569.42 FeII(2382) 1.75795 
D 6569.49 FeII(2344) 1.80333 

Fell A 7223.57 FeII(2344) 2.08245 
2600 B 7233.65 FeII(2344) 2.08675 

C 7243.91 FeII(2344) 2.09113 
D 7247.24 FeII(2344) 2.09255 
E 7247.68 FeII(2382) 2.04270 
F 7250.42 FeII(2344) 2.09391 
G 7255.90 FeII(2382) 2.04616 
H 7256.70 FeII(2344) 2.09659 
I 7257.23 FeII(2600) 1.79197 
J 7262.66 FeII(2344) 2.09913 
K 7270.90 FeII(2382) 2.05245 
L 7273.48 FeII(2344) 2.10375 

• 
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Table 2 (continued) 

MgII A 7804.79 MgII(2796) l.79197 
B 7805.65 MgI(2852) 1.73687 
C 7808.35 MgI(2852) 1. 73782 
D 7810.96 FeII(2600) 2.00499 
E 7824.81 MgII(2803) 1. 79197 
F 7833.68 FeII(2600) 2.01374 
G 7836.56 MgII(2797) 1.80332 
H 7852.27 FeII(2600) 2.02089 
I 7854.08 MgII (2797) 1.80960 
J 7856.68 MgII(2803) 1.80333 
K 7858.16 MgI(2852) 1.75528 
L 7858.94 FeII(2600) 2.02345 
M 7862.73 FeII(2600) 2.02491 
N 7865.78 MgI(2852) l. 75795 

MgI A 7917.97 FeII(2600) 2.04616 
B 7923.34 MgII(2797) 1.83437 
c 7934.34 FeII(2600) 2.05245 
D 7934.68 MgII(2797) l.83843 
E 7943.68 MgII(2803) 1.83437 
F 7947.47 MgII(2797) 1.84300 
G 7949.88 FeII(2600) 2.05843 
H 7955.05 MgII(2803) 1.83843 
I 7955.72 MgII(2797) 1.84595 
J 7962.82 MgI(2852) 1.79197 
K 7964.94 MgII(2797) 1.84925 
L 7967.87 MgII(2803) l.84300 
M 7976.15 Mg II (2803) 1. 84595 
N 7977.25 MgII(2797) 1.85365 
0 7985.39 MgII(2803) 1.84925 
p 7989.94 MgII (2796) 1.85819 
Q 7995.23 MgI(2852) 1.810333 
R 7977.72 MgII(2803) l. 85 365 
S 8001.57 MgII (2796) 1.86236 
T 80103.93 FeII(26100) 2.07922 
U 81006.24 FeII(26101O) 2.081011 
V 80110.45 MgII(2803) 1.85819 
~'J 81013.11 MgI(2852) 1.80960 
X 8012.31 FeII(2600) 2.08245 
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instrumental profile was taken to be a Gaussian with FWHM = 

10 km/sec. The atomic parameters adopted are listed in 

Table 3 and the results of the profile fitting are given in 

Table 4, except for Si IV A 1393,1403 which will be 

discussed in Chapter 3. The number of components, central 

wavelength of each component, column density and Doppler 

width were all varied until a minimum in chi-squared space 

was found. Fits for members of doublets were forced to 

give consistent column densities and temperatures for each 

velocity component. The profiles of the Fe II lines were 

fit first and the redshifts of the Fe II velocity 

components were used as a starting point for fitting the Mg 

II and si II profiles. The f value of the 1608 transition 

of Fe II was regarded as uncertain, so that its profile was 

not used to derive component parameters. Instead, the 

column densities and b values predicted from the other Fe 

II lines were used to predict the ~1608 profile which 

turned out to be consistent with the data for the f value 

1 is ted in Table 3. 

In all cases, the line profiles were decomposed into 

the minimum number of components required to achieve an 

acceptable fit. Additional components (with smaller column 

densi ties and/or Doppler widths) can be added, but are not 

necessary. The inherent arbitrariness in the fitting 

procedure for these complex, blended profiles results in 
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Table 3. A torn ic constan ts. 

Species WL(vac) f Garnrna/10 8 

-----------------------------------------------

si II 1526.709 0.230 6.50 

Fe II 1608.456 0.0963 2.60 

C I 1656.928 0.136 3.30 

Zn II 2026.059 0.412 3.35 

Mg I 2026.477 0.110 0.96 

Fe II 2344.213 0.108 2.40 

2586.650 0.0573 2.60 

Mn II 2594.508 0.223 2.21 

Fe II 2600.172 0.203 2.60 

Mg II 2796.352 0.592 2.51 

2803.530 0.295 2.53 

Mg I 2852.965 1. 770 5.20 



Tab 1 e 4. a. Z = 1. 7 9 Lin eLi s t: S i I I • 

Transition 

Si II 1526 

WL(obs) 
(Angstroms) 

4264.82 

4265.67 

4266.77 

4267.00 

4267.25 

4267.58 

4268.28 

z 

1. 794093 

1.794651 

1.795371 

1.795522 

1. 795685 

1. 795900 

1. 796361 

114 

917 

331 

129 

234 

153 

110 

28 

b tau 
km/sec 

< 3 4.1 

<17 sa t 

< 5 sa t 

< 5 1.8 

< 4 sa t 

< 5 2.5 

<3.4 2.5 



29 

Table 4.b. Z = 1.79 Line List: Fe II ----- --
WL(obs) z EQW b tau N 
(Angst) (rnA) krn/sec crn- 2 

-----------------------------------------------------------

1 6547.84 1. 794093 <54 < 1.1 5 E12 
7224.98 <38 <0.64 
7262.76 <88 < 2.3 
4493.17 

2 6548.60 1. 794415 66 < 3 0.93 6 E12 
7225.82 47 0.55 
7263.59 115 1.94 
4493.69 

3 6548.87 1. 794531 120 3.2 1.47 1.2 E13 
7226.12 90 0.86 
7263.94 188 3.06 
4493.87 

4 6549.20 1. 794671 205 6.7 1.14 2 E13 
7226.48 153 0.66 
7264.27 348 2.37 
4494.10 

5 6549.58 1. 794834 129 < 6 0.68 1.1 E13 
7226.90 91 0.40 
7264.68 242 1.43 
4494.36 

6 6550.03 1. 795026 40 < 4 0.27 3 E12 
7227.40 27 0.16 
7265.18 84 0.56 
4494.67 

7 6550.81 1. 795358 105 < 5 0.72 9 E12 
7228.26 74 0.42 
7266.08 192 1.51 
4495.20 

8 6551.07 1. 795469 67 < 4 0.60 5.5 E12 
7228.54 47 0.35 
7266.34 126 1.26 
4495.38 

9 6551.36 1. 795593 63 < 4 0.49 5.0 E13 
7229.09 43 0.29 
7266.66 122 1.02 
4495.58 
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Table 4.b. (continued) 

10 655l.64 l. 795713 52 < 4 0.39 4.0 E13 
7229.40 43 0.29 
7266.97 105 0.82 
4495.77 

11 6552.13 l. 795922 40 < 4 0.33 3.0 E12 
7229.94 27 0.19 
7267.51 82 0.69 
4496.11 

12 6553.05 l. 796314 <25 <0.44 <2 E12 
7230.96 <17 <0.26 
7268.53 <51 <0.92 
4496.74 
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Table 4.c. Z = 1.79 Line List: ~g -------

WL(obs) z EQW b tau N 
(A) (rnA) krn/sec crn- 2 

---------------------------------------------------
1 7810.61 1. 794059 323 <4.5 4.4 

7830.67 242 2.2 

2 7811.40 1. 794362 564 <8.2 3.9 
7831.52 422 1.9 

3 7812.05 1. 794551 641 <8.2 6.0 
7832.05 512 3.0 

4 7812.75 1. 794808 779 <6.4 sa t 
7832.77 724 sa t 

5 7813.70 1.795219 257 5.8 1.5 3.5 E 12 
7833.92 157 0.74 

6 7814.20 1. 795358 446 < 5. 2 5.0 
7834.31 382 2.5 

7 7814.72 1. 795526 558 < 5. 2 sa t 
7834.78 510 sa t 

8 7815.17 1. 795704 526 < 5.2 sa t 
7835.28 470 sa t 

9 7815.89 1. 795918 473 < 5.2 sa t 
7835.88 405 sa t 

10 7817.00 1. 796328 209 4.5 1.64 3.0 E12 
7837.03 132 0.82 



Table 4.d. ~ ~ 1.79 Line List: Other Species. 

Species 

Mg I 2852 

WL(obs) 
( A) 

7969.22 

C I 1656 4631 

Zn II 2025 5659 

Mn II 2594 7654 

Mg I 2025 5659 

Z EQW tau 
(rnA) 

1. 794216 255 0.33 8.0 Ell 

<142 < 2 E13 

< 78 < 2.5 E12 

< 50 < 3.8 E12 

< 78 < 2 E13 

32 
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velocity components. 
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specific properties of individual 

It is noteworthy in fact that at 10 

km/sec resolution few of the observed line profiles are 

consisten t wi th simple, single tempera ture Voigt prof iles. 

At higher resolution, it is likely that these lines would 

split further into distinct velocity components. 

In addition, errors in the column densities and 

Doppler parameter8 result from photon noise, systematic 

uncertainty in the zero point (discussed above) and 

sca ttered light. We estimate that the uncertainties from 

these effects result in errors of about 50% in column 

densi ties for the unsa tura ted lines. Many of the velocity 

components have lines which are heavily saturated. For 

these components, only lower limits to the column densities 

can be derived. 

Line Profiles. 

In Figure 11 a - c, we plot line profiles on a 

veloci ty scale for Mg I h 2852, Mg II ..\ 2796 and A 2803, Fe 

II ~ 2345 and }., 2600, si II A 1526, C IV 1\ 1548 and 

~ 1550 and si IV ~ 1393 and ).. 1403. The zero veloci ty was 

arbitrarily chosen to be the center of the strongest 

feature of Fe II, Z = l.79467l. The center of the Mg I 

profile, whose absolute redshift is uncertain by 13 km/sec 

for reasons described above, was shifted by +8 km/sec in 

order to be centered at .zero velocity. 
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While the decomposition of these profiles into voigt 

components is arbitrary, it is however clear from Figure 11 

a - c that the absorption profiles differ significantly 

from species to species. Material with velocity near 0 

km/sec absorbs strongly in all transitions, with Si IV 

weaker than CIV, and Si II stronger than Si IV. Material at 

a relative velocity of -50 km/sec has very weak Mg I or Fe 

II absorption, Si IV stronger than Si II, and intermediate 

strength CIV and Mg II. At a velocity of 50 km/sec Si IV is 

stronger than CIV, Mg II and si II are strong, Fe II weak 

and Mg I absent. Towards positive relative velocities, si 

II and Mg II decrease in strength and become undetectable 

for v > 200 km/sec; CIV also becomes weaker but is 

detectable to v = 450 km/sec. 

Our data appear to favor the interpretation that 

this system is a single galaxy with a halo of greater 

velocity dispersion than our own, rather than the 

superposition of absorption arising in the overlapping halos 

of several galaxies in a cluster (e.g. Pettini et al., 1983; 

Paper I). The low ionization species (Mg II, Fe II, si II 

and Mg I) show velocity structure which is similar to the 

structure seen in the same species in lines of sight through 

the Milky Way (e.g. Cohn and York, 1977; Savage and deBoer, 

1979). Only C IV and Si IV show the unusually large 

velocity spread seen in some quasar systems, and not seen in 

our Galaxy • Unlike some of the complex quasar systems, 

• 
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however (e.g. Blades et al., 1985) the strength of the eli[ 

absorption is a smoothly changing function of velocity, 

suggesting organized motion in the halo of a single galaxy. 

The si II/ si IV ratio, which is greater than one at 

zero velocity, but less than one at v>+130 km/sec suggests 

that the ionization varies with velocity. We attempt to 

show this in Figure 12, where we have plotted 

log(tau(SiIl)/tau(SiIV) ) as a function of velocity, where 

tau(Si II) is the optical depth of Si II 1526 at each point 

in the profile, and tau(Si IV) is the analogous quantity for 

Si IV 1403. Thus the components at v > 200 km/sec are weak 

in Mg II and Si II not only because the column densities of 

all species are lower, but also because the ionization is 

higher. We discuss the variance of si II/Si IV with velocity 

in a subsequent section. 

The asymmetry of the eIV profile and the trend of 

ionization and column density with velocity can be naturally 

explained if our line of sight to B2 1225+317 is passing 

through a rotating ensemble of clouds (Weisheit, 1978), and 

the ionization within each cloud increases with radius from 

the center of the ensemble. For example, one might imagine 

this system to be the photoionized gaseous halo of a galaxy 

corotating with its disk, with the mean density of the gas 

decreasing with radius. Other simple models such as an 

ensemble of clouds uniformly expanding or uniformly 

infalling will generally give symmetric aggregate profiles. 
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In the particular case of this system in 82 1225+317, the 

profile asymmetry toward positive velocity implies rotation 

towards us. There are other ways to produce asymmetric 

profiles such as the picture discussed by York et al., 

(1985) where the absorption arises in the halo of a large 

galaxy and the gas of its associated Magellanic type 

irregulars. The large velocity width (450 km/sec) of the 

aggregate profile is still a problem in this picture, 

however. 

A further unfortunate consequence of the single 

rotating halo model is that there is no unique 

correspondence of velocity with position in the galaxy. 

Absorption at v=+200 km/sec, for example, arises from 

material located at opposite sides of the halo. Since it 

would be fortuitous if the physical conditions of the gas at 

these two places were the same, the in terpreta tion of line 

ratios in terms of physical parameters is ambiguous. 

Nevertheless, the mean properties of the material between v 

= 100 and v = 400 km/sec, which in this picture is in the 

far outer halo of this galaxy, will be discussed further in 

Chapters 3 and 4. 

The comparison of statistical results from surveys 

of absorbers discovered in different ways has led several 

authors to postulate multiphase models for the origin of the 

metal line systems. Certainly our observations support 

these ideas. Early searches for CIV and Mg II doublets 
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(Weymann et al., 1979, Young et al., 1982) suggested that 

the mean free path for absorption by CIV was smaller than 

that for Mg II, but the errors are large, and the redshift 

range for which homogeneous data exist for C IV 1.1 < z < 

2.3 ) did not overlap with that of Mg II ( 0.16 < z < 0.83 

). Lyman discontinuities, for which data existed in the 

redshift range 0.37 < z < 3.5, have mean free paths for 

absorption which are consistent with those of both C IV and 

Mg II. The number of Lyman limits with tau> 1 shows no 

evolution in comoving density with redshift, suggesting that 

the same might be true for the C IV and Mg II absorbers 

(Tytler, 1982; Bechtold, et a1. 1984). However, since only 

lower limits to the optical depth at 912 A are available, a 

substantial evolution in N(HI) is not ruled out by the data. 

These thick Lyman limit systems almost always have 

detectable Mg II or C IV absorption, although C IV absorbers 

do not always have associated Lyman edges (Bechtold et al., 

1984). C IV is often stronger than the C II (Wolfe, 1982), 

Mg II or Fe II (Bergeron and Boisse,198S) absorption, with a 

tendency for the systems which show only C IV to have low 

equivalent widths and be optically thin at the Lyman limit. 

There is slight evidence that the number density of these C 

IV systems evolves with z, such that there were more C IV 

systems in the past; observations with a longer baseline in 

z are needed to confirm this. Finally, searches for 21 cm 

absorption at the redshift of known Mg II systems have 
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detected absorption in only 2/18 cases, with no correlation 

of 21 cm optical depth with strength of Mg I (Briggs and 

Wolfe, 1983). 

Roughly speaking, one can divide the narrow metal 

line systems into at least 2 groups, based on their 

observable properties: (1) those which are optically thick 

in the Lyman limit, show Mg II and C IV and sometimes 21 cm. 

in absorption, and probably do not evolve with z, and (2) 

those which are thin at the Lyman limit, show C IV but no C 

II or Mg II and may show some evolution with z. The 

interpretation of the first type of system as arising in an 

intervening galaxy is relatively uncontroversial. The second 

type, whose properties are so different from the properties 

of material seen in absorption in our galactic ISM or halo, 

is perhaps less easily identified with an intervening 

galaxy. Chaffee et al., 1985 and Paper III argue that the 

physical conditions and/or metal abundance of these CIV 

absorbers are very different from the Lyman alpha forest 

absorbers, but an origin in quasar ejecta may be suggested 

in at least one case (Hazard, 1984). However, the existence 

of CIV absorbers with no corresponding Mg II or C II 

(Chapter 3 ) in the z=1. 79 system in B2 1225+317 argues tha t 

the optically thin, low column density C IV absorbers with C 

IV > C II can be associated with galaxies. Perhaps the 

other examples of these systems arise in lines of sight 

passing through the outermost regions of galactic halos, at 
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an impact parameter larger than that in the z=l.79 system 

discussed here. One objection to this conclusion might be 

the estimated sizes of the C IV absorbers in the other 

objects. In a single C IV system at z=2.12 also seen 

towards B2 1225+317, (Chapter 3 and Chaffee et al. (1985) ) 

photoionization models imply a diameter of about 6 kpc for 

that cloud. This size estimate depends on the ultraviolet 

photon field, assumed to be the in tegra ted QSO background, 

which is uncertain, but if 6 kpc is indicative of typical 

cloud dimensions, it is hard to imagine that more than a few 

such large clouds could exist in a single halo. 

Element Abundances: Fe II and Zn II 

One of the goals of this study is to measure the 

abundances of elements relative to hydrogen and compare them 

to the abundances observed in the interstellar medium of our 

Galaxy. A large body of data exists for the Milky Way ISM 

from the Copernicus sattelite (Bohlin et al., 1983) and 

relative abundances for several elements have recently been 

derived (Jenkins et al., 1985). In addition, gas in the 

Milky Way halo has been studied by observing halo stars 

(Pettini and West,1982) and stars in the LMC and SMC (Savage 

and deBoer, 1979,1981~ Fitzpatrick, 1984 and references 

therein), with IUE. 

There are several sources of uncertainty which 

affect the derivation of abundances from absorption line 
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studies. First, the column density of hydrogen and of the 

heavy element species must be measured. In practice, this 

is difficult because lines strong enough to be detected are 

often sa tura ted. Second, the columns of several ioniza tion 

states must be measured for each element, or some correction 

made for ionization in the context of a model. Third, the 

gas phase abundance of elemen ts in the in terstellar medi urn 

suffers depletion by dust grains, which can change apparent 

metal to hydrogen ratios by factors of up to 1000. 

The determination of N(HI) in the Z = 1.79 system in 

B2 1225+317 is more difficult than the determination of 

N(HI) for the typical ISM line of sight studied by 

Copernicus. All of the lines of sight studied in Lyman 

alpha by Copernicus have log N(HI) > 19.5 cm- 2 so that Lyman 

alpha is on the damped part of the curve of growth, and 

N(HI) is quite well determined from the line profile (Bohlin 

etal., 1978). By contrast, Lyman alpha in the B2 1225+317 

system is saturated but not evidently damped (Chapter 2). 

One must assume a reasonable b-value or reasonable set of b 

values for blended velocity components, in order to 

determine column densities. Also, a damped component, say 

at IIzeroll velocity, could be hidden by narrow Lyman alpha 

components in its wings, which make the profile appear 

IIsquare ll • In Chapter II we estimate that such a component 

must have N(HI) < 5x1018 cm-2 for any b < 50 km/secr or else 

the damping wings would have been seen. A lower limit on 
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the total N(HI) summed for all velocity components is given 

by the observation of the Lyman limit with IUE (Snijders, et 

a1., 1981) which implies that tau(LL) > 4 so that N(HI) > 7 

x 1017 cm- 2 ; individual components, of course, are expected 

to have a value for N(HI) which is some fraction of the 

total. A less stringent lower limit on N(HI) can be placed 

for each component by requiring that the observed Lyman 

alpha line be black at the center: this lower limit depends 

on the b value adopted. Assuming b = 24 km/sec, N(HI) > 3 x 

1014 cm- 2• At any rate, for this system, which has a 

relatively high column density for a typical QSO metal line 

system, we estimate that N(HI) is least a factor of 10 lower 

than the lowest column density line of sight studied by 

Bohlin et a1. (1978). 

One way to get around both the problems of heavy 

element depletion and of line saturation of Lyman alpha is 

to measure the column of Zn.II. York and Jura (1982) and 

H a r r i set a 1. (1 983) h a ve s how nth a t z inc i sun de p 1 e ted ,b y 

dust, and hence is a reliable tracer of metallicity in the 

ISM. They showed that for HI regions, and 5 x 10 19 cm- 2 < 

N(HI) < 5 x 10 21 cm- 2 , log N(ZnII) = l.02 x log N(HI) - 8.0. 

with a scatter in the relation of about 0.4 in the log. In 

standard nucleosynthesis scenarios, the zinc abundance 

relative to hydrogen is expected to vary directly with the 

iron abundance (Pagel, 1985). Unfortunately, applying the 

N(ZnII)-N(HI) relation to B2 1225+317, with the most 
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optimistic value for N(HI) = 5 x 1018 cm~2 (noting that this 

value lies outside the range of N(HI) of the ISM relation), 

we expect N(ZnII) = 1.2 x 10 11 cm- 2 , or for the 2025 line, 

an observed equivalent width of 5 rnA. The observed limit 

N(ZnII) < 2 x 1012 cm- 2 implies N(znII)/N(HI) < 4 x 10-7 for 

N ( HI) = 5 x 1018 c m - 2 , com pa red tot he sol a r val u e 0 f 

N(Zn)/N(H) = 4 +/ .8 x 10-8 (Biemont and Godefroid, 1980). 

We can, however, infer that the total N(HI)+N(HII) is < 

5x10 19 cm- 2 , if N(Zn)/N(H) is solar, and if the ionization 

is similar to that in neutral galactic clouds. 

Determining the column densities of the other heavy 

elements is also difficult since for low column density 

lines of sight, weak and unsaturated lines are hard to 

detect. Ideally, for each species one would measure lines 

which have a range of f values and construct a curve of 

growth. Of "ten, in practice, a curve of growth is 

con s truc ted f or one or two spec ies and then. the de rived b 

values are adopted for other species in order to determine 

column densi ties from sa tura ted lines. Unfortunately, for 

the B2 1225+317 system the complex na ture of the line 

profile and the observed range of ionization means that the 

validity of this last procedure is questionable. 

Fe II is the only species for which we have 

observations of lines on both the linear and flat part of 

the curve of growth. The column densities and b values of 

individual velocity components are listed in Table 4. We 



47 

note that with 10 km/sec resolution, the typical upper limit 

to the Doppler width is somewhat higher than the temperature 

at which Fe II is the dominant form of iron, i.e. 15,800 K 

or 2.2 km/sec (Shull and van Steenberg, 1983). This 

suggests that velocity substructure on smaller scales is 

pro b a b 1 y pre sen t , and the col u- m n den sit i e s are 

correspondingly uncertain. 

The classical way to distinguish between turbulen t 

broadening by an ensemble of clouds with velocity dispersion 

v t ' and thermal broadening by a Maxwellian distribution of 

atoms at temperature T, is to compare line widths of species 

with different atomic weights m, but similar ionization, 

since the observed width b is 

b 2 = v t
2 + kT/m • (1) 

The observed widths of the blended component centered at v=0 

(full width half max or 1.66xthe doppler width) are 70 

km/sec, 62 km/sec, and 52 km/sec for Mg II, Si II and Fe II 

respectively, (which have m=24,28 and 56). Clearly, 

however, the naive application of (1) is not valid, since if 

purely thermal (as implied by these ratios), the widths 

imply temperatures in excess of 106 K. It is possible that 

different sUb-components have different MgII/FeII and si 

II/Fe II. For example, for collsional ionization 

equilibrium (Shull and VanSteenberg, 1982), MgII/FeII varies 

by a factor of 4 for temperatures at which MgII is within a 
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factor of 10 of its peak ionization fraction. The ra tio 

Sill/Fell varies by a factor of 100 for temperatures at 

which Si II is within a factor of 10 of its peak. (However, 

in the local ISM these ratios are determined by 

photoionization by starlight so that -they are expected to be 

almost independen t of tempera ture.) Also, the di fferen t f 

values of the transitions we observed resuli in different 

sensitivities for the different lines. 

Nevertheless, since the b values of the Fe II 

components listed in Table 4 are only a factor of 2 to 3 

larger than the predicted thermal widths for collisional 

equilibrium, we expect that there are only a few subclouds 

per component. Blindly associating the Fell at v=0 with the 

limits placed on N(HI) discussed above, we find that -4.5 < 

log( N(FeII) / N(HI) ) < -5.4 compared to log( N(FeII) / N 

(H) ) = -5.85 (with a scatter of about .2 ) from the 

Copernicus data (Jenkins, Savage and Spitzer, 1985). Given 

the caveats described above, the Fe/H ratio is consistent 

with what is observed in the interstellar medium of the 

Milky Way. The possible overabundance of Fe II in the QSO 

system can be accounted for if a large fraction of the Fe II 

containing gas is HII, not HI. 

Similarly, the N(MgII)/N(H) ratio can be compared to 

the ISM value. The lack of detection of MgII 1239,1240 

imp 1 i e s N ( M g I I) < 3 x 10 1 5 c m - 2 ( C ha pte r 2), and the 

saturation of Mg II 2796,2803 implies N(MgII) > 3 x 10 14 

• 
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cm- 2 per component. Thus, -4.2 < log (N(MgII)/N(HI) ) < -

2.4, compared to the interstellar log (N(MgII)/N(H» = -4.70 

(with a scatte~ of .25) from copernicus (Jenkins, Savage 

and Spitzer, 1985). Again, the Mg/H ratio is consistent 

wi th ISM values. 

The derived ratios of ions 0.90 < log (N(FeII) I 

N(ZnII» and log (N(FeII)1 N(MgII) ) = -1.18. These ratios, 

which are fairly independent of ionization, are consistent 

with the abundances in the local ISM. In particular, the 

ratio of N(FeII) I N(ZnII) is consistent with a gas where 

iron is already depleted by grain formation. 

!:!.9. I/!'19 II, C I/c II and the Radiation Field 
--a bo ve-t he -ryman ITiiiT t. 

Mg I and C I probe the neutral gas in this system. 

In the ISM, the C I produced in HII regions is negligible; C 

I is detected in absorption only in HI regions, where T < 

104 K and shielding of ionizing photons by dust is probably 

important (Jenkins and Shaya, 1979). For magnesium, a high 

dielectronic recombination coefficient at relatively low 

temperatures enhances the formation of Mg I, so that Mg I is 

detectable in warm gas (T = 104 K) where C I is not (York 

and Kinahan, 1979). 

We placed ali mit on C I for any veloci ty componen t, 

of N(CI) < 2x10 l3 cm- 2• Unfortunately, C II 1334 is 

saturated (Chapter 2) so that N(CII) is uncertain. We 



50 

estimate that for the component at zero velocity, the 

requirement that no damping wings be observed for C II 1334 

implies that N(C II) < 4x10 18 cm- 2• For b=8 km/sec, the 

requiremen t tha t the absorption line be dark a t the cen ter 

as observed, implies N(C II) > 5x10 15 cm- 2• Thus, CII/CI > 

250, and ignoring photo-ionization for the moment, the 

collisional equilibrium temperature must be T > 104•6 K. 

Fitting the Mg I profile with one Voigt component 

yields N(l>lgI) = 8x 1011 cm- 2 with b = 18 km/sec. Since T = 

104 K implies a thermal width for magnesium of 2.5 km/sec, 

several subcomponents are probably present, each with higher 

N(MgI). An upper limit on N(MgI) is given by the non-

d~tectability of the MgI line at 2025, N(MgI) < 2x1013 cm 

2 t'l eta k e 8 x 112'11 c m - 2 a san up per 1 i mit tot heN ( M 9 I) for 

each subcomponent. For the Mg II column, we estimate that at 

zero velocity, N(MgII) < 3x1015 cm- 2 from the lack of 

observable 1239, 1240 (Chapter 2), N(MgII) = 3x1014 cm- 2from 

fitting 2803, 2796, and N(MgII) = 2.8x1014 cm- 2 from the 

value of the Fell column at zero velocity, assuming the ISM 

Fell to MgII ratio (Jenkins, Savage and spitzer, 1985). 

Adopting N(MgII) = 3x10 14 cm- 2 , results in MgII/MgI > 350. 

This is similar to the observed ISM values of MgII/MgI > 500 

(Bruhweiler et al., 1984) and 60 < MgII/MgI < 800 in the 

combined data of Pettini et ale (1977) and Murray et ale 

(1984). Again, ignoring photoionization, the collisional 

equilibrium temperatures implied are T > 104•7 K (with most 
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of the magnesium in the form of Mg III), consistent with the 

temperatures implied by the Cll/cI ratio. These 

calculations imply much greater total hydrogen columns 

N(HI)+N(HII) than N(HI), because at such high temperatures, 

H is highly ionized. 

