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ABSTRACT 

Moderate resolution spectroscopy (~2A) has been 

obtained for a sample of three high redshift QSOs, 4C05.34, 

OH 4 71, and OQ 172. All material for each object has been 

used to produce a composite spectrum, and a Gaussian line 

profile fitting routine has been used to measure the 

positions and equivalent widths of absorption lines in the 

composite spectra. Roughly 150 lines have been listed for 

each QSO. Standard line identification techniques have 

been applied, and Monte Carlo simulations have been per

formed to evaluate the statistical significance of the 

candidate redshift systems. This approach has been fairly 

successful for 4C05.34, where 11 absorption systems have 

been found which are unlikely to have been produced by 

chance coincidence. Many of these systems had been pre

viously proposed, but several of the most reliable are new 

identifications. The redshift system at z = 2.475 contains 

very strong O VI lines and excited fine-structure (EFS) 

lines of C II and Si II, and is quite likely to be in

trinsic to the QSO. The redshift system at z = 2.875 also 

contains extremely strong O VI lines, and the intensity 

ratios of the O VI doublet and of La and LB suggest that 

the absorption arises in a filament or cloud within the 

emission region. The redshift system identification 

xi 



procedure was much less successful for both OH 471 and 

OQ 172. Although a fairly large number of physically con

sistent and -plausible redshift systems were found, few of 

these systems were statistically significant. Several 

clusters of redshift systems were observed, and EFS lines 

have been detected in several systems. 

There were several instances of C IV doublet line-

locking, which has been interpreted as evidence that these 

systems may be intrinsic to the QSO. An excess of roughly 

22 Lot-LB pairs has been found for QQ 172. The only other 

lines which appeared to be definitely present in the red-

shift systems defined by the La-L3 pairs were the 0 VI 

doublet, Ly, and possibly C IV. These high ionization 

absorption systems have few strong absorption lines and 

most would not have been found by a standard line identi

fication routine. The claim made by another author that 

the multiple absorption systems in 4C05.34 were not 

statistically significant has been shown to be incon

sistent with the data used to support that contention. In 

addition, the proposed C III A1175 identifications were 

found to be at least marginally significant and worthy of 

further study. 



CHAPTER I 

INTRODUCTION 

With the initial discovery of absorption lines in 

the spectrum of QSO 3C 191 (Burbidge, Lynds, and Burbidge 

1966; Stockton and Lynds 1966), hopes were raised that 

further observations of this type might lead to a break

through in our understanding of these enigmatic objects. 

This optimistic attitude was quite natural, in view of the 

remarkable ease with which the absorption line spectrum of 

3C 191 could be interpreted. Virtually all of the definite 

lines could be identified as arising in an absorbing cloud 

at a redshift z ̂  = 1.947, compared to the emission red-

shift z _ = 1.952. Because of the very small difference em J 

between the emission and absorption redshifts, there was 

little doubt that the absorbing region was associated with 

the QSO. The identified lines were all permitted transi

tions from either the ground state or, in a few cases, an 

excited fine-structure level of ions that were expected to 

be abundant in a gaseous nebula. Since the absorption lines 

were unresolved and the density of these lines was small, 

the identification of the lines was unambiguous. Many of 

the observed lines were members of doublets (e.g., C IV 

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

a number of Si II lines were detected. 

1 
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The potential value of observations of the absorp

tion line spectra of QSOs was recognized immediately. 

Doublet ratios and curves of growth can be used to deter

mine the column density and velocity dispersion for a 

number of ions, while fairly straightforward assumptions 

lead to column densities for the other observed ions. Com

parison of the results with fairly simple photoionization 

or collisional ionization models will show whether the ob

served ion abundances are consistent with normal element 

abundances. This type of analysis is completely independent 

of the abundance determinations from the emission spectra 

and is considerably less sensitive to the detailed atomic 

physics involved. Bahcall (1967) has pointed out that the 

excited fine-structure lines provide a useful probe of the 

radiation field and density in the absorbing cloud. More 

recently it has been realized that absorption lines, if 

present, could be equally useful in determining the physical 

conditions in the cloud (Carlson 1974; Aaronson, Black, and 

McKee 19 74) . 

