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ABSTRACT 

The possibility that the narrow-line absorption 

spectra of QSOs arise in foreground galaxies or in other 

intervening material is examined in this dissertation. The 

intervening hypothesis is amenable to both direct and in

direct tests, some of which are attempted here. 

The definitive test of the extrinsic nature of a 

given absorption system is the direct detection of a galaxy 

with the correct redshift near the line of sight to the QSO. 

Such direct tests are only feasible for very low redshift 

absorption systems; since very few suitable systems are 

currently known, the a priori probability of success is 

quite small. Alternatively, indirect tests can be extended 

to much higher redshifts, but the results are only statisti

cal in nature. The observed distribution of absorption 

systems provides a suitable test; absorption systems should 

be uniformly distributed along the line of sight to the QSOs 

if they are due to extrinsic material. Moreover, this test 

does not require that the absorbing clouds be associated 

with galaxies. 

This study is restricted to low-redshift (z < 1) 

absorption systems for the purposes of minimizing (1) 

redshift-dependent selection effects, (2) the effect of 

neglecting possible evolution, and (3) the problem of 

yiii 



ambiguous line identification. Furthermore, it may be 

possible to subsequently apply direct tests of the inter

vening hypothesis to systems detected at lower redshift. 

Several previously known low-redshift absorption 

systems are studied, and in all cases in which the reality 

of the system is established, the observations are con

sistent with the conjecture that the absorption occurs in 

galactic-type H I regions. A homogeneous spectroscopic 

survey of 52 QSOs is used to study the distribution of 

absorption systems. No definitive statement about the dis

tribution of low-redshift systems can be made, since only 11 

new absorption systems are detected; however, as far as can 

be determined, there is no evidence that the distribution is 

non-uniform. The implied mean free path between absorbing 

clouds is considerably smaller than expected if all,absorp

tion is attributed to intervening galaxies; in order to 

account for the observed number of absorption systems, the 

maximum galactocentric radius at which absorption is de

tectable exceeds by at least a factor of 3-4 the 28.6 mag 

- 2  arcsec isophotal radius. 

Near the emission redshift, the distribution of the 

low-ionization-level systems observed at low redshift 

differs markedly from that of high-ionization-level systems 

observed in the spectra of high-redshift QSOs. It seems 

likely that this difference at least in part reflects funda

mentally different origins of these two types of systems. 
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Furthermore, the general absence of self-reversal in the Mg 

II X2798 emission line places a constraint on models of QSO 

emission-line regions; this constraint may rule out 

spherically-symmetric photoionization models which are 

optically thick in the Lyman continuum. 

An attempt is made to directly test the intervening 

hypothesis by searching for 21 cm absorption due to known 

rich clusters of galaxies. No detections of features of 

width 10-100 km s and optical depth typically less than 

0.0 6 are made at the 5 a level. However, it is shown that 

because of the small number of QSOs examined (17), no strong 

argument can be made against the intervening-galaxy 

hypothesis. 



CHAPTER I 

INTRODUCTION 

The origin of the absorption spectra of quasi-

stellar objects (QSOs) is one of the most controversial 

topics of modern astronomy. In the twelve years since pub

lication of the first observations of the narrow-line ab

sorption spectrum of 3C 191 (Burbidge, Lynds, and Burbidge 

1966; Stockton and Lynds 19 66), no completely satisfactory 

explanation of the phenomenon of redshifted absorption lines 

has been found, despite dramatic increases in the amount and 

quality of the available data and despite the expenditure 

of considerable amounts of telescope time and human effort. 

The hypotheses regarding the origin of QSO absorp

tion spectra fall into two major categories: 

1. According to the intrinsic hypothesis, absorption 

arises in matter that is directly associated with 

the QSOs. Under this hypothesis, QSOs may be either 

local objects (i.e., within a few hundred Mpc), or 

at the cosmological distances implied by their 

emission-line redshifts. For the purposes of this 

dissertation, only matter ejected from or contained 

in the QSOs will be considered intrinsic; the 

1 
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phrases "intrinsic hypothesis" and "ejection hypoth

esis" will be used interchangeably. 

2. The "extrinsic" or "intervening" hypothesis postu

lates that the absorption arises in material which 

falls along our line of sight to the QSOs only by 

chance (e.g., intervening galaxies or intergalactic 

gas clouds). Under this hypothesis, both the QSOs 

and the absorbing clouds must lie near the distances 

implied by their respective redshifts. The phrase 

"intervening-galaxy hypothesis" refers specifically 

to the supposition that the observed absorption 

lines arise in gas contained in galaxies. 

The Intrinsic Hypothesis 

Most of the intrinsic mechanisms rely on radiation-

gressure-driven mass loss, to some degree. The basic prin

ciples of this mechanism are summarized by Goldreich (1978). 

Ejection theories which involve radiation pressure in the 

lines (cf. Mushotzky, Solomon, and Strittmatter 19 72) may 

lead to such effects as "line-locking," and Burbidge and 

Burbidge (1975) have suggested that there is indeed evidence 

for preferred ejection velocities; this claim has been dis

puted, however, by Sargent and 'Boroson (1977) on the basis 

of a careful statistical analysis. Sargent and Boroson 

claim that the evidence for preferred velocities is 

marginal, at best. 
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At least three QSOs are known to have absorption 

spectra which are convincing evidence for high-velocity 

ejection from a central source. PHL 5200 (Lynds 19 67a) and 

RS 23 (Burbidge 1970) both show broad P Cygni-type profiles 

characteristic of novae and supernovae; the maximum ejection 

velocities inferred from the absorption line profiles are of 

order 10 km s , comparable to those of Type I supernovae 

(Chevalier 19 77). The QSO 124 6-0 57 also shows broad ab

sorption features of width ^5000 km s "*",.but displaced 

shortward from the emission system by ^15000 km s (Osmer 

and Smith 1977). Proponents of the intrinsic hypothesis 

believe that broadline systems of this type eventually be

come the narrow-line systems generally observed in QSO 

spectra, as the continuous flows of gas fragment into dis

crete clouds. 

The basic difficulties with the intrinsic hypothesis 

are the following: 

1. Most absorption lines are very narrow relative to 

the implied ejection velocities; in some cases 

_ 3 Av . ,., /v . . . <10 . As noted above, however, width' ejection ̂  

this may be due to fragmentation of continuous flows. 

2. The general absence of excited fine structure tran

sitions of C II, Si II, and Fe II places lower 

limits on the distance between the continuum source 

and the absorbing gas (Bahcall and Wolf 19 68); these 
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minimum distances are generally ^1 kpc, and some

times ^10 kpc. 

3. The energy and momentum required to account for the 

extremely large ejection velocities (^0.5c) implied 

by the large relative blueshift of the absorption 

lines in some cases are considerable (Goldreich and 

Sargent 1976), and no completely satisfactory 

ejection mechanism has yet been proposed. 

It is very difficult to formulate observational 

tests of the intrinsic hypothesis, since only specific 

models can be tested. For example, lack of evidence, for 

line-locking would not exclude an intrinsic origin of the 

absorption, but would only exclude those models in which 

radiation pressure in the lines plays a continuing important 

role. 

The Intervening Hypothesis 

As noted above, the implicit assumption of the 

intervening hypothesis is that QSOs lie at the distances 

indicated by their emission-line redshifts. Because of the 

great scatter of the redshift-magnitude diagram for QSOs, 

this has long been a controversial point (cf. Burbidge and 

Burbidge 1967). Recently, two independent studies have 

provided evidence that QSO redshifts are of a cosmological 

nature. Baldwin (1977) finds a strong correlation between 

the equivalent width of emission lines and continuum 
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luminosity, though it is possible that this is due to selec

tion effects. More convincing evidence is supplied by 

Stockton (1978). Stockton has studied the fields of 27 low-

redshift QSOs and finds 13 galaxies in 8 of the fields with 

the same redshifts as the QSOs (to within 10 00 km s . 

This is a much larger number of galaxies than would be 

expected by chance; the computed probability of redshift 

coincidences between galaxies and QSOs in at least 8 cases 
_ g 

of 2 7 is computed to be ̂ 1.5 x 10 . These two arguments 

strongly favor the cosmological interpretation of emission-

line redshifts. 

Various extrinsic mechanisms have been proposed to 

account for QSO absorption spectra. Wagoner (19 67) pub

lished the first calculations on absorption by distant 

intervening galaxies. Bahcall and Spitzer (1969), and more 

recently Weisheit and Collins (19 76) , have proposed that 

absorption may arise in large, low-surface-brightness 

galactic halos. Arons (19 72) suggests that proto-galaxies 

produce the numerous unidentified lines shortward of Ly a 

in high-redshift QSOs. The suggestion of Bahcall and 

Salpeter (1965, 1966) that clusters of galaxies may produce 

detectable absorption features was abandoned when it became 

clear that most QSO absorption lines are very sharp; how

ever, Bahcall (19 78) has recently proposed that absorption 

by discrete clouds in clusters may produce some of observed 

splittings of absorption systems. 
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Criticism of the intervening hypothesis is generally 

based not only on the large number of known absorption 

systems, but also on the apparent wide variation in the 

number of systems per QSO (cf. Burbidge, O'Dell, et al. 

1977). The absence of the 2200 A dust feature in the H I 

region-type absorption systems observed in the spectra of 

PHL 957 and 1331+170 indicates that the dust/gas ratio in 

these absorbing regions is lower than that in the disk of 

our own Galaxy (Jura 19 77), and this provides an additional, 

though weak, argument against the intervening-galaxy 

hypothesis. 

The intervening hypothesis is amenable to several 

direct and.indirect tests- Certainly the definitive test of 

the extrinsic nature of any particular absorption system is 

detection of a galaxy at the proper redshift near the line 

of sight to the QSO. One method is to examine the spectra 

of QSOs which lie near known galaxies; thus far, one certain 

identification of a QSO absorption system due to a galaxy 

has been found (Haschick and Burke 1975; Grewing and Mebold 

1975; Boksenberg and Sargent 1978). A variation of this 

method is to search for absorption in the spectra of QSOs 

which lie in the direction of rich clusters of galaxies; 

such an experiment is described in Chapter V. The alterna

tive approach is to search for galaxies near the line of 

sight to QSOs with known low-redshift absorption systems. 

This experiment has been attempted by Wey.mann, Boroson, et 
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al. (1978) with no definitive result; however, this does not 

argue against the intervening hypothesis; since such a con

clusion could only be reached on the basis of a much larger 

sample than that studied by these authors. 

The extrinsic hypothesis can also be tested in

directly. Bahcall and Peebles (1969) define two tests of 

the intervening hypothesis: (1) the variation in the number 

of absorption systems in QSOs of comparable redshift, ob

served with the same detection efficiency, ought to be de-

scribable by a Poisson distribution, and (2) the distribu

tion of detected absorption systems along the line of sight 

to the QSOs ought to be consistent with random sampling of 

a uniform distribution. The inferred physical conditions of 

the absorbing regions provide another test; if absorption 

does indeed occur in intervening galaxies, then the elemen

tal abundances and the ionization state and spin temperature 

of the gas ought to be consistent with conditions expected 

in galaxies. 

Objectives 

The purpose of this dissertation is to examine the 

hypothesis that QSO absorption systems arise in intervening 

material; this choice was based on the variety, simplicity, 

and power of the tests described above. Only one direct 

test, a search for H I 21 cm absorption due to clusters of 

galaxies, is attempted. The other tests are indirect, and 
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as such, test necessary, but not sufficient, conditions for 

the intervening hypothesis. Therefore, the approach taken 

here is that of adopting the null hypothesis that QSO ab

sorption lines arise in intervening matter, and then 

applying the tests to determine whether the null hypothesis 

should be rejected. 

While the absorption-line spectra of high-redshift 

QSOs potentially contain a great deal of information in a 

given wavelength interval, on account of the many problems 

with extracting this information (cf. Coleman 1978), and on 

account of selection effects discussed elsewhere in this 

dissertation, it was decided that this study would be re

stricted to low-redshift (i.e., z < 1) absorption systems. 

The advantages of this approach are the following: 

1. Because of the very low absorption line densities 

(i.e., number of lines in a given wavelength inter

val) , absorption systems can be unambiguously 

identified. The signatures of strong doublets, in 

particular Mg II AA2795, 2802, permit identification 

of absorption systems with as few as two lines. 

2. Redshift-dependent selection effects and effects of 

possible evolution will be minimized by considering 

a redshift-restricted sample. The intervening-

galaxy hypothesis is best tested with a low-redshift 

sample, since evolutionary corrections, (which '.are 

not understood) should be smallest at low redshift. 
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3. It may be possible in the future to apply direct 

tests to absorption systems observed at relatively 

low redshift. 

The principal disadvantage of the selection of a 

low-redshift sample is that only transitions of neutral and 

H I region ions are observable from the ground. High-

ionization-level ions (e.g., C IV A.A1548, 1550) are fre

quently detected at higher redshift, sometimes at the same 

redshift as transitions of lower-ionization-level ions. On 

the basis of ground-based observations, it is impossible to 

determine the distribution of low-redshift absorption systems 

which arise in highly ionized gas. 

A minor, but practical, disadvantage of the choice 

is that low-redshift absorption is observed infrequently; 

in Chapter IV, it is shown that low-redshift absorption is 

detected in roughly one QSO in eight (to a detection limit 

Wobs * °-5 *>• 

Specific Questions 

The specific questions to be considered in this 

dissertation are the following: 

1. Are the inferred physical conditions of the ab

sorbing clouds consistent with those expected in 

normal spiral galaxies? In particular, are the 

elemental abundances and neutral hydrogen spin 

temperatures of the absorbing regions similar to 



those of galactic-type H I regions? The motivation 

for this study is the apparent wide variation among 

the observed absorption spectra of several objects; 

a. 3C 286 shows a strong H I 21 cm feature at 

0.69, but Mg II is undetected at this redshift, 

while 

b. PKS 0735+178 has strong absorption lines due to 

Mg+, but no detectable redshift 21 cm absorp

tion , and 

c. AO 0235+164 shows both the optical and radio 

absorption features. 

Finally, the absorption spectrum of PHL 938 shows 

several strong lines due to H I region ions which 

are generally too weak to be detectable in QSO 

spectra. This study is described in Chapter II. 

Absorption systems typified by transitions charac

teristic of high-ionization media (e.g., C IV 

AA1548, 1550) occur very frequently near the 

emission redshift (Weymann et al. 1977; Boksenberg 

19 78). However, very few low-redshift QSOs have Mg 

II absorption close to the Mg II emission line, and 

the few cases that have been reported are based on 

low-dispersion data. Are these low-Az Mg II absorp

tion systems real? Are the distributions of Mg II 

systems and C IV systems different and, if so, what 

are the implications of this difference? 



Furthermore, what constraints are placed on models 

of the QSO emission-line regions by the general lack 

of self-reversal in the Mg II emission line? These 

questions are addressed in Chapter III. 

3. Is the distribution of low-redshift absorption 

systems consistent with the hypothesis that the ab

sorbing clouds are distributed uniformly in space? 

Furthermore, are the observed absorption systems 

attributable to intervening galaxies? These ques

tions can only be answered on the basis of homo

geneous data for a large number of QSOs; such a 

survey is described in.Chapter IV. 

4. As mentioned earlier, it has been suggested that 

some QSO absorption systems may arise in intervening 

clusters of galaxies. Do QSOs behind known clusters 

have absorption spectra which can be attributed to 

gas in the clusters? An experiment designed to 

answer this question is discussed in Chapter V. 

Throughout this dissertation, it is assumed, that QSO 

emission-line redshifts are of cosmological origin. Discus

sion is within the framework of a Friedman cosmology, with 

Hq = 50 km S Mpc ; except where otherwise noted, qQ = 0 is 

assumed. For the purposes of this dissertation, no distinc

tion is made between QSOs and BL Lacertae objects. 



CHAPTER II 

PHYSICAL CONDITIONS FOR FOUR ABSORBING 
REGIONS 

At least four QSOs and BL Lacertae objects have 

well-established redshifted absorption-line systems which 

are characteristic of gas in a low state of ionization--

i.e., H I regions. PHL 938, PKS 0735+178, and AO 0235+164 

have optical absorption systems at roughly z ~ 0.5 in which 

Mg II and Fe II lines appear strongly (Burbidge, Lynds, and 

Stockton . 1968 ; Burbidge and Strittmatter 1972; Burbidge et.. 

al. 1976; Rieke et al. 1976). AO 0235+164 and 3C 286 show 

redshifted HI 21 cm absorption, in the former case at the 

same redshift as one of the optical absorption systems 

(Roberts et al. 1976; Brown and Roberts 1973). These four 

objects are examined in an attempt to understand the 

physical conditions in the absorbing material. In particu

lar, the hypothesis that the absorption occurs in H I 

regions of distant intervening galaxies is investigated. 

Observations 

The data reported here were recorded between 1974 

January 29, and 1975 December 28. The spectrograms were all 

obtained with the Boiler and Chivens spectrograph and RCA' 

330 63 image-tube at the Cassegrain focus of the Steward 

12 
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Observatory 2.3 m telescope on Kitt Peak. Three plates of 

PHL 9 38, two of PKS 0 735+178, and one of 3C 286 are cross-

dispersed, using a system described by Carswell et al. (1975). 

The only modification to this system has been the addition 

of a focal plane mask to suppress ion events and dark 

current. 

The plates were scanned with the PDS microphotometer 

at Kitt Peak National Observatory, using a 16pm x 16pm 

aperture and 8ym steps. Computer reductions were then 

carried out on the CDC 6400 at Kitt Peak. A calibration 

step wedge was used for conversion to intensity. The cali

bration was done by using two standard characteristic curves, 

one for baked and one for unbaked IIa-0 plates. Multiple 

plates of several objects indicate that the resulting 

equivalent widths are accurate to within 20%. 

Absorption lines were then rated by strength on a 

scale of 1-5. The relative equivalent widths of the lines 

g 
are approximately proportional to 2 where s is the strength. 