Since both Mg.I and C I can be ionized by photons 

redward of the Lyman limit, they can in principle yield 

information about different sources of the local radiation 

field than species whose ionization potentials fall blueward 

of the Lyman limit. In the halo of a galaxy, for example, 

the radiation field for > 912 A could be dominated by 

stellar light from the galaxy, or the diffuse background 

from other normal galaxies (e.g. York, 1982). Below 912 A, 

most stellar light may be absorbed by disk HI, and the 

summed radiation from other sources, such as QSOs, might be 

expected to dominate. 

We investigated these issues, by constructing 

photoionization models using the code CLOUDY, lent to us by 

Gary Ferland (Ferland 1981~ Ferland and Truran, 1981). In 

Figures 13 and 14 we plot MgI/MgII and Cl/cII as functions 

of ionization parameter, here defined as 

U = Q(H) I 4 pi r2 c ne 

under different assumptions for the ionizing field, where Q 

is the number of ionizing photons beyond the Lyman limit. 
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Figure 13. The Dependence of Mg I/ Mg II on the Radiation 
field. 
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Figure 14. The Dependence of C I/ C II on the Radiation 
Field. 
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The calculations are similar to those presented by Chaffee 

et al., (1986). It is assumed that the clouds are plane 

parallel slabs illuminated on one face, at constant 

pressure. The models were calculated with solar 

metallicity, where the solar logarithmic abundances with 

respect to hydrogen were taken to be He:C:N:O:Mg:Si = -1.0:-

3.33:-4.01:-3.08:-4.59:-4.40. The thermal structure of the 

cloud and ionization levels were found to be insensitive to 

the metallicity for the ionization parameters considered 

here. 

For energies. between 1 and 16 Rydbergs (9l2A to 57 

A), we adopted the radiation field from the integrated 

contribution of QSOs at Z=1.75, as calculated by Weymann et 

ale (1985). As Weymann et ale discuss, this radiation field 

is uncertain due to uncertainties in the QSO luminosity 

function (in particular, the assumed form at high 

redshifts), the adopted intrinsic spectrum of the QSOs in 

the far UV, and the role of continuum absorption by 

intervening material. These uncertainties primarily 

introduce uncertainties in the normalization of the diffuse 

radiation spectrum, but not the spectral shape. In the 

discussion below, we adopt an ionizing continuum with mean 

spectal slope between 1 and 16 Rydbergs is -1.7, with log 

J(nu) = -21.84 ergs cm- 2 sec-1 Hz- 1 at 912 A, and the total 

number of ionizing photons beyond the Lyman limit, log Q = 

5.37. We estimate the uncertainty in this normalization to 
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be about a factor of 10 at z = 1.79. The spectrum below 16 

Rydbergs was assumed to be a power law with spectral index 

0.7. The resul ts of the model calcula tions are completely 

insensitive to the shape of the X-ray spectrum below 40 kev. 

The ionization fractions are changed by about 10% for the 

optically thin models and 15% for the thick models when the 

spectral index softer than 40 kev is varied between 0.5 and 

1.0. 

The spectrum for wavelengths redward of 912 A was 

varied in order to generate the results shown in Figures 14 

and 15. The contribution by QSOs to the radiation longward 

of 912 A is well described by a power law of slope about 

1.0. We then considered models with 10,100, 10 3 and 104 

times this flux at the MgI and CI edges. The thermal 

structure of the cloud and the distribution of ions whose 

ioniza tion poten tials are larger than 1 Rydberg changed by 

less than 10% when the optical fluxes were varied. Models 

were run so that the total log N(HI) = 16.5, 17.5 and 18.5 

corresponding to optical depths at the Lyman limit of 0.2, 

2.0 and 20 respectively. The ratios MgI/MgII and CllcII are 

not sensitive to optical depth effects, for moderate optical 

depths. These ratios are apparently most sensitive to the 

flux long ward of 912 A. 

The observed ionic ratios then depend on the 

ionization parameter 0, and the shape of the ionizing 

spectrum. In order to estimate the photon field, given 
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observeo line ratios, and a shape, some estimate of ne must 

be made. One way to measure ne is to observe the population 

of the fine structure excited states relative to their 

ground state (e.g. Bahcall and Wolf, 1968). In Chapter 3, 

we set limits on the excited state of CII, CII'~ 1335, with 

N(CII*) < 3x10 l3 cm- 2 for the zero velocity component, and 

N(CII*) < lx10 l3 cm- 2 for all other components. At 

densi ties below the cri tical densi ty where collisional, de-

excitation depletes the upper states, the upper levels are 

populated by collisions, by direct excitation by IR photons, 

or by excitation by UV photons to higher levels which 

subsequently decay to the ground state fine structure level. 

The most conservative upper limit to the density is then 

given by assuming collisional excitation only, in which case 

?1. (ColI*) 

'1'\ (cJt) ( 
T )_1/2-

(.OZIo3) Jl.. 
IO,O()O 

When more modern rate constants are used, the numerical 

coefficient on the right hand side of this equation becomes 

0.0341 (J. Black, 1985, private communication.) Adopting the 

conservative value N(CII) = 5x10 l5 cm- 2 , and T = 20,000 K, 

we estima te that ne < 0.51 cm-3• 

For the normalization of the QSO field adopted 

above, this translates to a limit on the ionization 

parameter, log U > -4.6. From Figure 13, the observed log ( 

MgI/MgII ) = -2.5 implies that the specific intensity at 

1000 A, Jnu(1000 A), is less than about 500 times the QSO 
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field, or log Jnu(1000 A) < -19.1 ergs sec- l cm- 2 Hz-I. 

Similarly, for log (CI/CII) < -2.4, Jnu(1000 A) is less than 

100 times the QSO field, or log Jnu(1000 A) < -19.8 ergs 

sec- l cm-2 Hz-I. By comparison, the diffuse radiation field 

due to galactic sources is estimated to be log Jnu(1000 A) = 

-18.2 ergs sec- l cm- 2 Hz- l in the solar neighborhood, 

decreasing as one moves out of the galactic plane to log 

Jnu(1000 A) = -19.9 ergs cm- 2 sec- l Hz- l at d=50 kpc (Jura 

1974, Draine, 1978). The integrated background due to 

normal, unevolving galaxies is estimated to be Jnu(1000 A) 

=-21.3 at z=0 (Dube et al., 1979: Anderson et al., 1979) or 

(1+Z)3 this value, log Jnu(1000 A) = -20.0 ergs cm- 2 sec- l 

Hz- l at z=1.79. The MgI/MgII and CllcII ratios are thus 

consistent with the radiation field above 912 A expected in 

a typical spiral galaxy. An additional, substantial source 

of UV radia~ion which contributes flux long ward of 912 A, 

but not shortward of 912 A, is not consist.ent with these 

line ratios and model assumptions. A better limit on the 

density, however, would lower these limits on Jnu(1000 A) 

and in principle could imply a position for these absorbers 

out of a galactic disk, in a halo. 

Sill I SiIV ~ Local Sources £! Ionizing Radiation. 

In Figures 15 and 16, we plot log (Si IIlsi IV) and 

log (Si IIIlsi IV) as a function of ionization parameter for 

the QSO field described above, and total log N(HI) = 16.5, 
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17.5 and 18.5 as before. At zero velocity, the observed 

tau(SiII 1526)/ tau(SiIV(14103) > 110: since tau(SiII 

l526)/tau(SiIV(14103) = l.05 N(Si II)/N(SiIV), Figures 15 and 

16 imply log U < -3.5, or log n > -l.7. Assuming N(CII) = 

5xl1015 cm- 2 as above, this implies that CII* should have the 

undetectably small equivalent width of 830 microangstroms. 

Applying log U = -3.5 to the MgI/MgII ratio, implies 

that 10g(MgI/MgII) =-0.5, a factor of 11010 above the observed 

value. Thus, sources of radiation longward of 912 A other 

than the QSO field are implied, or else the MgI absorption 

would be stronger. The observed log MgI/MgII = -2.5 and 

assumed log U > -3.5 imply that Jnu(11000 A) is about 810 

times the QSO field, or log Jnu(11000 A) > -19.9 ergs cm- 2 

sec- l Hz-I. Thus the implied radiation field at 11000 A, -

19.9 < log Jnu(1000 A) < -19.1 is in the range of the 

expected UV field from a spiral galaxy. Clearly, however, 

the uncertainties are large, and the result is very model 

dependen t. 

Finally, we note that for log U = -3.5, the fraction 

of hydrogen that is HI is about 0.105. Thus, if log N(HI) < 

18.5 cm- 2 , then log N(H) < 19.8 cm- 2 and if log n = -l.7 

cm- 3 , then the diameter of the cloud is less than one kpc. 

unreasonably large sizes for these clouds are not implied by 

these models. 

• 
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Conclusions 

We have obtained echelle spectra of several species 

of the absorption line system at Z = 1.79 toward the quasar 

B2 1225+317. The absorption profiles differ significantly 

from species to species, with some velocity components 

absorbing strongly in both low and high ionization species, 

while others show detectable absorption only in C IV and Si 

IV. The relative column densities of Zn II, si II, Mg II, 

Fe II and H I are, within the uncertainties, consistent with 

the ratios observed in the interstellar medium. 

We interpreted the observed line ratios by 

constructing photoionization models, to derive properties of 

the radiation field above the Lyman limit at Z = 1.79. The 

C IIlc II* ratio places a limit on the total density of the 

absorbing material for components for which C II is 

detected. This estimate of the density, together with our 

models for the UV diffuse radiation field from the 

integrated light of QSOs, then places a lower limit on the 

ionization parameter. The observed Mg II Mg II ratio then 

places an upper limit on the specific intensity at 1000 A. 

The observed si III Si IV catio places an upper limit on 

the ionization parameter, which, with the Mg II Mg II ratio, 

implies a lower limit to the specific intensity at 1000 A. 

The resulting range is consistent with the expectations for 

the UV radiation field in the halo of a spiral galaxy. 



CHAPTER 3 

OTHER SPECIES IN THE 2=1.79 ABSORPTION LINE SYSTEM 

OF 82 1225+317 

In troduc tion 

In this chapter we discuss observations of the 2 = 

1.79 system in 82 1225+317 obtained with the MMT 

spectrograph, with the echellette grating and a prism cross

disperser, and 2D Fruitti detector. Details of the 

observing proceedures are given by Morris et al. (1986). 

The spectrum was reduced by R. Weymann and T. 8oroson. 

The near continuous wavelength coverage from 3150 A 

to 8000 A allowed measurement of lines in the blue ( A < 3900 

A) , which are not acessible with the echelle, and more 

complete spectral coverage redward of 3900 A. The 

resolution is somewhat lower however, with c/R ';t 35 

km/sec, compared to the echelle's 10 km/sec. 

Here we give details about the data analysis and 

Voigt profile fitting. The discussion of the results is 

given in Chapter 4, along with the discussion of the CIV 

metal line systems • 

• 62 
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Analysis 

In Figure 17 we plot each strong species on a 

velocity scale where zero velocity is defined as Z = 

1.794671, as in Chapter 2. Voigt profiles were fit to each 

line, and the results are tabulated in Table 5 . For lines 

which were not detected, limits for the column density N are 

also tabulated. These were measured by assuming T = 50,000 

K and varying N until a x2 > lover the profiles. We did 

not fit the Fe II lines because the data described in 

Chapter 2 gives much better estimates of column densities 

and doppler parameters for Fe II. The f-values and damping 

constants adopted are given in Table 6. We preferentially 

used atomic constants derived from Copernicus data, 

calculated theoretically, and derived from low resolution 

data,' in that order. References are given in Table 6. 

si III, si IV, and £. IV. 

The si III, Si IV and C IV lines are of interest 

because they can be directly compared to observations of the 

same lines in the gaseous halo of the Milky Way. Also, the 

high velocity components ( V > 100 km/sec) seen in C IV, Si 

IV and Si III and Lyman alpha are similar in their observed 

ion ratios to the C IV systems discussed in Chapter 3, which 

have C II < C IV and very low neutral hydrogen columns. 

The profiles of Si III, Si IV and C IV are clearly 

complex, although at 35 km/sec resolution, more than two 
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Table 5. Z = 1. 79 Voigt Profile Fi tting Resul ts. 

Species 

HI 1215 

cr 1277 

1656 

crr 1334 

crI* 1335 

EQtv (A) b/n'lHM N cm- 2 Comments 

6.33 6.67 A(FWHM) --------
588 km/sec 

1 

1.78 1.7A (FWHM) -------- 2 
150 km/sec 

.90 (24 km/sec) >3x10 14 3 
(35,000 K) 

5.6 (12.8 km/sec) <7.5x10 18 4 
(10,000 K) 

<.125 

<.089 

<.051 

3.28 

0.164 

1.35 

<.104 

<.065 

( 3. 7 k m / se c ) 
(10,000 K) 

(3.7 km/sec) 
(10,000 K) 

( 3. 7 k m / se c ) 
(10,000 K) 

3.46 A FWHM 
278 km/sec 

( 8. 3 km/ se c ) 
(50,000 K) 

(3.7 km/sec) 
(10,000 K) 

( 3. 7 k m / se c ) 
(10,000 K) 

(3.7 km/sec) 

<2x10 14 

<lx1013 

<2x10 13 5 

>5x10 15 3 

<2.5x1018 4 

<3.0x10 13 

< l. 0x1013 

6 

7 

8 

72 



Table 5. (continued) 

crv 1548 4.05 

1550 3.20 

or 1302 0.81 

<.067 

or* 1304 <.153 

Sirrr 1206 2.98 

.64 

1.41 

0.31 

0.23 

0.097 

(10,000 K) 

5.52A FWHM 
383 krn/sec 

4.97A FWHM 
345 krn/sec 

.86A FWHM 
71 krn/sec 

(3.2 krn/sec) 
(10,000 K) 

(4.5 krn/ sec) 
(20,000 K) 

3.72A FWHM 
330 krn/sec 

(5.4 krn/sec) 
(50,000 K) 

(5.4 krn/sec) 
(50,000 K) 

(5.4 krn/sec) 
(50,000 K) 

(5.4 krn/sec) 
(50,000 K) 

(5.4 krn/sec) 
(50,000 K) 

• 

73 

6 

6 

--------- 6,9 

<2x10 13 8 

<5x10 14 7 

-------- 6 

5x1016 3,10 

<3x1017 4,10 

1x1015 3,11 

2x10 13 12 

<2x10 12 13 



Table 5. (continued) 

AIII1670 

AIII11854 

1862 

Mg II 2796 

2803 

1239 

1240 

NV 1238 

1.76 

0.87 
0.87 

<.10 

.34 

.57 

.33 

<.155 

4.3 

3.8 

<.083 

<.032 

.88 

2.64A F~JHN 
169 krn/sec 

(3.0 krn/sec) 
(15,000 K) 

( 5.5 krn/ se c) 
(50,000 K) 

1.14A FWHM 
66 krn/sec 

1.34A FWHM 
78 krn/ sec 

(5.5 krn/sec) 
(50,000 K) 

(5.5 krn/sec) 
(50,000 K) 

6.2A FWHM 
236 krn/sec 

6.5A FWHM 
249 krn/ sec 

( 5.2 krn/sec) 
(40,000 K) 

(40,000 K) 

1.78AFWHM 
153 krn/ sec 
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6 

14 

<lx1013 12 

-------- 15 

-------- 16 

5x1013 
lx1013 

17 

<5x10 12 12 

------- 6 

------- 6 

<3x10 15 

<3x10 15 

------- 6 
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Table 5. (con tinued)-

1242 .125 .52A FWHf.l ------- 6 
44 km/sec 

1238,1242 .075,.16 (3.4 km/ sec) <3x1013 7 
(10,000 K) 

.195,.332 (22 km/ sec) 8x1014 18 
(400,000K) 

SiIV 1393 3.1 3.2A FWHM -------- 6 
247 km/ sec 

1403 1.6 2.8A FWHM -------- 6 
211 km/sec 

Si II 1808 < (50,000 K) < 

Notes for Table 5. 

1. Total observed equivalent width, 2=1.794. 

2. Total observed equivalent width, 2=1.792. 

3. Line just dark at bottom. 

4. No damping wings observable. 

5. Limit at v = +300 km sec-I. 

6. Total observed equivalent width of com1ex. 

7. Limit at v = 0 km sec-I. 

8. Limit at v > 30 km sec-I. 



Table 5. (continued) 

9. Probably Lyman alpha. 

10. At v = o km sec-I. 

11. At v = 200 km sec-I. 

12. At v = 300 km sec-I. 

13. At v = 400 km sec-I. 

14. Two component Voigt fit. 

15. Total observed equivalent width, component A, 

z=1. 795664. 

16. Total observed equivalent width, component B, 

z=1. 797820. 
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17. Not too dark at center: first line, component A; 

second line, component B. 

18. One component Voigt fit for detected A1242 component. 



Table 6. Add i tiona 1 A to m ic Con stan ts. 

Species 

HI (Ly 0<:) 

C I 

C II 

C II* 

C IV 

o I 

o I * 

Si III 

Al II 

Al III 

Mg II 

N V 

Si IV 

Fe II 

si II 

A(vac) f 

1215.670 0.416 

1277.245 0.0897 
1656.928 0.136 

1334.532 0.118 

1335.708 0.106 

1548.202 0.194 
1550.744 0.097 

1302.169 0.0486 

1304.858 0.0485 

1206.510 1.66 

1670.786 1.88 

1854.720 0.539 
1862.795 0.268 

2796.352 0.592 
2803.530 0.295 

6.26 

2.27 
3.30 

2.64 

2.64 

2.70 
2.69 

5.72 

5.72 

2.54 

15.0 

5.22 
5.15 

2.53 
2.51 

1239.925 9.68E-4 5.45 
1240.395 4.84E-4 5.45 

1238.821 0.152 
1242.821 0.0757 

1393.755 0.528 
1402.769 0.262 

2382.034 
1260.542 

1526.719 
1260.418 
1808.012 

0.328 
0.025 

0.23 
0.96 
0.0055 

3.30 
3.27 

9.06 
8.88 

3.22 
(3.22 ) 

6.50 
2.41 
4.53 

2 
2 

3 
3 
3 

1. Morton and Smith (1973) unless otherwise noted. 
2. f-values from Shull, VanSteenberg and Seab (1985). 
3. f-values from Shull, Snow, and York (1981). 
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indi vidual veloci ty componen ts are not resol ved. In order 

to estimate the ratios of column densities for each 

component we fit the profiles in two ways. First, we used 

the central wavelengths and temperatures for the C IV 

velocity components derived in Paper I, from echelle data, 

to predict the position and temperature of the Si IV and Si 

III components. The column densities of Si IV and Si III 

were then varied to give an acceptable fit to the data. 

Second, we arbitrarily chose central wavelengths evenly 

spaced in velocity, and assumed T=100,000 K. Then the 

columns of C IV, Si IV and Si III were varied to give 

acceptable fits to all the data. The results of the two 

methods are given in Tables 7 and 8 respectively, for 

the components at v > 150 km/sec. For v < 150 km/sec, the 

lines are heavily saturated and velocity components are 

hopelessly blended. 

Lyman Alpha. 

Figure 17a shows the HI Lyman alpha line plotted on a 

veloci ty scale. 

392) published 

Snijders, Pettini and Boksenberg (1981, p. 

an IPCS spectrum of this spectral region. 

Their spectrum is substantially noisier than the one shown 

here (see Chapter 4), and is qualitatively very different. 

However, their total equivalent width for Lyman alpha (W = 

3.1 A in the rest frame) is in good agreement with ours ( W 

= 3.02 A, see Table 2.2). They indicate the expected 



Table 7. C IV, si IV, ~i I~ ~~~ ~lEha 
-Corumn~ensitTeS; C !y velocity components. 

z CIV si IV si III H I 

1.794095 6x1013 4x1013 6x1013 lx1014 

1.794483 2x1014 lx10 13 2x1013 lx1014 

1.794793 lx1014 8x1012 lx1013 lx1014 

1.795452 3x1014 lx10 12 lx10 13 lx10 14 

1.795710 5x10 14 1x1012 1x1012 7x1013 

1.796311 1x1014 1x1012 5x1012 5x10 13 

1.796893 4x1013 <9x10 11 <1x10 12 5x1013 

1.797248 3x1013 <9x1011 <lx1012 5x1013 

1.797397 3x1013 <9x10 11 <lx1012 5x10 13 

1.797765 3x1013 <9x10 11 <lx1012 5x1013 

1.798379 2x1013 <9x1011 <lx10 12 5x10 13 
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Ta b 1 e 8. C I V, s i lY, S i I I I , ~.!!!.~ ~.l.2 h a 
-coiurnndensi tIes; arbi trary ve10ci ty componen ts. 

z CIV Si IV si III H I 

1.796178 3x1013 4x1013 6x1013 1x1014 

1.796557 3x1013 1x1013 2x1013 1x1014 

1.797017 1x1013 8x1012 1x1013 1x1014 

1.796804 3x1013 1x1012 1x1013 1x1014 

1.797207 3x1013 1x1012 1x1012 7x1013 

1.797479 2x10 13 1x1012 5x1012 5x1013 

1.797770 2x1013 <9x10 11 <lx1012 5x1013 

1.797857 1x1013 <9x1011 <1x10 12 5x1013 

1.798079 8x1012 <9x1011 <1x10 12 5x1013 
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positions of Lyman alpha corresponding to the detected· metal 

lines, which appear shifted with respect to the detected 

absorption in their data. The peculiar implication is then 

that there are some velocity components which have 

detectable C IV but no Lyman alpha. Evidently there is a 

problem ·wi th the wa veleng th scale of their spectrum, since 

the data here indicate good agreement with the Lyman alpha 

and metal line profiles. 

o 
At V = -250 km/sec ( observed wavelength = 3394.41 A), 

there is a line, apparently Lyman alpha, for which no 

corresponding absorption is seen for any of the metal 

species. Thus, the observed characteristics of this line 

are similar to the Lyman alpha forest clouds. A spectrum of 

Lyman beta at ;\ (obs) = 2865 A) could confirm the 

identification of this line as Lyman alpha. The expected 

observed equivalent with af Lyman beta is .23 A for b= 35 

km/sec. 

We attempted to derive HI column densities from Lyman 

alpha for the CIV / si IV / Si III components described in 

the previous section. The results, are given in Tables 7 

and 8. The Lyman alpha line is saturated, however, so the 

column densities are not well constrained. 



CHAPTER 4 

OTHER REDSHIFT SYSTEMS TOWARD 82 1225+317 

Introduction 

Here we discuss the other redshift systems toward 

82 1225+317. The details of the observa tions and analysis 

are given in Chapter 3. 

Lyman Alpha Only Systems 

In Table 9 we list the central wavelengths and 

observed equivalent widths of all the absorption lines 

shortward of 4000 A. The spectrum is plotted in Figure 18, 

with the position of the lines indicated. Lines were 

included based on the completely subjective opinion that 

they "looked real", since an independent estimate of the 

signal to noise was not available. The lines were not used 

for a statistical analysis of the Lyman alpha forest or 

metal lines, but to identify other redshift systems whose 

lines might contaminate the line profiles of the lines 

considered in this chapter and Chapters 2 and 3. 

The absorption line spectrum 82 1225+317 was 

extensively studied by SY8T at .... 40 km/sec resolution who 

give a line list but no plot of the spectrum. In Table 9 

82 
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Table 9. Line List for B2 1225+317. 

# 1 2 3 Comments 4 

1 3 1 9 2 • 2 6 3 1 9 2 • 0 0 2. 1 L y«., Z = 1 • 6 2 1 : 3 1 9 1 .4, 1 • 8 

2 3200.38 3200.12 

3 3207.28 3207.02 

2.9 LY~ ,Z=2.12,blend 2:3198.9,2.2 

4 3217.37 3217.11 

5 3220.22 3219.96 

6 3226.34 3226.07 

7 3234.88 3234.61 

8 3255.87 '3255.60 

9 3287.72 3287.45 

10 3301.30 3301.03 

11 3309.07 3308.80 

12 3319.04 3318.77 

13 3327.40 

14 3328.55 

15 3335.55 

16 3336.54 

3327.13 

3328.28 

3335.28 

3336.28 

17 3349.79 3349.51 

0.88 

0.96 

0.52 

0.40 

1.52 Assymmetric 

0.83 near blemish 

0.65 double 

1.4 Assymmetric 

0.84 Blend 

2.5 Assymmetric 

2.1 ~ Complex profile 

) Si II 1190,z=1.79 

2.0 II 1193, 

Z=1. 79 

0.42 

18 3353.04 3352.76 1.7 

19 3358.49 3358.21 0.46 

20 3373.29 3373.00 3.0 Si III,z=1.79 

21 3394.39 3394.11 1.7 

22 3399.30 3399.02 6.3 Ly ex.., Z =1 • 79 

23 3408.21 3407.93 .19 

4? 3253.9,l.8 

5? 3299.0,1.1 

6? 3316.3,2.5 

7:3325.1,1.3 

8:3334.3,2.0 

9:3349.5,2.2 

12:3373.1,1.1 

14:3393.7,3.3 

15:3398.5,5.3 
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Table 9. (continued) 

24 3415.83 3415.55 .47 

25 3427.53 3427.25 1.8 ] blended 16:3427.4,1.6 

26 3429.03 3428.75 17:3430.6,1.8 

27 3432.07 3431.79 2.3 corn pIe x 

28 3445.94 3445.66 1.1 double 18?3444.0,.9 

29 3450.87 3450.59 .69 cornple x 

30 3456.43 3456.15 .29 

31 3460.023459.74 .35 19?3458.9,.6 

32 3464.03 3463.75 .70 assyrnrnetric 20?3464.3,.6 

33 3469.39 3469.10 .15 

34 3474.91 3474.62 .13 

35 3479.97 3479.68 .35 21:3479.6,.4 

36 3500.96 3500.67 .26 possibly unreal 

37 3509.82 3509.53 2.6 Ly 0(, ,2=1.88 23:3509.5,2.0 

38 3513.17 3512.88 .93 24:3512.7,.5 

39 3520.14 3519.85 .46 blended: Ly ex. 25:3519.7,.4 

40 3522.32 3522.03 3.9 ] z=1.89, Si I I, Fe II 26:3521.7,2.0 

41 3524.20 3523.91 1260, 2=1.79 27: 3523.9, 1. 0 

42 3532.73 3532.44 2.1 ] blended 

43 3534.79 3534.50 28:3534.3,1.2 

44 3545.24 3544.95 .38 

45 3572.07 3571.78 .36 29:3571.5,.5 

46 3574.79 3574.50 .33 30:3574.2,.5 

47 3598.96 3598.66 .27 
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Table 9. (continued) 

48 3606.09 3605.79 1. 25 31:3605.6,1.0 

49 3619.22 3618.92 .60 32:3618.9,.4 

50 3623.69 3623.39 1.83 33: 3623.7,1. 5 

51 3626.92 3626.62 2.05 34:3626.9,1.0 

52 3635.42 3635.12 .36 35:3634.8,.5 

53 3639.82 3639.52 .78 36:3639.2,.5 

54 3642.91 3642.61 1.1 37:3642.5,.6 

55 3646.35 3646.05 1.4 SiII 1304,2=1.79 38:3645.8,.6 

56 3653.38 3653.08 1.0 assymmetric 39:3653.0,.5 

57 3664.01 3663.71 .99 40:3663.6,.9 

58 3672.70 3672.40 .84 41:3672.1,.7 

59 3672.82 3675.52 .45 

60 3677.59 3677.29 .67 42:3677.3,.7 

61 3683.05 3682.75 1.9 assymmetric 43:3682.3,1.8 

62 3699.22 3698.92 .78 44:3698.7,.8 

63 3703.42 3703.12 1.0 45:3702.8,1.x 

64 3711.08 3710.77 .94 assymmetric 46:3710.7,1.1 

65 3718.35 3718.04 .10 

66 3729.86 3729.55 3028]CII'1335'Z=lo79 47:3729.5,1.5 

67 3731.40 3731.09 CII,1335,Z=1. 79 48:3731.4,1.8 

68 3743.63 3743.32 076 ] blend 

69 3744.71 3744.40 49:3744.4,.6 

70 3747.55 3747.24 2.1 assymmetric 50:3747.4,2.2 

71 3752.78 3752.47 .19 weak 



86 

Table 9. (continued) 

72 3758.10 3757.79 .46 blended 

73 3759.83 3759.52 .24 51:3760.9,1.2 

74 3761.48 3761.17 .84 

75 3764.74 3764.43 .22 SiIII, z=2.12? 52:3764.5,.3 

76 3767.83 3767.52 .38 double 53:3767.4,.5 

77 3773.44 3773.13 .52 54:3773.2,.7 

78 3781. 05 3780.74 .65 55:3780.7,.7 

79 3793.19 3792.88 3.3 Ly c<.. , z=2 .12 56:3792.9,3.7 

80 3800.67 3800.36 .53 57:3800.6,.6 

81 3804.11 3803.80 .61 58:3803.9,.6 

82 3806.97 3806.66 .24 59:3806.8,.5 

83 3812.99 3812.68 1.8 60:3812.7,2.0 

84 3823.51 3823.20 1.6 double 61:3823.2,1.6 

85 3846.03 3845.71 .14 

86 3854.52 3854.20 .25 

87 3859.46 3859.14 .19 

88 3865.55 3865.23 .03 blemish? 