Observations of other QSOs were thus begun with some 

confidence that we were on the threshold of understanding 

some of the more puzzling aspects of quasi-stellar objects. 

This optimism was rapidly shown to be naive, as the absorp

tion line spectra of QSOs have proven to be more complicated, 

confusing, and mystifying than even the most confirmed 

pessimist would have suspected. 
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One of the next quasars to be studied in detail, 

3 -1 
PHL 5200, exhibited extremely broad (~ 3 x 10 km sec ) P 

Cygni profiles for the C IV, N V, Si IV, and La lines 

(Lynds 1967). Since P Cygni profiles had previously been 

observed in a number of early-type stars and invariably had 

been associated with mass loss, the generalization to the 

case of QSOs was natural. This led to a search for an ac

celerating mechanism, and the analogy with early-type stars 

suggested that radiation pressure might be important (Lucy 

and Solomon 1970; Scargle, Caroff, and Noerdlinger 1970; 

Burbidge 1971; Mushotzky, Solomon, and Strittmatter 1972). 

Dozens of theoretical papers have been published on radia

tive acceleration near QSOs and instabilities in the ab

sorbing clouds (see Strittmatter and Williams 1976 for a 

recent review), but the consensus seems to be that radia

tion pressure can accelerate clouds to relative velocities 

on the order of 0.1c, while even higher velocities might 

be produced under very special circumstances. Thus the 

observations of PHL 5200 led to the conclusion that ab

sorption clouds intrinsic to a quasar might have a redshift 

considerably smaller than the emission redshift. 

Shortly after the discovery of PHL 5200, another 

QSO, PHL 9 38, which has had an equally significant impact 

on QSO absorption line studies was first observed by 

Burbidge, Lynds, and Stockton (1968) . The emission red-

shift of PHL 9 38 is 1.955, but most of the strong absorption 
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lines are identified with Mg II and Fe II transitions at a 

redshift of 0.6128. This redshift difference corresponds 

to a relative velocity of 0.5c, which is probably incon

sistent with radiative acceleration models. In addition, 

the observed lines were those expected from an H I cloud, 

and there is in fact fairly good agreement with the ob

served relative equivalent widths for these lines in the 

local interstellar medium (Morton 1975) . These considera

tions led quite naturally to a model in which the absorp

tion lines were produced by gas clouds in an intervening 

galaxy. Some support for this interpretation for the ab

sorption spectrum of PHL 9 38 has been produced recently 

with the detection of a very faint galaxy within a few 

seconds of arc of the QSO (Weymann, Boroson, and Peterson 

1977) . 

Thus there appear to be at least two different 

types of absorption systems, which have been called Type I 

and Type II systems by Bahcall (1970, 1971). Type I 

systems are those intrinsic to the QSOs while Type II 

systems are produced in intervening material at cosmo-

logical distances. Although these two types of absorbing 

clouds are grossly different, there are remarkably few ways 

of discriminating between them. McKee, Tarter, and 

Weisheit (1973) have shown that photoionization models can 

produce a wide range of ionization conditions for Type I 

systems. The expected ionization equilibrium of an 
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intervening Type II cloud depends strongly upon the loca

tion of the material, and a number of different models have 

been proposed, including protogalaxies (Arons 1972), 

galactic disks (Bahcall 1971), galactic halos (Bahcall and 

Spitzer 1969, Weisheit and Collins 1976), and clusters of 

galaxies (Bahcall and Salpeter 1965, 1966) . Excited fine-

structure lines are only slightly less ambiguous, since the 

excitation mechanism can be determined only if several 

lines are observed from (each of) several different lower 

levels. Aaronson et al. (1974) claim that detection of 

absorption lines would imply a Type II origin for the 

system, but the suggested identifications of H^ lines by 

Carlson (1974) and by Aaronson et al. (1974) appear to be 

of marginal significance (Aaronson, McKee, and Weisheit 

19 75). Almost everyone working in the field will agree that 

both Type I and Type II systems occur, but the relative 

frequency of these two types of systems has been the subject 

of controversy- Bahcall (1977) has summarized the evidence 

indicating that most absorption systems are produced in 

intervening clouds unassociated with the QSO, while the 

opposite conclusion has been reached in a number of papers, 

including Burbidge and Burbidge (1975), Carswell et al. 