Lines of strength 1 have an equivalent width less than 0.5 A 

and are consequently uncertain (in general, strength 1 lines 

are weak features of equivalent width between approximately 

0.35 A and 0.5 A which appear on more than one plate). The 

appearance of these lines is noted, however, 

The observed lines were then examined with a 

redshift-finding computer program which is described in 

detail by Coleman (19 78). 
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Physical Conditions of the Absorbing 
Regions 

For each of the objects, the following two questions 

were asked: assuming the absorber is an H I region with 

2 T ~ 10 °K, are the observations consistent with the solar 
s 

abundance of magnesium; if, on the other hand, solar 

abundances are assumed, what values of Tg are required to 

account for the observations? The solar abundance of 

magnesium, from Cameron (1973), is taken to be X(Mg)^ = 

n(Mg)/n(H) = 3.34 x 10 A curve of growth was constructed 

for the Mg II AA2795, 2803 doublet in each object; two 

possibilities for the velocity dispersion vtms(Mg) are 

considered. If the broadening of the line is due to purely 

1/2 thermal motion of the gas, v (Mg) = v „ (H) (m^/m... ) . iritis rms xi Jxtg 

Alternatively, the broadening may be due to turbulent 

motion of the gas, in which case v (Mg) = v (H). 3 rms rms 

The Mg II doublet is observed in three of the 

objects. Measurement of line profiles is difficult for 

lines as strong as the Mg II.lines in these objects, since 

the respose of a photographic plate is not linear and lines 

as strong as these span a wide range in plate density. Our 

equivalent widths are uncertain by approximately 20% (mainly 

systematic error), but because the Mg II lines are so close 



and of similar strength, they cover essentially the same 

range in density; thus the uncertainty in the doublet ratio 

DR E W ( A2 79 5)/IV ( A2 802) is also about 20%. For all three 

objects, DR ~ 1, so the formal error places the limits 0.8 < 

DR C 1.2, although DR < 1 is not physically reasonable. 

Thus, the proper solution clearly lies on the flat portion 

of the curve of growth, where the two limiting cases 

(corresponding to DR ~ 1.2) are on the extreme edge of the 

flat part of the curve. 

From the 21 cm absorption line, the neutral hydrogen 

column density, corrected for stimulated emission is 

approximately 

v2kT 
N(H°) = ̂  §" vrms (H) T <21cm> (H-l) 

Ahc 

where v and v „ are in the rest frame of the absorber and rms 
-15 -1 the Einstein coefficient is taken to be A = 2.87 x 10 s . 

The high neutral-hydrogen column densities observed in 

3C 286 and AO 0235+164 indicate that the absorbing regions 

are optically thick in the Lyman continuum. From the high 

magnesium column densities, it can be inferred that this is 

also true in the other two objects. Since the intrinsically 

strong Mg I A.2852 transition is not observed in 3C 2 86 and 

PKS 0735+178 and appears only weakly in AO 0235+164 and PHL 

938, it may be reasonably assumed that essentially all the 

magnesium is singly ionized. It is further assumed that 
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in each case the fraction of the source covered by the 

absorber is unity. 

3C 2 86 

The QSO 3C 286 was first identified by Matthews and 

Sandage (1963), and its emission redshift zgm = 0.848 was 

measured by Lynds, Stockton, and Livingston (1965). Brown 

and Roberts (1973) found the 21 cm hydrogen line in absorp

tion in this object at a redshift zâ s = 0.692154 ± 0.000002. 

18 Their observations imply a lower limit IJ(H°) = 2.6 x 10 Tg 

- 2  cm . They find the width of the line (FWHM) to be 8.2 km 

s ^ so that v = AvCTTIJ1../2 [21n2 ]1//2 = 3.5 km s 1. rms FWHM 

Our spectra of 3C 286 show no absorption lines of 

equivalent width greater than 0.5 A curve-of-growth 

construction for - the Mg II doublet (which, if observable, 

would be at about 4735 K for z = 0.692) thus yields an upper 

limit to the ionized-magnesium column density N(Mg+). 

For the case of thermal broadening, vrms(M<?) = 0.7 

km s \ The observed upper limit to the strength of Mg II 

A2795 then yields N (Mg+) < lO^cm There is thus no 

evidence for abnormal magnesium abundance unless Tg > 1100 K. 

For normal composition and spin temperature, a value of 

Wobg(^2795) ~ 0.25 A is predicted, 

1. Spinrad (1977) reports that weak (W0jjS « 0 . 3 A) Mg 
II absorption has been detected in the spectrum of 3C 286 at 
Lick Observatory. This is consistent with solar abundances 
and normal H I region hydrogen spin temperatures. 
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In the turbulent case, v (Mg) =3.5 km s , the rms ^ 

upper limit on the magnesium column density is decreased to 

_l_ X 6 — 2 N(Mg ) < 10 cm , which is barely consistent with normal 

composition and spin temperature. If the magnesium abundance 

is solar, Mg II A2795 would be detectable if Tg exceeds 

115 °K. 

These observations do not permit us to distinguish 

between the possibilities of absorption by material un-

associated with the emitting object (e.g., an intervening 

galaxy) and absorption by material associated with the 

emitting object (e.g., ejected material). This problem is 

discussed by Wolfe and Burbidge (1975). However, recent 

VLBI measurements by Wolfe et al. (19 76) indicate that the 

absorber covers both components of 3C 2 86 and the absorption-

line centers for the two components differ by about 3 km s \ 

On the basis of a simple model, they show that radiation 

pressure, at present light levels, is insufficient by a 

3 factor of more than 10 to account for the momentum in the 

absorbing cloud. Such arguments provide some indirect 

support for the intervening-galaxy hypothesis. 

It should be noted that the velocity dispersion of 

this line is similar to that of the H I absorption line 

observed in the QSO/galaxy pair 4C 32.33/NGC 30 67, in which 

T(21 cm) S 0.03 and Av_TtJluf ~ 5.5 km s 1 (Haschick and Burke IWHM 

1975) ; the widths of these lines are similar to those of 
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interstellar hydrogen absorption lines which arise in our 

own Galaxy (Greisen 1976) . 

PKS 0735+178 

PKS 0 7 3 5 + 1 7 8  was first identified by Blake ( 1 9 7 0 ) ,  

and its optical properties were subsequently investigated by 

Burbidge and Strittmatter ( 1 9 7 2 )  and Carswell et al. ( 1 9 7 4 ) .  

Our recent observations (Table 1) show a single absorption 

redshift system in which Mg II A A 2 7 9 5 ,  2 8 0 2 ,  and Fe II A 2 5 9 9  

can be identified at a redshift z = 0.4 24. The Fe II line 

appears in the tenth and eleventh orders of our best 

echelette plate and in the tenth order of a second echelette 

plate in which the eleventh order is underexposed. This 

line does not appear on an earlier plate exposed at 4 7  K  

mm \ but this is probably due to first-order contamination 

of the second-order spectrum, an important effect shortward 

of ̂ 3800 A, since no order-separating filter was used. The 

existence of the Fe II line is thus subject to confirmation. 

Equivalent widths of the Mg II doublet were measured 

on the best echelette plate and the early 47 A mm plate. 

The equivalent widths are found to be consistent to around 

20%, and the doublet ratio) is consistent to within ^8%, 

indicating that the absolute widths are somewhat uncertain 

but the doublet ratio is better determined. (This implies 

that errors in the equivalent widths are systematic and 

probably arise from calibration errors.) The observed value 
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Table 1. Absorption Lines in PKS 0735+178 

O , O , 
Xobs (A) Wobs (A) Identification l+zabs <zabg> 

3703.1 1.24 Fe II A2599 1.4246 0.4243 

3981.5 2.14 Mg II A2795 1.4242 

3991.5 1.88 Mg II A2802 1.4242 

of the Mg II doublet ratio is DR = 1.14 and the upper limit 

is taken to be DR = 1.23. The lower limit is close to the 

minimum theoretical value and is thus taken to be unity. 

This is tantamount to allowing all column densities along 

the flat part of the curve of growth between the points 

where DR = 1.23. Assuming up to 25% errors in the equivalent 

width, the maximum ivalue DR = 1.23 yields the limits 

1.2 x 10"^ cm ^ < N(Mg+) < 3.9 x 10"*"^ cm ^ 

13.7 km s ̂  < v < 68.8 km s rms 

These limits are less restrictive than those of Wolfe and 

Burbidge (1975), since these ̂ authors assumed no errors in 

equivalent widths or doublet ratio in their analysis. 

Roberts (1977) has searched for 21 cm absorption at 

a redshift zâ s 
= 0.424. As of 1976 August, no neutral 

hydrogen absorption has been detected. In order to observe 

the 21 cm line in absorption with the 91 m telescope, a 
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typical lower limit to the continuum source flux density is 

1 Jy. Wills (1975) reports the flux of PKS 0735+178 to be 

approximately 2.1 Jy at 1410 MHz and 2.3 Jy at 9 60 MHz. The 

5 a upper limit to any undetected narrow (Av H ~10 km s 

21 cm absorption line in this source is t= 0.02 (Roberts 

16 — 2 
1977) . Thus N(H°) < 3.6 x 10 T v^ cm , where is ~ s rms rms 

the velocity dispersion in km s 

For high column densities, the fact that H I is not 

observed is inconsistent with solar abundances (i.e., X[Mg] 

3 > X[Mg]^) unless Tg is quite high, Tg > 10 K. This is true 

whether the broadening of the Mg II lines is thermal or 

turbulent. 

For low column densities, the negative result in the 

search for H I absorption is consistent with both solar 

2 abundances and T -10 K. The limits to the H I column s 

density are N(H°) < 1.2 x 10^ T cm ^ (thermal) and N(H°) s 
18 — 2 < 2.5 x 10 Tg cm (turbulent); both are consistent with 

18 —2 the neutral-hydrogen column density of 3.6 x 10 cm 

expected from solar abundances unless Tg is extremely low, 

which is unlikely in a gas in which magnesium is once ionized. 

2 In fact, for Tg ~10 K, magnesium could be underabundant by 

a factor as large as ^100 and H I would still be unobserv-

able in absorption. 

Assuming that our detection of Fe II A2599 is con

firmed, it provides further evidence for the low column 

density solution. Only Fe II A2599 is detected, which 
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indicates that the Fe+ column density is also low. The 

results are consistent with a solar Mg/Fe ratio, if a low 

Mg+ column density is assumed. 

AO 0235+164 

This BL Lacertae object has been examined in detail 

since 1975 October, when Kinman and Rieke (1975) reported a 

large increase in its brightness. Optical observations have 

been made by Burbidge et al. (197 6) and Rieke et al. (1976), 

and radio observations have been carried out by Roberts et 

al. (1976). AO 0235+164 was the first QSO or BL Lacertae 

object to show an absorption system in which both Mg II 

XX2795, 2802 and HI 21 cm are observed. 

Our observations, which cover the range 3600-5000 K, 

were made after maximum brightness had occurred. The lines 

identified in the spectrum are listed in Table 2. In the 

Zabs ~ absorption system reported by Rieke et al. 

(19 76), only Fe II A2 382 is within our observed range. The 

absorption-line equivalent widths are similar to those ob

tained by Burbidge et al. (1976) , except in the case of Mg I 

A2 85 2, which is somewhat stronger on our spectrogram. The 

difference is probably due to different degrees of con

tamination by the nearby night-sky line Hg I A.4 35 8. 

Our measurement of the Mg II doublet ratio is DR = 

0.90, so the extreme solutions compatible with the data are 

those for which DR = 1.1. From the observed equivalent 
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Table 2. Absorption Lines in AO 0235+164 

obs <A> wobs <*> Identification 1+z , abs 
< z  , >  
abs 

3573.6 1.47 Fe II A2343 1.5249 0.5241 

3617.0 0.99 Fe II A2373 1.5238 

3627.5 0. 70 Fe II A2382 1.5229 

3941.5 0.85 Fe II A2585 1.5242 

3963.0 1.96 Fe II A2599 1.5246 

3972. 4 0.70 Mn II A2605 1.5240 

4261.0 2. 46 Mg II A27 95 1.5242 

4271.5 2.71 Mg II A2802 1.5241 

4345.4 2. 03 Mg I . X2852 1.5240 

4413.2 1.36 Fe II A2382 1.8527 0.8527 
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widths and doublet ratio of magnesium 

5.8 x lO^cm ^ < N(Mg+) < 2.9 x 10"^^cm ^ 

23 km s ^ $ v < 63 km s \ rms 

Rieke et al. (1976) observed all of the expected Fe 

II lines in the range covered by their spectrogram. Their 

observations indicate that the Fe II lines are also 

saturated. Our results are not inconsistent with those of 

Rieke et al. and the Fe II lines may lie anywhere on the 

flat part of the curve of growth. 

A precise analysis of the absorption seen against 

this object is difficult because the 21 cm line shows struc

ture (Roberts et al. 1976) . Since the components of this 

line are quite narrow (Av Ĥ ^ 6 :km s 1) , the structure of 

the line is ignored when considering the optical data and 

the full width is taken to be v (H) = 20 km s . In this rms 

case, the hydrogen column density is given by N(H°) ~ 2.3 x 

19 - 2 
10 T cm s 

The estimate of v (Mg) available from the optical rms 

data is not directly compatible with thermal broadening, 

although this cannot be excluded if, as expected, the Mg II 

lines split up into several sharp components. The case of 

turbulent broadening gives a lower limit to the Mg+ column 

2 density. Assuming Tg ~ 10 K thus yields X(Mg) < 1.3 x 

-4 10 which, considering that the structure of the lines is 
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ignored, is not too different from the solar value of 3.34 x 

10 ^ obtained by Cameron (19 73). 

These values are consistent with a single H I region 

of normal abundance, but, as noted above, the absorption 

may actually occur in a number of absorbers at nearly the 

same redshift, as represented by the various components of 

the H I line. The typical width of the H I line components 

is about Av_TTT„ ~ 6 km s ^ (Roberts et al. 19 76) , which is FWHM 

approximately the same width as the H I lines in 3C 28 6 

(Brown and Roberts 1973) and 4C 32.33 (Haschick and Burke 

1975). The observed 21 cm line in AO 0235+164 may thus 

arise in a number of different absorbers similar to the 

small velocity dispersion clouds of 3C 28 6 and 4C 32.33. 

Though the lower limits on the column densities in each 

absorber would be decreased, this situation would not cause 

any difficulties for the hypothesis that the absorbers are 

normal-abundance H I regions. 

PHL 938 

PHL 938 was originally identified by Kinman (1966). 

Subsequent observations by Burbidge et al. (19 68) led to the 

identification of the well-known absorption system at zâ s ~ 

0.61, another possible absorption system at z , =1.91, 
clD S 

and a refined value for the emission redshift, z = 1.9552. em 

Examination of three echelette spectrograms of PHL 9 38 led 

to the identification of the absorption lines listed in 
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Table 3. The redshift systems shown in Tables 4 and 5 are 

based on these lines. 

Table 4 lists the lines identified at z , = 0.6118. abs 

This system contains most of the strong lines observed in 

this QSO. At this level of ionization, there are no missing 

lines (defined as resonance transitions of observed ions 

which fall in the observed range [3100-5600 A] and which 

have oscillator strengths of the same order or stronger than 

those of the observed lines). 

Again the method of the Mg II doublet ratio is 

applied to set limits on the physical conditions in the 

absorbing material. Our measured value of the doublet ratio 

DR = 0.96, with a maximum value of 1.15. Because of the 

uncertainty in absolute equivalent widths, the limits are 

4 x lO^cm ^ < N(Mg+) < 4.1 x lO^cm ^ 

2 3 km s "*" < v <72 km s . rms 

The Fe II lines can also be used to construct a 

curve of growth, as has previously been done for PHL 938 by 

Demoulin and Doras (1970). Using the present data and 

improved oscillator strengths (Morton and Smith 1973), the 

+ 
limits on the Fe column density are 

8.4 x 10"^^cm ^ < N(Fe+) < 4.2 x lO^^cm ^ 

40 km s ^ < vrms < 50 km s 



Table 3. Absorption Lines in PHL 938 
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o O 
*obs (A) Strength Xobs (fl> Strength 

3105.1 2 3934.4 3 
3107.7 3 4169.6 3 
3151.9 3 4191.4 4 
3171.3 2 4361.5 3 
3183.4 3 4382.3 3 
3211.2 3 4409.9 2 
3221.2 3 4461.7 2 
3232.2 3 4483.4 3 
3295.8 4 4506.4 4 
3345.0 2 4518.0 4 
3360.9 3 4596.8 2 
3400.7 4 4720.9 1 
3413.6 3 4862.4 3 
3421.8 4 4944.7 3 
3427.8 4 4951.9 3 
3437.5 2 4982.0 4 
3445.0 3 4992.8 3 
3453.2 4 5018.1 3 
3475.5 3 5030.5 4 
3481.9 3 5038.9 4 
3500.5 2 5050 1 
3527.3 3 5090 1 
3534.2 5 5094 2 
3538.7 2 5177 1 
3562.4 3 5236 1 
3571.1 2 5286 2 
3778.6 4 5341 1 
3812.6 3 5349 1 
3818.6 3 5401 2 
3827.7 3 5454 1 
3841.2 4 5497 1 

5527 1 
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Table 4. Absorption Lines at zâ s 
= 0-61 in PHL 938 

obs (A) Wobs (A) Identification 1+z , abs 

3778.6 2. 21 Fe II A 2343 1.6119 

3827.7 1. 66 Fe II A2373 1.6120 

3841.2 2.96 Fe II A2382 1.6121 

4169.6 1.64 Fe II A2585 1.6120 

4191.4 2.08 Fe II A2599 1.6120 

4506.4 2.81 Mg II A2795 1.6115 

4518.0 3.01 Mg II A2802 1.6115 

4596.8 0.59 Mg I , \2852 1.6112 

<z , > 
abs 

0.6118 



Table 5. Additional Absorption Redshift Systems in PHL 938 

obs (A) W  u obs (A) Identification 1 + z  ,  abs 
< z  
abs> Comments 

3 4 2 1  . 8  3 .  8 7  C IV A 1 5 4 8  2 .  2 1 0 2  1 .  2 1 0 3  
3 4 2 7  . 8  3 .  0 2  C IV A 1 5 5 0  2 .  2 1 0 4  

3 4 7 5  . 5  1 .  5 6  C IV A 1 5 4 8  2 .  2 4 4 9  1 .  2 4 5 0  Si IV doublet in 
3 4 8 1  . 7  1 .  3 9  C IV A 1 5 5 0  2 .  2 4 5 2  noisy part of spectrum 

3 1 5 1  .9 1 .  0 5  Si . IV A 1 3 9 3  2 .  2 6 1 4  1 .  2 6 1 0  C IV 1 5 5 0  missing 
3 1 7 1  . 3  0 .  9 5  Si . IV A 1 4 0 2  2 .  2 6 0 7  if lines saturated 
3 5 0 0  . 5  0 .  9 8  C IV A 1 5 4 8  2 .  2 6 1 0  

3 1 0 5  . 1  0 .  8 4  Si . II A 1 2 6 0  2 .  4 6 3 5  1 .  4 6 2 6 a  

3 2 1 1  . 2  1 .  0 7  Si . II A 1 3 0 4  2 .  4 6 1 9  Too strong 
3 8 1 2  . 6  1 .  5 8  C IV A 1 5 4 8  2 .  4 6 2 6  
3 8 1 8  . 6  1 .  9 6  C IV A 1 5 5 0  2 .  4 6 2 4  

3 1 5 1  .9 1 .  0 5  H I A 1 2 1 5  2 .  5 9 2 7  1 .  5 9 2 2  C IV doublet missing, 
3 2 1 1  . 2  1 .  0 7  N V A 1 2 3 8  2 .  5 9 2 1  two lines can be 
3 2 2 1  . 2  1 .  7 2  N V A 1 2 4 2  2 .  5 9 1 9  identified in other 

systems 

3 5 3 4  . 2  4 .  5 1  H I X 1 2 1 5  2 .  9 0 7 2  1 .  9 0 7 2 b  Cannot be identified 
in any other system 

aPossible identification of C IV doublet at this redshift was first noted by 
Chan and Burbidge (1971). 
u 
First identified by Burbidge, Lynds, and Stockton (1968). 