89 3866.89 3866.57 .03 blemish? 

90 3875.49 3875.17 .36 62:3875.7,.3 

91 3885.72 3885.40 .38 

92 3896.31 3895.99 3.1 SiIV(1393),z=1.79 63:3896.1,3.2 

93 3909.03 3908.71 .14 64:3908.6,.3 

94 3920.35 3920.03 1. 6] Si IV (1403) ,z=1. 79 

95 3921.86 3921. 54 

• 



Table 9. (continued) 

Notes. 

1. Observed central wavelength, 

2. Observed central wavelength, 
o 

3. Observed equivalent width, A. 

o 
A, vacuum. 

heliocentric and vacuum. 

4. Corresponding line in list of SYBT. 
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Figure 18.e. B2 1225+317 Echellette spectrum, lines 23-27. 
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we also list for comparison the wavelengths and equivalent 

widths of their lines which match lines reported here. The 

agreement, particularly at short wavelengths, is not always 

very good. Some lines identified by their more objective 

line identification procedure were not detected. 

The Metal Line Systems: ~ and Analysis 

Tables 10 - 13 list the results for Voigt profile 

fitting of the stronger 

systems at Z=2.12, 1.89, 

plotted in Figure 19. 

lines in the metal-containing 

1.88 and 1.62. The data are 

The limits on undetected species were derived by 

assuming a doppler width b, as given in Tables 10-13. 

The column densi ties deri ved are qui te insensi ti ve to the 

assumed temperature. The marginally detected SiIV lines 

were also fit by assuming b= 6.6 km/sec or T=75,000 K, 

which yielded a good fit to the line profiles. These 

lines are most likely on or near the linear part of the 

curve of growth so the derived columns are also insensitive 

to the assumed temperature. 

The column densities of CIV, HI and Si III are more 

uncertain, because the Doppler parameters are not known. 

InTables10-13 we list the derived columns assuming 

reasonable b values for the lines. The columns could be 

substantially lower if the b values are higher. 
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Table 10. Z = 2.12 System. ----

1 2 3 4 
------~----------------------------------------------------

Ly c< 1215 3.4 500,000 K 7.5x1014 5 

3.1 (75,000) 5x1016 6 
(35 krn/ sec) 

C II 1334 <.14 (75,000 K) <3x1013 

Sill 1808 <.19 (75,000 K) <3x10 14 

1526 <.15 (75,000 K) <1.5x1013 

1304 7 

1260 <.07 (75,000 K) <2x10 12 

1193 8 

1190 <.11 (75,000 K) <1.5x1013 

SiIV 1393 .154 (75,000 K) 9x1012 

1402 .100 " " 

Si III 1206 .230 300,000 K 5x10 12 5 
13 km/sec 

Al II 1670 8 

AIII1 1854 8 

1862 <.11 (75,000 K) <5x10 12 

Fell 2382 <.42 (75,000 K) <2x1013 

NV 1238 <.11 (75,000 K) <2x1013 

1242 <.059 

CIV 1548 .66 500,000 K 8.1x10 13 
26 km/sec 

1550 .41 
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Table 10. (continued) 

Notes for Table 10. 

1. Species. 

2. Observed equivalent width, A. 

3. Temperature, as observed, or as assumed (in parenthesis). 

4. Column density, cm- 2 • 

5. Best fi t. 

6. Requiring b=35 km/sec. 

7. Blended with CrY, 2=1.62. 

8. On blemish. 
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Table 11. Z = 1.88 ------ System. 

1 2 3 4 
------------------------------------------------------------

Ly "'- 1215 1. 76 100,000 K lx1015 5 

1.76 100,000 K lx1015 6 
(40 km/sec) 

C II 1334 <.081 (50,000 K) <2x1013 

SiII 1808 <.135 (50,000 K) <4x1014 

1526 <.10 (50,000 K) <lx1013 

1304 7 

1260 <.091 (50,000 K) <3x10 13 

1193 7 

1190 <.054 (50,000 K) <2x1013 

SiIV 1393 .107 (50,000 K) 6x1012 

1402 .064 II II 

SiIII 1206 <.107 (50,000 K) <3x10 12 

Al II 1670 <.100 (50,000 K) <lx1012 

AIIII 1854 <.140 (50,000 K) <4x10 13 

1862 <.268 

FeII 2382 <.250 (50,000 K) <2x1013 

NV 1238 <.094 (50,000 K) <2x1013 

1242 <.053 

CIV 1548 .400 100,000 K 7x1013 5 
.400 12 km/sec 7x1013 6 

1550 .277 5 
.277 6 
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Table 11 (continued) 

Notes for Table 11. 

1. Species. 

2. Observed equivalent width, A. 

3. Temperature, as observed, or as assumed (in parenthesis). 

4. Column density, cm-2 • 

5. Component A, z=1.89748. 

6. Component 8, z=1.89754. 

7. Blended with Lyman alpha. 

6 
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Table 12. Z = 1.89 System. ------

1 2 3 4 
------------------------------------------------------------

Ly 0(. 1215 2.04 100,000 K 3x1015 5 
(40 km/sec) 

C II 1334 <.081 (50,000 K) <2x1013 

SiII 1808 <.135 (50,000 K) <4x1014 

1526 <.10 (50,000 K) <lx1013 

1304 6 

1260 <.091 (50,O00 K) <3x10 13 

1193 6 

1190 6 

SiIV 1393 .155 (50,000 K) 1x1013 

1402 ( .091 ) " " 

SiIII 1206 <.107 (50,000 K) <3x1012 

Al II 1670 <.100 (50,000 K) <lx10 12 

A1III 1854 <.140 (50,000 K) <4x10 13 

1862 <.268 

FeII 2382 <.250 (50,000 K) <2x10 13 

NV 1238 <.094 (50,000 K) <2x1013 

1242 <.053 

CIV 1548 .327 (50,000 K) 7x1013 7 
1550 .251 ( 8.3 km/sec) 

1548 .398 (100,O00 K) 7x1013 8 
155O .277 (11. 7 km/sec) 
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Table 12 (continued) 

Notes for Table 12. 

1. Species. 

2. Observed equivalent width, A. 

3. Temperature, as observed, or as assumed (in parenthesis). 

4. Column density, cm- 2 • 

5. Blended with Z =1. 79 Si II 1260 and Fe II 1260. Si II 

1526 echel1e da ta was used to predict Si II 1260. 

6. Blended with Lyman alpha. 

7. Adopted T = 50,000 K. 

8. Adopted T = 100,000 K. 

• 
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Table 13. Z = 1.62 System . . 

1 2 3 4 

crv 1548 .451 125,000 K lx1014 5 
1550 .330 13 km/sec 

1548 .371 75,000 K 9x10 13 6 
1550 .273 10 km/sec 

1548 .371 75,000 K 9x1013 7 
1550 .273 10 km/sec 

Notes for Table 13. 

1. Species. 

2. Observed equivalent width, K. 
3. Temperature, as observed, or as assumed (in parenthesis). 

4. Column density, cm- 2 . 

5. Z = 1.62509 

6. Z = 1.62609 

7. Z = 1.62677 
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Also, if several unresolved velocity components are 

present, the column of each component will be lower than 

the columns listed. We list the columns resulting from 

single velocity component fits for the 2=2.1 and 1.89 

systems, and multicomponent fits for the 2=1.88 and 1.62 

systems since the CIV profiles are clearly complex. 

Some of the line detections are uncertain because the 

predicted wavelengths lie in the Lyman alpha forest. For 

example, it could be an unfortunate coincidence that in the 

z=2.12 system a line of reasonable strength lies exactly at 

the expected position of Si III. Similarly, the CII 1334 

lines l·ie below Lyman alpha in emission for the low 

redshift systems. The situation for si II is better since 

there are several Si II lines, some of which are above the 

Lyman alpha forest. However, the strongest Si II lines, 

which give the best limits, are in the crowded Lyman alpha 

forest area. 

We obtained an echelle spectrum of the CIV lines at 

2=1.88, 1.89. The results of the Voigt profile fitting are 

tabulated in Tables 11 and 12 and the spectrum is shown 

in Figure 4. Details of the observing proceedures are 

given in Chapter 2. The upper limits placed on the doppler 

parameters by the high resolution data place important 

constrants on the ionization mechanism. In Figure 20, we 

show the echelle data with best fit Voigt profiles for the 
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Figure 20.a. MMT Echelle data, C IV 2=1.89. Voigt profile 
with log T = 5.5 K is overplotted. 
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Figure 20.q. MMT Echelle data, C IV 2=1.89. Voigt profile 
with T = 50,000 K is overplotted. 
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Figure 20.c. MMT Eche1le data, C IV 2=1.89. Voigt profile 
with T = 100,000 K is overplotted. 
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2=1.89 system overplotted. The best fit is given for log T 

= 5 K, with log T = 4.7 allowable, but log T = 5.5 K 

clearly excluded. The implications of these line widths 

for this system are discussed in a subsequent section. The 

log T = 5 and log T = 4.7 K profiles are also overplotted 

on the 2D Frui tti da ta in Figure 21. 

Physical Properties of the crv Systems. 

From the I U E spectrum of B 2 1 2 2 5 + 31 7( S n i j de r s , 

Pettini and Boksenberg, 1981) the redshift systems at 

2>1.79 are optically thin at the Lyman limit, so that if 

<.3 then N(Hr) < 4.8x10 l6 cm- 2• It is then of interest to 

compare these systems to the IILyman alpha forest ll 

absorbers, a few examples of which have N(HI) = 5x10 16 cm- 2 

but no detectable metals (Chaffee et al., 1986). Also, 

these CIV systems have crv » crI so that they are very 

different from clouds in the halo of the Milky Way, which 

always have ell » crv (e.g., Savage, 1985). 

Recently, Tytler(1985) has shown that a single 

featureless power law can describe the distribution of 

N(HI) for the observed narrow Lyman alpha absorption lines, 

for 13.0 < log N(HI) < 20.0 cm -2. This range includes 

both the low column density (log( N(HI) ) < 16.0 cm- 2 ) 

Lyman alpha forest clouds, and the higher column density 

(log (N(Hr)) > 17.0 cm- 2 ) metal containing clouds. Tytler 

suggested that all narrow QSO'absorbers arise in a single 
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population of clouds. In his picture, the metals are .not 

observable because the clouds are neutral (N(HI) = N(Htot» 

sheets (from size constraints set by common lines in pairs 

of images of gravitationally lensed QSOs). Chaffee et al. 

(1986) compared two clouds at z=3.2 toward the quasar 

0014+81 which have log(N(HI» = 16.7 cm-2 but no observable 

metals,· and the CIV systems described 

demonstrably not neutral since N(CII) 

here, which are 

< N(CIV). They 

showed that the 2 types of clouds must differ either in 

their metal abundance, ionization, or geometry. 

Here we give a more complete discussion of the 

physical properties of the CIV clouds, including 

consideration of what effect uncertainties in the 

ultraviolet radiation field have on the results. ~\1e 

estimate various physical parameters from the observed ion 

ra tios under the assumption tha t the distribution of ions 

is determined by photoioniza tion by the in tegra ted QSO UV 

field. The results for each redshift system are summarized 

in Table 14. 

We consider three possible UV fields. All three have 

HHI for the QSO luminosity function, a luminosity dependent 

redshift cut-off for the QSOs, and intervening Lyman 

continuum absorption with Ncl.ouds=S.S and logn=-l (see 

Chapter 5). We used three different assumptions for the 

intrinsic EUV spectrum of QSOs: "soft", "hard" and "best", 
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Table 14. C IV System Pro per tie s. 

Z= 2.12 ---

UV Field : Best Soft Hard 

log n ( cm-3 ) -2.25 -3.25 -1.75 

log D(pc) 3.0 4.9 2.2 

log M/MC!) 4.8 10.3 3.9 

log C/Hso lar -1.1 -1.7 -.74 

Z = 1.89 ----

UV Field: Best Soft Hard -
log n ( cm-3 ) -2.50 -3.25 -2.0 

log D(pc) 2.3 3.7 1.5 

log M/M(2) 2.4 6.0 .64 

log C/H so lar -.46 -.57 -.09 
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asdescribed in Chapter 5. In Figures 22 to 24 we show 

the column densities of metal lines as a function of 

redshift and total density for an optically thin cloud (log 

!(LL)=-2.5)for the three assumed UV radiation fields. In 

Figures 25 to 27 we show the ratios SiII/SiIV, SiIII/siIV 

and CII/CIV for the 3 fields as a function of den.si ty and 

redshift. 

The 2 = 2.12 C IV System . 

Below we describe in detail the calculations for the 

2=2.12 system to illustrate the uncertainties and 

assumptions made at each step. We adopt logN(HI) = 16.7 

cm- 2 , log CIV = 13.90 cm- 2 , log CII < 13.48 cm- 2 , log SiIV 

=12.95 cm- 2 (noting the tenuous nature of the detection), 

log Sill < 12.30 cm- 2 , log Si III = 12.70 cm- 2 (noting 

possible contamination by Lyman alpha) and log N V < 13.30 

cm- 2 • These imply 10g(CII/CIV)<-.43, log SiII/siIV < -.65 

and log SiIII/SiIV = -.25. 

For the "best" UV spectrum, from Figures 3.7 to 3.9, 

the SiIII/SiIV ratio implies log n =-2.25 cm- 3 , the limit 

on SiII/SiIV implies log n < -1.90 cm- 3 , and CII/CIV 

implies log n < -2.30 cm- 3 , all independent of the HI 

column. Even if one doesn't believe the Si III or SiIV 

columns, the CrI/CrV ratio implies log n < -2.25 cm- 3 , so 

we adopt log n = -2.25 cm- 3 • 
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For log n = -2.25 cm- 3 , thE! fraction of hydrogen tha t 

is HI is f(HI)=.003015. If log N(HI) = 16.7 cm- 2 , then 

log N(H) = 19.22 cm- 2 and log D(pc) = 2.99, so the cloud 

has a diameter of about one kiloparsec. Assuming the cloud 

is spherical with average density log n =-2.25 cm- 3 , the 

mass of the cloud is about log M/M~ = 4.8. 

The C II: C III: C IV ratios are 0.084 : 0.697 : 

0.177, so with N(CIV)=8.lx10 l3 cm- 2 , the total carbon 

column is log N(C) = 14.661. Then log C/H = -4.56, or .083 

solar (adopting log C/H = -3.48, Allen, 1976), within the 

range of observed C/H ra tios seen in the ISM. In the 

diffuse ISM, the gas phase carbon abundance is about 1/3 

solar (Hobbs et al., 1982) although the gas phase depletion 

may be lower in the halo (e.g. Jenkins, 198x). 

If the carbon abundance is .083 solar, we expect log 

N(CIII)=14.504 cm- 2 corresponding to an observed equivalent 

width W = .5 A which would easily be measurable, except 

that CIII 977 lies at an observed wavelength of 3050 A. If 

the nitrogen and oxygen abundances are solar, then with 

f(NV) = .0227 and f(OVI )=.00124, log NV=11.0l6 and log 

OVI=10.6l (adopting Allen's log N/H=-4.04 and log O/H =-

3.18). This is consistent with the lack of observable N V. 

The similar exercise for the "soft" UV spectrum gives 

somewhat less reasonable parameters for the cloud. The si 

II / Si IV, si III / Si IV and C II / C IV ratios imply log 
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n = - 3. 25, < - 2.40, and < - 3. 25 c m - 3 res p e c t i vel y. \'1 e 

adopt log n = -3.25 cm- 3 • Then f(HI) = .0003858, and log 

N(H) = 20.11 cm- 2 for log N(HI) = 16.7 cm- 2 • Thus, log 

D(pc) = 4.89, which is quite large. The mass, assuming 

spherical clouds, is 2x1010 M®. 

The C II : C III: C IV ratios are 0.0352 : 0.828 : 

0.097, so if N(CIV) = 8.1x10 13 cm- 2 , N(C) = 8.4x 10 14 and 

log c/H = -5.2, or .0196 solar. Nith f(N V) = .0161 and 

f(OVI) = .00228, and solar abundances, log N V = 10.87 cm- 2 

and log 0 VI = 10.88 cm- 2 , both unobservable. 

The large size and mass, and rather low c/H of course 

can be changed to match our preconceptions if we have 

overestimated N(HI). For 10g(N (HI)) = 14.7 cm- 2 , D = 770 

parsecs, and log c/H = -3.2, closer to solar. 

For the IIhard ll spectrum, the Si III I si IV, Si II 

I Si IV and C II I C IV ratios imply log n = -1.75 cm- 3 , < 

-1.60 cm- 3 , and < -1.8 cm- 3 respectively. Adopting log n = 

-1.75 cm- 3 , f(HI) = .0055, log N(H) = 18.96 cm- 2 and D = 

170 parsecs, wi th log M/M0 = 3.92. 

The C II : C III : C IV ratios are 0.118 : 0.696 : 

0.148 and log C = 14.74 cm- 2 , so log c/H = -4.22 or .18 

solar. The predicted f(N V) = .0246 and f(OVI) = .00112 

imply log N(OVI) = 12.83 cm- 2 and log N V = 13.31 cm- 2 , 

just barely consistent with the data. 
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In summary, the derived cloud properties depend 

somewhat on the assumed QSO UV radiation field. The most 

reasonable models ha ve kiloparsec size clouds, wi th M/MG) = 

105 and 1/10 - 1/5 solar abundance. 

The! = 1.89 C lY System. 

We carried out a similar analysis of the Z = 1.89 

system, assuming that photoionization by the QSO UV 

background determines the distribution of ions. The 

results are summarized in Table 14, and are similar to 

those obtained for the Z=2.l2 system. 

From line profile fitting of the echelle data for 

this system, we concluded that the line width, if thermally 

produced, implied log T = 5. For this temperature, C IV can 

be produced by collisional ionization (Shull and 

Van S tee n b erg , 1 9 8 1 ) • vI e com men t b r i e fly 0 nth i s 

possibility. 

If log T = 5 K, then the fraction C II : C IV = 0.229 

.339 and si II : Si III: Si IV = 0.0338 : 0.759 0.015 

(Shull and VanSteenberg, 1981). Thus, the collisional case 

is consistent with the observed C II/ C IV ratio. However, 

if we take the observed silicon ratios literally, then S 

III should be stronger than Si IV, which is not observed, 

arguing for a different ionization mechanism. The fraction 

of Si IV is greater than that of Si III only for log T > 

5.5, which was clearly excluded by profile fi tting of 
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the echelle data (Figure 20). 

Discounting the Si IV detection, then we expect the 

most plentiful silicon ion to be Si III, if log T = 5 K. 

If the Si/C ratio is solar, then from the C IV column, we 

predict N(Si III) = 1.6x10 13 cm- 2 , a factor of 5 larger 

than the observed limit. Thus, the silicon abundance wi th 

repect to carbon is depleted with respect to solar by a 

factor of 5. This is similar to the relative Si/C in the 

ISM, which is 1/3 - 1/4 (Hobbs et aI, 1982; Phillips, 

Gondahlekar and Pettini, 1980). Higher resolution data 

would yield better estimates of the si 111/ Si IV ratio. 

Discussion 

Here we summarize the results of Chapters 1 to 3, 

and then compare the properties of the absorption line 

systems in 82 1225+317 to the extensive literature of 

analogous absorption line studies and theoretical ideas of 

Milky Way halo gas. 

The Z = 1.79 system showed complex velocity structure 

which varied from ion to ion. For velocities v<200 km/sec 

(as defined in Chapter 2) absorption was seen in both low 

and high ionization species (Mg I, Mg II, Fe II, Si II, Si 

IV, C II, C IV, Lyman alpha) with ionization and column 

densities varying from component to component. The 

relative strengths of ions were consistent with the 

expectations for approximately solar abundance, low density 
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material, in equilibrium with the UV radiation field of a 

spiral galaxy like the Milky Way for A > 912 A, and the 

integrated light from QSOs at z= 1.75 for A < 912 A. 

Although this system is optically thick at the Lyman limit, 

Lyman alpha is not damped, indicating a much lower total H 

I column than any line of sight in a typical galctic disk. 

This suggests that this line of sight is passing through a 

lower density galactic halo. 

For V > 200 km/sec, absorption is seen at Lyman 

alpha, C IV, Si IV, and Si III, but not C II, Si II, or Mg 

II. Absorption at the expected position of N V was seen at 

v = 200 km/sec, but might be' Lyman alpha at another 

redshift. The Si IV / CIV ra tios are similar to the ra tios 

seen in the halo of our Galaxy although CIV/CII is larger 

than Galactic values. 

The H I column for these high velocity components 

is not observable, but the ratios CIV/CII and SiIV/SiII 

argue that the gas is highly ionized and optically thin at 

the Lyman limit. In this way they are similar to the three 

other metal line systems in 82 1225+317 (at z = 1.88,1.89 

and 2.12) seen in C IV and Lyman alpha, but are optically 

thin in the Lyman limit and have C IV > C II. For these 

systems, we interpreted the line ratios and derived 

physical properties in terms of photoionization by the QSO 

UV field. However, the one case for which high resolution 
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data is available indicated that kinetic temperatures might· 

be as high as 105 , in which case collisional ionization is 

importan t. 

A discussion of the absorption by high ionization 

species in our galaxy can be divided into two parts: the 

interstellar medium of the disk and the gas in the galactic 

halo. In the disk, observations of C IV, Si IV and N V 

have been made with IUE (Black et a1. (1981), Cowie, Taylor 

and York (1981)). The same ions have been observed in the 

halo of the Galaxy by looking at hot stars above the plane 

(Pettini and West, 1982: Savage and Massa, 1985) and at 

stars in the LMC and SMC (Savage and deBoer, 1979,1981; 

Fitzpatrick and Savage, 1983: Savage, 1984) and in a few 

ca ses, ex traga lactic sources (York et aI, 1982). C IV and 

Si IV are commonly seen, with C IV/SiIV = 4.5, and a range 

from 2 to 7.5. N V is seen in only a few cases, with C 

IV'; N V = 3. Si III has been measured in only one case, 

with si III/ Si IV = 1. 

A variety of mechanisms have been suggested for 

producing C IV and si IV in the disk, and no doubt the 

situation is complicated, with several mechanisms operating 

at once. Photoionization by hot Population I stars can 

produce Si IV and C IV but not N V. Line ratios aie a 

function of stellar effective temperature, with C IV/Si IV 

= .04 to .9 for Teff = 35,000 K to 50,000 K (Black et al., 
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1981; Cowie, Taylor and York, 1981). Photoionization by 

hot stars such as white dwarfs and planetary nebulae (Teff 

> 50,000 K) can produce Si IV and C IV, and in the case of 

hydrogen white dwarfs with no He+ discontinuity, N V and 0 

VI (Dupree and Raymond, 1982). Similarly, stellar X-ray 

sou r c esc an pro d u c e S i I V, C I Van d N V by ph 0 to ion i z a t ion 

(Cowie, Taylor and York, 1981: McCray, wright and Hatchett, 

1977). C IV and si IV can be produced collisionally at the 

hot interfaces (T=10 5 ) of the X-ray emitting phase of the 

ISM (with T=10 6 ) and cool clouds (T=10 4 ). Collisional 

ionization in interstellar shocks (McKee and 

Hollenbach(1980), McCray and Snow (1979» and at the 

interfaces of circumstellar bubbles created by stellar 

winds around hot stars (Weaver et al., 1977) can also 

produce high ionization species in observable amounts. 

The situation above the H I plane of the disk is 

most likely different, although equally complex. Two 

issues are generally considered the "support" of the 

gaseous halo, (i.e., the gas dynamics) and its ionization. 

Both might be expected to change systematically with epoch 

and result in changes in the observable properties of 

quasar absorption line systems with respect to observations 

of the Milky ~vay. 

According to current theoretical ideas, the gaseous 

halo is supported by energy input from the disk in the form 
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of mechanical energy form supernovae (e.g McKee and 

Ostriker, 1977: Chevalier and Oegerle, 1979), cosmic rays ( 

Chevalier and Franson, 1984) or damping Alven waves 

(Hartquist and Morfill, 1986). The gas properties of the 

halo are then parameterized by the temperature and density 

of the gas at the base of the halo, Td and nd (Habe and 

Ikeuchi, 1980: Cox, '1985). Three major regimes in the Td

nd plane can be identified. At high Td and low nd the gas 

expands with velocity higher than the escape velocity, 

radiative cooling is unimportant, and the gas escapes as a 

hot wind. In this case, typically T = 106 K throughout the 

wind, so C IV and Si IV would be collisionally ionized to 

higher ions and not observable. 

At lower Td , the gas velocity is less than the 

escape veloc i ty and at densi ties for whi ch radia ti ve 

cooling is not important, a quasistatic coronae is formed. 

Cosmic ray pressure may be an important contributor to the 

support of the halo in this case (Chevalier and Franson, 

1985). Models of this sort have been constructed by Habe 

and Ikeuchi (1981), Franson and Chevalier (1984) and 

Hartquist, Pettini and Tallant (1984). In these models, 

the gas sits in an extended, uniform medium, and is 

photoionized by the ambient extragalactic UV background, 

assumed to be the integrated light from QSOs. 
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other sources of ionizing photons are typically 

ignored, but may be important. Certainly the scale height 

for hot Pop I stars is less than the scale height for NHI 

(e.g. Mihalas and Binney, 1981) so that one expects 

photoionization by stellar sources to be less important 

than in the disk. The amount of UV radiation which leaks 

out of the disk of our Galaxy is not known, however. 

Lockman et ale (1986) have looked for low N(HI) lines of 

sight, and find none with N(HI) < 4.5 x 10 19 cm- 2 . 

However, theoretical considerations suggest that supernovae 

blow cavities in the HI and may punch holes in the disk and 

allow UV photons to reach the halo (e.g. Heiles, 1986 and 

references therein.) Also the contribution of other 

stellar sources of UV radiation which have scale heights 

larger than the HI scale height may be substantial (e.g. 

Panagia and Terzian, 1985, Bregman, 1986). The situation 

for high redshift galaxies is of course more uncertain, but 

may be easier to determine observationally, when images in 

the far UV become available in which the spectral region 

below 912 A is redshifted to f.. > 1200 A. 

The most detailed models have been constructed by 

Franson and Chevalier (1985), who showed that the gas is 

neutral for h < 1 kpc (h=height above the disk) , becoming 

more highly ionized at higher h, with the line ratios 

matching those observed for coronal density n = 10-3 cm 3 
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given their assumed UV field. Our 2=0 UV fields give C 

IV/ SiIV ratios about those observed in the Milky ~'lay for n 

= 10-3 to 10-5 cm 3 , depending on the shape of the radiation 

field, in rough' agreement with their calculations (see 

Table 15). 

At high redshift, the ambient quasar UV field is. 

higher, so that the ionization will be higher at a fixed 

densi ty. In Table 16, we tabulate C IV/Si IV, C IV/ Si 

III and C IV/ N V for the UV field at z=2 as a function of 

density. The ra tios, particulary C IV / si IV, change 

substantially with 2 at a fixed density, so that if the 

ratios of the high z systems are roughly similar to the 

Milky way values, the densities must be different. 

Two characteristics of these models argue against 

them, however. First the gas density is uniform, and 

discrete velocity components in absorption are not 

accounted for. We note that the resolution of the IUE data 

of the Galactic halo which inspired these models is 

approximately equal to the resolution of the echellette 

data, where individual components were not seen in the 82 

1225+317 C IV system. At higher resolution, discrete 

components may become observable in the Milky Way halo ( as 

inC ha pte r 2). The second unfortunate characteristic of 

these models is that the gas flow velocities are small, so 

that large velocity widths of aggregate profiles are not 
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Table 15. Z = 0 Predic ted Line Ra tios; optically thin, 
solara bundance. --

Best 

.!£9.!!. Crv/Sirv CrV/Sirrr CrY/NY 

-6 105 • 7 large .62 

-5 115 1180 5.5 

-4 2.5 2.8 38 

-3 .74 .067 68 

Hard 

.!£9.!!. CrV/SirV CrV/Sirrr CrY/NY 

-5 5538 104 • 3 1.4 

-4 9.0 36 20 

-3 1.2 .30 49 

-2 .47 .02 

Soft 

.±.£s.!!. crV/SiIV crV/Sirrr CrY/NY 

-6 104 • 1 104 • 4 1.7 

-5 6.4 16 17 

-4 .65 .14 36 

-3 .25 .020 
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Table 16. Z = 2 Predic ted Line Ra tios; optically thin, 
soTa"r abundance. 