(1976), Coleman et al. (1976), Strittmatter and Williams 

(1976), and Weymann et al. (1978). There are only a few 

cases in which an absorption system can be unambiguously 

classified,such as the broad system z= 1.98 in PHL 5200 



(Type I); the strong O VI systems near the emission red-

shift in 4C25.05, 4C05.34, and PHL 957 (all Type I); and 

absorption system produced by NGC 306 7 in the spectrum of 

3C232 (Type II), which has been observed by Haschick and 

Burke (1975), Grewing and Mebold (1975), and Boksenberg and 

Sargent (1977). Most of the arguments presented by both 

sides for the other systems are statistical in nature and 
) 

frequently involve the use of a posteriori statistics, with 

the attendant risk of unintentionally biasing the result. 

In addition, the observations are sufficiently difficult 

that a relatively small number of QSOs have been studied in 

detail. Because of the potential for bias and the small 

sample size, the quoted formal significance levels of many 

observational results have been regarded with some skepti

cism by others (for a discussion of a priori versus a 

posteriori statistics see Wampler et al. 1973; Bahcall and 

Woltjer 1974; and Burbidge, Burbidge, and O'Dell 1974). 

The situation was complicated even further by the 

discovery of quasars with multiple absorption systems. One 

of the most striking early examples of this phenomenon was 

PKS 0237-23, which was first observed by Arp, Bolton, and 

Kinman (1967). The measured emission redshift was 2.223, 

and an absorption redshift of 2.202 was suggested. While 

this redshift system could identify nearly all observed 

absorption lines, most of these proposed identifications 

involved ions such as Co II, P II, Ni II, Ti III, Cr III, 
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and Mn III. The absence of identifications with the more 

common elements C, N, and Si required highly unusual rela

tive abundances. Burbidge (1967) suggested alternative 

identifications for many of the observed lines at a red-

shift of 1.950, assuming normal abundances. No plausible 

identification at this redshift could be made for a few 

lines, including one strong line that had been identified 

with La by Arp and his collaborators. Thus Burbidge sug

gested that the redshift system at 2.202 might also be 

present. Further observations at higher resolution by 

Greenstein and Schmidt (1967) confirmed the presence of 

both systems, but found a number of lines that still could 

not be identified. A third redshift system (=1.364) 

was proposed by Burbidge et al. (1968), then three more new 

systems were suggested by Bahcall, Greenstein, and Sargent 

(1968). Boksenberg and Sargent (1975) were able to obtain 

spectra of PKS 0237-23 with a resolution of 0.7A over the 
O 

wavelength range AA3730-4300A. They combined the line 

list produced from these data with additional lines found 

by both Burbidge et al. (1968) and Bahcall et al. (1968), 

and proposed a total of 25 redshift systems. Many of the 

systems suggested by earlier workers were shown to be 

double or multiple. Finally, additional spectra with 

higher signal-to-noise ratio have been obtained (Boroson et 

al. 1978), and as many as 45 redshift systems may be 

present. 
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A comparison of the line lists from the last four 

papers suggests that much of the difference among the 

results of these papers can be attributed to the effects of 

line blending. Figures 1 and 2 of Boroson et al. (1978) 

show that the spectrum of PKS 0237-23 is almost completely 

blanketed by absorption lines over several fairly broad 
O 

wavelength regions (~ 50A). The number of absorption lines 

detected is thus a strong function of resolution and of S/N 

ratio. If the line list by Boroson et al. (1977) is assumed 
O 

to be complete for lines with equivalent width W £ 0.2A 

O 
over the wavelength range AA3715-4 290A, then the complete

ness limits of the other line lists can be calculated. The 

results for Boksenberg and Sargent (1975) and an unweighted 

mean of Burbidge et al. (1968) and Bahcall et al. (1968) are 
O 

shown in Table 1. Some higher resolution scans (~ 0.3A) 

result in further splitting of previously unresolved blends 

(Boroson 1977). 