Note that these values depend strongly on the fact that Fe 

II X236 6 was not detected (i.e., W , < 0.5 A) from which it ' obs 

is possible to exclude high column densities of Fe+. Thus 

the uncertainties merely reflect inaccuracies in equivalent 

widths rather than difficulties in interpretation. 

From Cameron (19 73), the solar abundance of iron is 

- 5 taken to be X(Fe) = 2.61 x 10 . By assuming that all the 
© 

iron is singly ionized and by using the solar value for the 

iron to magnesium ratio, the predicted magnesium column 

density is 

1.1 x lO^cm 2 < N(Mg) < 5.4 x lO^cm 

This is consistent with the limits found by the method of 

the Mg II doublet ratio and suggests that the velocity dis

persion near 40 km s ^ is appropriate to this system. 

These values are consistent with the limits set by 

Demoulin and Doras (19 70) and also in rough agreement with 

the values found by Chan and Burbidge (19 71). 

Since PHL 938 is radio-quiet (Wardle and Miley 1971), 

measurement of the neutral-hydrogen column density must 

await ultraviolet studies from above the Earth's atmosphere 

(at z = 0.61, Lya lies at 1959 A). A lower limit to N(H°), 

19 obtained by using solar abundances, is N(H°) > 2.5 x 10 

- 2  cm 

Six other possible absorption redshift systems are 

listed-in Table 5. These systems are "complete" unless 



missing lines are noted explicitly. In no case is the 

evidence overwhelming, but the systems are all at redshifts 

at which the number of candidate lines in the observable 

region of the spectrum is small so that verification is 

difficult. Our data provide some additional support for the 

Zabs = system suggested by Chan and Burbidge (1971). 

The C IV doublet appears in two further possible systems at 

Zabs = ^ an<̂  1-26, respectively. Several fairly strong 

lines at wavelengths shortward of 3500 K remain unidenti

fied. 

Summary 

Observations of 3C 286, PKS 0723+178, AO 0235+164, 

and PHL 938 indicate that the sharp absorption-line spectra 

arise in normal composition., H I regions with hydrogen spin 

2 temperatures Tg ~ 10 K typical of gas in normal spiral 

galaxies. The interpretation is complicated both by the 

saturation in the optical lines and the probable velocity 

structure in the absorbing clouds. The data suggest, how

ever, that the Mg II and Fe II lines are not highly 

saturated and that a turbulent broadening model may be 

appropriate. The overall hypothesis can best be tested 

through further observation of 3C 286 in which the line 

structure appears particularly simple; only modest improve

ment (^2) in the measurement of Mg II equivalent width is 

required. In general, the results aire consistent with (and 
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hence provide some support for) the hypothesis that the 

absorption occurs in intervening galaxies, although an in

trinsic origin cannot be excluded. 



CHAPTER III 

" A RE-EXAMINATION OF ABSORPTION SYSTEMS 
IN LOW-REDSHIFT QSOs 

Low-redshift absorption systems in QSO spectra are 

dominated by the Mg II AA2795, 2802 doublet. These systems 

are of particular interest since they are probably the best 

candidates for absorption arising in intervening galaxies; 

as shown in Chapter II, optical and radio observations of 

several of these systems are consistent with the hypothesis 

that the absorption occurs in galactic-type H I regions. 

Furthermore, some of these systems occur at a low enough 

redshift that one might hope to directly observe either the 

absorbing galaxy itself or companion galaxies. The dis

tribution of these redshift absorption systems as a function 

of Az = (R2-l) / (R2+l) , where R = CI + z )/(l + z , ), is 
em abs 

thus important since frequent occurrence of Mg II absorption 

at small values of Az would argue against these systems 

generally arising in intervening galaxies or other extrinsic 

matter. 

The data on absorption lines in the spectra of low-

redshift QSOs are particularly heterogeneous since most of 

the observations are from the original low-dispersion 

emission-redshift surveys in which "possible" or "weak" 

absorption is reported in the spectra of several sources. 

32 
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It was therefore decided that low-redshift Cz ^ 1) QSOs in 

which definite or suspected absorption has been reported 

should be re-examined at a dispersion sufficient to resolve 

the Mg II doublet to determine how often Mg II absorption 

occurs at low-Az. 

The QSOs observed in this study are listed in 

Table 6. Included in the table are the currently accepted 

value of the emission redshift (Burbidge, Crowne, and Smith 

1977) and the redshift at which absorption has been reported. 

Catalogs in which the absorption systems are recorded are 

noted. The number of new spectrograms obtained of each 

object is listed in the last column. 

Of the seven QSOs examined, the existence of Mg II 

absorption is verified for only two objects, PKS 1229-02 and 

4C 2 8.25, even though this survey was made at higher dis

persion than any of the original work. The QSO 4C 28.25 is 

the only observed source in which the Mg II doublet appears 

in absorption close to the emission redshift (Vrê  = cAz ~ 

15 00 km s "*") , though it should be noted that the emission 

redshift is not well established. 

Two low-redshift QSOs in which Mg II absorption has 

been reported were not observed in this survey. Tritton, 

Henbest, and Penston (1973) suggest that there is absorption 

in the shortward wing of the Mg II A27 98 emission line 

observed in the spectrum of 4C 31.63. This feature has not 

been detected in a high-dispersion spectrogram obtained by 



Table 6. Low-Redshift QSOs with Reported Absorption Spectra 

QSO 
(1) 

Name 
(2) (§T 

z h (reported) 
(4) 

Referencesa 
(5) 

Catalog*3 
(6) 

Number of 
New Spectra 

(7) 

0148+090 PHL 1194 0.298 ^0.28 1,2,3 BCZ 2 

0812+020 PKS 0.402 0.384 
0.344 

4 BCZ,BCS 1 

1011+280 4C 28.25 0.899 0.8907 5 BCS 1 

1229-021 PKS 1.042 0.395 4,6,7 BCZ,BCS 2 

1317-005 PKS 0. 890 0.870 8 BCZ,BCS 1 

1458+718 3C 309.1 0. 905 0.889 9,10 BCZ,BCS 4 

1510-089 PKS 0.361 0.351 9 BCZ , BCS 2 

(1) Schmidt (1974b); (2) Sandage and Luyten (1967); (3) Burbidge (1968); 
(4) Kinman and Burbidge (1967); (5) Schmidt (1974a, 1975); (6) Penston (1976); 
(7) Weymann et al. (1977); (8) Bolton, Kinman, and Wall (196 8); (9) Burbidge and 
Kinman (1966); (10) Lynds (1967b). 

BCZ: Barbieri, Capaccioli, and Zambon (1975); BCS: Burbidge, Crowne, and Smith 
(1977) . 
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Strittmatter et al. (1974), and it is not mentioned by 

Schmidt (1974a). It is unlikely that this feature is real. 

The other QSO, PHL 921 (zem = 1.088), is reported by 

Schmidt (1974b) to have a probable absorption feature at 

zabs = 1*058' Since the response of our image-tube is 
O 

comparatively poor longward of ^5600 A and since this QSO 

is quite faint (^18 mag), this object was not included in 

the survey. 

Observations 

The observations were made between 1975 May 5 and 

1977 November 9 with the Boiler and Chivens spectrograph 

and RCA 33063 image-tube at the Cassegrain focus of the 

Steward Observatory 2.3 m telescope on Kitt Peak. All of 

the spectra were recorded at a reciprocal dispersion of 

o -i 
95 A mm on Kodak IIa-0 plates which were baked in ̂  at 

60° C for four hours. The plates were scanned with the PDS 

microphotometer at Kitt Peak National Observatory, and 

further reductions were carried out on the KPNO CDC 6400 

computer. A standard characteristic curve for baked IIa-0 

plates was employed for intensity calibration. Several 

spectrograms of individual QSOs show that this procedure 

results in equivalent widths repeatable to around 20%. The 

ratio of the equivalent widths of any two lines is repro

duced more accurately, usually to within 10%, indicating 

that the calibration errors are primarily systematic. 



Absorption lines with measured equivalent widths 
. O 

Wobs ̂  A are clearly distinguishable on both the 

photographic plates and the intensity tracings, and thus 
O 

^obs = ®-75 A is adopted as the detection limit. 

The observations of the individual QSOs are dis

cussed below. 

PHL 1194 

Burbidge (1968) draws attention to the suggestion 

of absorption shortward of the Mg II A2798 emission line in 

o -i 
a 400 A mm spectrogram published by Sandage and Luyten 

(1967). This feature was not detected in subsequent 

observations by Schmidt (197 4b) and no such feature appears 

on our spectrograms. It is concluded that the apparent 

absorption in the Sandage and Luyten spectrogram is not 

real. 

PKS 0812+02 

Two broad, indistinct absorption features at 3760 
O 

and 3872 A are noted by Kinman and Burbidge (1967) on a 

o -i 
very low dxspersion (^600 A mm ) plate. Neither feature 

appears on our spectrogram. 

4C 28.25 

Schmidt (1974a) observed absorption lines of Fe II 

AA2382, 2586, 2599 and Mg II AA2795, 2802 at a redshift 
O —1 

z , = 0.8907 on a low-dispersion (200 A mm ) spectrogram. 
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A weak emission line at 3624 A and a suspected very weak 
O 

emission line at 5320 A are also reported. Identification 

of the emission lines as C III] A1909 and Mg II A2798, 

respectively, yields zem = 0.899. 

In addition to the absorption features observed 

by Schmidt, Fe II A2343 appears on our spectrogram of 

4C 28.25 (Table 7). The emission line identified as 

C III] A1909 should lie at the extreme shortward edge of 

our spectral range but is not detected, though this is not 

surprising if the line is weak. The Mg II A2798 emission 

feature is only suggested on our spectrogram and thus the 

emission redshift can be regarded as only tentative pending 

further investigation. 

The absorption system is discussed in the next 

section. 

Table 7. Absorption Lines in 4C 28.25 

Xobs (i) Wobs (i) Identification 1+zabs 
<z . > 
abs 

4428.0 1.08 Fe II A2343 1.8895 0.8895 

4501.6 3.53 Fe II A2382 1.8898 

4885.4 1.15 Fe II A2585 1.8893 

4912.2 2.76 Fe II A2599 1.8898 

[5283] Mg II A2795 [1.89]a 

5294.9 3.80 Mg II A2802 1.8892 

^Contaminated by ion spot. 
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PKS 1229-02 

Absorption due to Mg+ was first identified in the 

spectrum of this QSO by Kinman and Burbidge (1967) in the 
O 

red wing of an emission line at 3889 A. A second weak 
O 

emission line at 4751 A was identified as [Ne V] A3426, 

and thus PKS 1229-02 was the only known object in which 

Mg II AA2795, 2802 occurred at za]DS > zem (Weymann et al. 

1977). However, recent observations by Penston (1976) 
O 

show a strong emission line at 5722 A which cannot be 

reasonably identified at the original emission redshift. 
O 

Penston suggests that the lines at 3889 and 5722 A can be 

identified as C III] A1909 and Mg II A2798, respectively, 

at z = 1.042. The 4751 A feature is not detected by em 

Penston or by us, which leads us to suggest that the 

feature on the original plate is, in fact, C IV A1549 

observed in the third spectral order. 

Two spectrograms of this object resulted in the 

identification of the lines listed in Table 8. A higher-
O —I 

dispersion spectrogram (47 A mm ) which has been previously 

discussed in the literature (Weymann et al. 1977) was loaned 

to us by Drs. Weymann and Williams and was also used in the 

redshift determination. Equivalent widths were measured on 

the two lower-dispersion plates (the higher-dispersion plate 

is seriously contaminated by ion spots), averaged, and 

transformed to the rest frame of the absorber, wrest = 

Wobs/(1+zabs>-
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Table 8. Absorption Lines in PKS 1229-02 

^obs 
O 

(A) Wobs (A) Identification 1+z , abs 
<z > 
abs 

3900 . 4 1.86 Mg II 2795 1.3952 0.3953 

3910 . 3 1.21 Mg II 2802 1.3952 

3979 .7 2.27 Mg I 2852 1.3953 

The absorption system is discussed in detail in the 

next section. 

PKS 1317-00 

Bolton et al. (1968) report self-reversal in the 

wing of the Mg II A2798 emission line on the basis of two 

o -i 
low-dispersion (440 A mm ) plates. Our spectrogram of thxs 

object shows no absorption features at a dispersion high 

enough to resolve the Mg II doublet. It is thus very 

doubtful that the feature is real. 

3C 309.1 

Lynds (1967b) finds a double absorption line in the 

blue wing of the Mg II A2798 emission line. Lynds1s 

suggested identification is the Mg II doublet, though he 

notes that the separation between the components is too 

large. This absorption feature is not observed on our four 

spectrograms of this QSO, and it is thus concluded that the 

feature is not real. 



40 

PKS 1510-08 

Burbidge and Kinman (1966) observe a possible 

absorption feature in the blue wing of the Mg II A2798 

° -i 
emission line on a very low dispersion plate (>570 A mm ). 

This feature does not appear on either of our spectrograms 

of this object or on either of two higher-dispersion 

° -1 
(47 A mm ) plates obtained by Weymann, Williams, et al. 

(1978). 

Physical Conditions of the Absorbing Regions 

In Chapter II, it is shown that observations of 

four low-ionization QSO absorption systems are consistent 

with the conjecture that the absorption arises in H I 

regions such as might be expected in an intervening galaxy; 

this provides some indirect support for the intervening-

galaxy hypothesis. In this section, analysis of the 

absorption systems observed in the spectra of 4C 28.25 and 

PKS 1229-02 shows that these systems also might arise in 

galactic-type H I regions. 

4C 28.25 

Detection of four of the six Fe+ resonance lines 

between 2343 and 2600 A (Table 7) allows construction of a 
O 

curve of growth. Our detection limit, W kg = 0*75 A, 

provides a useful upper limit to the equivalent widths of 

the two undetected weak transitions Fe II AA2366, 2373. The 

+ + 14 
derived Fe column density is N (Fe ) =1.35 (,± 0.40) x 10 
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_o 
cm . Since the lines lie on the linear part of the curve 

of growth, little information is available on the velocity 

dispersion, though the limits 50 km s ^ ̂  vrms km s 

are set by the fact that the lines are unsaturated and 

apparently unresolved. 

The equivalent width of Mg II A2795 has not been 

measured since this line is badly contaminated by an ion 

spot arid the signal-to-noise ratio is relatively low in 

this region of the spectrum. However, the column density 

+  1 4 - 2  of singly ionized magnesium N(Mg ) : 1.7 x 10 cm 

expected on the basis of solar abundances is consistent 

with the measured width of the Mg II A2802 line. (Under 

H I region conditions, the fractional ionization of iron 

and magnesium is the same since the first ionization poten

tials of iron [7.870 eV] and magnesium [7.646 eV] are nearly 

equal.) 

PKS 1229-02 

Since the Mg II AA2795, 2802 absorption lines are 

superposed on the C III] A1909 emission line, any measure

ment of the absorption-line equivalent widths depends 

strongly on the continuum interpolation. Several measure

ments of the equivalent widths by various methods indicate 

that, because of the uncertainty of the continuum level, our 

equivalent widths are only repeatable to around 30%, which 

is somewhat less precise than usual. The measured value of 
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the Mg II doublet ratio DR = 1.54 indicates that the lines 

are not highly saturated and that they lie close to the 

linear part of the curve of growth (note that the doublet 

ratio is more repeatable than the individual equivalent 

widths), and it is clear that the doublet ratio is larger 

than its saturation value of 1.4. Assuming a 30% uncer

tainty in the equivalent widths of the lines, the ionized-

+  1 3 - 2  
magnesium column density is N (Mg ) £ 9.1 x 10 cm . The 

velocity dispersion of the unresolved lines depends strongly 

on the doublet ratio; for the measured value DR = 1.54, 

vrms(Mg) ^ 97 ̂  s_1-

The Mg I A2 852 line appears strongly in the spectrum 

of PKS 12 2 9-02, but there is no way of determining whether 

it is saturated since it is unresolved. Assuming that the 

line is unsaturated yields a lower limit NtMg°) > 1.2 x 

m13 "2 10 cm 

Fe II AA2382, 2599 and Fe I A2483 are not detected 

on any of the three spectrograms. The relative strength of 

Mg I A2852 implies that a significant fraction of the iron 

is probably neutral; the absence of the iron lines is not 

necessarily inconsistent with a solar value of the Fe/Mg 

ratio. The strongest observable iron lines, Fe II A2382 and 

Fe I A2483, are both probably just below our detection 

limit, if our simple model of the absorbing region is 

approximately correct. 