Best ---
~~ ClV/SilV ClV/sillr CrY/NY 

-4 103 • 7 104 • 6 .71 

-3 16 165 8.2 

-2 2.5 2.3 55 

-1 1.1 .067 

Hard 

~~ crv/sirv CrV/Silrr CrY/NY 

-3 158 844 1.5 

-2 6.0 16 19 

-1 1.4 .23 98 

0 .45 .017 

Soft 

~~ crv/sirv crv/silrr CrY/NY 

-4 81 900 7.9 

-3 1.4 1.6 36 

-2 .30 5.2 50 

-1 .29 .004 
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expected. 

In the third regime of the Td-nd plane, radiative 

cooling is important and a "galactic fountain" is formed 

(Shapiro and Field (1976), Bregman, (1980),Habe and 

Ikeuchi, 1980). Here gas in the disk is heated, moves out 

of the plane, forms clouds which expand and cool and fall 

back on the disk. The appeal of these models is that 

individual clouds are formed, and the velocity field is 

chaotic, with gas flow velocities 200 - 300 km/sec (e.g. 

Habe and Ikeuchi, figure 8). In these models, C IV and Si 

IV can be produced collisionally, as the gas cools from T = 

10 6 K. 

Probably some combina tion of galactic foun tain flow 

and photoionization by EUV radiation is operating both in 

our halo, and the halos of galaxies at high redshift seen 

as quasar absorption line systems. 



CHAPTER 5 

THE DIFFUSE ULTRAVIOLET RADIATION FIELD DUE TO QSOS 

Introduction 

In Chapters 2-4 we have interpreted the absorption 

line ratios of ionic species in terms of photoionization. 

The dominant contributor to the diffuse radiation field for 

wavelengths < 912 A was assumed to be the integrated light 

from QSOs. In this chapter we discuss the calculations 

which led to the estimate of the diffuse field used in 

previous chapters. These calculations were performed using 

code developed by Ray Weymann. The ion i za tion equi 1 ibr i urn 

calculations were made using the code Cloudy.46, by Gary 

Ferland. 

The intent of this chapter is to estimate the 

uncertainties in the shape and normalization of the UV field 

introduced by the uncertainties associated with the various 

assumptions made in the calculation. We do not discuss the 

contribution to the UV field from galaxies, although it may 

be important as well. 
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Description of Calculation 

The specific intensity, Jnu (ergs sec- l cm- 2 Hz-I) 

at frequency Vo , as seen by an observer at redshift z0' is 

given by 

(I ) 

where E. (v~z) = the proper volume emissivity of the QSOs 

(erg s se c- l cm- 3 Hz-I) a t frequency"))' and redshi ft z, 

c 
\;0 

is the expression rela ting the proper length incremen t dl 

and redshift increment dz for the standard Friedman 

cos mol 0 g y , and < e x p ( - 't ( -Vo ' Z e ' Z 0) ) > i s the mea n 

transmission for a photon of frequency Voas it travels from 

The volume emissivity is assumed to be 

Here K(V'/v*) represents the spectral shape, normalized to 1 

a t f r e que n c y ))"; E. ( Y #, Z = 0) = the vol u m e e m iss i v i t y a 1: z 

= 0 and at frequency ))"'(ergs sec- 1 cm- 3 Hz- l ) and tp(z) = 

evolution of emissivity with redshift. The factor (l+z)3 

converts the co moving volumes in the expressions for the QSO 

luminosity functions given by Schmidt and Green 
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(1983, hereafter S&G) to proper volumes. Implici t in this 

expression is the assumption that all QSOs have the same 

spectral shape in the EUV - given by K( 1I1'))*') - regardless 

of luminosity or redshift. The validity of ' this assumption 

is discussed below. 

S&G give the luminosity function for quasars in the 

form 

where ~(MB'Z) is the comoving space density of quasars of 

a given MB at epoch Z (number per comoving Gpc 3 magnitude-

1); Mo ' K and <P(M B,Z=0) are tabulated in S&G, Table 5, 

and t(z)= the fractional lookback time (0<t<1) given by' 

S&G Eqn. 22. Mo and K are given for two assumptions about 

the data (IIHH" and IIHLII) and qo = 0.1 and 0.5 (thus, 

IIHHl",IIHHSII,IIHLllI and IIHLSII). 

The proper volume emissivity l. (,;:t,Z) is then given 

by 

~(L'Z) d L 

or 

w her e 1)"1' i s the f r e que n c y cor res po n din g to 44 0 0 A, the 
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center of the B passband. The integral in this equation 

was carried out numerically for MB = Mo to -3l. 

The contributions to the volume emissivity from the 

faint end (M > Mo) and bright end (M < -31) of the 

luminosity function were calculated analytically. The 

faint (nonevolving) population was assumed to be described 

by log CPo as given in Table 17 and plotted in Fig. 28. The 

integral was truncated at MB=-18 to avoid divergence. The 

bright end was assumed to have the form 

where ML is the brightest tabulated value in S&G Table 5 

and A = 2.17, 2.41, 1.80 and 2.20 for HH1, HL1, HH5, and 

HL5 respectively. 

Two forms for the high redshift cutoff for quasars 

were tried. In one case, the space denl'5ity of all QSOs is 

assumed to cut-off sharply at Z = 4 (hereafter "No-cut" for 

"no cut-off until Z=4"), independent of luminosity. In the 

second case, a luminosity dependent cut-off at redshift Zmax 

is assumed (hereafter "LDe"), of the form 

Zmax(M B) = 2.4 - 0.2(M B + 23) 

Zmax(M B) = 2.6 - 0.2(M B + 23) 

for qo=0.1 

for qo=0.5 

It will be of great interest to incorporate better 

estimates of the high Z cut-off as more data become 

available, since the uncertainty in the assumed form 
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Table 17. Ex trapola tion of the Lum inosi ty func tion to 10H 

luminosities. 

log # GpC- 3 magn- 1 

HHI HL1 HH5 HL5 

-22.5 2.00 1.88 1.90 2.10 

-21.5 2.25 2.13 2.30 2.35 

-20.5 2.50 2.38 2.50 

-19.5 2.75 2.63 2.75 2.85 

-18.5 3.00 2.88 3.00 3.10 



158 

introduces a very large unc~rtainty in Jnu, especially for 

2>2. 

Three forms for the shape of the intrinsic QSO 

spectra , 

K( "l>/))K) = Fv / F'lI(4400A), were considered: 

(a) a "Soft" spectrum, given by 

Fy oC E-1 

E3 exp(-E/.3039) 

E-· 8 

(b) a "Hard" spectrum, given by 

for E < .911 Ryd 

for 4.06 Ryd > E > .911 Ryd 

for E > 4.06 Ryd 

for E < 0.607 Ryd 

for 6.99 > E > .607 Ryd 

El/2 exp (-E/2.4313) for 15.196 Ryd > E > 6.99 

Ryd 

for 15.196 Ryd < E 

and 

(c) "Best" spectrum, given by 

F E-· 7 v ~ for E < .608 Ryd 

for 2.279 Ryd > E > .608 Ryd 

-.053/E + 1.090/E2 - 1/E3 for 15.196>E>2.279 

for E > 15.196 Ryd 

These are plotted in Fig.29, along with the observed near 

UV spectrum and Einstein X-ray flux point for the quasar PG 

1115+080 (Green et al., 1980). 

The con tinuous absorption by in tervening rna ter ia1 
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i sac co u n ted for by the mea n t ran s m iss ion < e x p (- L (va 

,Ze'Zo))>. Recombination radiation is ignored. Three 

sources of the opacity, r were considered: (a) a 

diffuse, adiabatically expanding intergalactic medium, (b) 

the low N(HI) Lyman alpha forest clouds assumed here to be 

in pressure equilibrium with the IGM, and (c) clouds 

associated with the disks or halos of intervening galaxies, 

which are optically thick at the Lyman limit (1 Rydberg). 

~'le di scuss the trea tmen t of each con tr ibu tion to the mean 

transmission below. 

The diffuse IGM expands adiabatically with the 

Hubble flow and so has density which changes as (1+Z)3 and 

temperature which changes as (1+Z)3. In the calculations 

it is assumed that the IGM has log nT = .66 at Z=2 and log 

T=4.7 at Z=0. Empirically, the optical depth at the Lyman 

limit for the IGM is negligible, from the Gunn-Peterson 

test at Lyman alpha and the lack of a jump at 912 A in the 

spectra of most QSOs. The lack of a jump in the continuum 

at 504 A in the spectrum of PG 1115+080 implies that the 

IGM is optically thin at the HeI edge as well. However, 

there are no equivalent observations for the He II edge at 

228 A. The ionization fraction of He II was computed at 

each Z by assuming the fixed T and n given above, and 

allowing photo- and collisional ionization. Results for 

one UV field model are shown in Table 18. The ionization 
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Table 18. Ioniza tion of the Confining IG~l. 

Ionization Fractions 
Z log H I log He I log He II 

0 -5.76 -8.38 -3.09 

1.0 -6.62 -8.78 -4.18 

1.5 .-6.83 -9.04 -4.45 

2.0 -6.91 -9.19 -4.59 

2.5 -6.87 -9.14 -4.63 

3.0 -6.65 -8.75 -4.55 

3.5 -6.61 -8.72 -4.63 

No te : Jnu given by HHl, LDC, "Bes t" spectrum, no 
absorption • 

• 
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fractions of He II are small at any redshift, for these 

choices of log n and log T for the IGM. 

The Lyman alpha forest clouds were defined to be 

those clouds with optical depth at the Lyman limit, L LL < 

0.5. They were assumed to be intergalactic clouds in 

pressure equilibrium with the IGM. At each 2, a grid of 

models were run with Cloudy.46 for optically thin slabs, of 

solar abundance, but varying n. The density was found such 

that the computed temperature T satisfied log nT = log 

nT(IGM) at that epoch. Typical ionization fractions of H 

I, He I and He II and their optical depths, are given in 

Table 19 for one model. The spectrum of column densities 

of N(HI) is assumed to be of the form given by Carswell et 

al. (1985) but scaling with redshift as (1+z)2.1 (Sargent, 

1984) so that 

d lHl' 
~ = (.050) (1+2)2.1 

For these calculations the HeI and Hell opacities were 

neglected. This last assumption is justified by the 

resul ts in Table 19. 

The thick clouds (T LL > 0.5) were modeled using a 

Monte Carlo simulation. The distribution of clouds was 

chosen from a parent distribution whose comoving number 

density does not evolve with redshift, with 5.5 clouds 

between Z=0 and 2=3.5 on average (Appendix A; Tytler, 

1980) • The N(HI) for each cloud was chosen randomly from 
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Table 19. ~~ Alpha Forest Ionization Fractions as a 
function of Z. 

Ionization Fractions 
Z log n log T log HI log HeI log He II ( 1 ) 

o -6.43 4.70 -5.76 -8.38 -3.09 -1.13 

0.25 -6.14 4.89 -6.06 -8.61 -3.46 -1.19 

1.00 -4.67 4.45 -5.13 -7.65 -2.63 -1. 29 

1.50 -4.15 4.41 -4.91 -8.94 -2.48 -1.36 

1. 75 -3.05 3.52 -3.37 -4.18 -1.04 -1. 47 

2.00 -2.63 3.29 -3.04 -3.95 -0.71 -1.46 

2.50 -2.95 3.78 -3.47 -4.36 -1.16 -1.48 

3.00 -2.54 3.83 -2.62 -2.90 -0.47 -1.67 

3.50 -2.28 3.82 -1.30 -1.17 -.08 -2.57 

Notes: 
1. log tau(He II) for log N(HI)=15. 
2. Jnu given by Htil, No Absorption, LDC, "Best" spectrum. 
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a distribution of column densities proportional to t -l.2 

(Tytler, 1985; Turnshek, 1985). Given r LL' the optical 

depths at the HeI and Hell edges were computed using 

Cloudy.46 and an assumed total density. One thousand Monte 

Carlo runs were averaged for each model, to compute the 

mean transmission for a photon of a particular frequency 

» traveling between ze and Zoe 

To generate the radiation field, an iterative 

procedure is followed. First, Jnu( V ,z) is genera ted using 

the integral 

i.e. assuming no absorption. The ionization of the IGM, 

Lyman alpha forest and optically thick absorbers is then 

computed using this field, in order to estimate the 

ionization fractions of HeI and Hell. The mean 

transmission is computed by a Monte Carlo simulation and 

than a new field is computed using equation 1. This field 

is then used to recompute the ionization of the intervening 

absorbers, new mean transmissions are calculated, and an 

new Jnu derived. In practice, it was found that almost 

total convergence was obtained after one iteration. 

uncertainties introduced £y 
the Luminosity Function E££ QSOs 

First, we illustrate the relative contributions to 
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Jnu of QSOs of different absolute and apparent B 

magnitudes, in Tables 20 and 21. For each Z, we list the 

total volume emissivity (ergs sec- l cm- 3 

emissivity of the objects with -31 < M < Mo ' ~ = the 

volume emissivity of the faint end, M > Mo; and OJ = the 

volume emissivity of the bright end. Also listed is the 

absolute B magnitude, MB which makes the largest 

con tr ibu tion to CJjOj , and the apparen t magni tude at Z = 0 

of an object at that MB• At low Z, the intrinsically faint 

o b j e c t s con t rib ute s i g n i f i can t 1 y to S'"ToT, but a t 1 a r g e Z, 

the high luminosity objects dominate. Also, at high z, the 

field is determined by apparently faint objects, whose 

luminosity function is relatively uncertain. 

Next we discuss the differences in Jnu resulting 

from considering S&G models HHl, HH5, HLI and HL5, and the 

2 forms of the luminosity cut-offs described above. Figure 

30 shows Jnu(912A) as a function of Z for the 8 cases 

considered, calculated assuming the "best" QSO spectrum, 

and no absorption. Clearly, Jnu at high Z is very 

sensitive to the assumed form of the QSO redshift cut-off. 

The shapes of Jnu at Z = 0,1,2 and 3 for the 8 cases are 

shown in Figures 31 and 32. The spectral shape of the field 

is not very sensitive to the form of the cut-off, or the 

choice of S&G luminosity function. 
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Table 20. Emissivities, HHl, LDC, "Best". 
------------~ ---- ---- -------

z 1 3 4 5 6 

----------------------------------------------~--------
0. 3.39 1.93 0. -22.5 

0.25 6.82 5.36 1.5E3 -23.2 17.9 

0.50 15.2 13.7 1.4E5 -23.7 19.1 

0.75 32.9 31.5 3.2E6 -24.2 19.7 

1.00 65.4 63.9 3.3E7 -25.7 18.9 

1. 25 118 116 2 E8 -26.0 19.3 

1. 50 194 192 8 E8 -26.1 19.7 

1.75 296 294 2.5E9 -26.0 20.2 

2.00 424 422 6.2E9 -26.1 20.5 

2.25 577 576 1. 3E10 -26.0 21.0 

2.50 735 735 2.6E10 -26.1 21.2 

2.75 816 816 4.5E10 -26.0 21.6 

3.00 636 636 7.3E10 -26.2 21.6 

3.25 187 187 1.1Ell -27.4 20.7 

3.50 59 58 1.6El1 -28.5 19.8 

Notes: 
1. / 11 G'" tot 10 

2. 0""1/10 11 = 1.47 

3. G" 2/10 11 

4. C)3 

5. MB 

6. mB 
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Table 21. Emissivities, HH1, NC, "Best". ----
z 1 3 4 5 6 

0. 3.4 1.93 0. -22.5 

0.25 6.82 5.36 1.5E3 -23.2 17.9 

0.50 15.2 13.7 1.4E5 -23.7 19.1 

0.75 32.9 31.5 3.2E6 -24.2 19.7 

1. 00 65.4 63.9 3.3E7 -26.0 18.7 

1. 25 118 116 2 E8 -26.1 19.2 

1. 50 194 192 8 E8 -26.0 20.0 

1.75 296 294 2.5E9 -26.0 20.2 

2.00 424 422 6.2E9 -26.0 20.9 

2.25 577 576 1. 3E10 -26.0 21.0 

2.50 754 754 2.6E10 -26.1 21.2 

2.75 952 950 4.5E10 -26.1 21.5 

3.00 1168 1166 7.3E10 -26.0 22.2 

3.25 1398 1395 1.1E11 -26.1 22.0 

3.50 1640 1637 1. 6E11 -26.0 22.3 

Notes: 
1. G'" tot/1011 

2. tS 1/1011 = 1.47 

3. 0-2/1011 

4. <.J3 

5. MB, absolute magnitude of QSOs making largest 
contribution to G'"(tot). 

6. mB, apparent magnitude of object of absolute magnitude 
MB at that redshift, qo= .. l, Ho=50 km/sec/Mpc. 
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Figure 32.b. HHS, LDC, "Best", No Absorption. 
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The contribution of Low Luminosity Objects 
and the UV Field at Z = 0 
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The radiation field at z = 0 is not of immediate 

relevance to the observations dis~ussed in this thesis. 

However, it is of general interest since it can be directly 

compared to observations in the near UV ( A > 912 A) and in 

the soft X-rays, and to number counts of blue objects, as 

discussed below. Also photoionization by QSO UV radiation 

may be important in determining the distribution of ions in 

the gaseous halo of the Milky Way, for which observations 

are available from IUE. 

As shown in Tables 20 and 21, the Seyfert galaxies 

are important contributors to the volume emissivities at low 

redshift. The luminosity function of Seyfert galaxies is 

rather uncertain, however; a critical discussion of the 

various estimates in the literature is beyond the scope of 

this chapter. In order to give some idea of the 

uncertainties involved, in Figure 28 we plot 3 empirical 

Seyfert 1 1 uminosi ty functions from the Ii tera ture (Huchra, 

1977; Meurs and Wilson, 1984; and Cheng et al., 1985) to 

compare to the form assumed in the calculation here. 

Another complicating issue is the nature of the 

intrinsic UV spectrum for the Seyferts. Although obviously 

plenty of UV photons reach the broad line region in Seyfert 

lis, it is. not clear how much EUV radiation escapes the 

host galaxy. Reddening by dust or continuous absorption by 
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HI may be more important than in the higher luminosity 

objects. However, IUE observations of Seyfert ~'s (\\Iu, 

Bogess and Gull, 1980) show that in the objects studied, 

the continuum is relatively unreddened to Ao~~ = 1200 A. On 

the other hand, soft X-ray observations (Lawrence and 

El vi s, 1985) show evidence for signi f ican t in tr in sic N (HI) 

absorption for objects with MB > -23. The columns implied, 

N(HI) = 10 23 atoms cm- 3 , would correspond to optical depths 

at the Lyman limit, log TLL = 5.8. 

complex. 

The situation is 

To estimate the effect of the uncertainties 

discussed above for Jnu at Z=0, we calculated fields with 

no absorption, "best" intrinsic spectrum, HHl, LOC, but 2 

extreme assumptions for the Seyferts. First we set ~ = 0, 

corresponding to the case where no UV radiation escapes the 

galaxies. Second, we set ~ = 100 times the value of 

computed in section 2. In Table 22 we tabulate Jnu(9l2) 

at Z = 0, 0.5 and 1.75, and plot Jnu in Figure 33. Setting 

= 0 had no significant effect on Jnu. Setting ~= 100 

times the best guess value did have a large effect, 

however, especially at low z. 

The Intrinsic EUV Spect~a of QSOs 

One uncertainty in these calculations is the 

detailed shape of the intrinsic spectra of QSOs shortward 
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Table 22. Jnu(912 A) for ~ ~ ~ 0.5, 1.75. 

Log Jnu(912) ergs/sec/cm 2/hz 

1 2 3 

-----------------------------------------------
HH1,NC -22.795 -22.805 -22.284 

-22.011 -22.014 -21.765 
-20.998 -20.998 -20.925 

HH1,LDC -22.913 -22.925 -22.325 
-22.154 -22.158 -21.858 
-21.226 -21.227 -21.161 

HL1,NC -23.069 -23.097 -22.203 
-22.292 -22.301 -21.789 
-21. 263 -21.265 -21.086 

HL1,LDC -23.174 -23.210 -22.22'6 
-22.422 -22.434 -21. 852 
-21.461 -21.463 -21.309 

HH 5, NC -22.766 -22.768 -22.585 
-22.007 -22.007 -21. 942 
-21.118 -21.118 -21. 099 

HH5, LDC -22.832 -22.834 -22.630 
-22.090 -22.091 -22.016 
-21.298 -21.299 -21.279 

HL5, NC -23.093 -23.117 -22.291 
-22.354 -22.361 -21.914 
-21.443 -21.445 -21.280 

HL5,LDC -23.146 -23.173 -22.304 
-22.425 -22.433 -21.952 
-21.586 -21.587 -21.432 

Notes. 
l. CS'"I as calculated; first line, z=0; second line, z=.5; 
third line, z=1.75. 
2. ~ = 0. 
3. cr, = 100 ~I 
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of the Lyman limit. Since our Galaxy is opaque in most (if 

not all) directions at ~ obs = 912 A, direct 

observations of continuum fluxes for QSOs between A obs = 

912 A and .2 Kev are not currently available. Three 

approaches for estimating the spectral shape in the EUV are 

discussed here. First, one can directly observe high Z 

QSOs where the spectral region below the Lyman limit has 

been redshifted up to the near UV or optical. These are 

discussed in Appendix A. This approach is the least 

ambiguous of the three, with the one caveat that at 

present, most 'objects for which data is available are 

highly luminous and may not be representative of the 

objects which contribute most to the background. 

A second approach is to model the broad emission 

lines in QSOs and use them to deduce the EUV fluxes. An 

attempt to do this for one object, PG 1211+143, for which 

high quality data are available, is described in Appendix 

B. Unfortuna tely, the uncertain ties in our understanding 

of BLR properties allow a fairly wide range of EUV spectra. 

Third, one can model the quasar continuum emission 

which fits the observations in the accessible spectral 

regions and then predict the spectrum in the EUV. A short 

discussion of this last approach is given here and in 

Appendix B. 

A popular model for the continuum spectral energy 
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distribution of QSOs attributes the optical-UV spectrum to 

emission from an accretion disk around a massive black hole 

(Shields, 1978; Malkan(1983)). The simplest models involve 

physically thin, optically thick disks, where the disk 

structure and emitted spectrum can be described 

analytically (Novikov and Thorne, 1973; Shakura and Sunyaev 

1973; Pringle 1981). One can use this model to estimate 

the expected variation in the intrinsic EUV spectrum of 

QSOs with luminosity. By assuming MB represents the 

luminosity of the ~1/3 part of the accretion disk spectrum 

at 4400 A, MB puts one constraint on a combination of MBH 

and M (black hole mass and accretion rate), given in Eqn. x 

of Appendix B. If one assumes that the accretion rate is 

given by the Eddington limit, as has been suggested by some 

authors (e.g. Malkan,. 1983; Begelman, 1985), one derives 

• 
another constraint on MBH and M, given by equation x of 

Appendix B. Thus, for a QSO of absolute magnitude MB 

accreting at the Eddington limit, one can solve for MBH and 

• 
M and thus uniquely determine the EUV spectrum. In Table 

23, we list the wavelength of the maximum in the emission 

as a function of MB, that is, the approxiinate wavelength at 

which the spectrum starts its Wien law decline (see 

equa tion x of Appendix B). 

Two comments can be made about the results in Table 

23. First, the model predicts a fairly wide range of EUV 
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Table 23. Predicted spectral Behavior _i_n _t_h_e _E_U_V_. 

1 2 3 4 5 

~18 -.917 6.53 238 

-19 -.617 6.83 283 

-20 -.317 7.13 337 

-21 -.017 7.43 401 

-22 0.283 7.73 476 Mkn 841 

-23 0.583 8.03 566 

-24 0.883 8.33 670 PG 1211+143 

-25 1.183 8.63 789 

-26 1.483 8.93 947 

-27 1.783 9.23 1126 3C 273 

-28 2.083 9.53 1338 PG 2302+029 

-29 2.383 9.83 1591 PG 1718+481 

-30 2.683 10.13 1897 PG 1115+080 

Notes: 

1. MB 
• 

2. log M in solar masses per year. 

3. log MBH ), black hole mass in solar masses. 

4. ~ max (A). 

5. Representative Example. 
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spectra as a function of ME" In particular, the high 

luminosity objects are not expected to contribute as much 

flux at 912 A as low luminosity objects. Second, in some 

cases, the observed EUV spectra of high Z QSOs seem to 

contradict the predictions of this simple model. PG 

1718+418 for example, has MB = -29.1 and no observed 

turnover in its UV spectrum to A = 600 A, whereas this 

prescription predicts a turnover at ~ = 1500 A. More 

sophisticated accretion disk models will have to be 

constructed in order to produce realistic theoretical EUV 

spectra. 

The effect of the assumed intrinsic spectrum on Jnu 

is illustrated in Figure 34. The effect on the shape of the 

integrated background is substantial. The value of log 

Jnu(9l2) as a function of Z is plotted for the "soft", 

"hard" and "best" spectra described in Section 2, for HH1', 

no absorption, LDC in Figure 35. 

Continuous Absorption £l Intervening Material 

In Figures 36 and 37 we illustrate the effect of 

absorption on Jnu, where the average number of optically 

thick clouds per line of sight is 5.5 and each absorber has 

mean density log n=-l. The absorbers decrease Jnu at 912 A 

by a factor of 3 to 5, and have less effect at shorter 

wavelengths. 

We varied the mean number of clouds, and the mean 

• 
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Figure 35. Log Jnu(912 A) vs. Z for the "Best", "Hard", and 
"Soft" intrinsic spectra. 
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density, (for HH1, LOC, "best" intrinsic spectrum); the 

results are plotted in Figures 38 and 39. The effect of 

increasing the mean number of clouds from 5.5 to 10 is to 

decrease Jnu at 912 A by about a factor of 3. The flux at 

harder energies is less affected. 

The ionization of the very thick absorbers is not 

well established. Although QSO metal line systems 

generally have aggregate CIV » CII, the one velocity 

component in each system which contributes most of the 

N(HI) may be very neutral, with CII» CIV, and N(HeI) » 

N(HeII). Also, if the thick systems are associated with 

galaxies, local sources of ionizing radiation may be 

important. In order to estimate the effect of the range of 

possible ionizations, two values for the density were 

tried, log n=-l and log n=-3. The main difference between 

the two assumptions was the resul tan t "[ (He II), wi th the 

log n = -3 models being more highly ionized and therefore 

having larger (HeII)'s than the log n = -1 models. The 

resultant Jnu spectra differ most at high energies. 

Comparison with Observations 

Useful checks on these calculations can be made by 

comparing Jnu at 2=0 with 3 sets of observations: (a) the 

number counts of blue objects, (b) the extragalactic X-ray 

background and (c) the near UV diffuse radiation 

background. We discuss each in turn. 

• 
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Figure 38. The effect of absorber ionization on Jnu. 2=0 
and 2=1.75 Fields, HHl, LDC, "Best" spectrum, nclds=S.S. 
Circles: no absorption; triangles, log n = -1 cm-3; 
plusses: log n = -3 cm-3 
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Number counts. 

S&G give predicted number counts at B (n(B)= number 

of quasars / square degree) for each QSO luminosity 

function (Tables 8-11). One can then estimate the specific 

intensity at 4400 A, 

Jnu(B) = 3282.8 ~ feB) nCB) 
e, 

where feB) is the flux associated with an object of 

apparent magnitude B given by S&G equation 2. The results 

are tabulated in Table 24 for HHl, HLl, HHS and HLS, and 

the computed values from the code. 

The average B for each bin used to compute feB) in 

the sum was taken to be the center of the bin. For a 

steeply rising luminosity function, this underestimates the 

contribution of each bin. Weymann estimated this effect to 

be about a factor of 2, and so divided Jnu by 2 in order to 

agree with the B counts. (Thus, the Jnu used by e.g. 

Chaffee et al., 1986 differs by 2 from the Jnu's computed 

here for the same assumptions.) However the Jnu(B) 

computed by the code depends on the intrinsic QSO spectrum 

assumed, redshift cut-off, properties of the absorbers and 

Seyfert contribution. Here, we prefer not to introduce any 

factors into Eqn. l. The computed In(B)'s are in rough 

agreement with the B counts; exact agreement is not 

expected. 

Recent results for faint objects have been 
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Table 24. Com!2arison with Number Coun ts at B. 

log Jnu ( B) cgs 

From S&G: 
HHI (14<B<25, Z<3.5) -21.799 
HLI -22.107 
HH5 -21.797 
HL5 -22.094 

Computed (No Absorption) : 
HHl,NC,"best" spectrum -2l. .839 
HL5, NC,"best" -22.178 
HH5, NC, "best" -21.846 
HLl, NC, "best" -21.113 
HLl, LOC, "best" -22.249 
HHl, LOC, "best" -21.990 
HL5, LOC, "best" -22.253 
HH5, LOC, "best" -21.936 
HLl, NC, "hard" -21.999 
HHl, NC, "hard" -21.729 
HL5, NC, "hard" -22.079 
HH5, NC, "hard" -21.749 
HLl, LOC, "hard" -22.149 
HHl, LOC, "hard" -21.899 
HL5, LOC, "hard" -22.169 
HH5, LOC, "hard" -21.849 
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published by Koo and Kron (1982), and Koo (1985). While 

the luminosity functions for the QSOs have not yet been 

derived, the number counts at B can be compared to the S&G 

model predic tions. Koo and Kron (1982) give number co un ts 

for QSO candidates in SA 68 based on colors but no 

spectroscopic confirmation, and Koo (1985) lists counts for 

SA57 which are spectroscopically confirmed. Both resul ts 

seen to favor the HH models over the HL models. For this 

reason, most of the models in previous sections were 

compu ted using HHl. 