One unfortunate result of this line blending is 

shown in Table 2, which compares the probability that a 

randomly chosen wavelength will coincide within a reasonable 

tolerance with one of the observed lines for each line list. 

The allowed wavelength discrepancy is given by 

6 A = [(f)2 + (|)2 + U2]1/2 

where R is the resolution of the scan, U is the estimated 

uncertainty in the wavelength calibration, and W is the 
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Table 1. Completeness limits of different studies of 
PKS 0237-23. 

Source3 Resolution S/N Wiim(90%) N(W>Wiim) 

A ^2. 5A Moderate l.OA 15 

B 0.7 Moderate 0.5 43 

C 0.7 High (0.2) (124) 

aSource: A = Burbidge et al. (1968) and Bahcall et 
al. (1968); B = Boksenberg and Sargent (1975); C = Boroson 
et al. (1978). 

Table 2. Probability of chance coincidence for different 
studies of PKS 0237-23. 

£ Source R U P(W>1.0A) P (W>0. 5A) P(W> 0 . 2 A )  

A ^2. 5A l.OA 9.0% 

B 0.7 0.4 4.3 10.6% 

C 0.7 0.3 4.1 10.5 23.5% 

aSource: A = Burbidge et al. (1968) and Bahcall et 
al. (1968); B = Boksenberg and Sargent (1975); C = Boroson 
et al. (1978 ) . 
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equivalent width of the observed line. The probability of 

chance coincidence with an observed line stronger than W^im 

is therefore 

P(W > W, . ) ~ £ N(W) x ( 2<5X ' 
— lim T-r^r-v A ~~ A . W>W, . max nun — lim 

where N(W) is the number of observed lines with equivalent 

width W. Although increased resolution and S/N ratio do 

reduce the probability of chance coincidence with strong 

lines, so many new weak lines are detected that the overall 

effect is in the opposite direction. 

Since the probability of chance coincidence can be 

rather large, there is a reasonable chance that a large 

number of chance coincidences will occur for a given list 

of transitions and a randomly chosen redshift. This process 

results in the detection of a "noise" redshift system. 

Discriminating between real and noise redshift systems is 

difficult, but several approaches have been fairly success

ful (Aaronson et al. 1975, Coleman et al. 1976). Those 

systems that identify a large number of lines can be readily 

found, but there are frequently a number of other systems 

which are only marginally significant. In some of the 

latter systems, every expected strong transition is clearly 

present. In cases like this, further observations are 

clearly required to establish the existence of the system. 
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If we consider only those systems which have a high 

statistical significance, then a large fraction of the 

lines in the spectrum of rich absorption-line QSOs cannot 

be identified. Lynds (1971) has demonstrated that most of 

the strong unidentified lines occur shortward of La emis

sion, and has suggested that many of these lines may be due 

to La absorption from low optical depth clouds. Further 

studies (Wingert 19 75, Oemler and Lynds 1975, Coleman et al. 

1976) have confirmed the existence of this type of system, 

but very little is known about the physical properties of 

the absorbing clouds. 

Because of the high probability of chance coinci

dence, the reality of most individual line identifications 

in highly significant systems is also somewhat question

able. Many lines are marginally resolved blends, for which 

measured equivalent widths will inevitably be fairly un

certain, while unresolved blends cause further problems. 

Both of the effects can grossly distort doublet ratios and 

curves of growth, producing an additional degree of un

certainty in derived column densities and abundances. The 

importance of this type of effect has been demonstrated by 

Steigman, Strittmatter, and Williams (1975) in a different 

context. 