43 

The neutral-hydrogen column density predicted from 

the solar value for the Mg/H ratio (Cameron 1973) is N(H°) 

18 — 2 
s 3 x 10 cm . Thus the redshifted 21 cm absorption line 

probably lies far below the current observational limit, 

T £ 0.1 (Roberts 19 77), and is not likely to be detected 

with existing equipment even though the QSO is a strong 

continuum source, = 1.7 Jy (Shimmins et al. 1966). 

Discussion 

The Origin of Absorption Lines 

Absorption by Mg+ is rarely observed at small values 

of Az. The Mg II doublet is detected at cAz < 5000 km s ^ 

in only two low-redshift QSOs: 4C 55. 27, for which V ^ ~ 

4300 km s ^ (Hawley, Miller, and Weymann 1977) and 4C 28.25, 

for which Vrê  ~ 1500 kms \ Furthermore, in the latter 

case the emission redshift is questionable. 

In the moderate-dispersion survey of known QSOs 

described in Chapter IV, previously undetected high-Az Mg II 

absorption has been found in the spectra of only a few QSOs. 

No new cases of low-Az Mg II absorption have been observed. 

In a related survey (Weymann, Williams, et al. 1978), 

however, low-Az C IV absorption has been detected in almost 

half of ^30 moderate-redshift (1.2 £ zem £ 2.0) QSOs. 

The interesting question is whether the C IV and 

Mg II absorption systems have a similar origin (e.g., 

intervening galaxies). The problem is complicated by the 
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fact that C IV and Mg II lines most likely arise in media 

with very different ionization structure. The strongest 

observed lines (i.e., those due to resonance transitions of 

abundant ions with alkali structure) lie farther in the 

ultraviolet for ions with larger effective charge; thus some 

ambiguity exists as to whether (1) high- and low-ionization 

systems have fundamentally dissimilar origins or (2) low-Az 

absorption is more likely to occur in higher-redshift QSOs. 

Observations near the Mg II emission line of a few moderate-

redshift QSOs with known low-Az C IV absorption show no 
O 

Mg II absorption stronger than ~ 0.5 A (Grandi 1978); 

thus case (2) above is probably ruled out. 

It seems likely that the low-Az C IV absorption 

systems have a different origin than the Mg II systems, 

although this is not the only possible explanation. If, for 

example, essentially all QSO absorption lines arise in 

material intrinsic to the QSOs (e.g., ejected gas), the 

lack of low-Az Mg II absorption can be understood if 

material close to the QSOs is highly ionized. In this 

case, the fact that Mg II absorption occurs at only large 

values of Az means that only "clouds" ejected at very high 

velocities (%, 0.1c) have sufficient optical depth in the 

Lyman continuum to produce an H I region absorption 

spectrum. This may be a natural consequence of the fact 

that high-velocity material is likely to be farther away 

from the ionizing source than material ejected at low 
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velocity. In such a model, however, the existence of a 

Mg II emission region must be explained. 

The hypothesis that most QSO absorption lines 

arise in extrinsic material, such as intervening galaxies, 

is not ruled out by the excess of high-ionization systems 

and the paucity of low-ionization systems at small values 

of Az. On the basis of observations by Stockton (1978), 

Weymann, Boroson, et al. (1978) show that the QSO-galaxy 

correlation is significantly stronger than the galaxy-

galaxy correlation; if absorbing clouds are similarly more 

likely to occur in the neighborhood of QSOs than in the 

field (for example, if absorbing clouds are in some way 

associated with galaxies), an excess of high-ionization 

level absorption systems near the emission redshift might 

be expected. Furthermore, there is some evidence that the 

QSO phenomenon may be related to clustering of galaxies 

(see Gunn 1971; Oemler, Gunn, and Oke 1972; Butcher et al. 

1976; Williams and Weymann 1976; but also see Roberts, 

O'Dell, and Burbidge 1977), and low-ionization absorption 

systems rarely, if ever, arise in rich clusters (see 

Chapter V). 

Constraints on Models of the Emission-line 
Regions 

The absence of observable Mg II absorption at the 

emission-line redshift provides a constraint which must be 

met by any model of the emission region. In particular, 
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photoionization models in which a Mg II emission region 

surrounds a central ionizing source must account for the 

fact that Mg II absorption is not observed against the 

continuum source. 

Of the various photoionization models which have 

been considered for QSO emission-line regions, the observed 

strength of Mg II A27 98 emission is well reproduced only by 

models optically thick in the Lyman continuum. In these 

models, the Mg II emission arises in the H II-H I transition 

zone, in which there are few photons with hv ^ 15 eV, but 

in which the electron density ng and temperature T are large 

+ 2 2 
enough to collisionally excite the Mg (3s S, 3^ P) 

transition; models with fairly flat (Y £ 1.8) ionizing 

spectra have large transition zones, and thus the magnesium 

line can be very strong (MacAlpine 1972). The energy 

emitted in the line per second is 

"Sfrj II ~ ^^ v̂nenMg+ ' (III-l) 

where R is the size of the H+ region and AR is the width 

of the transition zone. The quantity q, which is the rate 

of collisional excitation, depends only weakly on T. For 

— 8 3 —1 T ~ 15,000 K, q ~ 4.4 x 10 cm s , where the collision 

strength is taken from Osterbrock and Wallace (1977). The 

equivalent width of magnesium absorption in the transition 

zone is 
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ire2 2 W . = 0 fX ARn„ + . rest 2 o MgT m c 3 
e 

O 
Our observational limit, wrest % 0-4 A, implies 

nMg+AR < 9.8 x 1012 cm"2 . ClII-2) 

This limit on the Mg+ column density applies to any clouds 

along the line of sight to the QSO. 

Equations (III-l) and (III-2) can be combined to 

give 

2 49 -1 
neR > 1.9 x 10 cm , (.111-3) 

43 where a typical Mg II line strength L ^ : 6 x 10 erg 

s is adopted from Baldwin (.1975) . For an optically thick 

model, Equation (III-3) must be satisfied if the observed 

Mg II emission arises in a transition zone in which the 

Mg+ column density is so small as to produce absorption 

lines below our detection limit. 

Limits on the electron density provide an additional 

constraint. If, for example, CIII] A1909 arises in the same 

10 -3 region as Mg II A27 98, ng £ 10 cm ; this, in turn, yields 

a minimum size for the emission region, R ~ 14 pc. The 

presence of other forbidden transitions may provide even 

more stringent limits on the minimum size. 

More complicated models involving high-density 

clouds or filaments to account for the Mg II emission may be 
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required if QSO emission regions are optically thin; 

observations of the Lyman continuum in high-redshift QSOs 

indicate that this is indeed the usual case. Such models 

are similarly constrained by these observations. That the 

appearance of Mg II absorption near the emission redshift 

is extremely rare seems well established on the basis of 

these data and those presented in Chapter IV. The absence 

of low-Az Mg II absorption thus implies that either (1) the 

probability of intercepting a cloud along our line of sight 

to a QSO is very small, which seems unlikely since the 

observed Mg II A2798 fluxes require that such clouds be 

fairly numerous, or (2) the limit on the Mg+ column density, 

equation (III-2) , also applies to these clouds. 

It can be concluded that spherically symmetric 

models of the emission-line regions should probably be 

rejected; optically thin models fail to reproduce the Mg II 

emission line strengths, and optically thick models require 

prohibitively large emitting volumes. It seems likely that 

either (1) the geometry of the emission-line regions is 

more complicated than that employed in most models or (2) 

the Mg II emission arises in a region physically distinct 

from the region which produces the other emission lines, 

though the similarities in the permitted line profiles 

argue against this explanation. 



CHAPTER IV 

THE DISTRIBUTION OF LOW-REDSHIFT ABSORPTION SYSTEMS 

Although the intervening hypothesis should be 

amenable to direct tests, in practice such tests have not 

produced definitive results. Searches for absorption due 

to nearby galaxies or clusters of galaxies have not been 

very fruitful, probably since identification of very low-

redshift absorption systems must rely on detection of 

either H I 21 cm (see Chapter V) or Ca II H and K, both of 

which are very unusual in QSO absorption spectra. These 

two transitions are expected to be considerably less sensi

tive for detection of intervening H I clouds than the Mg II 

doublet, which can b.e detected from the ground at somewhat 

higher redshift (see Appendix B). The alternative approach 

of searching for galaxies near QSOs with known low-redshift 

Mg II absorption is shown by Weymann, Boroson, et al. (1978) 

to be a potentially difficult test; these authors show that 

even at redshifts as low as ^0.2, field galaxies are likely 

to outnumber galaxies associated with the absorbing clouds, 

except for angular separations so small that identification 

of galaxies is unlikely in any case. 

Thus, with current ground-based instrumentation, it 

seems that the best test of the intervening hypothesis is 

49 
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indirect; if the Universe is indeed homogeneous and 

isotropic, and if QSOs lie at the cosmological distances 

implied by their emission-line redshifts, then intervening 

material should be uniformly distributed in co-moving 

coordinate intervals along the line of sight to the QSOs 

(with reasonable allowances for localized density enhance

ments, such as groups or clusters of galaxies). It must be 

emphasized, however, that should the observed distribution 

of systems along the observed path length to the QSOs be 

shown to be consistent with random sampling of a uniform 

distribution, the intervening hypothesis is not proven; a 

uniform distribution is a necessary, but not sufficient, 

condition for the intervening hypothesis. 

The question of the distribution of absorption 

systems has been addressed by several authors, notably by 

Bahcall and Peebles (1969) and by Burbidge, O'Dell, et al. 

(1977). The calculations presented here differ from those 

of these researchers only in detail. Burbidge, O'Dell, 

et al. (1977) compare the observations of absorption 

spectra compiled by Burbidge, Crowne, and Smith (1977) with 

the results expected on the intervening-galaxy model. 

These authors object to the intervening hypothesis on the 

grounds that (1) the observed number of systems is too large 

to be attributable to intervening galaxies, and (.2) the 

observed multiplicities N (i.e., number of identified 

absorption systems in the spectra of individual QSOs) are 
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inconsistent with those expected on the basis of Poisson 

statistics (in particular, there are too many known QSOs 

with multiplicities N > 4) . This argument is untenable for 

the following reasons: 

1. The data base is extremely heterogenous. The 

quality of the data in the catalog ranges from 

objective prism spectrograms, with resolution 
O 

typically ^30 A, to scans obtained with the 

University College London image photon-counting 

system, which have been obtained at resolutions as 

high as ^0.7 A for selected QSOs; comparison of the 

number of narrow-line absorption systems obtained 

with these different methods simply cannot be 

justified. 

2. The absorption systems used in the analysis do not 

fulfill any well-defined spectroscopic criteria. 

Absorption systems based on resonance lines arising 

in media with vastly different ionization levels 

cannot be arbitrarily considered as representing a 

single constituent of the Universe; for example, 

high-Az C IV absorption occurs around five times as 

often (per unit path length) as does Mg II absorp

tion (Weymann, Williams, et al. 1978). 

3. The multiplicities of QSOs are considered over an 

unrestricted range in emission-line redshift. The 

number of strong resonance lines which are observable 



52 

for z , < z increases dramatically with z ; some abs em J era' 

of the QSOs considered have such low redshifts that 

no strong absorption lines are observable from the 

ground, and, with the exception of the extraordinary 

QSO PKS 0237-23, all of the recorded QSOs with 

N > 4 have z >2.5. Furthermore, differences due em 

to evolution may be manifest when absorption 

systems are compared over an unrestricted redshift 

range. 

The analysis of Burbidge, O'Dell, et al. CI977) must 

be regarded with extreme skepticism, not necessarily because 

the conclusions are incorrect, but because the analysis has 

been performed prematurely. The absorption-line problem can 

only be resolved through careful analysis of a large sample 

of homogeneous, high-quality spectroscopic data. 

The purpose of this experiment is to provide a 

homogeneous data base suitable for the study of the 

absorption-line problem. The assumption that low-redshift 

absorption lines arise in intervening material, perhaps in 

the form of galaxies, is adopted as a null hypothesis, and 

tests will be made to determine if this hypothesis should 

be rejected. The two major questions to be addressed are 

the following: 

1. Is the distribution of detected absorption systems 

along the observed line of sight consistent with the 
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hypothesis that the observations sample a uniform 

distribution? 

2. How often are absorption systems detected; i.e., 

what is the mean free path between absorbing clouds? 

Furthermore, if all of the detected absorption 

systems are attributable to the presence of inter

vening galaxies, what are the required absorption 

cross-sections of galaxies? 

It must be remembered that the results obtained in 

this experiment apply only to systems stronger than our 

detection limit. The second question is likely to be more 

strongly affected by this constraint than the first; the 

derived mean free path must therefore be considered an 

upper limit, and the required absorption cross-section of 

galaxies a corresponding lower limit. Furthermore, it 

should be noted that the minimum detectable equivalent 

width of absorption lines varies as (1+z) This amounts 

to a factor ^1.3 over the range in z of systems detected in 

this survey. 

As discussed in Chapter I, it was decided that this 

study of the intervening hypothesis would be restricted to 

low-redshift systems for the purposes of CD minimizing the 

effect of neglecting possible evolution and (_2) avoiding the 

problem of ambiguous line identification, which has so 

confused the issue in previous studies of higher-redshift 
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QSOs with rich absorption spectra. The Mg II AA2795, 2802 

doublet can be reliably identified in essentially all low-

redshift absorption spectra in which this region of the 

spectrum is observable, and thus detection of this doublet 

will be the spectroscopic criterion for inclusion in this 

analysis. (For example, two low-redshift systems were 

identified in this survey on the basis of Fe II detections. 

In both cases, subsequent observations farther to the red 

resulted in the detection of the Mg II doublet [Burbidge, 

Smith, et al. 1977]. These two systems are excluded from 

the statistical analysis, since the Mg II doublet would not 

have been detected in the original survey.) 

The QSOs observed in this experiment are those from 

the catalog of Burbidge, Crowne, and Smith (.197 7) which have 

emission-line redshifts in the range 0.4 £ zem £ 1.2, 

declinations north of -20°, and estimated visual magnitude 

brighter than 17. During the past two years, 18 QSOs 

constituting almost half of the candidate QSOs cataloged 

by Burbidge, Crowne, and Smith (1977) have been observed as 

a part of this program. Possible biases introduced by the 

selection procedure include the following: 

1. The Burbidge, Crowne, and Smith (.1977) catalog is 

only a compilation of data for known QSOs; thus 

there is a definite bias toward (a) radio-selected 

QSOs, and (b) QSOs with ultraviolet excess. 
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2. There is a bias toward more luminous QSOs by 

definition. Furthermore, if a choice had to be 

made between two QSOs at the telescope, the brighter 

object was generally selected since, assuming the 

null hypothesis is correct, more objects (.and hence, 

a larger path length) can be observed in a given 

amount of time if the objects are bright. 

3. The sample may also be biased toward higher-redshift 

QSOs; again, observations of higher-redshift QSOs 

allow examination of larger path lengths, and thus 

higher-redshift objects tended to be selected when 

a choice was necessary. 

Of the 18 low-redshift QSOs in this study, absorpticpn 

was found in the spectra of only two objects; certainly no 

convincing argument can be based on such small statistics. 

It was therefore decided that the observations of moderate-

redshift QSOs obtained by Weymann, Williams, et al. (1978) 

would also be included in this analysis. Inclusion of these 

additional data is justified on the following grounds: 

1. The moderate-redshift (.1.0 ^ z 1.95) survey data em 

were obtained with the same observational apparatus 

as the low-redshift data. The redshift range over 

which Mg II absorption is detectable is the same for 

both samples. 
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2. The absorption line densities of moderate-redshift 

QSOs are not high enough for uncertain identifica

tion of systems to be a major problem. 

3. The low-redshift data obtained here and in the 

experiment discussed in Chapter III indicate that 

there is no tendency for Mg II absorption to occur 

at small Az; certainly observations of many more low 

emission-line redshift QSOs would have been more 

desirable, but this would require several more 

observing seasons. Because of the low detection 

rate, it will not be possible to discuss the dis

tribution in Az of Mg II absorption systems, but 

inclusion of the moderate-redshift data can cer

tainly be used in the discussion of the distribution 

along the cosmological path length. 

The 34 additional QSOs included in this analysis 

have emission-line redshifts in the range 1.0 £ z^ £ 1.95, 

declinations north of -20°, and magnitudes brighter than 18. 

Various statistical tests are made with the observa

tional data obtained in this experiment: 

1. If absorption redshifts are of a cosmological 

nature, then they should occur at random locations 

along the observed path lengths to the QSOs. 

2. The multiplicities of absorption systems should be 

consistent with those expected on the basis of 



Poisson statistics, if the intervening hypothesis 

is correct. 

3. If the intervening hypothesis cannot be rejected on 

the basis of the observed distribution, then it 

might be postulated that the absorption is due to 

the presence of intervening galaxies; the observed 

mean free path and the assumed number density of 

galaxies together imply the mean absorption cross-

sections of galaxies. 

Observations 

The observations were obtained between 1976 March 26 

and 1978 April 6 with the Boiler and Chivens spectrograph 

and RCA 33063 image tube at the Cassegrain focus of the 

Steward Observatory 2.3 m telescope located on Kitt Peak. 

All of the spectrograms were recorded at a reciprocal dis

persion of 47 A mm ^ (resolution ̂  2.5 A) on Kodak IIa-0 

plates, which were baked in ̂  for four hours. In order to 

suppress ion events and dark current, the photocathode was 

cooled to at least 0°C and the spectrum was passed through 

a focal plane mask; the plate was trailed perpendicular to 

the dispersion behind the mask, thus widening the recorded 

spectrum 0.4 mm. A few of the spectrograms were obtained 

with the Steward Observatory echelette system, as described 

in Chapter II; the echelette systems provide approximately 
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the same resolution as the usual system, with a large 

increase in spectral coverage. 