The Soft X-ray Background. 

The extragalactic soft X-ray background has a well 

determined flux and spectrum for energies between 2 keY and 

10 4 keY (see summary in Rothschild et al., 1983). At 2 

keY, corresponding to log E(Ryd) = 2.18, the value of the 

diffuse X-ray background given by Rothschild et ale is log 

Jnu = -24.303 cgs. For the softer X-rays (0.5 to 1.0 keY), 

the observa tional si tua tion is complica ted, because it is 

not obvious how to decompose the observed flux into 

extragalactic and Galactic components (Sanders et al., 

1986, Clark et al., 1986, Garmire et al. 1986). 

The observed flux at 2 keY is a factor of 3 - 30 

higher than the extrapolation to 2 keY of our Z=0 models 

shown in Fig. 14. This is in harmony with the various 

es ti rna tes for the con tr ibu tion of op tica lly selected QSOs 
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to the extragalactic background in the literature ( Refn.s) 

which range from 20 - 60 %. We have not tried to model the 

X-ray background carefully-- for example, LX / Lopt is 

known to be a function of Lopt ' a fact not accounted for in 

these calcula tions. 

The Near Ultraviolet Background. 

Several groups have mea sured the di ffuse radia tion 

background in the near UV (1000 - 2000 A) with detectors on 

sounding rockets or spacecraft. The observational 

situation is complicated, with the results by different 

groups in disagreement. Sources of disagreement include 

calibration problems, scattered light, uncertain 

corrections for airglow and zodiacal light, and 

con ta min a t ion by dis c ret e 1 0 cal sou r c e s. The set e chi cal 

pro b 1 ems a sid e, the e x p e c ted sou r c e s 0 f the U V ba c k g r 0 u n d 

include starlight (which in principle should be confined to 

low galactic latitude and hence distinguishable from other 

sources), scattered light by dust, line emission from the 

Galactic corona, the integrated light from galaxies and 

QSOs, and recombination radiation from the IGM. Of these, 

QSOs have been estimated to be a minor contributor (e.g. 

Paresce and Jakobsen, 1980 and references therein). Our 

calculations corroborate these estimates. Various 

measurements of the high galactic latitude diffuse 

radiation at 1450 A range from log Jnu = -18.6 to log Jnu = 
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- 1 9 . 6 erg sse c -1 c m - 2 H z -1 (L i 11 i e and vJ itt, 1 9 7 6; Pit z e t 

al., 1979; Maucherat-Joubert et al., 1978; Dube et al., 

1979; Anderson et ale J.979; Paresce et al., 1980; Paresce, 

McKee and Bowyer, 1980). These values are at least two 

orders of magnitude higher than the flux at 1440 A computed 

for the QSOs. 

It is perhaps interesting that the observed fluxes 

are larger by about an order of magnitude than Jnu(1450A) 

for our models at any redshift. Thus, we expect that even 

at high Z, the Mg I I Mg II or C II C II ratios for gas in 

galaxies like our own may be determined by sources of 

radia tion other than the in tegra ted light from QSOs. 

Summary 

By way of summary, in Figure 40 we plot Jnu for Z=0 

and Z=1.75 for HHl, LDC, with and without absorbers, and 

for the "soft", "hard" and "best" spectra. Clearly, the 

field at Z=1.75 is highly uncertain, especially at high 

energies. Below we summarize the discussion of the 

uncerta in ties in In u. 

QSO luminosity function. 

At Z>2, the normalization of the field is very 

dependent on the highly uncel-tain form of the quasar 

luminosity function at high redshift. It is difficult to 

make even qualitative statements-- Jnu at 912A at z=3 may 
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Figure 40.b. Jnu at 2=0 and 2=1.75, HHl, LDC, with and 
without absorption, "Soft" spectrum. 
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Figure 40.c. Jnu at 2=0 and 2=1.75, HHl, LDC, with and 
without absorption, "Hard" spectrum. 
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be larger or smaller than Jnu at 912 A at Z=1. At Z=1.75, 

the uncertainties in the luminosity functions considered 

introduce uncertainties in Jnu(912) of about a factor of 

10. The shapes are not very sensitive to the form of the 

luminosity function, however. The cut-off in Z may be 

harder than the form adopted, in which case the field at 

Z=1.75 has been overestimated here, so that in fact the 

uncertainties are larger than a factor of 10. 

The qo = 0.1 and qo fields are very similar for Z < 

1. At higher Z, the Jnu's computed for qo=.l are larger 

than those for qo = 0.5. 

Con tribution of Seyferts. 

At low Z, the Seyfert galaxies may be important. 

If we have grossly underestimated the Seyfert contribution, 

then the field at Z=0 may be underestimated. At high Z, 

the higher luminosity QSOs dominated. 

Spectral Shape. 

The intrinsic shape adopted for the QSO EUV spectra 

has a large effect on the shape of the resultant field, 

especially at high energies. At 4 Ryd, for example, the 

uncertainties amount to 2 orders of magnitude at Z=1.75, 

for the allowed range of intrinsic QSO spectral shapes. We 

expect the intrinsic spectral shape to vary from object to 
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.object, so that a more sophisticated treatment may be 

called for. 

Absorption by intervening material. 

The absorbers decrease the Jnu at 912 A by factors 

of 3 to 5. At higher energies the decrease depends on the 

adopted ionization. 



CHAPTER 6 

IUE OBSERVATIONS OF HIGH REDSHIFT QUASARS 

Introduction 

With the launch of the International Ultraviolet 

Explorer (IUE), studies of the far ultraviolet spectral 

region in high redshift quasars have become possible for the 

first time (Green,et al.1980). Studies of QSOs down to an 

observed wavelength of 1200 A, corresponding to a rest frame 

wavelength well below the Lyman limit, combine with 

observations at other wavelengths to help sketch out a 

complete picture of the energy distribution in QSOs from the 

radio to the X-rays and gamma-rays. In particular, the 

continuum in the ultraviolet can be an important diagnostic 

of the physical processes occuring near the QSO's central 

engine, e.g. in an accretion disk (Malkan and Sargent, 

1982). In addition, the far UV spectrum is important in 

understanding the ion iza tion and other physical para me ters 

of the material in the broad line region of QSOs, the 

ionization history of the intergalactic medium, and the 

number magnitude relations for faint blue objects. 

• 211 
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We have observed the continuum energy distributions 

in nine high redshift QSOs (1.0 < z < 2.2) with IUE and the 

Palomar 5-m multichannel spectrophotometer. These 

observations are a continuation of the previous IUE work of 

Green et al. (1980), and complement similar studies of very 

high redshift, high luminosity quasars observed from the 

ground (e.g. MacAlpine and Feldman, 1982; smith et al. 1981; 

Oke and Korycansky, 1983). 

Observations 

Three types of data were acquired for this 

investigation: ultraviolet spectrophotometry, optical 

spectrophotometry, and optical spectroscopy. We present the 

observing details of each in turn. 

The ultraviolet spectra were obtained with the 

International Ultraviolet Explorer Satellite (Boggess et 

al., 1978a,b) by blind offset of the targets into the large 

(10" x 20") apertures. We used the line-by-line images 

produced from the geometrically and photometrically 

corrected frames by the IUESIPS procedures (Turnrose and 

Perry, 1977); we then produced a net spectrum with a 5 line 

wide extraction slit and a background found by averaging 

those lines free of reseaux and strong cosmic ray events. 

Because no other smoothing filter was applied to the 

background, the signal to noise ratio appears somewhat worse 

than that from the standard extraction, but reflects the 
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the background level. The absolute 

of Bohlin et al., (1980), with a quoted 

accuracy of about 10%. The times of observation and camera 

frame numbers are listed in Table 25. 

Optical spectrophotometry was obtained with the 

Multichannel Spectrophotometer on the Hale 5-meter telescope 

(Oke, 1969). The objects were observed on photometric 

nights through a pair of 15" apertures, with decker settings 

allowing 80A bandpasses for wavelengths from 3200 A to 5700 

A and 160 A bandpasses for wavelengths from 5700 A to 1.1 

~. Integration times were typically 100 seconds for each of 

four settings for a 16th magni tude object. Absolute fluxes 

for each night were calibrated with reference to the 

observation of a single flux standard sdG star on the "AB79" 

system (Oke and Gunn, 1983). The extinction correction was 

applied using a standard monochromatic extinction table for 

Palomar. The photon stat5.stical accuracy for wavelengths 

shorter than 8000 A was usually better than 1%, and the 

systematic errors are expected to be less than 2 - 3 %. The 

one exception to this scheme is PKS 0237-233, which was 

observed through a pair of 8" apertures with the SIT 

spectrograph on the Hale 5-meter. The extracted net 

spectrum was binned to approximate multichannel resolution. 

A potential systematic error is introduced by the 

non-simultaneity of the optical and ultraviolet 
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Table 25. Summary of Observa tions. 
« -

1 2 3 4 5 

MCS 18 LWR 6218 405 327.1979 21:05 360.1980 
(0002+051) SWP 7492 720 360.1979 18: 49 

PKS 0237-233 LWR 10935 430 174.1981 06:39 262.1979 

PG 0935+417 LWR 6207 570 325.1979 20:37 157.1980 

Ton 1530 LWR 10926 420 420:1981 06:47 158.1980 
(1222+229) 

PG 1248+401 LWR 11061 365 195:1981 05: 35 320.1980 
SWP 15535 411 324:1981 20:56 

PG 1522+101 LWR 13008 410 102:1982 11: 04 201.1980 
SWP 17098 357 153:1982 07:06 

PG 1634+706 LWR 6477 130 361:1979 07: 34 157.1980 
SWP 7216 180 328:1979 20:50 

PG 1718+481 LWR 13015 430 103:1982 10:37 159.1980 
SWP 16762 332 104:1982 10:35 

PG 2302+029 LWR 11056 410 194:1981 04:59 201.1980 
StolP 17077 297 151:1982 08:22 

Notes. 
1. Object. 

2. ~ Image number. 

3. Exposure time (minutes) • 

4. Date of IUE observations (UT start). 

5. Oa te of Multichannel observa tions. 
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spec trop ho to me tr ic mea sure men ts. Al though none 0 f the 

objects is known to be a high amplitude variable, it is 

probable that several cases could have a 10% discontinuity 

at the optical-IUE observational boundary (e.g. Usher et ale 

19-83). This effect should not bias the statistical results 

of, for example, power law fitting, because there should be 

no preferred sense of variability. 

The third type of observation is optical 

spectroscopy to search for absorption lines. The se da ta 

were acquired with the Steward 90-inch telescope, Boller and 

Chivens spectrograph, and blue pulse-counting Reticon 

detector. An 832 line/mm gra ting in second order afforded 

1.5 A resolution over an 1100 A range through a pair of 2.5" 

apertures. Observations of the quality shown in Figure 4 

required 1 to 2 hours of integration, and were obtained 

during the spring and fall observing seasons in 1982. PG 

1634+706 and PG 1718+481 were observed with the Multiple 

Mirror Telescope, 

Reticon detector 

MMT Spectrograph, and pulse-counting 

(Latham et al., 1982). After being 

screened at 1 A resolution, they were then observed with the 

MNT echelle spectrograph (Green et al., 1983), and the 

equivalent widths quoted in Table 30 are derived from those 

spectra. 

The continuum Energy Distribution 

In Figures41 and 42 we have plotted the spectral 
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energy distributions of the quasars in our sample. The IUE 

spectra are binned in approximately 200 A bands (see Table 

2), and data within 10,000 km/sec of prominent emission 

lines - Ly~, CIV, MgII, CIIIJ, SiIV - OIV , Hell, OVI - Ly 

f>,and CIII]-Ly - have been deleted. Each spectrum has 

been converted to the quasar's rest frame, where 

-Vo = V obs * (l+z) 

and 

fv = fv (obs)/ (l+z). 
o 

The values for log))o and log fv are listed in Table 26. 

Emission line redshifts are listed in Table 27 (Schmidt and 

Green, 1983); emission line fluxes will be discussed in a 

subsequen t paper. 

As found previously in similar studies (Green,et 

al.,1979, Oke and Korycansky, 1982), the continua of the 

five higher redshift quasars shown in Figure42 are 

adequately described between Lyman alpha and the infrared by 

a power law, fll ex vo( with -.17 ~ ~ ~ -1.0, whereas 

shortward of 1200 A the spectral index steepens to values 

between -1.9 and -5.3. We have fit two power laws to each 

spectrum with frequency of the break as a free parameter. 

The results are listed in Table 27. For Ton 1530 and PG 

1634+706, the short wavelength continuum was not consistent 

with a power law due to the presence of distinct Lyman 

discontinuities with optical depth at the Lyman limit, 
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LL' abou·t 0.1. When the con tinua are corrected for these 

jumps, they yie Id acce ptable fits to a power la w for m. 

By contrast, in three of the lower redshift objects, 

PG 1522+10, PG 1248+401 and PG 2303+029, shown in Figure 42, 

the continuum steepens gradually, in the sense that we are 

not able to find a minimum in chi-squared space 

corresponding to a unique frequency for a spectral index 

break. In the fourth object, PG 1718+481, the spectral 

index is constant from >. 0 = 5900 to Ao = 800 A , where the 

spectrum is cut off by an optically thick Lyman limit 

system. For reference in the discussion below, we list in 

Table 27 the spectral indices for the continua shortward of 

Lyman alpha, and for the continua between Lyman alpha and 

log ))0 = 14.8. 

A number of effects can contribute to the steepening 

of the continua at wavelengths shortward of 1200 A, the 

primary cne being, as we show below, Lyman continuum 

absorption by intervening material. We discuss this and 

other causes of the continuum steepening in turn. 

Interstellar Reddening 

Reddening due to material in our own Galaxy can be 

esti rna ted from the neu tral hydrogen measure men ts of Hei les 

(1975), assuming NHI / E(B-V) = 4.8 x 10 21 atoms cm- 2 mag- 1 

(Bohlin, 1978) and applying the reddening curves of Seaton 

(1979). The effect of dereddening is to flatten the long 
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Table 26. continuum Fluxes. 

(a) ( b) ( c) (d) 

MCS18 7440-7760 15.0587 -26.27 -27.64 
7120-7440 15.0774 -26.31 -27.94 
6800-7120 15.0969 -26.35 -27.67 
6480-6800 15.1174 -26.37 -27.99 
6160-6480 15.1388 -26.39 -27.80 
5780-6160 15.1635 -26.45 -27.94 
5220--5300 15.2185 -26.46 -27.72 
4980-5140 15.2354 -26.48 -27.99 
4180-4340 15.3101 -26.53 -27.55 
3700-3860 15.3620 -26.60 -28.19 
3220-3380 15.4210 -26.66 -27.68 
3096-3180 15.4429 -26.63 -28.02 
2865-2928 15.4780 -26.78 -28.30 
2600-2733 15.5136 -26.95 -28.34 
2445-2574 15.5399 -27.03 -28.21 
2157-2441 15.5700 -27.09 -28.25 
1883-1973 15.6544 -27.35 -28.26 
1798-1880 15.6749 -27.37 -28.28 
1736-1781 15.6944 -27.38 -28.25 
1670-1734 15.7086 -27.61 -27.97 
1250-1734 <-28.12 

PKS 0237-233 6377-6696 15.1698 -26.58 -28.78 
5789-5932 15.2174 -26.59 -28.64 
5636-5782 15.2288 -26.61 -28.77 
5481-5629 15.2407 -26.59 -28.69 
4678-4812 15.3091 -26.59 -29.02 
4212-4346 15.3540 -26.60 -29.03 
4065-4205 15.3689 -26.64 -29.07 
3604-3774 15.4185 -26.63 -28.66 
3220-3243 15.4759 -26.86 -27.33 
2904-3037 15.5130 -26.94 -28.34 
2773-2902 15.5325 -27.14 -28.51 
2641-2771 15.5531 -27.20 -28.69 
2589-2640 15.5680 -27.21 -27.28 
1880-2345 <-27.62 

PG 0935+417 8080-8240 15.0396 -26.27 -27.10 
7600-7760 15.0660 -26.29 -27.12 
7280-7440 15.0757 -26.32 -27.34 
6960-7120 15.1038 -26.35 -27.36 
6640-6800 15.1240 -26.37 -27.70 
6320-6480 15.1452 -26.38 -27.46 
6000-6160 15.1674 -26.42 -27.75 
5380-5460 15.2173 -26.37 -27.52 
5140-5300 15.2337 -26.39 -28.02 
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Table 26. (con tinued) • 

4700-4780 15.2756 -26.41 -27.74 
4340-4500 15.3059 -26.39 -27.90 
3700-4020 15.3645 -26.51 -28.30 
3300-3460 15.4224 -26.53 -27.51 
3140-3183 15.4514 -26.66 -27.50 
2976-2990 15.4767 -26.62 -27.11 
2728-2808 15.5092 -26.80 -27.87 
2617-2723 15.5248 -26.79 -28.55 
2507-2613 15.5413 -26.92 -28.24 
2396-2502 15.5623. -26.97 -28.18 
2272-2392 15.5836 -26.98 -28.21 
1865-2267 <-27.57 

Ton 1530 6538-6670 15.1416 -26.49 -28.43 
6372-6532 15.1517 -26.48 -28.36 
6200-6366 15.1633 -26.48 -28.39 
6034-6194 15.1751 -26.51 -28.56 
5489-5614 15.2170 -26.52 -28.55 
5323-5483 15.2288 -26.50 -28.78 
5183-5317 15.2413 -26.54 -28.82 
4423-4559 15.3139 -26.57 -29.03 
3979-4112 15.3544 -26.63 -29.06 
3846-3972 15.3694 -26.60 -29.00 
3046-3069 15.4760 -26.65 -28.80 
2829-2874 15.5063 -26.80 -29.38 
2776-2829 15.5140 -26.80 -29.38 
2726-2774 15.5221 -26.88 -29.40 
2595-2726 15.5367 -27.05 -29.56 
2463-2595 15.5586 -27.05 -29.37 
2332-2463 15.5818 -27.06 -29.34 
1865-2332 <-27.18 

PG 1248+401 7560-7800 14.8985 -26.12 -27.03 
7240-7480 14.9170 -26.13 -27.35 
6920-7160 14.9360 -26.12 -27.35 
6600-6840 14.9565 -26.13 -27.58 
6280-6520 14.9775 -26.13 -27.76 
5340-5500 15.0500 -26.19 -27.82 
5180-5340 15.0630 -26.19 -27.83 
4460-4700 15.1230 -26.29 -27.92 
4060-4140 15.1710 -26.30 -27.94 
3660-4060 15.1983 -26.32 -27.95 
3500-3660 15.2300 -26.35 -27.99 
3340-3500 15.2500 -26.35 -27.99 
2950-3050 15.3075 -26.47 -27.55 
2600-2750 15.3573 -26.52 -27.63 
2175-2375 15.4276 -26.63 -27.51 
1875-1950 15.5031 -26.69 -27.74 
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Table 26. (continued) 

1775-1875 15.5293 -26.82 -27.68 
1650-1775 15.5575 -26.86 -27.41 
1250-1650 <-27.37 

PG 1522+101 8160-8400 14.9270 -25.99 -27.13 
7840-8160 14.9395 -26.00 -27.64 
7520-7840 14.9575 -25.95 -27.58 
7200-7520 14.9760 -25.98 -27.61 
7040-7200 14.9900 -26.00 -27.64 
6080-6240 15.0530 -26.04 -27.67 
5340-5420 15.1120 -26.06 -27.69 
5180-5340 15.1220 -26.07 -27.71 
5020-5180 15.1355 -26.09 -27.72 
4540-4700 15.1740 -26.10 -27.74 
4140-4300 15.2175 -26.09 -27.72 
3980-4140 15.2345 -26.10 -27.73 
3220-3660 15.3090 -26.13 -27.76 
2950-3125 15.3573 -26.31 -27.51 
2100-2200 15.5299 -26.53 -27.32 
1975-2075 15.5324 -26.66 -27.34 
1900-1950 15.5544 -26.54 -27.65 
1775-1900 15.5776 -26.56 -27.74 
1650-1775 15.6084 -26.61 -27.56 
1525-1650 15.6416 -26.76 -27.55 
1400-1525 15.6775 -26.83 -27.56 
1250-1400 15.7209 -26.85 -27.69 

PG 1634+706 9840-10320 14.8418 -25.52 -26.63 
9040-9680 14.8740 -25.48 -26.78 
8400-8800 14.9107 -25.55 -26.89 
7600-8240 14.9465 -25.52 -27.40 
6960-7440 14.9879 -25.56 -27.77 
6320-6800 15.0283 -25.55 -27.88 
5840-6160 15.0671 -25.62 -27.74 
5620-5780 15.0894 -25.62 -27.43 
5380-5540 15.1080 -25.65 -27.45 
5060-5300 15.1309 -25.69 -27.72 
4740-4980 15.1586 -25.71 -27.74 
4020-4180 15.2324 -25.75 -27.68 
3300-3540 15.3100 -25.79 -27.24 
3047-3149 15.3541 -25.79 -27.22 
2941-3047 15.3693 -25.81 -27.63 
2617-2733 15.4278 -25.90 -27.81 
2494-2617 15.4381 -25.94 -27.88 
2330-2347 15.4760 -25.94 -26.42 
2064-2197 15.5167 -26.16 -27.50 
1919-2059 15.5466 -26.27 -27.39 
1880-1919 15.5666 -26.32 -27.59 

• 
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Table 26 (con tinued) • 

1821-1856 15.5808 -26.87 -27.59 
1250-1808 <-27.83 

PG 1718+481 8260-10420 14.8250 -25.55 -26.88 
5460-6380 15.0259 -25.65 -27.29 
4500-4820 15.1275 -25.73 -27.36 
3700-4240 15.1938 -25.78 -27.41 
3220-3700 15.2471 -25.82 -27.46 
3025-3150 15.3060 -25.88 -26.97 
2700-2825 15.3539 -25.92 -27.04 
2250-2450 15.4290 -26.05 -27.39 
1900-1965 15.5108 -26.12 -27.51 
1825-1900 15.5280 -26.13 -27.46 
1750-1825 15.5460 -26.16 -27.36 
1675-1750 15.5647 -26.18 -27.40 
1600-1675 15.5843 -26.19 -27.39 
1475-1550 15.6191 -26.62 -27.42 
1400-1475 15.6414 -26.66 -27.46 
1325-1400 15.6648 -26.62 -27.59 
1250-1325 15.6879 -26.56 -27.45 

PG 2303+029 6240-6440 14.9870 -26.04 -27.19 
5460-5550 15.0470 -26.06 -27.39 
5380-5460 15.0442 -26.04 -27.37 
5300-5380 15.0506 -26.04 -27.37 
4660-4740 15.1061 -26.11 -27.74 
4500-4580 15.1211 -26.15 -27.48 
4420-4500 15.1288 -26.13 -27.45 
4100-4180 15.1612 -26.12 -27.75 

. 3900-4100 15.1761 -26.14 -27.47 
3700-3900 15.1984 -26.13 -26.51 
3620-3700 15.2147 -26.18 -27.33 
3540-3620 15.2243 -26.16 -27.49 
3460-3540 15.2341 -26.18 -27.32 
3380-3460 15.2441 -26.19 -27.34 
2900-3000 15.3083 -26.33 -27.57 
2575-2700 15.3570 -26.39 -27.59 
2225-2350 15.4188 -26.52 -27.44 
2150-2225 15.4352 -26.60 -27.29 
1850-1950 15.4994 -26.61 -27.61 
1725-1850 15.5259 -26.74 -27.51 
1625-1725 15.5541 -26.88 -27.45 
1250-1350 15.6642 -26.98 -27.64 
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Table 26. (continued) 

Notes. 
a. Observed wavelength interval (A), used to find average 
f,; 

b. Logarithm of rest frequency (sec-I) corresponding to 
central wavelength of interval given in (a). 

c. Logarithm of the rest flux, fll 
h -1 z . 

, in ergs cm- 2 sec- l 

Three sigma upper limits are given when no net flux 
observed. 

d. Logarithm of the mean error in the rest flux, as in 
( c ) • 
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Table 27. sl2ectral Ind ice s. 

Object (a) ( b) ( c ) (d) (e) ( f) 

-----------------------------------------------------------
MCS 18 1.90 .08 .03 1.01 3.27 1115 

0.85 2.81 
0.71 0.45 

PKS 0237-23 2.22 .02 .03 0.17 5.34 1119 
0.17 4.96 
0.09 4.70 

PG 0935+417 1.98 .04 .04 0.26 1. 93 1222 
0.19 1. 72 
0.13 0.79 

TON 1530 2.05 .08 .01 0.56 3.49 1017 
0.44 2.79 
0.25 1.47 

PG 1248+401 1.03 .04 .05 0.18 1. 76 1216g 

0.13 1. 67 
0.017 0.66 

PG 1522+101 1. 30 .08 .02 0.40 1. 44 1216g 

0.26 1. 26 
0.17 0.28 

PG 1634+706 1.33 .06 .05 . 0.85 2.10 1469 
0.76 1. 65 
0.40 0.62 

PG 1718+481 1.08 .03 .01 0.33 1. 04 3000 g 

0.30 0.92 
0.09 0.77 

PG 2302+029 1. 00 .10 .05 0.31 1.96 1216g 

0.19 0.61 
0.06 0.53 
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Table 27 (continued). 

Notes. 
a. Emission line redshift, from Schmidt and Green, 1983. 

b. Galactic E(B-V), (see text). 

c. Upper limit to intrinsic E(B-V) (see text). 

d. Spectral index eX. l' for fv OG)) O() A> >'13 first 
line, no reddening correction; second line, corrected for 
Galactic reddening; third line, corrected for Galactic 
and intrinsic reddening. 

e • S pe c t r ali n de x 0<. 2 ' for as in b. 

f. Wavelength of spectral index break, A~. 

g. Wavelength of spectral index was chosen arbitrarily. 



227 

wavelength spectral index slightly, and to flatten the short 

wavelength spectral index somewhat more, in some cases 

substantially. The spectral indices for the de reddened 

spectra are listed in Table 27. In all cases, however, the 

spectra still steepen significantly shortward of 1200 A in 

the quasar frame. 

Absorption EY intervening material 

Oke and Korycansky (1982) have discussed the 

steepening of the continua shortward of redshifted 1216 A in 

a sample of high redshift quasars in terms of Lyman 

con tinuum absorption by in tervening rna ter ia 1, unre1a ted to 

the quasar. In this picture, the quasar continuum between 

Lyman alpha and Lyman beta is depressed by Lyman alpha 

absorption lines; between Lyman beta and the Lyman limit it 

is depressed by Lyman beta and higher order Lyman lines, 

primarily Lyman beta; and blueward of 912 A, by Lyman 

continuum absorption arising from clouds of moderate optical 

depths. 

We find strong evidence for this interpretation. 

In Figure 43a we ha ve plot ted A <X , the change in spec tral 

index at 1200 A, as a function of log(l+zem)' and in Figure 

43b as a function of logL , where 

I c).5 L :: I OJ -f 11 (2. S" 00 A) + I 0 ~ (l. + i c l. ) 1... + I OJ q.:~ 1-

(Richstone and Schmidt, 1980), is the luminosity of the 

quasar at 2500 A, for a Friedman universe with qo= 0 and 
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A= 0, and Ho= 50 km/sec/r1pc. Included are the da ta from 

this paper, from rUE observations by Green et al. (1980), 

and the very high redshift sample of Oke and Korycansky 

(1982). We have used the spectral indices derived without 

correction for Galactic reddening, in order to make a direct 

comparison with the published Oke and Korycansky data, but 

the effect of Galactic reddening on do( is negligible. 

The change in spectral index, h.rJ., is uncorrela ted 

with log L, but is correlated with log(l+zem) at the five 

sigma level. The most straightforward interpretation is 

that the steepening is primarily caused by intervening 

absorption, and is not a function of an intrinsic property 

of the quasar. It is possible that the steepening is 

intrinsic, and a function of redshift because of evolution 

in some intrinsic quasar property, which is somehow 

un'related to quasar luminosity, but we find this unlikely. 

The slope above 1200 A is not correlated with either 10gL or 

log (l+zem)' in accordance with other studies (Richstone and 

Schmidt, 1980). 