The example of PKS 0237-23 has shown that the 

results of an analysis of the absorption-line spectrum of a 

QSO can depend strongly upon a number of factors, including 
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the resolution, signal-to-noise ratio, and wavelength 

coverage of the spectroscopy. Spectroscopy of other rich 

absorption-line quasars, such as 1331 + 170 (Strittmatter 

et al. 1973; Carswell, Hilliard et al. 1975), Markarian 132 

(McKee and Sargent 1973, Morton and Richstone 1973, Adams 

et al. 1977), and PHL 957 (Lowrance et al. 1972, Wingert 

1975, Coleman et al. 1976, Gilbert et al. 1976), have con

firmed the importance of all three of these parameters. 

Since the required observing time with a given detector 

system is roughly given by 

T„ VxV^mln (s/n)2 

a decision is normally made to emphasize one or two of 

these factors at the expense of the others. 

During the past ten years, the increased utiliza

tion of image tubes and the development of photon-counting 

detector systems have dramatically increased the produc

tivity of large telescopes. The detective quantum effi

ciency (DQE) of photographic plates is at best about 3% 

(Gull 1974; Latham 1974, 1976) while the DQE of a photon-

counting detector is roughly equal to the quantum efficiency 

of the first photocathode of the system, which can be as 

large as 30% (Choisser 1976, Boksenberg and Burgess 1973, 

Gilbert et al. 1975, Tull 1977). A further increase of as 

much as an order of magnitude in overall system efficiency 
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can be achieved through the use of a two-dimensional 

photon-counting system with an echelle spectrograph through 

an increase in the number of independent channels. 

All of the problems discussed above are especially 

severe for high redshift QSOs (z >2.5). The density of em 

absorption lines is frequently larger than that of PKS 

02 37-2 3, compounding the effects of line blending. Because 

of the higher redshift, a given observed wavelength range 

will correspond to a smaller wavelength range in the rest 

frame of the quasar, thus reducing the number of accessible 

transitions. Most importantly, most high redshift QSOs are 

sufficiently faint that high resolution spectroscopy would 

require a prohibitive amount of telescope time. Only very 

recently have objective prism surveys (Smith 1975, 1976; 

MacAlpine, Smith, and Lewis 1977) resulted in the discovery 

of a large number of fairly bright quasars with zgm > 2.5. 

At the present time, absorption line studies have 

been published for only four high redshift QSOs. One of 

these objects, PHL 957, is reasonably bright (V = lG^) and 

has been studied by a number of groups (Lowrance et al. 

1972; Morton and Morton 1972; Beaver et al. 1972; Bahcall 

and Joss 1973; Grewing and Strittmatter 1973; Bahcall, 

Joss, and Lynds 1973; Wingert 1975; Coleman et al. 1976; 

Gilbert et al. 1976). The redshift system at z ̂  = 2.309 

is very well established and closely resembles that 

expected from an H I cloud. The only significant 
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discrepancy is the presence of C III A977, Si III A1206, 

and possibly N III A989. Other probable redshifts include 

system B (za£ = 2.662, possibly split) and system K(z ̂  = 

1.797). The similarity between redshift ratios and ioniza

tion states for PHL 957 and 1331 + 170 has led to specula

tion that some physical process, such as line-locking, is 

responsible (Coleman et al. 1976). If true, this would be 

inconsistent with an intervening galaxy origin for these 

systems. A total of nearly 300 lines have been observed, 

but only 1/5 of them can be reliably identified in one of 

the probable redshift systems. Some of the stronger un

identified lines are almost certainly produced by La ab

sorption, since a statistically significant excess of La-L3 

pairs has been found (Wingert 1975, Coleman et al. 1976). 

The remaining high redshift quasars for which ab

sorption line analyses have been published are listed in 

Table 3. In each case the earlier work has presented a 

number of intriguing problems, and higher resolution studies 

are clearly desirable. In the next chapter, each of these 

objects will be discussed in more detail, with emphasis on 

those aspects which seem to require further explanation. 



Table 3. List of objects in the sample of high redshift QSOs. 