Absorption lines with observed equivalent widths 
O 

Wobs lar9er than ^0.5 A are detectable on well-exposed, 

well-focused plates obtained with this system, and thus 

0.5 A is adopted as our detection limit. Each spectrogram 

was examined to determine the wavelength range over which 

the focus and density were suitable to reach the stated 

detection limit. The acceptable wavelength range was 

determined by the author and by Dr. R. E. Williams; in each 

case, the more conservative estimate was adopted. Several 

of the QSOs were observed on more than one occasion; for 

these QSOs, the acceptable wavelength range is that covered 

by at least one spectrogram. 

The 52 QSOs observed in this study are listed in 

Table 9. Columns (1) — (3) give the Parkes-type name of the 

QSO, the emission-line redshift, and the approximate visual 

magnitude, respectively; unless otherwise noted, all of 

these data are from the catalog of Burbidge, Crowne, and 

Smith (1977), in which the original references can be found. 

The wavelength range observed in this survey is given in 

column (4). The other parameters in Table 9 are discussed 

in the next section. 

The wavelengths of absorption features were deter

mined from measurements made with the two-coordinate Grant 

measuring engine at KPNO, and reductions were carried out on 
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Table 9. QSOs Observed in Absorption Survey 

Observed Path 
Wavelength Length (Mpc) 

Range 
QSO zem mv Covered qQ=0 q0=l/2 q0=1 
(1) (2) (3) (4) (5) (6) (7) 

0024+224 1. ,118 16. , 60 3200--6000 A 9534 7437 6353 
0051+291 1. , 828 17. ,80 3500--4600 3414 2836 2482 
0119-046 1. , 955 16. 88 3400--5200 5932 4776 4125 
0132+205 1. 782 17. 50 3500--4650 3592 2974 2599 
0151+048 1. 910 17. 63 3350-•4800 4528 3747 3278 
0232-042 1. 436 16. 46 3400--4200 2330 1998 1779 
0333+321 1. 258 17. 50 3200--4150 2676 2333 2100 
0349-146 0. 614 16. 22 3500-•5600 3121 2606 2287 
0350-073 0. 962 16. 49 3500-•6100 6854 5397 4613 
0414-060 0. 781 15. 00 3500-•6000 4822 3911 3386 
0454+039 1. 345 16. 50 3250-•4800 4781 3980 3495 
0710+118 0. 768 16. 60 3850-•5000 3697 2947 2526 
0742+318 0. 462 16. 00 3200-•4200 2488 2179 1966 
0843+136 1. 875 17. 80 3200-•4700 4541 3816 3368 
0848+164 1. 932 16. 90 3300-•4750 4473 3724 3269 
0854+191 1. 891 17. 60 3350-•4650 3985 3329 2926 
0856+170 1. 449 17. 40 3400-•4400 2989 2530 2237 
0859-140 1. 327 16. 59 3250-•4200 2712 2349 2105 
0952+179 1. 472 17. 23 3200-•4450 3664 3131 2786 
0955+326 0. 533 15. 78 3400-4500 2620 2234 1983 
0959+105 1. 530 17. 50 3500-•4300 2391 2024 1789 
1011+250 1. 631 15. 40 3140-4500 3982 3403 3032 
1038+064 1. 270 16. 81 3300-4500 3587 3035 2686 
1103-006 0. 426 15. 40 3200-4250 2176 1919 1739 
1104+167 0. 634 15. 70 3550-4700 3181 2638 2307 
1126+101 1. 515 18. 00 3200-4250 2998 2596 2327 
1211+334 1. 598 17. 00 3500-4470 2962 2481 2180 
1229-021 1. 042a 16. 75 3450-4450 3027 2546 2243 
1246+377 1. 241 16. 98 3200-4000 2207 1945 1761 
1256+357 1. 864 17. 96 3450-4700 3904 3232 2825 
1257+346 1. 375 16. 79 3200-4200 2836 2464 2213 
1258+286 1. 922 17. 75 3470-4750 4032 3323 2899 
1317+277 1. 022 15. 30 3400-4400 2989 2530 2237 
1318+291a 1. 703 16. 90 3650-4650 3181 2610 2269 
1318+291b 0. 549 16. 40 3500-4700 2504 2115 1867 
1354+195 0. 720 16. 02 3850-4950 3195 2567 2208 
1416+067 1. 439 16. 79 3200-4300 3161 2728 2442 
1421+330 1. 904 16. 50 3470-4750 4032 3323 2899 
1556+335 1. 650 17. 00 3150-4500 3958 3380 3010 
1641+399 0. 595 15. 96 3550-4750 2803 2341 2054 
1756+237 1. 721 18. 00 3200-6100 10335 7984 6795 
1828+487 0. 692 16. 81 3450-6000 4028 3327 2905 
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Table 9.—Continued 

Observed Path 
Wavelength Length (Mpc) 

Range 
QSO 
(1) 

zem 
(2) 

mv 
(3) 

Covered 
(4) 1?J° 

q9=l/2 
(6) ft"1 

1954+513 1 . 230 18. 50 3400-4250 2492 2130 1893 
2120+168 1 . 805 17. 96 3800-4700 2931 2377 2054 
2121+053 1 .878 17. 50 3500-6300 10515 7918 6655 
2128-123 0 .501 15. 98 3550-4450 1930 1639 1451 
2145+067 0 . 990 16. 47 , 3450-6000 7319 5752 4916 
2216-038 0 . 901 16. 38 3700-6000 5595 4402 3755 
2251+158 0 . 859 16. 10 3500-6000 5673 4542 3910 
2308+098 0 . 432 15. 00 3400-4430 1722 1496 1342 
2335-181 1 .441 17. 50 3400-4200 2330 1998 1779 
2344+092 0 . 677 15. 97 3250-5600 4389 3679 3242 

Total 205119 168683 147351 

aEmission redshift from Penston (1976). 
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the KPNO CDC 6400 computer. Complete lists of measured 

absorption features and identified systems are presented 

by Weymann, Williams, et al. (1978). The number of un

identified lines is very small; in the lower-redshift sample, 
O 

the only unidentified line lies at 3873.1 A in the spectrum 

of 2128-123. 

A total of 11 absorption systems, based on the 

presence of the Mg II doublet, have been identified in this 

survey; the measured wavelengths of absorption features and 

redshift determinations are presented in Table 10. Many 

other systems are present in the moderate-redshift sample, 

but these are based primarily on identifications of C IV 

AA1548, 1550, and other transitions of higher-ionization-

level ions and will not be considered here. A summary of 

the detected Mg II absorption systems is given in Table 11; 

the QSO designation and emission redshift appear in columns 

(1) and (2) respectively, and detected absorption systems 

are listed in column (3). The velocity separation cAz 

between adjacent absorption systems is given in column (4). 

The other tabulated quantity, y^, is discussed in the next 

section. 

Analysis 

In principle, statistical tests of the observed 

distribution are straightforward. In practice, however, 

the tests are limited by the extremely low detection rate; 
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Table 10. Absorption Systems Detected in Survey 

QSO obs (A) Identification 1 + z  ,  abs A A  < z  ,  >  
abs 

0 8 4 3 + 1 3 6  3 5 5 4 ,  .  1  Mg II A 2 7 9 5  1 .  . 2 7 1 4  - 0 .  . 3  0 .  . 2 7 1 5  
3 5 6 3 ,  . 8  Mg II A 2 8 0 2  1 .  . 2 7 1 6  0 .  . 3  

0 8 4 3 + 1 3 6  4 4 8 7 .  .  6  Mg II A 2 7  9 5  1 .  .  6 0 5 3  0 .  .  0  0 .  .  6 0 5 3  
4 4 9 9 ,  . 1  Mg II A 2 8 0 2  1 .  .  6 0 5 3  0 .  ,  0  

0 8 4 3 + 1 3 6  3 7 6 6 ,  .  8  Fe II A 2 3 4 3  1 .  . 6 0 7 3  0 .  . 3  0 .  .  6 0 7 2  
3 8 2 8  ,  . 1  Fe II A 2 3 8 2  1 .  . 6 0 7 1  - 0 .  . 3  
4 1 7 8 ,  .  1  Fe II A 2 5 9 9  1 .  .  6 0 7 3  0 .  . 3  
4 4 9 2  ,  . 7  Mg II A 2 7 9 5  1 .  . 6 0 7 1  - 0 .  .  3  
4 5 0 4  ,  . 4  Mg II A 2 8 0 2  1 .  . 6 0 7 2  - 0 .  . 1  

0 8 3 4 + 1 9 1  4 2 5 8  ,  . 2  Mg II A 2 7  9 5  1 .  ,  5 2 3 2  - 0 .  . 1  0 ,  . 5 2 3 3  
4 2 6 9 ,  . 4  Mg II A 2 8 0 2  1 .  . 5 2 3 3  0 .  . 1  

0 9 5 2 + 1 7 9  3 4 6 0 .  . 4  Mg II A 2 7  9 5  1 .  . 2 3 7 8  0 .  ,  1  0 .  . 2 3 7 8  
3 4 6 9 .  .  0  Mg II A 2 8 0 2  1 .  . 2 3 7 7  - 0 .  . 1  

1 0 3 8 + 0 6 4  4 0 3 0 .  . 8  Mg II A 2 7 9 5  1 .  , 4 4 1 9  0 .  . 3  0 .  . 4 4 1 8  
4 0 4 0 .  .  6  Mg II A 2 8 0 2  1 .  ,  4 4 1 7  - 0 .  . 3  

1 2 2 9 - 0 2 1  3 9 0 0 .  . 4  Mg II A 2 7 9 5  1 .  , 3 9 5 2  - 0 .  . 1  0 .  ,  3 9 5 3  
3 9 1 0 .  . 3  Mg II A 2 8 0 2  1 .  , 3 9 5 2  - 0 .  . 2  
3 9 7 9 .  ,  7  Mg II A 2 8 5 2  1 .  , 3 9 5 3  0 .  ,  3  

1 3 5 4 + 1 9 5  4 0 7 3 .  ,  5  Mg II A 2 7 9 5  1 .  , 4 5 7 1  0 .  . 0  0 .  , 4 5 7 1  
4 0 8 3 .  . 9  Mg II A 2 8 0 2  1 .  , 4 5 7 1  0 .  . 0  

2 1 2 8 - 1 2 3  3 9 9 6 .  ,  8  Mg II A 2 7  9 5  1 .  , 4 2 9 7  - 0 .  , 3  0 .  , 4 2 9 8  
4 0 0 7 .  ,  7  Mg II A 2 8 0 2  1 .  , 4 2 9 9  0 .  . 3  a 

2 1 2 8 - 1 2 3  4 0 0 7 .  , 7  Mg II A 2 7 9 5  1 .  , 4 3 3 6  - 0 .  . 3  0 .  . 4 3 3 7  
4 0 1 8 .  ,  6  Mg II A 2 8 0 2  1 .  , 4 3 3 8  0 .  . 3  

2 1 2 8 - 1 2 3  4 0 1 8 .  . 6  Mg II A 2 7  9 5  1 .  , 4 3 7 5  - 0 .  . 6  0 .  ,  4 3 7 7  
4 0 3 0 .  ,  1  Mg II A 2 8 0 2  1 .  , 4 3 7 9  0 .  ,  6  

Reality of this system is not certain. 
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Table 11. Summary of Identified Absorption Systems 

c A z  
y i  

Q S O  zem zabs (km s~l) 

o
 

II 0
 

& 1 

q 0 = i / 2  A
 

0
 II H
 

( 1 )  ( 2 )  ( 3 )  ( 4 )  ( 5 )  ( 6 )  ( 7 )  

0 8 4 3 + 1 3 6  1 .  8 7 5  0 .  6 0 7  0 . 8 4 2  0 . 8 5 3  0 . 8 5 9  
3 7 3  

0 .  6 0 5  0 .  8 3 8  0 . 8 4 9  0 .  8 5 5  
6 8 4 8 2  

0 . 2 7 2  0 .  2 0 5  0 . 2 2 2  0 . 2 3 2  

0 8 5 4 + 1 9 1  1 . 8 9 1  0 . 5 2 3  0 . 6 6 7  0 .  6 8 4  0 . 6 9 3  

0 9 5 2 + 1 7 9  1 . 4 7 2  0 .  2 3 8  0 . 1 8 4  0 . 1 9 7  0 . 2 0 6  

1 0 3 8 + 0 6 4  1 . 2 7 0  0 .  4 4 1  0 . 5 7 3  0 . 5 9 2  0 . 6 0 2  

1 2 2 9 - 0 2 1  1 . 0 4 2  0 .  3 9 5  0 . 4 2 2  0 .  4 3 8  0 .  4 4 6  

1 3 5 4 + 1 9 5  0 .  7 2 0  0 . 4 5 7  0 . 2 1 6  0 .  2 2 5  0 . 2 3 0  

2 1 2 8 - 1 2 3  0 .  5 0 1  0 . 4 3 8  0 . 7 1 2  0 . 7 2 0  0 . 7 2 5  
8 3 5  

0 .  4 3 4  0 .  6 9 4  0 .  7 0 3  0 . 7 0 8  
8 3 7  

0 . 4 3 0  0 . 6 7 6  0 .  6 8 5  0 .  6 9 0  
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Mg II absorption is observed in the spectrum of approxi*-

mately one QSO in eight. Variations in the observed path 

length and wavelength regions cannot be accounted for in a 

simple manner, say, by counting the number of systems per 
O 

Gpc or per 100 A. The tests described, then, are not strong, 

since they cannot prove the intervening hypothesis; the data 

are analyzed in such a way, however, that significant 

departures from a uniform distribution could be detected, 

leading to the rejection of the null hypothesis. 

Discussion of Small-Scale Velocity Splitting 

As pointed out by Burbidge, O'Dell, et al. (1977), 

the observed multiplicities might be deceptively high if 

absorption systems separated by small velocities are counted 

individually. Absorption systems separated by cAz £ 

3000 km s ^ might arise in different absorbing clouds in the 

same cluster of galaxies; systems with much smaller 

splittings may in fact arise in material associated with a 

single galaxy. Indeed the question of velocity splitting 

appears to be a matter of resolution; as discussed in 

Chapter II, there is evidence that many of the strongest 

absorption systems are split into several narrow components 

when observed at high resolution. 

In an effort to avoid this problem, the data have 

also been analyzed with those systems which are separated 

by cAz < 3000 km s ̂  counted as single systems; the total 
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number of detected absorption systems n is thus reduced from 

n = 11 to n = 8. The following QSOs are affected: 

0843+136. The systems at z^g = 0,605 and z^g = 

0.607 are split by only ^370 km s \ and it is conceivable 

that these two systems arise in material associated with a 

single galaxy. For the case where small splittings are 

removed, these two systems are counted as a single system at 

zabs = 0.606. 

2128-123. The two systems at z^g = 0.430 and 

zabs = 0.438 are well established, but the third system at 

Zabs = 0-434 may be due to the fortuitous velocity separa

tion of the other two systems. Certainly a strong argument 

can be made that this system should be rejected, since all 

of the lines in it can be identified in other highly probable 

systems. However, this system is also included in this 

analysis for the sake of providing a "worst case" analysis, 

and the larger number of systems provides a more critical 

test of the intervening hypothesis. When multiple systems 

with cAz < 3000 km s ^ are counted collectively, all three 

systems in this spectrum are counted as a single system with 

z , =0.434. 
abs 

Distribution Along the Line of Sight 

Bahcall and Peebles (1969) show that, on the inter--

vening hypothesis, absorption systems in a QSO spectrum 
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ought to be distributed uniformly in the path length 
zabs n+vlrJr 

variable X(z) = / •, '  t - 1 / 2 .  In order to account for 
O d+2q0z) 

the limited range over which a specified transition is 

observable, this variable can be normalized to = 

[X(z^) - X(z^)]/[x(zu) - X(z^)], where z^ is the redshift 

of the ith absorption system, and z and z are the largest 

and smallest redshift, respectively, at which the absorption 

system could be detected. (Note that the cosmological path 

length observed along the line of sight to each QSO is 

X(zu) - X(z^); this quantity is given in Table 9 in units of 

Gpc for the cases qQ = 0, 1/2, and 1.) This test is most 

effectively applied to the distribution of several systems 

in a single QSO (cf. Boroson et al. 1978), though Bahcall 

and Peebles (1969) note that it may be applied to the dis

tribution of systems in the spectra of QSOs with similar 

emission-line redshift which are observed over the same 

wavelength range. Certainly this test is suitable for a 

sample in which each QSO spectrum is examined for Mg II 

absorption from atmospheric cut-off to the redshifted Mg II 

emission line; however, such a test has no significance when 

applied to these data, since the low-redshift survey pro

duced only two new cases of low-redshift QSOs with absorp

tion spectra. If the distribution of absorbing clouds is 

indeed uniform, then the values of y^ should still be dis

tributed randomly between 0 and 1 for any zand z^, even if 

zu and z^ are slightly different for each QSO. The test is 
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thus modified in that although the observed spectral region 

is approximately the same for all QSOs in the survey, the 

highest and lowest observable redshifts vary somewhat from 

object to object; the test will reveal any tendency for 

absorption to occur preferentially either at lower or at 

higher redshifts. It must be emphasized that this test is 

not strong, because the detection rate is so low; however, 

the test is performed since, as discussed before, uniformity 

of the distribution of y^ is required if the intervening 

hypothesis is to be regarded as tenable. Indeed the same 

test performed on the distribution of C IV absorption in the 

moderate-redshift sample reveals that, because of a strong 

peak in the distribution near Az = 0, the distribution in y 

is non-uniform at the 99% confidence level. In principle, 

a similar enhancement in the Mg II distribution might be 

concealed since less than half of the objects were observed 

near the Mg II emission line. However, as discussed in 

Chapter III, the Mg II distribution is clearly different 

from the C IV distribution; in this survey, no Mg II systems 

at cAz < 10000 km s have been detected in any of 21 QSOs 

observed over this range, although C IV absorption at cAz < 

10000 km s is observed in around half of the 31 QSOs in 

which the C IV emission line is observed. 