The viability of this interpretation is directly 

testable in the objects for which higher resolution spectra 

of the narrow Lyman alpha absorption lines are available 

from the ground. These da ta suggest tha t the steepening of 

the continuum slope s~ortward of 1200 A in data of low 

spectral resolution and low signal to noise is in fact due 
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Figure 43. a. Change in spectral index, Aot.. p lotted 
against log (l+z~m). Open boxes are data from Ok e and 
Korycansky ( 1982 ) ; open circles are from Green et al. 
(1980); and closed circles are from this work. 
b. Change in spectral index, AOi- , plotted a g ainst l o g L , 
the luminosity of the q uasar at 2500 A. Symbols as in ( a). 
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to the composite effect of the Lyman continuum absorption 

associated with the highest column density Lyman alpha 

systems. For two of our high redshift objects, PG 0935+410 

and Ton 1530, we have obtained 1.5 A resolution spectra at 

the Steward Observatory 90" shortward of Lyman alpha in 

emissiol?, (Figures 44 and 45) and for a third, PKS 0237-233, 

observations of Lyman alpha were taken from Boroson, et 

al.,(1978). Line centers and equivalent widths for the 

observed absorption features in PG 0935+410 and Ton 1530 are 

listed in Table 28. For an observed Lyman alpha line with 

measured equivalent width, given a value of the Doppler 

parameter b, we can calculate·the resulting optical depth at 

the Lyman limit, t LL' from the Lyman curve of growth 

(Chaffee, 1982). In some cases we can measure t LL for an 

individual system, and directly derive b (see Table 30). 

In other cases, the lack of observable discre te Lyman edges 

sets an upper limit to LL.L. of about 0.2, and hence lower 

limit to b. Weak Lyman.x lines with W"\o L 0.5 A, 

are optically thin for any plausible value of b, but for 

lines with WA,,> 0.5 A, we find that b ~ 20 - 30 km sec- l is 

required. An upper limit to b can be derived by requiring 

that the summed effect of the Lyman edges is consistent with 

the requirement that the corrections to the flux bring the 

continuum back up to the extrapolation of the optical power 

law, which we have corrected for Galactic reddening only. 
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Table 28. Absoretion Line Lists. 

(a) ( b) ( c ) (d) ( e ) 
-----------------------------------------------------------
Ton 1530. 

1 3254.3 1.98 
2 327l. 0 
3 3306.1 1.17 
4 3314.0 1.87 
5 3355.5 1.71 
6 3367.6 4.60 ( blend 40 .02 
7 3372.0 wi 7) 
8 3446.2 l. 33 35 .10 
9 3466.3 l. 52 35 .15 

10 3488.6 2.68 40 .007 
11 3511.1 1.99 39 .06 
12 3553.0 3.66 60 .00 
13 3570.1 5.55 CrV(1548) 
14 3575.9 2.34 CrV(1550) 
15 3586.9 0.74 35 .002 
16 3590.5 2.71 40 .006 
17 3623.1 3.62 39 .24 
18 3639.3 2.22 39 .08 
19 369l. 4 3.03 40 .007 
20 3713.7 l.19 
21 3848.9 0.99 crv (1548) 
22 3855.7 0.58 CrV(1550) 
23 3906.9' 0.91 CIV(1548) 
24 3913.7 0.34 CrV(1550) 
25 3919.1 0.40 
26 4093.2 0.45 

PG 0935+417. 

1 3224.1 l. 04 35 .06 
2 3239.4 l. 93 40 .004 
3 3266.1 1.44 40 .002 
4 3282.2 l. 46 40 .002 
5 3290.7 l. 65 40 .003 
6 3309.3 l.18 35 .08 
7 3338.2 3.58 39 .28 
8 3367.9 2.68 39 .14 
9 3396.3 l.17 35 .07 

10 3425.4 1.72 40 .003 
11 3434.3 1.08 35 .05 
12 3450.4 l. 26 35 .02 
13 3487.3 l.10 35 .05 
14 3510.2 l.16 35 .06 
15 3524.2 1. 72 35 .20 
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Table 28. (con tinued) • 

16 3572.5 2.24 38 .16 
17 3585.1 1. 98 38 .11 
18 3621.6 0.84 
19 3639.6 1.99 
20 3651.1 1.40 
21 3672.3 0.84 CIV(1548) 
22 3678.0 0.59 CIV(1550) 
23 3761. 9 0.41 
24 3815.9 1. 74 CIV(l548) 
25 3821. 8 1. 36 CIV(1550) 
26 3933.5 0.18 
27 3963.3 0.71 
28 3996.5 0.53 
29 4117.2 0.96 

a. Observed wavelength of centroid of line. 

b. Observed equivalent width (A). 

c. Line iden ti fica tion. 

d. Assumed model b values, km/sec (see text). 

e. Assumed model 'tL.L. (see text). 
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We find that in every case, a handful of absorbers, about 4 

to 8, wi th 20 f b:: 50 km sec- l and r LL 0.08 is adequa te. 

Implied values of b and ILL corresponding to specific Lyman 

alpha absorption lines are listed in Table 28, for one 

reasonable model; other models are possible. A prediction 

of this explanation of the continuum steepening is that high 

signal to noise observa tions of the con tinuum shortward of 

912 A should reveal a small number of discrete, optically 

thin, Lyman edges, with 'Z:. LL ~ 0.l. 

If the steepening is caused by 4 to 8 absorbers 

along the line of sight to the higher z objects, and if the 

co moving density of absorbers is constant, then one would 

expect that 2 to 4 absorbers would be responsible for the 

steepening in the low redshift objects. This is consistent 

with the observation that out of 5 objects with z f 1.33, 

one object, PG 1718+481, shows no steepening beyond 912 A, 

implying that its line of sight does not pass through any 

t ~ 0.1 Lyman limit absorber, until the t =1 Lyman 

discontinuity listed in Table 30. 

It is of interest to ask whether these absorbers can 

be identified with the metal poor Lyman alpha "forest" 

clouds, or with the metal containing galactic halo 

absorbers. Direct detection of associated CIV or MgII 

absorption is not feasible, since the column densities of 

these systems are so low that for reasonable ionization 

• 
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levels and solar abundances, the metal lines should have 

equivalent widths at only the milliangstrom level. 

Recently, Carswell, et al. (1983), have found evidence that 

suggests that the Lyman alpha forest population of absorbers 

cannot in general be responsible for the UV spectral 

steepning we observe in QSOs. They ha~e observed the Lyman 

alpha forest in one object at zem = 2.01, Ql101-264, at 20 

km sec- l resolution. By Voigt fitting of the line profiles 

they derive column densities directly. In this object, 

three clouds identified at lower resolution by Young et al. 

(1982b), with equivalent widths greater than 0.5 A were 

resolved into several, much weaker components by Carswell et 

al.. In fact, Carswell, et al. observe no system with N(HI) 

10 15 cm- 2 , and the accumulated effect of all the absorbers 

they see would be completely negligible at the Lyman limit. 

Unfortunately, IUE observations of this QSO by Boksenberg 

and Snijders (1981), do not give much information about the 

continuum shape past 912 A in the QSO's frame since the 

spectrum is cut off at Z = 1.8 by an optically thick, metal 

containing Lyman limit system. If only very low column 

densities for Lyman alpha forest clouds continue to be found 

when more observa tions become a va i la ble, then the e f fec t 0 f 

the Lyman alpha forest on the spectral steepening blueward 

of the Lyman limit is negligible. It is possible that a 

very high column density tail to the Lyman alpha forest 
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population has been found (see Robertson et al., 1983 and 

Roser et al., 1983 for examples), but these systems are 

probably so rare that they cannot be responsible in general 

for the steepening which is seen commonly in high z QSOs. 

Instead, we hypothesize that the absorbers 

responsible for the steepening are the low column density 

tail of the distribution of metal containing, galactic halo 

systems. We see examples of systems with LL as low as 

0.3, (see Table 6), and it is plausible that they exist at 

LL 0.1. While the implication is that galactic halos have 

to be uncomfortably large for our line of sight to intersect 

them so often (see discussion below), the alternative is a 

correlation between intrinsic quasar properties and z which 

is even more difficult to explain. 

The con tinuum be tween emission Lyman alpha and the 

Lyman limit in the lower redshift objects can also yield 

information about the nature of the Lyman alpha absorbers at 

redshifts lower than those for which high resolution spectra 

are currently available. In order to compare our data at 

low redshifts with the Oke and Korycansky high redshift 

data, we have computed 

between Ly 0( and Ly r 
1v(Oe.s) > "v (C,",NT) 

and DB' the analogous quantity 

between Ly (3 and the Lyman limit, where f y (obs) = the 

observed continuum level, and fV (cont) is the continuum 



238 

level obtained by extrapolating the continuum on the long 

wavelength side of Lyman alpha. In the discussion which 

follows, we us·e quanti ties derived for the spectra wi th no 

correction for interstellar reddening. In Table 29, we list 

<DA> and <DB> for the spectra with reddening corrections, 

and it is clear that the effect is negligible. The quantity 

<DA> is proportional to the total equivalent width of Lyman 

absorption, or 

where dNi/dz is the number of absorbers per redshift of a 

given equivalent width, Wi' and 6 z is the observed 

redshift interval, and the sum is over all equivalent 

widths. I f the • h e 

233 spectrum of equivalent widths is constant 

with z, but only the total number density changes as dN/dz 

(l+z)"( then For no evolution in the 

com9vin9 density of absorbers, and qo = 0, 0' = 1. In Table 

5 we list the values for <D A>, <DB>' and <DA/DB> for the 

lower redshift quasars in our sample, (PG 1718+481, PG 

2303+029, PG 1634+706, PG1248+40l and PG 1522+101), the 

intermediate redshift QSO's observed with IUE, (PKS 0237-

233, Ton 1530, PG 0935+417, and PG 1115+080), and the Oke 

and Korycansky high redshift sample. We derive o = 1.29 

+- 0.21 for z between 1.0 and 3.5, which is consistent with 

no evolution of the distribution of absorbers with redshift. 
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Table 29. Broad Band Lyman Alpha Absorption. 

Oke and Korycansky IUE High Z IUE Low Z 

------------------------------------------------------------

Zem 2.977 2.04 1.14 

Zabs 2.75 1. 37 1. 02 

ZA 0.32 0.25 0.17 

ZB 0.13 0.098 0.069 

DA 0.29 +- 0.02 0.19 +- 0.10 0.13 +- 0.04 

DB 0.39 +- 0.02 0.45 +- 0.22 0.11 +- 0.05 

DB/DA 1.40 +- 0.06 2.28 +- 0.86 0.81 +- 0.23 

Dereddened: 

DA 0.19 +- 0.11 0.13 +- 0.05 

DB 0.45 +- 0.23 0.14 +- 0.04 

DB/DA 2.51 +- 0.57 1.43 +- 0.36 
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By comparison, in the high resolution studies of QSO's with 

z 1.6 which explicitly count lines that have WAo '> 0.32 A, 

Sargent et al. (1980) find ¥= 1.6+-1.3, Young et al. 

(1982a) find r = 1.8 +- 0.5, and convincing evidence for 

a steep jf = 2.2 +- 0.4 is found by Peterson (1983). 

Very steep evolution of the number density towards low 

redshifts is inconsistent with our data, unless the 

equivalent width spectrum of absorbers changes in an 

appropriate way. It is also possible that intrinsic 

steepening of the continuum or a trace of intrinsic 

reddening may be dominating the steepening in this 

restricted wavelength region. 

To investiga te the possibili ty tha t the equi valen t 

width spectrum changes, one might hope to study the 

evolution of the average thermal width of the Lyman clouds, 

b = (kT/m)1/2, which can be estimated by <DA/DB> (see Oke 

and Korycansky, 1982). Unfortunately, <DA/DE> is not very 

sensitive to the expected changes in b. In the models of 

Ostriker and Ikeuchi (1983), for example, b decreases by 25% 

between z = 3.5 and z = 1.0, corresponding to A <DA/DB> ~ .1, 

which we would not be able to detect. 

Reddening Internal !£ the QSO, 
~ Along the Line of Sight 

As shown above, reddening by dust in the immediate 

vicinity of the quasar cannot be the major source of 
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spectral steepening blueward of 1200 A, unless the dust 

content of quasars is a function of redshift and not 

luminosity which is unlikely. However, two of the low 

redshift objects, PG 1248+401 and PG 2302+029 show gentle 

curva ture longward of 1200 A, where obviously, Lyman alpha 

or Lyman continuum absorption cannot be the cause of a 

deviation from a power law. 

Although the form of the reddening curve in QSOs is 

completely unknown, if we apply the Milky Way curve to 

deredden these two objects, the result can be made 

consistent with a power law, for E(B-V) = 0.05, intrinsic to 

the quasar, a value that is typical for a high latitude line 

of sight in our Galaxy. However, we note that in none of 

our objects do we see a Lyman discontinuity at the emission 

line redshift, so that N(HI) 2x10 l7 cm- 2 , and if N(HI) / 

E(B-V) = 4.8 x 10 21 atoms cm- 2 mag-I, then E(B-V) ~ 4x10- 5 . 

Thus, reddening intrinsic to the quasar, although 

potentially important, is probably negligible, unless the 

dust to neutral gas ratio in these objects is peculiarly 

high. 

An identical argument applies to the dust content of 

the r LL ~ 0.1 clouds postulated to produce the quasar 

spectral slope steepening through Lyman continuum 

absorption. Similarly, dust in the optically thick LLL 

1.0 Lyman limit systems, discussed in Section B, has no 
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effect unless L LL ~ 10. While our line of sight no doubt 

passes through a 'l'LL ~ 10 system occasionally, such a thick 

system is probably rare (see Section B and the HI 

o b s e r vat ion s 0 f B r i g'g s ( 1 98 2) for a dis c u s s ion 0 f t his 

point), so that most of these systems have r LL ~ 10. Thus 

reddening associa ted wi th galaxies along the line of sight 

is generally negligible, and cannot cause continuum 

steepening in the majority of QSOs. 

R e c e n t 1 y, i t has bee n s u g g est edt ha tin t erg a 1 act i c 

space might be uniformly filled with dust as a by-product of 

violent galaxy formation (Ostriker and Cowie, 1981; Ostriker 

and Heisler, 1983). This dust would then cause spectral 

steepening in QSOs, with an increase in steepening at higher 

redshifts. In order to obtain a significant dust opacity, 

however, these authors must assume an ambient intergalactic 

total hydrogen density that is five orders of magnitude 

larger than the upper limit to the diffuse neutral hydrogen 

density derived from Gunn-Peterson tests at Lyman alpha 

(Gunn and Peterson, 1965). Thus we must again invoke a very 

peculiar neutral hydrogen to dust ratio to explain the 

continuum steepening in terms of intergalactic reddening. 

Lacking direct observations of intergalactic dust, we prefer 

the simpler explanation of Lyman continuum absorption 

descr ibed above. 
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Intrinsic steepening of the QSO continuum 

Since the extrapolation of the optical continuum 

above Ly to very short wavelengths greatly overestimates 

the observed X-ray flux in many QSO's (Tananbaum et al., 

1979, Zamorani et al., 1981), it is clear that the continuum 

must steepen somewhere in the extreme UV. In two of the 

objects in our sample (PG 1634+706 and Ton 1530) and one 

presented by Green et al., 1980 (PG 1115+080), the 

extrapola tion of the observed continuum slope shortward of 

Lyman alpha underestima tes the X-ray fluxes as measured by 

the Eins te in Observa tory Image Proportional Coun ter (IPC), 

implying that the continuum must once again flatten out in 

the extreme UV of these objects. Determining the exact form 

of the energy distribution is important to the understanding 

of the physical processes that give rise to the optical/UV 

continuum. 

Several authors have discussed models in which the 

bulk of the optical/UV continuum arises from thermal 

emission from an accretion disk (Lynden-Bell, 1969: Shields, 

1978), and Malkan and Sargent (1982) have suggested that the 

UV spectral steepening should take the form of the Wien side 

of a black body at the temperature of the hottest thermal 

component, or a somewhat broader shape, when more realistic 

models for optically thick accretion disks are considered 

(Malkan, 1983). As argued above, the corrections for 
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intervening absorption· and reddening are sufficiently 

uncertain that detailed modeling of the intrinsic quasar 

con tinuum does not provide strong constrain ts on accre tion 

disk parameters. If, however, the UV/optical continuum 

represen ts thermal emission, the hottest thermal componen t 

of which falls off blueward of our data, then the implied 

temperatures are hotter than about 55,000 oK. An upper 

limit to the hottest temperature is about 3 x 10 5 oK, 

derived by requiring that the exponential fall through the 

X-ray flux points in PG 1634+706 and Ton 1530. 

An alternative emission mechanism for the optical/UV 

continuum is nonthermal synchrotron self-Compton (SSC) 

discussed by Jones, O'Dell and Stein (1974a,b). Puetter et 

ale (1982) model the shape of the blue continuum for QSOs 

with a combination of SSC emission and optically thick 

Balmer continuum emission. In the SSC picture, the UV 

spectral steepening results .from inverse Compton energy 

losses suffered by the high energy electrons, and is a 

function of the magnetic field strength, source geometry, 

and particle injection mechanisms. By invoking multiple 

synchrotron components and continuous injection of high 

energy particles, one can fit the observed optical/UV 

conntinuum with reasonable source parameters (e.g. Puetter 

et al., 1982). A test of this interpretation would be a 

measurement of the assciated inverse Compton radiation at x-
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ray and gamma ray energies. The spectrum of this radiation 

should have a power law spectral index similar to the 

optical power law index, and a cut-off at V = 10 21 Hz, if 

the steepening of the spectral index we observe at ~ = 

1015• 5 Hz is caused by a synchrotron cut-off, although other 

sources of a gamma ray cut-off ar::e possible (e.g. Dean and 

Ramsden, 1981 and references therein). 

In principle, the intrinsic ultraviolet spectrum 

seen by the broad emission line material in the quasar can 

be deduced through modeling of the line emitting gas. If 

the observed UV spectrum appears steeper than the spectrum 

implied by broad line fluxes, then this may indicate 

reddening by dust or absorption by gas between us and the 

broad line region. (Shuder and MacAlpine, 1979, Netzer and 

Davidson, 1979). Optically thin lines produced 

predominantly by recombination are the most straightforward 

to interprete in this regard. MacAlpine (1981) has claimed 

that if the intrinsic continuum were to steepen shortward of 

Lyman alpha as sharply as is observed in many high redshift 

objects then there would not be enough UV flux to produce 

the observed equi va len t wid th of He I I J\ 4686, provided tha t 

this line is produced by recombination and radiative 

cascading. However, He II 1640 is expected to be 5 - 10 

times as strong as A 4686, and so should ha ve an equi valen t 

width of 150 - 300 A for MacAlpine's argument to be valid; 
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and 1640 is not observed at this level in these high 

luminosity objects, with an upper limit of a few Angstroms 

for PG 1115+080 (Young, et al., 1982a). In addition, He II 

4686 may be enhanced by pumping of the He II (2-4) 

transition by hydrogen Lyman alpha (MacAlpine, 1981), and 

uncertainties in estimating this effect are sufficiently 

large that precise conclustions about the UV continuum are 

difficult to make (Grandi, 1983). Essentially all other 

lines commonly seen in QSO spectra are strongly affected by 

line trapping, fluorescent processes, collisional de

excitation, or conditions in the X-ray heated warm zone 

behind the stromgren sphere (Davidson and Netzer, 1979 and 

references therein; Kwan and Krolik, 1981; Canfield and 

Puetter, 1980,1981; Ferland and Netzer, 1979; Mathews, 

Blumenthal, and Grandi, 1980; Weisheit, Shields and Tarter, 

1981). Lines that may not primarily produced in this zone 

(e.g. Ly ~ , crv, CrrI] ) may be most sensitive to the UV 

continuum spectral shape, since they are more or less 

independent of the spectrum and intensity of the X-ray flux 

(Mushotzky and Ferland, 1983), but such interpretations are 

probably complicated by uncertainties in the geometry and 

distribution of the broad line clouds. At least one modern 

broad line region calculation requires spectral indices 

between the Lyman limit and the softest X-rays, ~ < 2, to 

reproduce the observed line ra tios (Kwan and Krolik, 1981) • 

• 
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This is further evidence that suggests that reddening or 

absorption has indeed modifi~d the observed spectrum we see. 

Eastman, MacAlpine, and Richstone (1983) have pursued a 

model in which the spectral steepening is caused by Lyman 

alpha absorption by cloudlets associa ted wi th the QSO, but 

outside the broad line region. This model postulates a near 

continuum of absorption by a multitude of optically thin 

cloudlets. By construction, it successfully fits the 

observed spectrum of PG 1115+08, detected down to a rest 

wavelength of 432 A by Green et al.(1980). (We note that we 

can fit the spectral energy distribution in that object by 

correcting for Galactic reddening and approximately 10 

optically thin Lyman continuum absorbers). Major objections 

to the Eastman, et ale model are the ad ~~ velocity 

distribution of the absorbers and the unrealistically large 

amounts of kinetic energy stored in the cloudlets. 

In summary, we have argued that the observed 

steepening of the continua shortward of 1200 A arises 

primarily from Lyman continuum absorption by intervening 

material. Reddening intrinsic to the quasar and along the 

line of sight could contribute, but is probably a small 

effect, as is Galactic reddening. Intrinsic steepening 

cannot be strictly ruled out in any particular object, and 

is perhaps apparent in the spectra of PG 1248+401 and PG 

2302+029. However, it is difficult to describe 
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quantitatively how the intrinsic spectrum steepens, due to 

uncertainties in the corrections for absorption and 

reddening. 

The Lyman Limit Discontinuities 

The continua in six of our objects are cut off by an 

optically thick Lyman limit system with redshift zLL « zem. 

In addition, three other Lyman discontinuites are seen with 

optical depth r LL = 1.0. Table 30 lists the redshifts of 

these systems, values for, or limits to, Z' LL' and 

equivalent widths for the associa ted Lyman alpha, line when 

available. We have investigated the nature of these· 

absorption systems by studying their st.atistical 

distribution and by searching. for associated CIV and MgII 

absorption lines from the ground. 

statistical Distribution 

Optically thick Lyman limit discontinuities are 

observable in low resolution .spectra and a large body of 

observational material is available to study their 

distribution over a wide range of redshift. Surveys of very 

high redshift quasars from the ground (Smith et al., 1981; 

Oke and Korycansky, 1982; and MacAlpine and Feldman, 1982) 

can be combined with the data of this paper and other IUE 

data (Green et a!., 1980; Snijders, 1980; Elvis and 

Fabbiano, 1982) to assemble a sample of 35 Lyman limit 



249 

Table 30 . Lyman Limit Syste ms . 

Cbj e c t 
a b c d e f 9 h i 

------------------------------------- -----------------------------
PG 1248+401 
1600+/25 . 773 2 . 23 3 . 54 ( l 7 ) M9 II 4956 . 2 • EE 7 3 . 3 ( 13 ) 20 

4969 . 2 . 662 

PG1718+481 
1559+ / 1 .713 .99 1.57 ( 17) 2.8..;.. .< . 1? ~·1 ;II ( 47e5 ) "' C:. . .:.. -' 

PG 1634+706 
1867+ / 4 l. 046 1.19 1 . 89 ( 1 I ) !"g II 5721.2 .l~ ~ 

5 7C6 . 9 . l::-'0 

1618+ / 4 0 . 993 2 . 18 3. 46 ( 17 ) Mg I I 5563 . 8 .:...2C' 
5578 . 1 .78 

MCS 18 
1E90+/20 . 850 l. 69 2.68(17) r-1 g I I 5177.1 1 . 270 3 . 2 ( 13 ) 35 

5188 . 2 C.557 

PG 0935+417 
22-57+/4 1 . 464 l. 39 2 . 21(17) CIV 3815.9 l. 74 5 . 5 ( 1 ~ ) 48 

3821.2 1. 3E 

1 . 372 6.8+ / :; CIV 36 72 . 3 C.84 1.; ( 14 ) 29 
3678.0 C . 59 

Ten 1530 
2"72~+ / 2 l. 98 . 3C 4 . 76(16) l. 22 CIV 4612 . 8 1.3 E . 5 ( 13) 51 

462C . 5 . 5 

225-:'+ / 1 0 l. 486 1. 27 :: . 02(17 ) CIV 3848 . 9 . ?9 1.4 ( 14 ) 56 
3855 . 7 . 58 

PKS 0237 
2350+ / 10 1 . 560 . 7 5 1.19(17 ) CIV 3963 . 7 . 2 2 . 0 ( 13) 

3970.6 . 1 



250 

Table 30. (continued) 

Notes. 

a. Observed wavelength of Lyman discontinuity (A). 

b. Redshift computed from observed metal line wavelength 
if available; otherwise, from Lyman limit wavelength. 

c. Optical depth a t the Lyman Ii mi t, t LL. 

d. 
cm 

Column density of neutral hydrogen, derived from 
-2 

e. Observed equivalent width of Lyman alpha, (A). 

f. Metal species observed. 

g. Observed wavelength of doublets (A). 

h. Observed equivalent widths of doublets (A). 

i. Column Density of metal species, cm- 2• 

j. Doppler width of metal speci~~, km sec-I. 

k. Morton and Morton, 1972. 

1. Boroson, et al., 1978. 

r LL' 
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systems bet~een z = 0.4 and z = 3.5 along 72 QSO lines of 

sight. A subset of this sample is· discussed by Tytler 

(1982). 

We arbitrarily divide the Lyman limit systems (LLS) 

in to two groups those with flejectionfl velocity with 

respect to the quasar emission redshift ~ ~ .02, and those 

with ~ ~ .02, where 

= 
and 

R = 

We assume that the <? = .02 systems are either associated 

with the quasar itself or the cluster of galaxies in which 

the quasar sits, and are not be a function of redshift. In 

fact, in the ground based sample, there are 8 LLS with 

.02 in 52 QSO's, so that in 20 QSO's observed with IUE one 

would expect 3 such systems. Only one lower redshift LLS 

has ~!: .02, Q 0957+561, consistent with this prediction. 

The low redshift sample is too small to test independently 

whether the ~!: 0.02 absorbers are bound to the QSO or 

participating in the Hubble expansion. 

The distribution of systems with ~>.02 is well 

described by a population of intervening absorbers whose 

co moving density is constant with epoch (Tytler, 1982). The 

analysis of the distribution of optically thick LLS is 

complicated by the fact that once a Lyman· limit in a 
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beyond the edge, no other LLS can be observed in that object 

Following Tytler (1982), for a random 

distribution of absorbers, the observed density per unit X 

is given by 

f( X) = A exp ( - A x) 

where A (x) is the density per unit redshift of the parent 

population of 

x = 

LLS and 

j~1+Z')(1+2qoZ') 
~t ... 

dz' 

is the proper distance between z and zem. The value of z 

is either the redshift of an observed LLS or the redshift a 

LLS would have at the lowest observed wavelength. Then the 

maximum likelihood method can be used to estimate the mean 

free pa th of LLS at z=0, in uni ts of CIBo ' 

with an uncertainty 

where m = the total number of LLS and the sum is over the i 

quasars in the sample. For qo = 0, our sample yields 

• 435 +- .102, and for qo = 1/2, "Co = .758 +- .179 . 

In Figure 46 we plot the inverse of the mean free 

pa t h to a b so r be r s, A ( z ) n ( z ), a s a fun c t ion 0 f red s h i f t, for 

q0 = 0, where we have binned the data into discrete redshift 

bins, 6. z. If a redshift interval contains nq lines of 

sight passing through it and na observed absorbers, then 
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z 
0.5 1.0 2.0 3.0 

1.8 

1.6 

• 1.4 

N - 1.2 c -N -<r 
0" 1.0 
0 

0.8 

0.6 

0.4 

0.2~----~--~----_. ____ _. ____ ~----~ 
.I .2 .3 .4 .5 .6 .7 

I oq ( I + z) 

Figure 46. Inverse of the mean free path for Ly man limit 
systems, A(z)n(z), as a function of redshift. The solid 
line is the relation expected for no evolution with epoch, 
i.e., constant comoving cross sectional area of each 
absorber, and constant comovin g density of absorbers. 
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Table 31. Distribution of Lyman Limit Absorbers. 

(a) ( b) (c) (d) 

10.510 - 1.1010 6 3 10.48 
1.1010 - 1.510 5 3 10.78 
1.510 - 2.010 5 3 10.95 
2.68 2.70 31 3 1.82 
2.70 - 2.80 17 4 1.52 
2.810 - 3.1010 15 5 1.410 
3.100 - 3.110 6 1 1.44 
3.110 - 3.310 2 1 1.64 

a. Redshift interval, Cl z. 

b. Number of lines of sight pa ssing through 6 z, n q • 

c. Number of observed absorbers, na· 

d. Log A(z)n(z), see te x t. 
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where l(~z) is the proper distance corresponding to A z. 