The test is in principle strongest for the low-

redshift sample, since not only is the observed path length 

roughly the same for all QSOs, but the velocity range Az is 
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also similar. Because of the small number of systems 

detected in the low-redshift sample, however, the hypothesis 

that the observed distribution is drawn from a uniform 

parent distribution cannot be rejected at any level of 

confidence. Inclusion of the data from the moderate-

redshift sample, allows sampling of approximately the same 

volume of space under the cosmological hypothesis, but an 

entirely different range of Az (under the ejection 

hypothesis). It is worth noting that the observed mean 

free paths for the low- and moderate-redshift samples are 

not significantly different; there is thus no evidence that 

low-redshift Mg II absorption occurs more frequently in 

higher-redshift QSOs. 

The computed values of y^ are presented for qQ = 0, 

1/2, and 1 in Table 11, in each case zis the smaller of 

(1) the emission redshift of the QSO or (2) the redshift 

of Mg II at the long wavelength limit of the observed range 

(roughly zu = 0.63 ± 0.04). 

The observed cumulative distribution of y^ for n 

absorption systems (i = 1, 2 ... n) , Yn (.y) is examined for 

deviation from the cumulative distribution F(y) expected 

from a uniform distribution in the variable y by use of a 

Kolmogorov-Smirnov test (cf. Owen 1962). The Kolmogorov-

Smirnov test is particularly useful for small samples 

extracted from a continuous distribution, since no binning 

of the data is required. Both Y (y) and F (y) are normalized 
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such that Y (y) = F(y) = 0 for y _< 0 and Y Cy) and F(.y) = 1 

for y > 1. The relevant parameter in the test is D (n) —- in sx 

= {supremum over all y (0 < y < 1) of lYnCy) ~ F(.y) |}. The 

null hypothesis that Yn(y) arises from the parent distribu

tion F(y) can be rejected at a level of confidence a if 

D (n) > D .,(n,a); D . ,(n,a) is tabulated for various IUcLX C3T1u CJClU 

a and n in most collections of statistical tables, including 

those of Owen (1962). 

The results of the Kolmogorov-Smirnov test are 

summarized in Table 12 for the cases n = 11 (each absorption 

system counted) and n = 8 (systems with small velocity 

separations counted collectively), with qQ = 0, 1/2, and 1. 

The fact that D _„(n) is less than D . , (.80%, n) in all itiaX oirm. 

cases indicates that the null hypothesis cannot be rejected 

with even 80% confidence. The test is weak because of 

considerations discussed earlier, and this test certainly 

does not prove the intervening hypothesis; however, it can 

be stated that there is no evidence that the distribution 

along the line of sight is non-uniform. 

Absorption System Multiplicities 

Bahcall and Peebles (1969) also point out that the 

absorption system multiplicities, i.e., the number of 

absorption systems in the spectrum of a given QSO, ought 

to be consistent with those expected on the basis of Poisson 

statistics if the intervening hypothesis is correct. 
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Table 12. Results of the Kolmogorov-•Smirnov Test 

D . . (n,a) crit ' 

n a=80% a=90% a=99% 
^o D (n) max 

11 0.308 0. 352 0. 468 0 
1/2 
1 

0.210 
0.228 
0.238 

8 0.358 0.409 0.542 0 
1/2 
1 

0.184 
0.197 
0.206 

The data presented here are better suited to the 

study of absorption system multiplicities than any other 

collection of absorption-line spectra published to date: 

1. The data are homogeneous, in the sense that a large-

number of QSOs are observed over an approximately 

constant cosmological path length at a constant 

detection efficiency. 

2. All of the absorption systems considered are based 

on a well-defined spectroscopic criterion; i.e., 

the presence of the Mg II doublet. It has been 

argued in Chapters II and III that the inferred 

physical conditions in the absorbing clouds are 

consistent with the hypothesis that the absorption 

arises in galactic-type H I regions; it can be 

stated with some confidence that this survey thus 



samples the distribution of some single constituent 

of the Universe, though whether that constituent is 

galactic H I regions or intergalactic gas clouds is 

unknown. 

As discussed previously, the variation in the 

observed path length to each QSO presents some difficulties, 

since the detection rate is so low. If the detection rate 

were higher, one could discuss the variation in, say, the 

number of systems per Gpc, and the different path lengths 

covered by different observations could be accounted for 

quite effectively. The test of the multiplicities is thus 

not strong, but it will reveal any major deviation from a 

Poisson distribution. The mean number of detected systems 

per spectrum is A = 0.2115 for n = 11, and A = 0.1538 for 

n = 8; the fraction of the observed QSOs with a given 

multiplicity, f^g, is compared with the fraction predicted 

from Poisson statistics, fpre/ with the observationally 

determined values of A. These comparisons are presented in 

Table 13. For the case n = 11, it is apparent that the 

observed number of QSOs with N = 3 is too large; however, 

as discussed earlier, the case n = 11 may be artificially 

high since the overall distribution may be concealed by 

density enhancements such as groups or clusters. Indeed, it 

is difficult to argue that the systems at z
£Lj~)S = 0.605 and 

zabs = -*-n t̂ e spectrum of 0843+136 should be counted 
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Table 13. Observed and Predicted Multiplicities 

n A N 
Observed 
Number "̂ obs 

f 
_A 

pre N! 0 

11 0 .  2115 0 45 0. 865 0.809 
1 5 0. 096 0.171 
2 0 0. 000 0.018 
3 2 0. 038 0.001 
>4 0 0. 000 <0.001 

8 0 .  1538 0 45 0.865 0. 857 
1 6 0.115 0.132 
2 1 0.019 0.010 
>3 0 0.000 <0.001 

separately. Furthermore, the three systems recorded in the 

spectrum of 2128-123 may actually be only two systems. The 

case n = 8 is probably a more realistic test of the dis

tribution; for this case f , and f are remarkably close. obs pre * 

Such close agreement is probably fortuitous, however, since 

the observed path lengths vary considerably from object to 

object. Nevertheless, the fact that no very high multi

plicities (say, N > 5) have been observed, the multiplicity 

argument cannot be used to rule out the intervening 

hypothesis, at least for low-redshift absorption systems. 

Absorption Due to Intervening Galaxies 

The null hypothesis cannot be rejected on the basis 

of any considerations discussed thus far. If the inter

vening hypothesis is accepted as correct, then it is of 
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interest to determine whether the observed absorption 

systems can be attributed to the presence of intervening 

galaxies. The observed mean free path between absorbers and 

the assumed number density of galaxies together imply the 

mean absorption cross-sections of galaxies, if all low-

redshift systems arise in galaxies. Since absorption lines 

with equivalent widths lower than the detection limit of 

this experiment are not included in the calculation of the 

mean free path, the derived cross-sections should be regarded 

as lower limits. 

From the known properties of galaxies, a predicted 

value of the mean free path SL can be computed. The gaseous 

components of galaxies may be considerably larger than the 

stellar components, but in any case the maximum radius to 

which the luminous component can be detected provides a 

convenient unit for discussion of the problem. 

The calculation of the mean free path between 

absorbing galaxies has been performed previously by Wagoner 

(1967) and by Burbidge, O'Dell, et al. (1977); the calcula

tion performed here differs from previous work only in 

detail. 

The mean free path calculated here is that between 

galaxies capable of producing detectable absorption 

features; i.e., gas-poor ellipticals and SOs are excluded 

from consideration. It is assumed that evolution of the 
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galaxies over the redshift range considered (0.2 £ za]3g £ 

0.7) can be neglected. 

The mean free path between galaxies at the present 

epoch is SL — <on>Q where <an>Q is the absorption cross-

section times the space density of absorbing galaxies. 

Calculation of <cm>o requires several assumptions, which 

are outlined below: 

1. The luminosity function of galaxies is taken to be 

of the form given by Schechter (1976), i.e., 

4> (L) dL = (f)* (L/L*)-5/4exp(-L/L*)d(L/L*) , 

where L* is the luminosity corresponding to M*(0) = 

-20.6 mag. 

2. The normalization factor is assumed to be <J>* = 

- 3 - 3  
2.17 x 10 Mpc , which Felten (1977) suggests is 

appropriate outside of the local supercluster. 

3. The fraction of galaxies capable of producing 

observable absorption lines will be denoted by f 

throughout the calculation. In the subsequent dis

cussion, f = 0.5 will be adopted; this is a rough 

approximation of the fraction of galaxies classified 

as spirals and irregulars. 

4. Burbidge, O'Dell, et al. (1977) use the Holmberg 

(1975) radius-luminosity relation in their calcula

tion; however, recent work (Peterson, Strom, and 

Strom 1978) suggests that Holmberg's measured 
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diameters are too large by ^22% and that his 

calibrations are subject to random errors. More

over, galaxies can be reliably detected to much 

fainter isophotal levels than the Holmberg isophote 

- 2  (26.6 mag arcsec ) with modern techniques; thus 

the radius-luminosity relation adopted here, 

-2 appropriate to the 28.6 mag arcsec isophote, is 

log r(kpc) = -0.157 Mg - 1.803 (Peterson et al. 

1978)."'' The optical radius of a galaxy of absolute 

magnitude M* is roughly 1.4 times larger at the 

28.6 isophotal level than at the 26.6 isophotal 

level. 

5. No correction for varying angles of inclination is 

made, since the difference between spherical and 

disk absorbers is not large. Furthermore, 

Boksenberg and Sargent (1978) argue that the Ca II 

absorption observed against 4C 32.33 arises in the 

halo, not in the disk, of NGC 3067. This argument 

is based on their failure to detect Na I at the 

redshift of NGC 3067. The absence of this feature 

implies a lower limit to N (Ca+)/N(Na°) which is more 

typical of halo material than of disk material in 

1. The formula as given here includes a correction 
to Johnson B which was not included by Peterson et al. The 
correction amounts to an assumed average color for galaxies 
(B-V) ~ 1.0; the correction term amounts to only a few per 
cent change in r. 
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our own galaxy. Even though this is a rather weak 

argument, it is nevertheless not obvious that 

absorbing clouds are confined to the disk regions 

of spiral galaxies. 

With the above assumptions, 

<an>Q = 7TR*f<J>*r (0.535) 

and the corresponding mean free path is 

£ - 8-84 ? 10" Gpc 
fR* 

where R* is the radius in kpc of a galaxy of luminosity L*. 

Thus, for f = 0.5 and R* = 27 kpc, z 242 Gpc. (Note that 

this number is coincidentally the same value computed by 

Burbidge, O'Dell, et al. [1977]; while these authors assume 

smaller galactic disks, they use a larger value of (|>*.) 

This computed mean free path is to be compared with 

the observationally determined mean free path I. The 

cosmological path length observed along the line of sight to 

each QSO is given in Table 9 for qQ = 0, 1/2, and 1. The 

total path observed is the sum of all individual path 

lengths. 

Comparisons of the computed and observationally 

inferred parameters are shown in Table 14 for the cases qQ = 

0, 1/2, and 1, and n = 11 and 8. Columns (1) and (2) give 



Table 14. Observed Mean Free Path and Required Radii of Galaxies 

Total 
Path Length 

(Gpc) 
(2) 

n = 11 n = 8 

9o 
(1) 

Total 
Path Length 

(Gpc) 
(2) 

£(Gpc) 
(3) 

& o / &  
(4) 

Rabs/Ropt 
(5) 

a(Gpc) 
(6) 

£Q/£ 
(7) 

Rabs/Ropt 
(8) 

0 205 18.6 13.0 3. 61 25.6 9.5 3.08 

1/2 169 15.4 15.8 3.97 21.1 11.5 3.39 

1 147 13.4 18.1 4.26 18.4 13.2 3.63 
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the value of qQ and corresponding total observed path 

length in Gpc, respectively. The parameter SL is the 

inferred mean free path between absorbers, and I = 242 Gpc, 

as computed above. The ratio Rabs/R0p-t- indicates the 

required radius of absorbing galaxies, in units of the 

optical dimension of the galaxies (i.e., radius of the 

- 2  28.6 mag arcsec isophote). 

From Table 14, it is seen that the observed mean 

free path between absorbing clouds is less than 'vO.li!^, 

if the gaseous component of galaxies extends only as far 

- 2  as the 28.6 mag arcsec isophote. Indeed, the radius of 

the gaseous component must exceed the optical dimensions 

by at least a factor of 3-4, if spiral galaxies are to 

account for all absorption systems. 

These numbers, however, must be regarded as only 

indicative for the following reasons: 

1. There is considerable evidence from studies of H I 

emission that the gaseous component of many galaxies 

extends far beyond the optical radius. In fact, 

the stellar component appears to extend beyond the 

optical radius used here; there is no indication 

that the stellar component does not continue to 

light levels fainter than detectable against the 

night-sky background. Thus the optical radius used 

here is almost certainly a lower limit to the size 

of galaxies. 
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2. The radius of the gaseous component required to 

account for all absorption systems is also a lower 

limit, since there are almost certainly additional 

absorption systems too weak to be detected in this 

survey. 

The location of the absorbing material is particu

larly intriguing, whether the gas is in the form of 

galaxies or of intergalactic clouds. If the absorption 

arises in galaxies, bright galaxies must have radii of 

'V'lOO kpc. Since star formation is probably very ineffi

cient at such large radii, the existence of significant 

amounts of elements as heavy as magnesium in these regions 

seems surprising. A suitable explanation for elemental 

enrichment in the outer disk must be sought. On the other 

hand, absorption may generally arise in intergalactic 

clouds; in this case, the problem of elemental abundances 

remains. Gas which has undergone nuclear processing and 

subsequently ejected or stripped from galaxies may provide 

a suitable mechanism. While such intergalactic clouds 

would have to be fairly numerous, they would only have to 

contain a small fraction of the mass contained in galaxies, 

even if liberal estimates of their masses are made. 



CHAPTER V 

A SEARCH FOR ABSORPTION DUE TO CLUSTERS OF GALAXIES 

All of the tests discussed thus far in this 

dissertation show that the null hypothesis that QSO 

absorption systems arise in intervening matter should not 

be rejected. Nevertheless, these tests provide only in

direct evidence in support of the extrinsic hypothesis, and 

direct evidence of absorption by intervening material is 

required to prove the hypothesis. 

This experiment is an attempt to find convincing 

evidence of absorption lines arising in clusters of 

galaxies. The advantages of such a program are obvious: 

1. Rich clusters of galaxies are distinguishable over 

a large redshift range. 

2. The redshifts of clusters can be independently 

measured, and detection of an absorption line at 

the cluster redshift in the spectrum of a QSO which 

appears within the cluster limits would be convincing 

evidence that the absorption occurs in the cluster 

and is not intrinsic to the QSO. 

3. Since the density of galaxies is greatly enhanced in 

a cluster, the probability of intercepting a galaxy 

80 
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along a given path length is much higher in a 

cluster than in the field. 

In the redshift range z < 0.2, the spectral lines 

most easily observed are H I 21 cm and Ca II H and K. The 

neutral hydrogen 21 cm hyperfine transition was selected for 

the search for the following reasons: 

1. Large neutral hydrogen column densities are expected 

along a path through a normal spiral galaxy. 

2. Even though rich clusters are generally poor in 

spirals, large neutral hydrogen clouds in the intra-

cluster medium might be detected. Indeed, optically 

thick clouds of neutral hydrogen have been proposed 

by Smart (197 3) as a mechanism for gravitationally 

binding clusters of galaxies; such clouds could 

escape detection in searches for H I emission from 

clusters. 

3. A search for H I absorption requires no assumptions 

about either the relative abundance of metals in rich 

clusters or the relative population of H I region; 

ionization levels. This is particularly important 

if absorption occurs in clouds of gas which have not 

undergone nuclear processing in stars. 

4. A low-noise receiver covering the proper redshift 

range is now available at NRAO. 
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A cross-correlation of the Abell (.1958) catalog of 

rich clusters of galaxies with the recent catalog of QSOs 

compiled by Burbidge, Crowne, and Smith (1977) resulted in 

the identification of 16 QSOs that are within one corrected 

Abell radius (Rudnick and Owen 1977) of the cluster center 

and have a cataloged 21 cm flux density si4j5 > 0*5 Jy. All 

fluxes were taken from the Ohio State 1415 MHz survey 

(Dixon and Kraus 1968; Fitch, Dixon, and Kraus 1969; Ehman, 

Dixon, and Kraus 1970; Brundage et al. 1971; Ehman et al. 

1974) or the 1400 MHz survey of sources in selected Abell 

clusters by Owen (1974). In the definition of the sample, 

the cluster redshifts were estimated from an empirical 

formula relating the cluster redshift and the magnitude of 

the tenth brightest cluster member as assigned by Abell 

(Corwin 1974). A similar cross-correlation of the Abell 

catalog and the list of BL Lacertae objects compiled by 

Stein, O'Dell, and Strittmatter (1976) added one object, 

3C 66 A = 0219+248, to the sample. 

The 17 QSOs that fulfill the above criteria lie in 

the directions of 16 different Abell clusters (.two lie in 

the direction of the large Hercules cluster A2151). A 

similar search by Bahcall (1969) yielded a sample of 14 

sources. Five of the QSOs found by him are included here, 

but the other nine fail to meet either the radio flux limit 

or the distance criterion or both. 
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The Optical Observations 

Optical spectra of 30 galaxies were obtained using 

the Cassegrain spectrograph and the RCA 33063 image tube on 

the Steward Observatory 2.3 m telescope located on Kitt Peak. 

All spectrograms were recorded on Kodak IIa-0 plates which 

were baked for four hours in ̂  at 65°C. The spectrograms 

were all exposed at a reciprocal dispersion of 242 A mm 

and are unwidened. A wide decker was used to help in dis

tinguishing spectral features due to the night sky. The 

two-coordinate Grant measuring engine at Kitt Peak National 

Observatory was used to measure the spectrograms and the 

KPNO CDC 6400 computer was employed for further reductions. 

The accuracy of the redshifts is nominally ^ 20 0 km s 

though this varies from exposure to exposure, in particular, 

with the brightness of the galaxy, with the number and 

character of the observed spectral features, with the 

proximity of these features to prominent night sky lines, 

and with the brightness of the night sky. Constraints 

imposed by the observational equipment and available 

observing time required that only a few of the brightest 

galaxies in each cluster be observed. Thus a few fore

ground galaxies are reported despite an attempt to avoid 

obvious foreground galaxies; this was not a serious problem 

except in the case of A1232, which is discussed below. 