A(z) represents the co moving cross section of a cloud to 

absorption, and n(z) represents the comoving number density 

of absorbers. The values for A(z)n(z) are tabulated in 

Table 31. A least square fit to the data yields a slope of 

3.3 +/- 1.4. This agrees well with the relation A(z)n(z) 

(1+z)3 expected for a population of absorbers whose cross-

sectional area and comoving space density are independent of 

z. 

These Lyman limit absorbers represent only a small 

fraction of all observed narrow Lyman alpha absorption 

lines. The total number densi ty of Lyman 

than rest equivalent width Wo is given by 

~ 

TW l:e) = J N(W) dz 10 
t.,) >"0 

where 

* * * N(W) = N / W exp(-W/W) 

lines stronger 

is the spectrum of equivalent widths, N* = 154 +-11 at z = 

* 2.44, and W = .362 +- .02 (Sargent et al., 1980). We can 

account for the observed density of opticaly thick Lyman 

limits if all Lyman lines with rest equivalent width greater 

than 1.7 A show corresponding optically thick Lyman edges. 

This is approximately the equivalent width above which the 

Ly ~ systems with associated -metal lines dominate the 
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observed popula tion (see Figure 2 in Sargen t eta 1., 1980). 

Metal content of the Lyman Limit Absorbers 

We have looked for CIV >.i\. 1548,1550 or MgII 

2796,2803 absorption features associated with the LLS in our 

sample and have found them in all but one, the z = .713 

system in PG 1718+481 (see Table 30). Thus, these absorbers 

are metal containing systems, probably associated, as 

discussed below, with galaxy halos. The criterion for 

selection in this sample, that NHI ~ 2x10 l7 cm- 2 differs 

from surveys for CIV or MgII doublets (e.g., Weymann et a1., 

1979) which look for lines stronger than some limiting 

equivalent width. We also observe occasional strong CIV 

systems(see Table 30) which have no corresponding Lyman 

limit in the UV. This is evidence that the ionization state 

and temperature of the absorbing material is complex and may 

vary significantly from cloud to cloud at a given redshift. 

Since the optical depth at the Lyman limit yields 

NHI , the column density of neutral hydrogen, and the CIV or 

MgII doublet ratios yield column densities of CIV or MgII 

respectively (stromgren, 1948; Spitzer, 1968) one can 

measure NMgII / NHI .or NCIV / NHI • These are tabulated in 

Table 30. Using these results to determine magnesium and 

carbon abundances depends critically on the ambient UV 

radiation field which governs the ionization state of the 

gas. If the diffuse UV affecting gas far from the disk of a 
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galaxy (see below) is from integrated QSO light, then 

ionization equilibrium models can be constructed as 

functions of elemental abundance and ionization parameter 

with a reasonably well-determined spectral shape. 

Complications arise in the interpretation because of the 

posibility of collisional ionization at high cloud kinetic 

temperatures and of a significant contribution of low energy 

ionizing flux, particularly longward of the Lyman edge, by 

any nearby, actively star-forming galaxy. In addi tion, the 

small fractions of hydrogen and magnesium found as HI and 

MgII offer only weak leverage for deriving total abundances. 

A knowledge of the ionizing photon density and the cloud 

kinetic temperature is necessary for a unique solution. 

The doublet ratio also cnn be used to derive b = 

(kT/m)1/2 , 6n the assumption that the absorption arises in 

gas with a single velocity component, although small errors 

in the doublet ratio result in large errors in b (stromgren, 

1948). The b values are listed in Table 30and are 

approximately 30 km/sec for the Mg II systems and 45 km/sec 

for the CIV systems. This implies that if b truly reflects 

the kinetic temperature of the absorbing gas, then the two 

types of systems are arising from gas of similar 

temperature, 10 6 oK. However, since the lines are 

unresolved, and the temperatures implied unreasonably large, 

these b values instead reflect turbulent velocities of 
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seve ral sma 11, cooler clouds with in ea ch sy s te m. Then the 

difference in b values between CIV and MgII reflects a 

difference in the velocity dispersion or scale height of the 

CIV clouds relative to the MgII clouds. This is roughly 

what is expected if the MgII absorption arises in low 

latitude gas, and the high ionization CIV arises in higher 

halo gas, as seems to be the case in our Galaxy (York, 1982; 

Pettini and West, 1982). The sample, however, is small and 

the uncertainties large. 

Under the assumption that the LLS are associated 

with galaxies, from the observed mean free path and the 

space density of galaxies, one can derive the effective 

cross section of a galaxy to Lyman limit absorption 

(Burbidge et al., 1977; Weymann et al., 1979). The mean 

free path of a Lyman continuum photon, 10 , is related to R*, 

the effective radius an L* galaxy must have to account for 

the observed line of sight distribution by 

Q -I _ 

f J: () d Y1 :: f IT" R~ 2. ~o'Z. r (.55) Mpc. 
-I 

o -

where 
* -Sfq L 

dn = ~D (~) exp(-L/L*) d ( Lit' ) 

is the luminosity function for galaxies (Schechter, 1976); 

= 2.2x10- 3 Npc -3 (Felten, 1978); the cross 

sec tion, (), scales with luminosity as 
~ -llR" L 

= (V-)o.ca 
(Peterson et al., 1979), and f = the fraction of all 
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galaxies which have absorbing gas. Then 

~ = r~i' (~)-~/'l. (~~ )-'I-z .. 
.20 f 5"0 2. 'Z. X 10"3 Mpc • 

R* is listed in Table 32,and for 1/2 .!!: f 5: 1 and 50 ~ Ho.£85 

km/sec/Mpc, and 0!:qo~ 1/2 , R* takes on values between 6 

and 10 RH' where RH is the Holmberg radius of an L* galaxy, 

about 16 kpc(Mihalas and Binney, 1981). By comparison, in 

the survey of Weymann et ale (1979), the crv systems and 

* Mglr systems had mean free paths which implied R = 2 - 6 RH 

for the same parameters (see Table 32). The interpretation 

of this difference in terms of a physical model for the 

distribution of absorbing material in a typical galaxy is 

complicated, since not all crv systems have Lyman limits, 

and not all Lyman limits have observable metal lines, 

presumably resulting from variations in ionization states 

and abundances from cloud to cloud. The indication, 

however, is that Lyman limits are generally produced at 

lower total column densites than metal doublets; in fact, 

the metal lines we observe (Table 30) are often weaker than 

those included in complete metal doublet surveys. Moreover, 

the Lyman limit systems, like the metal line absorption 

systems, seem too numerous to be due to normal disks of 

galaxies, but may instead arise from extended halos. Since 

we are sensitive to NHr ~ 2x1017 cm- 2 , which is substantially 

lower than limiting column densities achieved in typical 21 

cm surveys of galaxies, this is not surprising. A recent 

• 



Table 32. Mean Free Paths for Absorption. 

Lyman Limits 
qo=1O 

Lyman Limits 
qlO=1/2 

ClV 
qlO=1O 

Mgll 
q0=10 

26110 +- 612 

4.548 +- 11072 

18,11010 c 

43,21010 c 

a. h = Ho / 510 km/sec/Mpc 

b. F = f/.5 (see text). 

c. Weymann, et a1. (1979). 

2610 

262 (+37,-27) 

198 (+29,-210) 

11010 

64 
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study of Briggs (1982) of HI in the outer regions of a 

complete sample of nearby spirals found little 21 cm 

emission beyond 3 RH in any galaxy, but was only sensitive 

. to NHI ~ 10 18 cm ·-2 

Summary 

We have studied the spectral energy distributions in 

nine high redshift quasars, in the observed wavelength range 

1250 A to .... 10000 A. The main results are the following. 

1. The spectral energy distributions steepen shortward of 

about 1200 A in all but one object. The amount of observed 

steepening increases with increasing redshift, but is 

uncorrelated with QSO luminosity, suggesting that it arises 

from absorption by intervening material along the line of 

sight. 

2. In the QSOs with high enough redshift that Lyman can 

be observed at high resolution from the ground, we can 

account for the observed continuum steepening by the Lyman 

continuum absorption corresponding to the narrow Lyman alpha 

absorption lines we see. The steepening is caused by 4 - 8 

absorbers, or the strongest ~ 5% of the Lyman alpha lines, 

if their Doppler widths are 20 < b < 50 km/sec, with 

implied optical depths at the Lyman limit of about 0.1. 

These absorbers can probably be identified with the low 

column density tail of the metal containing galactic halo 
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population, rather than the high column density end of the 

Lyman alpha forest. 

3. Reddening may contribute to the steepening of the QSO 

continua, if dust lies along our line of sight to the 

continuum source, and is difficult to assess quantitatively. 

4. Intrinsic steepening cannot be ruled out in any 

particular object, but is difficult to model precisely 

because of the contribution of absorption and reddening to 

the spectral steepening. When high resolution, high signal 

to noise spectra shortward of Lyman alpha become available, 

it will be possible to correct for the Lyman continuum 

absorption, either by direct measurement of the Lyman 

discontinuities themselves, or by measurement of column 

densities from line profiles of the Lyman series. 

5. The depression of the continua between Ly oc.. and LY(3 

compared to longer wavelengths, if attributable to narrow 

line Ly 0( absorption, implies moderate density evoluion of 

the Lyman forest between z=l and z=3.5, wi th dN/dz oe: (l+z r 
and 't = 1.29 +- .20. 

6. Optically thick Lyman limit discontinuities are seen 

with zabs « zem" In eight out of nine systems, associated 

Mgrr or crv doublets are observed. Combining this sample 

with high redshift QSOs observed from the ground, it is 
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shown that statistically, these absorbers are well described 

by a population of intervening objects, whose comoving 

density is constant with epoch. To account for the 

* distribution we see, an L galaxy must have a cross section 

to absorption of 5 to 10 Holmberg radii. 



CHAPTER 7 

THE X-RAY/ ULTRAVIOLET EXCESS OF PG 1211+143 

Introduction 

Although it is generally agreed that the continuum 

emission of QSOs is a direct clue to conditions in the 

central parsec of these objects, a detailed understanding of 

continuum production mechanisms remains elusive (e.g. Rees, 

1981,1984). In addition to the formidible theoretical 

problems involved in calculating emergent spectra from the 

central regions of QSOs, until recently relatively few 

objects had been observed wi th complete spectral coverage. 

In particular, few quasars were bright enough to measure 

their X-ray spectra with pre-Einstein detectors. 

This paper is the second in a series (Elvis et al., 

1985, hel:'eafter Paper I; Green et al., 1985, Paper III) 

presenting observations, extending from the near infrared to 

the soft X-rays, for a group of radio quiet, non-violently 

variable quasars from the Palomar Bright Quasar survey 

(Schmidt and Green, 1984). These objects were chosen for 

study since they have high enough fluxes in the Einstein 

264 
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Imaging Proportional Counter (IPC) to allow a determination 

of their soft X-ray spectral properties. In Paper I we 

showed tha t there is a range of power-la w spectral indices 

for PG quasars, with some objects having X-ray spectra which 

are steeper than·.the 0.7 found for the AGN studies with 

HEAO-A 2 (Mushotsky, et ale 1980, Baity et al., 1981). In 

this paper, we discuss the unusual spectrum of the quasar PG 

1211+143 (z = 0.085, mv = 14.8), the quasar with the highest 

LX/Lopt in the Palomar Bright Quasar Survey. 

The preliminary analysis of the IPC spectrum of 

PG1211+143 was presented by Elvis, Wilkes and Tananbaum 

(1984). They showed that the X-ray spectrum of PG1211+143 

is unusual, in tha t a best fit power la w 

( 1 ) 
- - cx£: t= 

yields a spectral index 0<.£ =2.2 +/ 0.4. 

More recently two other examples of quasars with 

steep X-ray spectra have been reported: Mkn 509 (Singh, 

1985) and Mkn 841 (Arnaud et al., 1985). Together with the 

cases detailed by Pravdo et al., (1981) and Pravdo and 

Marshall (1984), these data suggest that such extremely 

steep spectra may be quite common in quasars. One possible 

explanation for the steepness of these spectra is that we 

are seeing the soft X-ray excess arising in the hot inner 

edge of an accretion disk. A very steep xuv spectrum may 
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also affect the distribution of coolants represented in the 

optical/UV emission line spectrum. The purpose of this 

chapter is to explore these possibilities. 

In addition, unlike the situation for many objects, 

a single power law did not give a satisfactory fit to the 

data for PG 1211+143, indicating that more than one 

component might be producing the X-rays. In a subsequent 

section, we discuss multicomponent fits to the X-ray data, 

and present IR, optical and IUE observations of this object. 

We then discuss implications for accretion disk models and 

other con tinuum emission mechanisms, and implica tions for 

photoionization models of the broad emission lines. 

A Hubble constant of 50 km s-l Mpc- l is used throughout. 

Observations 

The Soft X-ray Spectrum. 

The Einstein observation of PG 1211+143 was 

reported by Elvis, Wilkes and Tananbaum (1985) who first 

noted its extremely soft spectrum using a simple one 

component power-law fit. Here we give a more complete 

discussion of its X-ray spectrum. PG 1211+143 was observed 

for 1795 seconds wi th the Einstein Observa tory IPC, which is . 

described by Giacconi et al. (1979) and Gorenstein, Harnden 

and Fabricant (1981), (see Table 33). 

We note here tha t the X-ray source lies within 18" 

of the optical position (Tananbaum et al., 1985; Schmidt and 
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Table 33. Summary of Observations for PG 1211+143. 

Telescope Date of Observation Exposure Comments 

«(lay:Year) Time 

Einstein 3<16: 1980 1795 sec Seq. No. 5341, 
Observatory Bal = 14.07 

IPC and MPC 

Steward 90" 42:1983 20 min 
B & C. Spec-
trogra.ph 

5-m ~lulti- 156:1980 
channel 

5-m IR 149:1980 

IUE 172:1981 90 min LWR 10922 

172:1981 50 min SWP 14297 

331:1982 110 min SI'lP 18(j72 

331:1982 1.20 min LWR 14737 

~'H.1T 176:1985 Ei min 832 x./mm 
Spectrograph 2 min 300 z/mm 
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Green, 1983), well within the 30" 90% confidence error 

radius of the reprocessed IPC data. There is also no other 

object visible on the finding chart of Schmidt and Green 

(1983) within 1 arcminute of the quasar. It is thus 

unlikely that the soft IPC flux of this source comes from 

some unrelated object, e.g., a foreground star. Similarly 

the Einstein Monitor Proportional Counter (MPC) detection of 

a source is unlikely to be due to a different object. The 

MPC field of view is roughly co-extensive with that of the 

IPC and the IPC field contains no other detected sources. 

The upper limit for any other X-ray source in the IPC is 

about 1/10 of the flux of PG 1211+143. 

Sufficiently accurate calibration of the IPC 

instrument gain to allow spectral fitting for point sources 

on axis is described by Harnden and Fabricant (1985), and 

Harnden et al., (1985). In Paper I (Appendix A) we 

established an upper limit to the error in the cross-

calibration of the IPC and the MPC. This allows us to make 

joint fits to the two instruments simultaneously and gives 

us access to an extended energy range. Thus, we are able to 

make useful fits to different energy ranges as well as more 

complex two-component fits. The proceedure followed to 

obtain spectral information is described in Elvis, Wilkes 

and Tananbaum, 1985, and Paper I. 

First, we give details of single component fits to 
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the joint IPC and t-'IPC ·data. In Table 34 we tabulate the 

best fit NH and model parameters for several single 

component spectra a single temperature black body, 

optically thin thermal bremsstrahlung, a pure exponential, 

and a power law, as in equation (1). We have not fit a 

Raymond thermal spectrum (Raymond and smith, 1977) to the 

joint IPC/MPC data, since the minimum X2 for the IPC data 

alone was 108 for 8 degrees of freedom. The best fit was 

obtained for the power law spectrum, although the thermal 

bremsstrahlung models are only marginally worse, and cannot 

be ruled out. However, even the best fit power. law spectrum 

is not acceptable. There is a probability of <10- 4 that a 

random sampling of data points would yield a value of X2 as 

large or larger thanthis if the true spectrum were equal to 

the assumed best fit spectrum. 

A poor fit was also found for the IPC data alone. 

The I PC data g i ve a X 2 = 2 1 .a n d 7 de g r e e s 0 f f r e e do m, 0 r a 

probability of 0.4% (roughly 2.8 sigma) for a chance 

occurrence. Elvis, Wilkes and Tananbaum (1985) believed 

that this was indicative of a more complex spectral shape 

within the IPC band. This belief was supported by the high 

flux in ~1PC, which indicated a flattening at high energies 

(see below). 

We investigated the stability of the fitting 

proceedure more care fully by re-extracting the ra w da ta in 



Table 34. Single Component X-ray Spectral Fits to 
the Joint IPC/MPC Data. 
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NIl 
a Best Hodel Parameters b X~in,d.O.f(c) 

Black Body <0.4 kT. = < 0.2 210,9 

Exponential With <0.8 kT <1. 5 53,9 
Gaunt Factor 

Pure Exponential <2 kT <0.4 keV 400,9 

(Gaunt Factor=l) 

Power Law <4 ClE = 1.8(+0.4,-0.3) 39,9 

PHA (1-6 only) <7.0 ClE = 2.0(+1.0,-0.5) 9,4 

PHA (8-11 ) 

plus MPC ClE < 1.2 10,3 

NOTES: 

(a) NH = absorbing column, atom cm- 2 , x 10 20 atoms cm- 2 . 

(b) 90% confidence interval~, X~in + 4.6, Avni (1976). 

(c) X~in = minimum chi squared, d.o.f. = degrees of freedom 
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two different ways. The first method was to use a, slightly 

different source and background radii, and the second was to 

re-bin the original 32 pulse height bins into the standard 

15 pulse height bins shifting the assignments by one "32-

bin" channel. The best fit x2 fer both of these new 

extraction procedures was 

acceptable fi t. The original, 

8.0, which is an entirely 

rather large, X2 is thus not 

stable to small pertubations in procedure. The best fit 

spectral index remained at CXf:= 2.2, so that the steep 

character of PG l211+143 1 s spectrum in the IPC spectral 

region is secure, however. 

One method of investigating more complex fits is to 

look a t only part of the available energy range. Figure 47 

shows the X2 contours for fits to the IPC data from below 

l.5 keY (PHA channels 8-10, l.96-4.09 keY) and MPC point. 

The two contour regions do not overlap, confirming the 

visual impression from Elvis, Wilkes and Tananbaum (1985, 

figu~e 2) that two components are needed to explain the 

spectrum of this quasar. The results are tabulated in Table 

34. 

The high energy fit does not constrain the slope of 

the hard component except to require that it be flatter than 

lX'E = l.2. The "flat" components could thus be as steep as 

1.0, the mean slope of the eight PG quasars in Paper I, or 

could be as flat as 0.4, the slope of the X-ray background 
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in this energy range (Marshall et al., 1980). This high 

energy fit does not constrain NH usefully. 

The low energy fit « 1.5 keY PHA channels 1-6) 

does constrain the low energy slope usefully, particularly 

when the minimum Galactic NH is used as an extra criterion. 

The best fit value is similar to the complete IPC fit of 

Elvis, Wilkes and Tananbaum (1985) but the minimum x2 is now 

8.9 for 4 degrees of freedom, corresponding to a 90% 

probability of being produced by chance. The flattest 

acceptable slope is 1.4 and values of ~E as steep as 3.0 

are possible if a slight excess column density is allowed. 

These values are not consistent with the high energy slope 

and argue for an inflection in the spectrum in the kilovolt 

range. 

In summary, it is clear that the IPC spectrum is 

significantly softer than the ~ = 0.70 power law seen in 

hard X-ray selected AGN (Mushotzky 1984). The spectrum is 

also clearly steeper than the ~ = 1.05 +/ 0.05 found for 

the majority of PG quasars in Paper I. For simplicity in 

the subsequent discussion we describe PG12ll's X-ray 

spectrum as a single power law with ~ = 2.2, flattening to 

6{= 0.6 in the hard X-rays (E > 2 keY), keeping in mind, 

however, the complications described above. 

Optical, Infrared and Ultraviolet Observations. 

In this section we present observing information 
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for the four other types of data acquired on PG 1211+143: 

optical spectrophotometry, optical spectroscopy, ultraviolet 

spectrophotometry, and infrared photometry. The exposure 

times, and dates of data acquisition are listed in Table 33. 

Optical spectrophotometry was obtained with the 

multichannel spectrophotometer (Oke,1969) on the Hale 5m 

telescope. The observations were made through IS" 

apertures, with decker settings allowing 80 A bandpasses for 

wavelengths from 3200 A to 5700 A, and 160 A from 5700 A to 

1.1 I'm. Absolute fluxes were calibrated using a flux 

standard sdG star on the AB79 system (Oke and Gunn, 1983), 

and standard extinction corrections appropriate for Palomar 

were applied. Infrared fluxes were obtained by Soifer, 

Neugebauer, r-latthews et al., 1985 at the 5 m through 5" 

arcsec apertures; observing details are described by 

Neugebauer eta 1., 1979. 

optical spectroscopy ·of the H ~ - 0 III] region was 

obtained at the Steward 90" telescope, with the Boller and 

Chivens spectrograph and blue pulse-counting Reticon 

detector. The observations were made with a 1200 lines mm- l 

grating in first order, giving 100 km/sec resolution at 5500 

A, through a pair of 2.5" apertures. Spectra were also 

obtained in the summer of 1985 at the rlultiple Mirror 

Tel esc 0 pe (M M T) wit h the M M T S P e c t r 0 g rap h pI us" Big B 1 u e " 

image tube and Reticon detector. Spectra were obtained 

• 
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through a pair of 1"x2.6" apertures with the 3.00 l/mm 

grating in first order and 832 l/mm grating in 2nd order, 

giving 400 km/sec resolution and 60 km/sec resolution, 

respectively. Fluxes through the aperture were calibra ted 

using a flux standard white dwarf star, standard extinction 

corrections appropriate for Kitt Peak or Mount Hopkins were 

applied, a~d point to point fluctuations were corrected for 

by division by a normalized quartz lamp exposure. The 

spectra are shown in Figures 48 and 49. 

Four ultraviolet spectra of PG1211+143 were 

retrieved from the archives- of the International Ultraviolet 

Explorer satellite (Boggess et al., 1978a,b). The target 

had been observed in each case by blind offset into the 

large (10"x20") apertures. We re-extracted the spectra from 

the line by line images produced from the geometrically and 

photometrically corrected frames by the IUE sips procedures 

(Turnrose and Perry, 1977), using a 5 line wide extractj.on 

slit for the spectrum, and subtracting a 30 line wide, 

unsmoothed background swath. The absolute calibration is 

from Bohlin et al. (1980), with a quoted accuracy of 10%. 

One difficulty with relating the spectrophotometry 

from different instruments is the nonsimultaneity of the 

observations. The SWP and LWP images obtained in 1981 were 

brighter by log fv = 0.01 in the continuum than the images 

obtained in 1982. Worse still, both sets of IUE data show a 
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Figure 48. Spectrum of H~- [OIII] region of PG 1211+317, 
obtained at the Steward Observatory 90" telescope. 
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Figure 49. Spectrum of PG 1211+413 obtained at the MMT, 3 00 
1/mm grating. 



278 

discontinuity of log f~ = .27 at the ultraviolet/optical 

seam. This is larger than possible systematic calibration 

errors, and must be ascribed to intrinsic variability of the 

object. We therefore grey shifted the IUE images (by adding 

log foy = 0.27 to all the continuum fluxes), to match the 

multichannel data, and then averaged the 1981 and 1982 rUE 

observa tions. t'Je note however, tha t studies of Seyfert and 

QSO spectral variability have shown that the optical/uv 

continuum generally hardens with increasing luminosity 

(Ulrich et aI, 1981: Cutri et al., 1985). There is also an 

uncertainty introduced by the non-simultaneity of the X-ray 

observations and the observations in the other bands, and we 

have no way of estimating possible variations in the X-rays. 

None of the conclusions of Section III are particularly 

sensitive to uncertainties in correcting for variablity at 

low level s (log f" < .50 ), however. 

Finally, we made corrections for the effect of 

interstellar reddening. Small uncerta in ties in E (B-V) can 

lead to large uncertanties in the ultraviolet flux. Also, 

in principle, dust loca ted in the quasar can further redden 

the intrinsic spectrum, with a reddening law different from 

the average Galactic curve. We can estimate the reddening in 

several ways. The Bell Labs value for Galacti~ NH = 

1.8x10 20 atoms cm- 2 in this direction, and the assumption 

that NHI/E(B-V) = 4.8 x 10 21 atoms c'm- 2 mag- l (Bohlin, 1978) 
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implies E(B-V) = 0.038. The constraint that the reddening 

correction not overcompensate for the 2200 A bump in the 

reddening curve, implies that the total E(B-V) < .036, 

assuming that any dust along the line of sight has this 

feature. The X-ray spectrum constrains the total NHI < 

6x10 20 atoms em-I, with the various caveats described above, 

so that the total E(B-V) < 0.125, assuming the abundances 

are cosmic and Bohlin's relation is applicable. We adopt a 

Galactic E(B-V) = 0.036, and correct the fluxes using the 

reddening curve of Seaton (1979). We note in subsequent 

sections whenever conclusions are sensi ti ve to this choice 

of E(B-V). 

In Table35 we list the values for the continuum 

fluxes corrected for reddening and nonsimultaneity of 

observations, as described above. The spectrum has been 

converted to the rest frame of PG 1211+143, by the relations 

V.:. V oe s )( (I + e ') 

fVD = .fv(08S) I (1+'2) 

where z = 0.085. Data within 10,000 km sec- l of strong 

emission lines - Lyo(, CIV, Mg II, C IIIJ, Si IV - 0 IV, He 

II, 0 VI - LY~, H ~ and H cw.. have been deleted. 

Discussion 

The Continuum Energy Distribution. 

In Figure 50, we plot the continuum energy 
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Table 3 5. Continuum Fluxes for PG 1211+143. ----
(a) (b) . (c) (d) (e) 

--------------------------------------------
1234 1261 15.4161 -25.69 -25.28 -28.90 
1370 1424 15.3674 -25.63 -25.24 -26.84 
1424 1470 15.3509 -25.63 -25.24 -26.90 
1560 1697 15.3080 -25.60 -25.21 -27.03 
1831 1885 15.2435 -25.51 -25.13 -27.05 
1885 1939 15.2311 -25.54 -25.15 -26.81 
1939 2026 15.2144 -25.60 -25.21 -26.76 
2128 2155 15.1814 -25.48 -25.07 -26.42 
2125 2182 15.1759 -25.51 -25.10 -26.52 
2210 2237 15.1652 -25.61 -25.20 -26.25 
2237 2264 15.1599 -25.53 -25.12 -26.67 
2264 2291 15.1548 -25.52 -25.12 -26.36 
2291 2318 15.1496 -25.56 -25.16 -26.42 
2318 2345 15.1456 -25.54 -25.14 -26.32 
2345 2372 15.1395 -25.50 -25.11 -26.65 
2372 2399 15.1345 -25.46 -25.07 -26.75 
2399 2427 15.1296 -25.44 -25.05 -26.53 
2427 2454 15.1248 -25.41 -25.03 -26.66 
2454 2481 15.1200 -25.39 -25.01 -26.43 
2481 2508 15.1153 -25.44 -25.07 -26.56 
2508 2535 15.1105 -25.41 -25.03 -26.66 
2535 2562 15.1059 -25.39 -25.02 -26.48 
2562 2589 15.1013 -25.36 -24.99 -26.67 
2589 2616 15.0967 -25.37 -is. 00 -26.47 
2616 2644 15.0922 -25.33 -24.97 -26.46 
2644 2671 15.0878 -25.33 -24.97 -26.55 
2671 2698 15.0833 -25.32 -24.95 -26.52 
2698 2725 15.0790 -25.33 -24.97 -26.73 
2725 2752 15.0747 -25.32 -24.95 -26.73 
2752 2779 15.0701 -25.33 -24.97 -26.61 
2779 2806 15.0661 -25.32 -24.97 -26.48 
2806 2833 15.0619 -25.31 -24.95 -26.39 
2833 2861 15.0578 -25.32 -24.96 -26.44 
2861 2888 15.0537 -25.31 -24.95 -26.43 
2888 2915 15.0496 -25.30 -24.95 -26.53 
2915 2942 15.0455 -25.28 -24.93 -26.41 
2942 2969 15.0416 -25.25 -24.90 -26.62 
3180 3260 15.0050 -25.06 -24.99 -26.41 
3260 3340 14.9940 -25.10 -25.03 -26.58 
3340 3420 14.9840 -25.06 -24.99 -27.03 
3420 3500 14.9730 -25.05 -24.98 -26.71 
3500 3580 14.9640 -25.05 -24.98 -27.01 
3580 3660 14.9540 -25.03 -24.99 -27.02 
3660 3740 14.9440 -25.05 -24.98 -27.01 
3740 3820 14.9350 -25.04 -24.97 -25.80 
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Table 35. (continued) 

(a) ( b) ( c) (d) ( e) 
--------------------------------------------
3820 3900 14.9260 -25.04 -24.98 -27.01 
3900 3980 14.9170 -25.05 -24.98 -27.02 
3980 4060 14.9080 -25.05 -24.99 -27.02 
4060 4140 14.9000 -25.05 -24.99 -27.02 
4460 4840 14.8590 -25.08 -25.02 -27.06 
4540 4620 14.8520 -25.08 -25.03 -27.06 
4780 4860 14.8300 -25.06 -25.00 -27.03 
4860 4940 14.8220 -25.02 -24.96 -26.99 
5020 5100 14.8080 -25.00 -24.95 -26.98 
5100 5180 14.8020 -25.05 -24.99 -27.03 
5460 5620 14.7690 -25.05 -24.99 -26.72 
5760 5920 14.7460 -25.08 -25.03 -27.06 
5920 6080 14.7340 -25.09 -25.04 -27.07 
6080 6240 14.7230 -25.06 -25.01 -27.04 
6560 6720 14.6900 -25.03 -24.98 -27.02 
6720 6880 14.6800 -25.01 -24.96 -26.99 
7360 7520 14.6410 -25.00 -24.95 -26.99 
7520 7680 14.6320 -24.96 -24.91 -26.94 
7680 7840 14.6230 -24.98 -24.93 -26.66 
7840 8000 14.6140 -24.99 -24.95 -26.68 
8000 8160 14.6050 -24.99 -24.94 -26.67 
8160 8320 14.5970 -24.98 -24.94 -26.67 
12700 14.4090 -24.80 -24.77 -25.92 
16500 14.2950 -24.85 -24.82 -25.90 
22300 14.1640 -24.67 -24.64 -25.79 
37000 13.9440 -24.36 -24.33 -25.48 
101000 13.5080 -23.92 -23.89 -24.72 



282 

Table 35. (continued) 

Notes. 