The positions of the observed galaxies were measured 

on the Palomar Sky Survey E-plates with the KPNO 
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two-coordinate Gtant measuring engine. The positions, which 

are accurate to a few arcsec, are given in Table 15. Table 

15 also contains the measured redshift for each galaxy, the 

spectral features used in the redshift determination, and 

any comments. All of the spectral features were observed 

in absorption, except for the lines observed in the spectrum 

of A1392-C. 

The spectrum of A1392-B is complicated but can be 

interpreted as a superposition of two high-redshift galaxies, 

one of which is close to the redshift of A1392-A. On the 

Palomar Sky Survey E-plate, A1392-B appears to have an 

extension to the northeast that could be interpreted as the 

second galaxy. The spectrograph slit, which was set at a 

width corresponding to 2", was aligned east-west across the 

center of the composite image, thus recording both galaxies. 

The redshift of A1232 is uncertain. A1232-B is 

assumed to be a foreground galaxy, and the other two 

observed galaxies have redshifts that differ by ^ 8000 

km s \ Since, without additional data, there is no way to 

determine which, if either, of these redshifts represents 

the cluster redshift, the QSO in this cluster was observed 

for H I absorption at both redshifts. 

Table 16 gives the cluster redshifts adopted for the 

neutral hydrogen search. The columns in Table 16 are ci) 

the Abell cluster number, (2) the adopted heliocentric 

redshift <z>'of the cluster based on the averaged 



Table 15. Optical Observations of Galaxies in Abell Clusters 

Galaxy a (1950. 0) 6 z Spectrum Comments 

A147-A 01 04m57? 63 01° 54' 57V 1 0. 0432 H 
A147-B 01 05 37. 61 01 55 38. 3 0. 0420 K H,H<S,G 
A147-C 01 05 40. 11 01 54 37. 0 0. 0454 K H 
A652-A 08 21 54. 33 56 10 37. 2 0. 1930 K H,Hy 
A652-B 08 22 27. 63 56 06 21. 7 0. 0435 K H, G foreground 
A652-C 08 21 57. 08 56 08 04. 1 0. 1941 K H,G 
A744-A 09 04 32. 86 16 51 13. 5 0. 0756 K H,G 
A744-B 09 04 30. 10 16 56 25. 7 0. 0510 K H, G foreground 
A744-C 09 04 41. 41 16 50 49. 6 0. 0790 K H, G 
A912-A 09 58 35. 74 00 09 40. 8 0. 0460 K H, G foreground 
A912-B 09 58 37. 52 00 06 26. 5 0. 0894 K H, G 
A951-A 10 10 56. 01 34 57 44. 6 0. 1428 K H,G,Fe I 
A991-A 10 19 31. 94 19 07 20. 3 0. 0885 H HS 
A991-B 10 19 39. 67 19 09 21. 7 0. 0884 K H ,H6 
A1142-A 10 58 08. 24 10 49 17. 7 0. 0341 K H,G 
A1142-B 10 58 37. 86 10 44 57. 6 0. 0416 K H 
A1232-A 11 19 21. 41 18 08 49. 9 0. 1997 K H, G see text 
A1232-B 11 19 29. 10 18 01 40. 3 0. 0865 K H,G foreground 
A1232-C 11 19 36. 90 18 06 46. 5 0. 1676 K H see text 
A1392-A 11 47 44. 96 -00 19 50. 4 0. 1390 K H,Fe I,G 
A1392-B 11 47 46. 73 -00 18 51. 8 0. 

0. 
1384 
1716 

K 
K 
H/Hy 
H,H& 

see text 

A1392-C 11 48 02. 50 -00 17 24. 8 0. 00586 em: [0 II], 
Hy,H$[0 HI] , 
Ha 

foreground 

A1939-A 14 34 55. 97 25 01 37. 8 0. 0862 H ,G 
A1939-B 14 35 00. 75 24 58 30. 2 0. 0872 K ,H,Mg I 
A1939-C 14 35 18. 80 25 03 32. 9 0. 0906 K ,H,H6 
A1939-D 14 35 23. 79 25 00 22. 3 0. 0898 K / H, G 
A1939-E 14 35 33. 80 25 04 23. 7 0. 0866 K ,H,Fe I,G 



Table 15.—Continued 

Galaxy a (1950.0) 6 z Spectrum Comments 

A2703-A 00 02 49.88 15 56 26.7 0.1164 K,H,G 
A2703-B 00 03 22.00 15 51 21.4 0.1125 K,G 
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Table 16. Adopted Cluster Redshifts 

Number of Source of* 
Cluster <z> Galaxies <z> zc 
(1) (2) (3) (4) (5) 

A147 0.0435 3 a 0. 046 
A347 0.0171 1 b 0. 019 
A652 0.1935 2 a 0.170 
A744 0.0773** 2 a 0.107 
A912 0.0894 1 a 0.074 
A951 0.1428 1 a 0.179 
A991 0.0884 2 a 0.146 
A1139 0.0382 1 b 0.046 
A1142 0.0378 

r0.1676 
2 
!•» 

a 0.057 

A1232 
*-0.1997 J a 0.162 

A1392 0.1387 2 a 0.107 
A1939 0.0881 5 a 0.107 
A2151 0.0356 15 c 0.025 
A2162 0.0313 1 b 0.024 
A2657 0.0408 2 b 0.044 
A2703 0.1144 2 a 0.138 

*a—This work; b—Peterson (1970); c—Burbidge and Burbidge 
(1959), Humason, Mayall, and Sandage (1956). 

**Observed at z = 0.0686 (see text). 
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relativistic velocities of the observed galaxies, (3) the 

number of galaxies used in the determination of <z>, (4) the 

source of the redshift, and (5) the estimate of the cluster 

redshift zc based on the magnitude of the tenth brightest 

galaxy in the cluster (Abell 1958) using an empirical 

formula derived by Corwin (1974). The estimated redshift 

zc is the number used in determining the Abell radius of 

each cluster for the Abell cluster-QSO catalog cross-

correlation. 

The redshifts of four of the clusters are taken 

from Peterson (1970). Peterson also measured the redshift 

of A147 as z = 0.0441, which is in good agreement with the 

value given here of z = 0.0435. 

The Radio Observations 

The search for H I absorption was carried out on 

the NRAO 91 m transit telescope during the period 1977 June 

11-23 using the model III autocorrelator and a dual-channel 

receiver with a cooled upconverter. The receiver is 

tunable over the range 1000-1450 MHz and the system tempera

ture is approximately 75 K. By connecting the two inde

pendent amplifier channels to separate orthogonal probes in 

the feed horn, simultaneous and independent observations are 

provided. The relative pointing of the probes differs by 

around 1', but this is small compared to the half-power 

beamwidth. The observing procedure and autocorrelator 
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parameters are described by Haynes, Brown, and Roberts 

(1978). If 8 MHz is taken as the usable bandwidth, the 

velocity coverage is about 1700 km s (^11 km s per 

autocorrelator channel). Features wider than ^100 km s ^ 

will probably not be detected unless they are strong because 

of baseline degradation, and features narrower than one 

channel will only be detected if they are strong. All 

limits given thus apply to spectral features with widths 

in the range 10 km s ^ AvpWHM ^ 100 km s \ 

Neutral hydrogen absorption lines observed in the 

spectra of QSOs (Brown and Roberts 197 3, Roberts et al. 

1976, Haschick and Burke 1975) have widths typically less 

than a-10 km s as do interstellar hydrogen absorption 

lines which arise in our own Galaxy (Greisen 197 6). The 

absorption observed in the spectra of AO 0235+164 and 3C 28 6 

could be detected at the resolution used in this search, 

but the weak feature in the spectrum of 4C 32.33 would 

probably escape detection. Although higher resolution 

would increase the chances of detecting narrower features, 

the velocity coverage would be decreased because of the 

fixed number of autocorrelator channels available (192). 

Since the redshifts of these clusters are based on only a 

few galaxies each and since the velocity dispersion of a 

3 -1 cluster is typically 10 km s , it was decided that wider 

velocity coverage was more important than higher resolution 

during the initial search for absorption lines. 
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Since a wide feature V̂
FWHM 

> km s would 

probably remain undetected in this experiment, absorption or 

emission due to a cluster-wide distribution of hydrogen 

would be undetectable with the effective bandwidth of 8 MHz. 

However, since the intracluster medium is probably ionized, 

such a feature would probably not be observable even with a 

large bandwidth. The aim of this experiment is not to 

search for broad features due to the overall distribution of 

hydrogen in the clusters, but to search for relatively 

small, dense condensations in the intracluster medium that 

would produce narrow absorption lines. 

The antenna temperature T^ is the mean temperature 

difference between on-source and off-source observations 

averaged over the bandwidth. The detection limit used here 

is five times the rms variation of the antenna temperature 

over the bandwidth, which is defined to be ATa; AT- is a 

conservative upper limit to a spectral feature one channel 

wide and thus is a strong upper limit to any feature 

10-100 km s ^ wide. The upper limit to the optical depth 

of any undetected hydrogen in the proper velocity range is 

related to the observational parameters by 

AT 
x = -In ci + rsH f 

x A 

where ATa < 0 and x is the fraction of the source covered by 

the absorber. In all cases it is assumed that x = !• 
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Observations of each of the 17 QSOs at a frequency 

corresponding to H I 21 cm at the redshift of the cluster 

in which the QSO appears have revealed no spectral features 

10-100 km s wide in either emission or absorption. Table 

17 gives the limits on any undetected features that may be 

present in the spectra. Column (1) contains the Parkes-type 

designation of the QSO. The QSO emission-line redshift, 

which appears in column (2), is taken from Burbidge, Crowne, 

and Smith (1977). The Abell cluster in which the QSO 

appears is listed in column (3), its richness class RC 

(Abell 1958) in column (4), and the redshift at which the 

observations were centered in column (5). Column (6) 

contains the distance ratio 3, which is defined to be the 

angular separation of the QSO and the cluster center as 

given by Abell (1958) divided by the corrected Abell radius. 

Note that some of the sources lie farther than one corrected 

Abell radius from the cluster center (3 > 1). This is 

because estimated redshifts were used in defining the 

sample, and, in these cases, an observed cluster redshift 

only slightly higher than the estimated redshift reduced 

the angular size by enough that 3 > 1. These sources were 

not removed from the observing program, however, since an 

Abell radius is only an approximation to the cluster extent. 

Columns (7) and (8) give the observational parameters -AT^ 

and Ta, respectively, and column (9) gives the upper limit 

to the H I optical depth x of any undetected neutral 



Table 17. Radio Observations of QSOs Behind Abell Clusters 

Source 
(1) 

zem 
(2) 

Abell 
Cluster 
(3) 

RC 
(4) 

zcluster 
(5) 

3 
(6) 

-at, 
(7? 

ta 
(8? 

t 
(9) 

C (3)a 
(Mpc) 
(10) 

0003+158 0. ,450 2703 0 0. ,1144 0. ,56 0. ,043 1. 52 0. ,029 0. ,0088 
0106+013 2. ,107 147 0 0. ,0435 0. ,86 0. , 038 2. 64 0. ,015 0. ,0024 
0219+428 4 i • • 347 0 0. ,0171 0. ,76 0. ,038 4. ,92 0. ,008 0. ,0039 
0820+560 1. , 417 652 0 0. ,1935 1. ,04 0. ,034 1. ,74 0. ,020 • • • 

0903+169 0. ,411 744 0 0. ,0773 0. , 51 0. ,070 1. ,82 0. ,039 • • • 

0957+003 0. ,907 912 0 0. ,0894 0. ,77 0. , 046 1. , 00 0. ,048 0. ,0037 
1010+350 1. ,414 951 1 0. ,1428 0. ,13 0. .082 1. ,47 0. , 058 0. ,1471 
1020+191 2. ,136 991 1 0. ,0884 0. ,33 0. , 040 0. ,84 0. ,048 0. ,0277 
1055+018 0. ,890 1139 0 0. .0382 0. ,15 0. .061 3. ,54 0. ,017 0. .1138 
1058+110 0. ,420 1142 0 0. ,0378 0. ,27 0. , 062 0. ,91 0. .071 0. .0420 
1119+183 1. .040 1232 1 0. .1676 0. , 95 0. .082 0. ,90 0. .095 • • • 

0. .1997 1. ,08 0. .050 0. , 90 0. , 058 • • • 

1148-001 1. .982 1392 0 0. .1387 0. ,78 0. , 054 3. ,51 0. , 016 0. , 0035 
1435+248 1, .010 1939 1 0. .0881 0. ,59 0. . 034 0. ,74 0. ,048 0. ,0078 
1559+173 1, .944 2151 2 0, ,0356 1. .25 0. , 046 1. ,21 0, .038 • • • 

1606+289 1, .989 2162 0 0, .0313 1. .24 0, .054 0. .82 0, .069 • • • 

1606+180 0, .346 2151 2 0, .0356 1. .13 0. .061 1. .34 0, .047 • • • 

2344+092 0 .677 2657 1 0, .0408 0, .74 0, .032 1, .96 0, .016 0, .0041 

C(3) is the equivalent path length through the center of the cluster and is 
dependent on the assumed cluster geometry. C(3) is negligible for 3 > 1. The 
quantity is not computed for 0903+16 9 because the source could not be observed at 
the proper frequency; 1119+183 is also excluded because of the cluster redshift 
uncertainty. 

Observed at z = 0.0686 (see text). 
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hydrogen (5 a detection). The parameter in column CIO) is 

the equivalent path length in Mpc through the cluster center 

for a source at distance ratio 3 (see Appendix A). 

Initial observations of 0903+169 made at the optical 

redshift of A744 proved to be unusable because of inter

ference due to a local oscillator on the nearby NRAO 

interferometer. Later observations were thus centered on a 

higher frequency corresponding to z = 0.0686. This fre

quency is high enough to avoid interference from the local 

oscillator but close enough to the measured redshift of the 

cluster (z = 0.0773) to search for cluster material moving 

at high relative velocities. Relative to the cluster, the 

velocity range covered is ̂ 1760-3460 km s \ which is 

several standard deviations below the mean redshift of the 

cluster. The probability of detecting cluster material at 

such high velocities is undoubtedly small. However, if 

clusters accrete gas from the intercluster medium, infailing 

clouds might be detected. Since 0903+169 is the only source 

examined at high velocities relative to the cluster and 

since no detection was made, no statement regarding the 

possible existence of infailing clouds can be made. 

Discussion 

Although the primary purpose of this experiment is 

to determine whether the low-ionization-level absorption 

systems observed in QSO spectra are due to intervening 



94 

clusters, the experiment also serves as a probe for 

investigating neutral hydrogen in the clusters. The use of 

absorption techniques makes it possible to observe systems 

that would be otherwise undetectable because of low radio 

and optical surface brightness. 

A similar search for neutral hydrogen in clusters 

of galaxies has recently been completed by Haynes et al. 

(1978). Their observations of 28 radio sources within 1° of 

the centers of Abell clusters, Zwicky clusters, and smaller 

groups also failed to produce any new detections of neutral 

hydrogen in either emission or absorption. 

There are some important differences between this 

experiment and that of Haynes et al. (1978): 

1. The clusters observed in this study are all rich 

clusters of galaxies from Abell (1958). The Haynes 

et al. (1978) experiment also included Zwicky 

clusters and small groups. 

2. The clusters in this study are at higher redshifts, 

0.02 ̂  zcluster ̂  °*2/ than those of Haynes et al., 

0.006 £ z .. . £ 0.03, and also cover a wider v cluster ^ ' 

redshift range. The likelihood of an absorption 

detection is not diminished for higher-redshift 

clusters, however, since absorption detections are 

not distance-dependent. 
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Neutral hydrogen absorption might occur in either 

cluster galaxies or discrete clouds of atomic hydrogen. 

Smart (1973) has suggested that rich clusters of galaxies 

could be gravitationally bound by rotationally supported, 

optically thick clouds of neutral hydrogen. Such clouds 

could escape detection in searches for H I emission from 

clusters (cf. DeYoung and Roberts 1974) but could be 

detected in absorption against background sources. Haynes 

et al. (1978) place observational limits on the existence of 

these clouds, and.they conclude it to be unlikely that such 

clouds comprise the "missing mass." The result of the 

present experiment supports their conclusion. This topic 

will not be considered further, since the observational 

limit on the existence of neutral hydrogen clouds is not 

significantly altered by these observations. 

In principle, the absence of detectable H I absorp

tion features also places a limit on the number of unseen 

galaxies in clusters. However, if unseen galaxies have H° 

masses similar to those of DDO dwarfs (Fisher and Tully 

1975), then unseen galaxies cannot be significantly more 

numerous than predicted by extrapolation of the Schechter 

(1976) luminosity function without exceeding the 21 cm 

emission limit set by DeYoung and Roberts (.1974) . The lack 

of detectable absorption lines can be used to set an upper 

limit to the number of unseen cluster galaxies, but the H I 

emission limit is a much more stringent condition. 
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A search for absorption due to well-defined clusters 

maximizes the probability of detecting absorption due to 

intervening galaxies, since the density of galaxies in a 

cluster is greatly enhanced over that in the field (by a 

5 factor ^10 ), and since all of the galaxies are contained 

in a fairly narrow redshift range. In this experiment, the 

total path length through the clusters which was searched 

for absorption would correspond to a search over a path 

length ^2 0 Gpc through the field. This is approximately 

the observationally determined mean free path between 

absorbing clouds (Chapter IV); comparison of the optical 

and radio results must be done with some care, however, 

since the minimum H° column density of detectable clouds is 

perhaps a factor of 60 lower for the optical survey, if 

2 the solar abundances and Tg ~ 10 K are assumed (see 

Appendix B). It can be concluded nevertheless that the 

cross-section for low-ionization absorption is not con

siderably larger for cluster galaxies than for field 

galaxies. 

The expected number of detectable absorption features 

due to cluster galaxies can be estimated in a straight

forward fashion; this calculation is described in detail in 

Appendix A. If the optical sizes of galaxies are repre

sentative of their absorption cross-sections, then the 

probability of making at least one absorption detection 

in the entire experiment is ̂ 0.08. If R , ~ 4 R , , as 
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suggested in Chapter IV if all detected absorption systems 

are attributed to galaxies, then the probability of making 

at least one detection is ^0.76. 