(a) 

(b) 

( c ) 

(d) 

o b s e'r ve d wa vel eng t h in t e r val (A) use d to fin d a ve rag e 
flux, fnu. 

Logarithm of rest frequency (Hz). 

Logarithm of rest frame flux, fnu 
(ergs s-l cm- 2 Hz-I), as observed. 

Logarithm of rest frame flux, fnu 
(ergs s-l cm- 2 Hz-I), dereddened for galactic 
absorption by E(B-V) = 0.036; rUE flux points are 
shifted by +0.27 in log fnu (see text). 

(e) Logarithm of the mean error in the rest flux, as in 
( d) • 
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distribution of PG12ll+l43, log f~ vs. log'~ The da ta 

allow us to draw a power law with slope Ol ~ 1.2, 

connecting the IR with the MPC and hardest IPC points (Fig. 

1). The optical, UV and soft X-ray continua then form a 

.large excess above this power law. 

Based on IR, and optical/UV data, Shields (1978) 

and later Malkan (1983) and others have modeled the 

optical/uv excess or "blue bumps" in active galactic nuclei 

as blackbody emission at a range of tempertures from an 

accretion disk around a massive black hole. For PG 

1211+143, while there is no necessary connection between the 

UV and soft X-ray, it is tempting to connect the two and 

suggest that they show the two ends of a single, highly 

luminous excess. If the soft X-ray excess is thermal, then 

the maximum temperature is 1 - 2 million degrees. One 

explanation for why most other quasars have flatter X-ray 

spectra could be that their bumps are cooler. Since the IPC 

observations are insensitive to temperatures below about 1/2 

million degrees, they cannot rule out slightly cooler bumps 

in other quasars. We explore further this sort of 

decomposition of the continuum (power law plus accretion 

disk) below. 

Other decompositions of the continuum energy 

distribution are of course consistent with the data. In the 

Synchrotron Self-Compton models (Jones, O'Dell and Stein, 
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1974a,b), the IR could be direct synchrotron emission, the 

soft X-rays entirely first order inverse Compton emission, 

and the optical/UV from an accretion disk. Similarly, the 

IR could be again direct synchrotron emission, but the 

optical/uv could be a Compton component, with the X-rays 

representing the high energy cut-off of the synchrotron 

spectrum. Alternately, the X-ray to IR power law continuum 

could be Comptonized cyclotron emission associated with the 

accretion flow (Maraschi et al., 1982). The X-rays could be 

optically thin thermal bremstrahlung from a hot layer above 

the accretion disk heated by convection (Schlosman, Shaham 

and Shaviv, 1984), or coronal emission from magnetic events 

in the disk analogous to the solar corona (Galeev, Rosner 

and Vaiana, 1979), with the IR some other component. It is 

difficult to distinguish between the various models since 

all are capable of producing power law spectra with spectral 

indices matching those observed. 

Accretion Disk Models 

In Figure 51, we plot log v fv vs. log v for PG 

1211+143, which shows the "blue bump" dramatically. Also 

shown are two possible accretion disk models, labeled "A" 

and "8". 80th curves consist of the sum of the emission 

from a classical, physically thin, optically thick accretion 

disk (Shakura and Sunyaev, 1973~ Novikov and Thorne, 1972~ 

• 
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Pringle, 1981), plus a power law with spectral index ~ = 

1.25 normalized to connect the IR points with the hardest 

IPC channels, at 4 Kev. 

The disk models were calculated for a non-rotating 

central black hole. In this case, the angular momentum flux 

connencted with the emitted radiation is negligible and 

there is a simple formula for the energy released in a 

geometrically thin disk (Novikov and Thorne 1972). We made 

the standard simplifying assumption that the emerging 

radiation could be locally approximated by a black body 

spectrum wi th no addi tional opaci ty sources and calcula ted 

the spectrum of the disk for given values of the mass of the 

" black hole, M, and the accretion rate, M • Within this 

approximation, the disk spectrum is independent of viscosity 

(Shakura and Sunyaev 1973). The gravitational redshift and 

Doppler effects on the spectrum due to the rotation of the 

accretion disk have been neglected since they involve a 

dependence on the inclination angle of observation. This 

corresponds approximately to adopting the value of 

inclination angle such that cos i = 0.5. 

Constraints on Central Mass and Accretion Rate. 

The constraints on this accretion disk model 

resulting from the observations can be shown by plotting 
.. 

them in the M-M plane (Figure 52). In this plane, we show 

the Eddington limit as a 45 dashed line (L = LEdd ), or 
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= 

where Y) is the efficiency for releasing energy (taken to 

be 5.7%) and ~~ is the electron scattering cross section. 

The total luminosity of the quasar implies a 

minimum accretion rate since the efficiency for releasing 

energy has a maximum value of 5.7% for a non-rotating black 

hole (Novikov and Thorne 1972). The luminosity in the 

optical to ultraviolet region (integrating from 10 m to 

1150 A), Lopt/UV = 4.1 x 1045 ergs sec-I, while in the X-ray 

range, Lx = 1.3 x 10 45 ergs sec-I. This gives a lower limit 

for the accretion rate, 

• 
M :. 

. 
where M is in solar masses per year. This limitis indicated 

in Figure 52 by the thick vertical line. For a rotating 

black hole, this limit becomes less restrictive since the 

maximum efficiency goes up, reaching a maximum at 42.3% 

(Novikov and Thorne 1972, Bardeen 1972). 

The radiation at long wavelengths (i.e. the 

optical) originates in the disk at large distances from the 

central black hole. The relativistic corrections and the 

influence of inner boundary conditions are negligible at 

these radii. The disk spectrum in this region is a power 

law 
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(Shakura and Sunyaev 1973) and the dependence of observed 

radiation flux on the parameters of the model simplifies to 

give 

-for q0 = 0, where again M is expressed in solar masses per 

year and M is the mass of the central black hole in solar 

masses. The data on PG 1211+143 allows us to estimate that 
f 

log M + log M = 8.67. This constraint is plotted as the 

thin solid line in Fig 52. 

• 
The constraint on M imposed by the 

luminosity/efficiency argument (vertical thick line in Fig 

52) is already close to requiring greater than Eddington 

accretion rates supposing only that the identification of 

the optical radiation as the V 1/3 tail of the accretion 

disk is correct, and the black hole is not rotating. 

Any model with M and M lying on the thin solid line 

in Figure52 satisfies the requirement that it match the 

optical/UV luminosity. A second constraint on the 
. 

combination of M and M can be made by considering the short 

wavelength behavior of the spectrum. • Models with small M 

and largeM (upper left of Figure 52) have the turnoff in 
. 

their spectra in the UV range. Those with large M and small 

M (lower right of Figure 52) extend up to X-ray energies. 
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The position of the maximum of the spectrum plotted 

as log v vs log)) fv is -~max and is related to M and M by 

the formula 

In Figure52 we draw four dashed lines which represent the 

models with the maximum of -vfv
l1 

at log = 15.0,15.5,16.0 

and 16.5 respectively. 

The position of Y max together with the flux 

density in the optical/uv then uniquely specify a point in 

the (M,l~) plane. The model representing PG 1211+143 should 

lie on the solid line, between the line given by requiring 

log V max=15.416 Hz (1150 A) since we do not observe the 

turnover in the UV, and the line given by requiring log 

V 
max = 16.7 Hz so as not to exceed the observed X-ray 

spectrum. Since a steep X-ray spectrum is observed, we 

might expect the higher v max to be appropriate. 

The two models A and B indicated in Figure 52 were 

chosen to illustrate the extremes allowed by the data for 

this type of accretion model. Model A has been chosen to 

extend the UV spectrum blueward of the observations to the 

Lyman limit (912 A), as an approximate power law, before 

declining. It has a maximum in )} f y a t log Ymax = 15.65, 

and so resembles the accretion disk fits of Malkan and 

Sargent (1983). The accretion disk emission in this model 
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declines well before the X-rays, and another component is 

required to produce the soft X-ray "excess". The black hole 

in Model A has a mass log M = 8.15 and is accreting mass at 

a rate of log M = 0.52 or about 0.6 the Eddington limit. 

The mass of the black hole must be smaller and the 

accretion rate higher if the disk spectrum has to extend up 

to higher frequencies. Model B is an attempt to connect 

the soft X-ray spectrum with the ultraviolet, and explain 

the blue bump emission and soft X-rays as a single, 

accretion disk component~ it is evidently a fair 

representation of the data. The black hole in this case, 
, 

has a mass log M = 7.2, and an accretion rate of log M = 

1.4. This accretion rate is highly supercritical with 

luminosity 20 times higher than the Eddington limit. We 

note that any thin disk model peaking in log Y fv at or 

beyond log Y = 15.7 for this object will be supercri tical. 

Wa present Model B in order to estimate the 
. 

parameters M and M in the thin disk model, and to look at 

the consequences of interpreting the soft X-ray emission in 

PG 1211 as the hot end of a thermal accretion disk spectrum. 

We could not expect, however, to reproduce the detailed 

shape of the observed X-ray spectrum since the high energy 

radiation originates in the innermost part of the disk where 

the emerging spectrum cannot be approximated by a black 

body. Effects connected with scattering (which can dominate 
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the absorption opacity), small optical thickness of the disk 

for true absorption, gravitational redshifts, and Doppler 

effects for different inclination angles, should be included 

in the model. These corrections depend on the disk 

structure which itself is uncertain because of uncertainties 

in the description of viscosity. Since for a given 

generated energy flux a black body gives the minimum 

spectral temperature these effects lead to higher 

temperatures and hence lower predicted accretion rates than 

were given by Model B. First results obtained from improved 

disk models indicate that this is in fact the case (B. 

Czerny et al., in preparation). We also expect that 

complicated surface phenomena, such as winds from the 

accretion disk, magnetic reconnections, etc., contribute to 

the X-ray spectrum. 

Implications for the Broad Emission Lines 

Photoionization models have been able to account 

for many properties of the broad emission lines observed in 

quasar spectra (Ferland and Netzer,1979; Kwan and Krolik, 

1981; Canfield and Puetter 1980,1981.) In the general 

picture of the broad line region, the line emission arises 

in a large number of dense, cool (n2=10 10 cm- 3 , T = 10 4 K) 

clouds or filements imbedded in an X-ray heated hot gas 

(T=10 8 ), surrounding a compact source of photoionizing 

radia tion, i.e., the accre tion disk. To the e x ten t tha t the 
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broad line emission processes are understood, one might hope 

to use the lines to learn about the photoionizaing spectrum 

(Zanstra,1931) and, for example, distinguish between Models 

A and B described above. Alternatively, one might use PG 

1211+143's particularly well observed continuum to 

investigate processes in the broad line region (BLR). 

In Table 36, we tabulate net fluxes and equivalent 

widths for the emission lines in PG 1211, from the data 

described above, and the literature. Also tabulated for 

each line is the flux normalized to the flux in hydrogen H 

PJ~4361 and this ratio de reddened using seaton's (1979) 

extinction curve, for a Galactic value of E(B-V)=0.036, a 

Galactic E(B-V) = 0.10, and the sum of a Galactic E(B

V)=0.036 plus a reddening intrinsic to PG 1211 of E(B-V) = 

0.10. This last case corresponds to the largest amount of 

reddening aliowed by the continuum, as discussed in section 

II. 

Energy Budgets and Covering Factors. 

Before presenting the results of full 

photoionization model calculations in Section (b), we 

consider some general constraints placed on the UV continuum 

by the emission lines hydrogen Lyman 1216 and He II Pa 

4686. Both lines have been discussed by others (e.g. Kinney 

et al., 1985; Netzer, 1985; MacAlpine,1981) in this regard. 

One might expect that the large difference in ionizing flux 
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Table 36.· Emission Line Fluxes. 

EQ\~a Flux Dereddened Notes 

Transition Flux b HS Flux Ratio d 

Lya 1.1216 + 60 5.0 5.9 e 

NV 1.1240 -11.45 7.7 

10.0 

01 ,\ 1301 0.35 f 

7 0.30 0.46 

-12.67 0.53 

CIl 1.1336 e 

<l (,06 

-13.4 

Si1V + 0 IV 1.1 f 

,\1403 21 0.93 1.4 

-12.18 1.6 

C IV 1.1550 60 2.7 f 

-11.78 2.34 3.4 

3.9 

He I I ,\ 16!;0 8 0.41 f 

-12.6D 0.35 0.51 

0.58 

He II 1.4686 <8 

<0.11 

<-13.1 
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Table 36 (continued) 

EQloJa Flux Dereddened Notes 

Transition Flux b He Flux Ratiod 

MgII .\2803 0.21 0' 
<;} 

7 O. 19 0.22 

-12.86 0.25 

CII 11 .\1909 0.80 g 

23 0.66 1.1 

-12.33 1.2 

Ha >.6563 2.0 

246 2.04 1.9 

-11.84 1.9 

[IS .\4861 80 ],UO 1.00 

-12.15 

PCt .\ 1.875\..1 150 0.31 0.29 

-12.66 0.27 h 

0.25 

Hel .\10830 239 0.34 0.33 i 

+ Pa y -12.62 0.31 

0.29 

He I ,\5876 0.07 0.07 i 

-13.331 0.07 

0.07 



Table 36 (continued) 

NOTES: 

(a) Observed equivalent width, A. 

(b) Logarithm of observed flux, f, ergs sec- 1 cm-2 

(c) E(transition)/E(HB) 

(d) E(transition)/E(HS) de reddened for 

Galactic E(B-V) 0.036 (first 1 i ne ) , 

Galactic £(B-I/) 0.10 (second 1 i ne) , 

Galactic E(ll-I/) 0.036 and 

Intrinsic £(ll-V) = 0.10 (t hi rd 1 i ne ) . 

(e) Observed values Erom SI.JP 14297 

(E) Obse rved values from S\·IP 18674 

(g) Observed values from WR 14737 

(ll) Soifer et a 1. , 1981 • 

(0 LeVan et al. , 1984 

20-
- I 
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between models A and B would manifest itself in differences 

in emission line properties. 

First we consider H I Lyman alpha. The number of 

photons in the Lyman alpha line, NLyot' can be related to 

the total number of photons capable of ionizing hydrogen, 

N l' and the covering fac tor, n) by 

NLy c:( =...n.. f Nl 

where f = the fraction of ionizing photons that eventually 

escape the cloud as Lyman alpha photons. For "Case B" 

conditions (Lyman lines optically thick, other hydrogen 

lines optically thin), f=l: in typical broad line models, 

e.g. Kwan and Krolik(198l), f = 0.94. The covering factor, 

, is the fraction of solid angle seen from the center of the 

quasar that is covered by the emission line clouds. From 

the statistics of Lyman continuum absorbers near the 

emission line redshift in high z quasars (Smith et al., 

1981), ~ < 0.2, and may be a slow function of luminosity 

(e.g. Kinney et al., 1985 and references therein.) One 

could in priciple eliminate a particular UV continuum model 

if it doesn't have enough UV photons to produce the Lyman 

alpha line, tha t is, if Nl and the measured NLy 0(, imply .n.. > 

l. For PG 1211, taking f=l, Model A has Nl = l.7x10 56 sec-I, 

so that S'2.. = 0.042, 0.056 or 0.095 where the Lyman alpha 

line has been de reddened by E(B-V) = 0,.036 and 0.10 

respectively. For Model B, f=l and Nl =9.9x10 56 imply ..0.. = 

• 
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0.0074, 0.0099, and 0.0166 for E(B-V) = 0, .036 and .10. 

For either model and reasonable reddenings, the covering 

factors are well below I, and in the range generally 

considered likely from other considerations. 

Recently, Netzer (1985) has pointed out a possible 

energy b~dget problem with continuum models similar to Model 

A. The broad line models of Wills, Netzer and Wills (1985) 

predict large fluxes from the broad line clouds, when Fe II 

and the Balmer continuum are properly modeled. Ne tze r 

(1985) argues that the ratio of total flux emitted in all 

transitions in the broad line clouds to the total flux in 

Lyman alpha is Et/ELYCX: = 3 to 8. In the continuum models 

considered by him there is an inadequate supply of flux 

blueward of 1 Rydberg to produce this much energy from the 

broad line clouds. The total flux from the boad line clouds 

is approximately Et =.rt x El~ 300' where El ~3o'O is the 

total continuum energy lighting up the clouds between 1 and 

300 Rydbers (Netzer, 1985). For Model A, El -'>300 = 7.1x10 45 

erg sec-I, so that Et/ELY~ = 2.5 for the reddenings 0, .036 

and.1. For Model B, El~300 = 9.lx10 46 , so Etot/ELyo<. = 

5.6 for the same reddenings. The UV continuum in either 

Model A or Model B seems adequate to produce the large broad 

line fluxes required by the Wills, Netzer and wills (1985) 

models. 

The He II A 1640 and A 4686 lines may also be a 
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useful probe of the UV continuum. MacAlpine (1981) has 

argued that the strength of 4686 in quasars imples a 

continuum UV spectral index that is flatter than what is 

typically observed in high z quasars. Since Models A and B 

differ more at the He+ edge at 4 Ryd than at the H0 edge at 

1 Ryd, one might expect}.. 1640 and A 4684 to be more 

sensitive than Ly alpha to the two model continuum shapes. 

There are two problems with using the He II 4686 

line. First, 4686 may be enhance over Case B values at high 

optical depths through pumping by HI Ly tX photons 

(MacAlpine, 1981). The relaive importance of pumping is 

sensi ti ve to the assumed Lyman alpha line prof ile (Grandi, 

1983; Puetter, 1984), and hence hard to estimate. 

Measurements of the A 4686 line are complicated by Fe II 

emission, which is blended with 4686's blue wing (wills, 

Netzer and Wills, 1985). The quoted flux in Table 6 was 

measured by doubling the flux redward of the 4686 peak. 

Our measurements of 1640 are also uncertain by perhaps a 

factor of 2, due to variability in the UV discussed in 

section II. 

Nonetheless, we can compute the covering factor 

implied by the He II "lines for t-Iodel A and Model B assuming 

Case B conditions, and compare them to the covering factors 

derived from Lyman alpha. At least, if the He II covering 

factors are.i1.> 1 for one of the models, then that model can 
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probably be eliminated. 

For radiative ionization and recombination! and 

assuming that He+ absorbs all the radiation beyond 4 Ryd, 

the equi valen t wid th of ). 4686 

eH 
0( q. (, &- Go 

o 

A 

where N4 is the number of photons in the ionizing spectrum 

more energe tic than 4 Ryd. The recombina tion coefficien ts 

mildly dependent on density and 

tempera ture; the ra tion eft / C<'H,3(' ole. = l.76 to l.14 for Te 

between 5000K and 40,000 K and Ne between 0 and 10 6 cm_3 

(Osterbrock, 1974, p.23 and 67; Seaton, 1978). For Model A, 

N4 = 6.0x10 54 sec- l and the covering factors .,.("l.= 0.25 to 

0.39, which are not consistent with the covering factors 

derived by counting Lyman alpha photons. For Model B, 

however, N4 = 3.7x10 56 sec-l and the covering factors n = 

0.0041 to 0.0091, consistent with the Lyman alpha values. 

Th~ high covering factors implied by Model A, do not 

eliminate it however, since 4686 may be enhanced over Case 

B (indeed we measure 1640/ 4686 = 1 compared to Case B 

e x p 'e c tat ion s 1640/ 4686 = 7.6), or 4686 may be 

overestimated by our measurements. A similar calculation 

for 1640, resul ts in = 0.058 to 0.089 for Model A, and..n.. = 

.0014 to .0009 for Model B. Given the uncertainties in 

measuring the weak A 1640 line, these values for are 
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consistent with the Lyman alpha resul ts. ~ve concl ude tha t 

the He II lines can be produced by either the Model A or the 

Model B UV con tinuum, with reasonable covering fac tors for 

the broad line clouds. 

Densities and Ionization Parameters of the Broad Line 
Clouds. 

In this section we discuss the effect of the shape 

of the UV continuum on predicted broad emission line ratios. 

We have constructed a grid of models using the 

photoionization code Cloudy, lent to us by Gary Ferland 

(Ferland, 1981~ Ferland and Mushotzky, 1982), with both 

Model A's and Model B's ionizing continuum. We might hope 

to reproduce the observed line ratios with one model but not 

the other~ this would help to distinquish between them. 

The photoionization models consist of a single 

"slab" of constant density ne and specified ionization 

parameter, here defined as 

where Q(H) = the number of ionizing photons. Mushotzky and 

Ferland (1984) have shown that over a wide range of quasar 

luminosity, the observed relative strengths of Ly~, CIV and 

C III] can be understood if the densities are in the range 

9.5 cm- 3 < log ne < 10.2 cm- 3 

and the ionization parameter depends on luminosity, with 

-1 < log U < -3 for 27 < log L1450 < 33. For an object with 
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the luminosity of PG 1211, we expect log U = -2.2 from their 

analysis. 

The results of our model calculations are shown in 

Fig. 53. We have assumed the solar abundance, and a total 

neutral hydrogen column density NH of 10 22 • 4 cm -2 , and 

varied log U from -1 to -2.5 and log ne from 9.5 to 11.5 cm 

3 for Model A's and Model B's ionizing continuum. The 

predicted ratio of the flux in each transition that we 

observed, relative to the flux in H t>' is plotted as a 

function of ionization parameter, for each density. Also 

indicated is the line ratio as observed, as corected for 

Galactic reddening E(B-V) = 0.036, and to illustrate the 

effect of a large amount of reddening, the ratio corrected 

by E(B-V) = 0.036 for Galactic absorption plus E(B-V) = 0.1 

for intrinsic absorption. 

It is clear that the different continua did change 

the ratios of individual lines at a fixed density and 

ioniza tion para meter. However, the densi ty and ioniza tion 

parameters implied by the observations are in a regime where 

these differences are small. In fact, most of the line 

ratios (dereddened by a Galactic E(B-V) = 0.036) can be 

explained if 10.2 < log ne < 10.5, with log U < -2.4 for 

model A and log U < -2.7 for Model B. 

There are a few lines whose ratios to H are not 

well predicted by models with these densities and ionization 
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parameters. For Model Bls spectrum He I 10830/H f3 is 

observed to be lo~er than any of the photoionization code 

predictions, but only by 1 sigma. Model B also predicts 

overly high values of He II 4686/ H~ and (Si IV + 0 IV)/ H 

~. The He II A4686 discrepency may be explained as in the 

previous section, but the (si IV + OIV) / H~ discrepency is 

more puzzeling. 

For the Mg II / Ht' ratio, the codes predict a 

value higher than that observed for both Model A and Model 

B. Mg II is generally observed in quasars to be brighter 

than one zone models for BLR clouds predict. This has led 

to the hypothesis that a warm, partially ionized, X-ray 

heated zone exist behind each cloud, which produces Mg II 

flux, but not much C IV, etc. (Weisheit, Shield, and Tarter, 

1981). Since the trapping of" Lyman alpha photons in these 

warm regions enhances the Balmer fluxes as well, the overall 

ratio Mg II/ H~ is reduced. In fact, for PG 1211 we observe 

Mg II/ Ly'" = 35, which is close to Weisheit et al.ls model 

predictions. Multi-zone models complicate the discussion of 

all the line ratios, however, although they are probably 

necessary for a full understanding of the line ratios. At 

any rate, since both continuum Models A and B fail to 

produce the correct Mg II / H ~ ratio, one cannot draw 

conclusions about the viability of either model. Another 

line from a low ionization specie which provides information 



308 

on the warm region is C II 1336. The 3 sigma upper limit 

to C II is not in disagreement with the single zone 

predictions. A more stringent limit might prove elucidating. 

Reddening does not relieve any of the problems 

discussed above. In fact even a small amount of reddening 

will create problems understanding the hydrogen lines. For 

the most reddened line ratios indicated in Fig.53, no value 

of ~og ne and log U is able to explain the relative 

strengths of Ly 0<, Hf' Ho(.and Pa ex. 

Compton Heating of the Broad Line Region £l X-ray Photons 

Finally, we note that the observed line ratios in 

PG 1211 imply broad line cloud densities that are somewhat 

higher and ionization parameters that are somewhat lower, 

than the average object studied by Mushotzky and Ferland 

(1982). These properties of the broad line clouds may be 

related to the steep X-ray spectral index in this object. 

In the two phase medium model, of Krolik, McKee and Tarter 

(1981,), the soft X-rays affect the BLR gas through Comption 

heating, and, in analogy to ISM models, two phases form: 

the cool (T=10 4 ) broad line clouds and the hot (T=10 8 ) 

intercloud medium. A very steep X-ray spectrum ( ~ >2) may 

lower the. Compton temperature enough to eliminate the two 

phase instability (Guilbert, Fabian, and McCray, 1982). 

Before this happens, at least qualitatively, steeper spectra 

raise the minimum density at which the cool phase can form. 
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Observations in the hard X-ray region (E > 4 kev) to confirm 

the MPC detection and measure any flat X-ray component will 

be useful in this regard. 

Summary and Conclusions 

We presented observations of the quasar PG 

1211+143. The main results are summarized below. 

1. The X-ray spectrum in the IPC band (0.06 - 4.1 keY) is 

well described by a power law with the very steep spectral 

index C(E= 2.2 +/ 0.4. There is evidence for a flatter 

component ( 0< < 1.2) at energies above 2 keY when the MPC 

data are included in the spectral fits. There is no 

evidence for absorption in excess of the expected Galactic 

·column. 

2. The overall continuum spectral energy distribution can 

be described as a power law with 0(= 1.2 from the infrared 

to about 4 keY, with the optical, ultraviolet and soft X

rays forming a large excess above this power law. Most of 

the enrgy in this object is emitted in the extreme 

ultraviolet and soft X-rays. 

3. Simple models of physically thin, optically thick 

accretion disks were fit to the data, where the emission 

from the disk is locally approximated by a black body 

spectrum. If the ultraviolet spectrum declines just beyond 

the short wavelength end of the IUE range, then we estimate 

the black hole mass to be about 10 8 M~ and the accretion 

• 
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ra te to be about 0.6 the Eddington Ii mi t. In this case, the 

soft X-ray excess must arise in some other component. 

Alternately, if one attributes the soft X-ray excess to 

emission from the hot inner edge of the accretion disk, then 

the accretion rates implied by these simple modes are highly 

super-Eddington. More realistic models are then required to 

account for the optical-UV-soft X-ray excess in terms of 

accretion disk emission. 

4. Efforts to constrain the extreme ultraviolet spectrum 

through modeling of the broad emission line ratios were 

inconclusive. The observed line ratios (notably the weak 

crrr] ) were best described by photoionization models with 

relatively high density (log n = -10.5). The high densities 

may result from the steep X-ray spectrum in PG 1211+143 

which results in less Compton cooling of the broad line 

region gas, raising the minimum density at which the cool 

phase clouds form. 

Whether or not the soft X-ray and ultraviolet 

excess in PG 1211+143 arises in an accretion disk has 

important implications for our understanding of the central 

engines of QSOs. High quality observations of PG 1211+143 

and similar objects in the soft X-rays with ~ and in the 

extreme ultraviolet with FUSE- Columbus will be elucidating. 

Meanwhile, monitoring PG 1211+143 for correlated variability 

in the ultraviolet and X-rays is clearly of interest; these 
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observations are underway with rUE and EXOSAT. 
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