Thus, while this experiment provides no evidence for 

the intervening hypothesis, the hypothesis certainly cannot 

be rejected, especially when the relative insensitivity of 

searches for H I absorption is considered. 

This experiment shows, independent of any assumption 

about the location of the neutral gas, that rich clusters 

are not the principal origin of low-ionization absorption 

lines in the spectra of QSOs. If indeed such absorption 

systems are extrinsic to the QSOs, it is likely that they 

arise primarily in isolated galaxies or in small associa

tions. There is ample evidence for. the existence of large 

amounts of neutral hydrogen enveloping small groups (e.g., 

the M81 group) and for large hydrogen components of galaxies 

(Roberts 197 2). Furthermore, the observations of Boksenberg 

and Sargent (1978) demonstrate that material outside of the 

optical radii of galaxies is not necessarily metal-deficient. 

It is thus possible that isolated galaxies and small groups 

account for at least some of the low-ionization absorption 

lines observed in both the radio and optical spectra of 

QSOs. 

The hot, tenuous medium which apparently pervades 

rich clusters may be responsible for the absence of neutral 

hydrogen halos around cluster galaxies. Indeed, calculations 



by Cowie and McKee (1977) indicate that only very dense, 

massive neutral clouds can survive in such a medium on a 

Hubble time scale. The intracluster medium may produce 

absorption lines in the spectra of background sources, but 

such systems would escape detection in this experiment 

because of the high ionization level of the absorbing gas. 

The Lyman series of hydrogen might be observed since 

hydrogen column densities are of order 10 20 cm- 2 . Unless 

the intracluster medium is very_rnetal-deficient, resonance 

lines of alkali-structure ions of abundant elements (e.g., 

C IV AA1548, 1550, Si IV AA1393, 1402, N V AA1238, 1242) 

might also be observed; recent detection of iron lines in 

the X-ray spectra of the Perseus, Coma, and Virgo clusters 

(Mitchell et al. 1976, Serlernitsos et al. 1977) indeed 

argues for a metal-enriched intracluster medium. It would 

be extremely interesting to compare the widths and multi-

plicities of far-ultraviolet absorption lines due to 

clusters with those of lines observed in the high-redshift 

absorption systems in QSOs with z > 2. ern 
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CHAPTER VI 

CONCLUSIONS 

An examination of the hypothesis that the low-

redshift (z < 1) , low-ionization absorption systems which 

are observed in QSO spectra arise in material extrinsic to 

the QSOs is reported in this dissertation. New optical 

observations are presented for 26 low-redshift QSOs, 35 

moderate-redshift (1 £ z £ 2) QSOs, and two BL Lacertae 

objects. Radio observations of 16 QSOs and one BL Lacertae 

object which lie in the directions of Abell clusters of 

galaxies are also reported; in addition, new redshift 

data for 11 of these clusters are presented. 

The basic conclusion of this work is that the 

intervening hypothesis cannot be rejected on the basis of 

(1) the observed distribution of absorption systems, or C2) 

the inferred physical conditions of the absorbing regions. 

The observations are consistent with the conjecture that 

the detected systems arise in the gaseous disks of spiral 

galaxies, although very large disks (R ̂  80 kpc, for the 

brightest galaxies) are required to account for the observed 

number of absorption systems. Although there is some 

evidence from 21 cm emission studies that galaxies do indeed 

often have very large neutral hydrogen disks, the presence 
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of metals as heavy as magnesium in the outer disks of 

galaxies at close to solar abundances is puzzling. Alterna

tively, it might be supposed that the observed absorption 

is attributable to numerous low-mass clouds which are 

ejected from galaxies during early high-luminosity phases. 

The following specific conclusions have been 

reached: 

1. The inferred physical conditions of the absorbing 

clouds are consistent with the hypothesis that the 

absorption arises in galactic-type H I regions; in 

all cases studied, the observations are consistent 

with the absorption arising in a medium with close 

to solar abundances for assumed neutral hydrogen 

spin temperatures ^ 100 K. Curve-of-growth analysis 

suggests that a turbulent broadening mechanism 

determines the width of the lines. There is evi

dence that systems with velocity dispersions in 

excess of ̂  10 km s ^ generally split up into narrow 

components (Av * 5 km s 1) when studied at high 

resolution; these sharp lines are similar to inter

stellar absorption features observed in our own 

galaxy. 

2. Seven QSOs in which the presence of Mg II XA2795, 

2802 was reported in earlier investigations have 

been re-examined at higher resolution. The 

existence of absorption features due to Mg+ is 



verified in only two cases. The QSO 4C 28.25 is 

the only low-redshift QSO in which Mg II absorption 

displaced from the emission line by less than 5000 

km s is confirmed. 

The distribution of absorption systems typified by 

the presence of the C IV AA1548, 1550 doublet is 

markedly different from the distribution of Mg II 

systems, at small values of Az. The implication is 

that the C IV systems have a different origin than 

the systems in which Mg II absorption is observed, 

though single mechanisms might be able to account 

for essentially all absorption observed in QSO 

spectra. It seems likely that both intrinsic and 

extrinsic absorption occurs in QSO spectra, and 

the difference in the occurrence of Mg II and C IV 

absorption at low-Az reflects this. 

The general absence of Mg II absorption at the 

emission redshift provides a constraint for models 

of QSO emission-line regions. The constraint is 

particularly strong for spherically symmetric 

photoionization models which are optically thick in 

the Lyman continuum because of the large line-

emitting regions required; such models may in fact 

be ruled out by the observations reported here. 

The distribution of low-redshift absorption systems 

is extremely difficult to study because of the 
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relatively rare occurrence of these systems; in a 

survey described here, only 11 low-redshift absorp

tion systems are identified in spectra of 52 QSOs. 

There is no evidence that the detected systems are 

not a random sample drawn from a uniform distribu

tion; the distribution is consistent with the pre

dictions of the intervening hypothesis, as far as 

can be determined. 

6. For systems stronger than our detection limit, 

WQbs = 0.5 A, the observationally determined mean 

free path between absorbing clouds is approximately 

a tenth of the predicted mean free path between 

spiral galaxies, if it is assumed that galaxies 

- 2  extend only out to the 28.6 mag arcsec isophotal 

level. 

7. If all low-redshift absorption systems are 

attributed to the presence of large galactic disks, 

then the maximum galactocentric radius at which 

absorption is detectable with our apparatus is 

larger than the 2 8.6 mag arcsec isophotal radius 

by a factor of about 3-4; the brightest galaxies 

must thus have galactic disks with radii in excess 

of ̂  80 kpc. 

8. In a search for neutral hydrogen absorption arising 

in clusters of galaxies, no redshifted H I 21 cm 

features were detected in the spectra of any of 17 
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QSOs which appear in 16 different clusters. No 
« 

detections of spectral features of width 10-100 

km s ^ and optical depth typically less than 0.06 

were made at the 5 a level. This result indicates 

that rich clusters are not the principal origin of 

low-ionization-level absorption systems. The 

absence of H I absorption features due to clusters 

implies that the absorption cross-sections of 

clusters are not significantly larger than the sum 

of the absorption cross-sections of the constituent 

galaxies. 

The results of this study provide some support for 

the extrinsic hypothesis, but certainly much more direct 

evidence is required to prove that absorption by inter

vening material is the general case, whether for all narrow-

line absorption systems, or for some specific subset, such 

as those systems which are dominated by low-ionization-level 

transitions. Recent efforts to obtain direct evidence of 

intervening material have been rather unrewarding, although 

none of the experiments attempted thus far provide a strong 

argument against the intervening hypothesis. The distribu

tion of absorption systems in the spectra of low-redshift 

QSOs does not provide a conclusive argument, since rela

tively few low-redshift QSOs are known, and since absorption 

systems occur relatively infrequently at low redshift; on 
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the other hand, interpretation of the observations is 

difficult since low-redshift absorption occurs considerably 

more often than expected if the absorption arises in the 

disks or in the halos of galaxies (though the possibility 

that galaxies are much larger than currently thought cannot 

be dismissed). Furthermore, attempts to obtain direct 

evidence may be frustrated if QSO absorption systems are 

due to the presence of numerous low-mass intergalactic 

clouds which are only detectable in absorption against back

ground sources. 

Stronger arguments based on the distribution of 

absorption systems should be feasible with the advent of 

high-quality ultraviolet observations from above the Earth's 

atmosphere. Ultraviolet spectroscopy of low-redshift QSOs 

will enable determination of the relative occurrence of 

high- and low-ionization-level systems, and comparison of 

the relative distribution of these types of systems at small 

values of Az. Moreover, observations of Ly a and C IV 

absorption in the spectra of low-redshift QSOs will 

facilitate direct comparison with the absorption spectra 

of higher-redshift QSOs. 



APPENDIX A 

EXPECTED ABSORPTION DETECTIONS OF 
CLUSTER GALAXIES 

It is of interest to determine whether the negative 

result of the search for neutral hydrogen absorption due to 

clusters provides a strong argument against the intervening-

galaxy • hypothesis. The purpose of this appendix is to 

describe in detail the calculation of the expected number 

of absorption detections due to cluster galaxies. Parts of 

this analysis follow the discussion by Haynes et al. (1978) 

and the discussion of absorption by galaxies in Chapter IV 

of this dissertation. 

To increase the sample listed in Table 17, three of 

the sources observed by Haynes et al. (1978) are included 

(Table 18), since they are compact sources which are assumed 

to be behind the Abell clusters in which they are observed. 

The first step is to calculate the expected number 

of galaxies along an arbitrary line of sight through a 

cluster. It is assumed for simplicity that the clusters 

are spherically symmetric and intrinsically identical. King 

(1972) has modeled the distribution of galaxies in the Coma 

cluster using the radial distribution function n(r) = 

2 2 -3/2 nQ[l + r /Rcore] ' where nQ is the density of galaxies 

at the cluster center and R is the radius at which the core 
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Table 18. Additional Observations of Compact Sources Behind Abell Clusters 

Abell C(3) 
Source Cluster RC Zcluster ^ -ATA TA T (Mpc) 

0515 + 062 539 1 0.0267 0.38 0.039 0.52 0.078 0.0216 

0806 + 578 634 0 0.0266 0.61 0.039 0.78 0.051 0.0073 

2347 + 273 2666 0 0.0273 0.70 0.047 0.43 0.116 0.0050 

aFrom Haynes et al. (1978). 
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plane-projected density drops to one-half its central 

value. R is taken to be 0.25 Mpc (Rood et al. 1972, core ^ 

Bahcall 197 5). Assuming that clusters are stable, Rood et 

al. (19 72) argue that any unseen mass should have the same 

distribution as the observed galaxies. This assumption is 

used here. It is further assumed that galaxies in a given 

luminosity range follow this distribution. Thus 

n (L, r) = n (L) [1 + r2/R2 ]^"3/2 
' o / core 

where nQ(L) is now the central density of galaxies with 

luminosities between L and L + dL. This assumption is only 

unreasonable for extremely relaxed clusters and perhaps also 

for the brightest cluster members, which are few in number. 

The number of galaxies of luminosity L that one 

expects to intercept along a path of length £ through a 

cluster is n(L) = A(L)N(.Jl), where A(L) is the cross-section 

and N(£) is the column density of galaxies per unit area. 

The cross-section of the galaxies is taken to be A(L) = 

2 
TTR (L) , where R is the galaxy radius. Clf the galaxies are 

extremely flattened and are randomly oriented, the average 

cross-section is reduced only by a factor tt/4.) The column 

density can be expressed in terms of the central density of 

galaxies nQ(L) and the equivalent path length through the 

cluster center C(3), where 3 is the distance ratio. 

Modeling the cluster to one linear Abell radius R g, which 
C J6 

is taken to be 3.0 Mpc, 
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0.17 r ci - e2)1/2 
C(3) = — 5 (A-l) 

1 + 144 3 

Thus the expected number of detectable galaxies along the 

line of sight at distance ratio 3 from the cluster center 

is 

n' (L) = Trfno(L)R2(L)C(3) , 

where f is the fraction of galaxies that will produce 

absorption lines.stronger than the detection limit t ~ 

0.116. Any feature of width 10 km s ̂  Av ŴTT„ £ 100 km s ^ 1 FWHM 

will be detected if x > 0.116. The'total number of detec

tions expected due to galaxies of luminosity L is 

n(L) = 7rfnoCL)R2CL)EC(3i) , (A-2) 
i 

where the sum is over all of the clusters in the sample. 

For this sample of 14 sources, EC(3^) = 0.3987 Mpc. 

The quantity f in Equation (A-2) should properly be 

expressed as a function of luminosity. For simplicity, 

a luminosity-independent value of f = 0.5 is assumed; this 

is a liberal estimate of the fraction of galaxies which are 

spirals. 

The luminosity function is taken to be that derived 

by Schechter (1976) 

nQ(L)dL = <t>* (L/LA)"5/4exp(-L/LjdtL/LA) , (A_3) 
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where L* is the luminosity corresponding to M* = -20.6 and 

(j>* is the central density of galaxies of luminosity L*. All 

of the clusters in the present sample are Abell richness 

class 0 or 1 (Abell 1958), so the total number of galaxies 

less than 2 mag fainter than the third brightest cluster 

member is taken to be 50. By using the distribution function 

discussed above and by using Schechter's (1976) Figure 5 to 

convert Abell richness to the number of cluster galaxies in 

_ 3 the luminosity range L* to L* + dL, a value <t>* ~ 116 Mpc 

is obtained. Bahcall (1975) finds central densities of 

-3 
200 ± 100 Mpc integrated over the brightest three magni

tudes, which is consistent with this value of <p*. 

For the radius-luminosity relation, Holmberg (1975) 

uses the form 

R2 (L) = R*(L/L*)a, (A-4) 

where R* is the radius of a galaxy of luminosity L*. 

Peterson et al. (1978) find a = 0.785 and = 27 kpc are 

- 2  appropriate for cluster spirals at the 28.6 mag arcsec 

isophotal level; these values will be used here. 

The total number of expected absorption detections 

n is given by inserting Equations (A-l), (A-3), and (A-4) 

into Equation (A-2), and integrating over all values of L. 

The result is 

n = f(f>*TTR*r (0.535) EC C3±) S 0.088. (A-5) 

i 



110 

The probability of observing at least one H I 

absorption line is thus P(>0) = 1 - exp(-n) ~ 0.08. 

In Chapter IV, it is shown that if all low-

ionization absorption systems are attributed to galaxies, 

then the absorption cross-sections of galaxies must exceed 
_ o 

the optical sizes (at the 28.6 mag arcsec isophote) by a 

factor of about 16. Thus, if R* = 108 kpc is inserted in 

Equation (A-5), then the number of expected detections is 

n = 1.41, and P(>0) » 0.76. 

Note that the probabilities quoted above apply to 

the entire sample, not to an individual cluster. 



APPENDIX B 

THE RELATIVE SENSITIVITY OF ACCESSIBLE H I 
REGION ABSORPTION LINES 

Identification of low-redshift, low-ionization-level 

absorption systems is generally based on H I 21 cm, Mg II 

XA2795, 2802, or Ca II AA.3933, 3968. In this appendix, the 

relative sensitivity of these transitions for the investi

gation of the absorbing regions is considered. This calcula

tion will facilitate at least a crude comparison between the 

results of the search for Mg II absorption in Chapter IV 

with the results of the search for H I absorption in 

Chapter V. 

The minimum column density of neutral hydrogen which 

could be detected with the radio technique described in 

Chapter V is given by inserting the typical detection 

limit, x :s 0.05, into Equation (II-l) , which yields 

N(H°) . = 9.1 x 1016 T v cm"2, (B-l) 
' mm s rms ' 

where vrmg is in km s 1. 

The minimum column density of an ion which produces 

an unsaturated absorption line above our optical detection 

limit Wreŝ _ 0.5 A (Chapter IV) , is 
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W . m c 2 
N<ion>min = ̂ 7T~2~ • <B"2> 

f A it e o 

Since both lines of a doublet must be present for un

ambiguous identification of the absorption systems, the 

values of f and appropriate to the weaker of the pair 

are inserted into Equation (B-2). For Mg II A2802, 

+  1 3 - 2  N (Mg )m̂ n = 2.43 x 10 cm . Since solar abundances are 

assumed, the minimum hydrogen column density in a cloud 

which produces observable Mg II doublet absorption is 

given by dividing by the solar abundance of magnesium 

relative to hydrogen, X(Mg) = 3.34 x 10 ^ (Cameron 1973); 
© 

this gives 

N*(H) . = N(Mg+)/X(Mg) = 7.28 x 1017 cm"2. (B-3) 
in in 0 

The relative sensitivity of searches for H I 21 cm 

and Mg II AA2795, 2802 absorption can be compared by defin

ing a sensitivity index from Equations (B-l) and (B-3), 

N(H°) . 
S (Mg) = -HHL_ X (Mg) 

N(Mg+) . ^ 7 mm 

= 0.13 T v ; 
s rms 

© 

thus the magnesium doublet can be used to detect clouds 

with hydrogen column densities a factor S(Mg) smaller than 

the minimum hydrogen column density detectable with 21 cm 
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2 absorption techniques. For typical values T ~ 10 K and O 

vrms ~ 5 ̂  s_1/ S(M5) ~ 60 • 

If only a fraction y of the magnesium is single 

ionized, the value of S(Mg) is lowered by a factor y for 

fixed Ts • Similarly, if the magnesium abundance is 

lower than the solar value, the value of S(Mg) is 

correspondingly decreased. 

A calcium sensitivity index can be defined 

similarly: 

N(H°) • 
S (Ca) = " X (Ca) = 0.02 T v , 

N (Ca ) . ® s rms 

mm 

where X(Ca) = 2.27 x 10 ^ is adopted from Cameron (1973). 
© 

For T = 10^ K and v = 5 km s \ S (Ca) ~ 10. s rms 

On the basis of this calculation, it appears that 

both the Mg II and Ca II doublets are more sensitive probes 

than H I 21 cm for study of absorption system statistics, 

since considerably smaller clouds can be detected from the 

optical features. It must be noted, however, that this 

result depends critically on the assumption of solar 

abundances and the assumption that the metals in question 

are singly ionized. 
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