Object' RA(1950) Dec(1950) V U-B B-V z logF145Q(qQ=+l) logF145Q(qQ=0) 

4C05.34 8h 5mi9?17 +4°41'20,.,5 18.16 -.04 .37 2.877 31.20 ± 0.08 31.97 

OH 471 6 42 53.1 +44 54 31.0 17.91 1.60 .89 3.40 30.97 ± 0.08 31.83 

OQ 172 14 42 50.55 +10 11 13.0 17.57 -.42 .73 3.53 31.51 ± 0.04 32.39 



CHAPTER II 

THE SAMPLE AND OBJECTIVES 

4CQ5.34 

The QSO 4C05.34 was first identified by Wills and 

Bolton (1969) and was observed spectroscopically by Lynds 

and Wills (1970) as part of a complete sample of 4C radio 

sources. The measured emission redshift (z _ = 2.877) was em 

the largest known at that time and remained so for over 3 

years. Lynds and Wills (1972) published UBV photometry of 

this object, while both Oke (1970) and Osmer and Smith 

(1976) have obtained spectrophotometry of the quasar. The 

UBV photometry indicated that 4C05.34 would not have been 

detected by optical surveys based upon ultraviolet color 

excess, such as those of Sandage and Luyten (1969); 

Braccesi, Lynds, and Sandage (1968); and Braccesi, 

Formiggini, and Gandolfi (1970). The abnormal colors of 

this object were produced by a strong La emission line in 

the B bandpass. This observation confirmed earlier con

jectures that such selection effects might be partially 

responsible for the relative scarcity of high redshift 

quasars (Bahcall and Sargent 1967, Grewing 1967) . Oke 

detected a decrease in the continuum level by a factor of 

2 shortward of about 3420&, which is nearly 12oA less than 

16 
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the calculated location of the Lyman limit at the emission 

redshift. The continuum luminosity has been measured both 

by Osmer and Smith (1976) and by Baldwin (1977). Although 

slightly different reference wavelengths were used, the 

results, converted to the same value of qQ, agree very well. 

Comparison with other QSOs from these two papers demon

strates that 4C05.34 is above average in luminosity, but 

at least a factor of 3 fainter than the most luminous 

known quasars. 

Lynds (1971) studied the absorption line spectrum 

of 4C05.34 at a resolution of about 5A and detected a total 

of 93 absorption lines in the spectral range XA3500-6000A. 

Five absorption systems were proposed by Lynds, 2 of which 

he regarded as certain. Both of these certain redshift 

systems (zab = 2.875 and z^ = 2.474) contain very strong 

lines which were identified with the 0 VI doublet at 1034A. 

These transitions had not previously been identified in 

absorption in any QSO, and subsequent studies of other 

quasars have produced only 2 other redshift systems with 

strong 0 VI absorption lines. Both of the other absorption 

systems—z^ = 2.3682 in 4C25.05 (Oemler and Lynds 1975) 

and z ^ = 2.6638 in PHL 957 (Wingert 1975)—occur at a very 

small relative velocity with respect to the emission red-

shift, i.e., 

i 11 < ° - 0 1  

ab 
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and the same is true of the system at 2.875 in 4C05.34. 

Thus these systems are quite likely to be intrinsic to the 

QSO in question. The remaining system with strong 0 VI 

lines (zaj3 = 2.474 in 4C05.34) is at a large relative 

velocity, over 0.1c. Thus this system cannot be intrinsic 

to the quasar unless there is a fairly large non-

cosmological component to the absorption redshift. 

Many of the observed lines in the spectrum of 

4C05.34 could not be identified in any of the proposed 

redshift systems, and Lynds (1971) suggested that most of 

these lines might be due to La absorption. This idea is 

quite attractive, since La is generally the strongest 

observed absorption line. The observed distribution of 

the unidentified lines, with all strong unidentified lines 

lying shortward of La emission, strongly supported the 

hypothesis. Subsequent calculations by McKee et al. 

(1973) confirmed that La is the strongest observable 

absorption line over a broad range of ionization conditions 

for both collisional ionization and photoionization models. 

If La were unsaturated, then it could be as much as 7 times 

as strong as the next strongest line. Lynds tentatively 

identified several of the strongest previously unidentified 

lines with La and found some supporting evidence for 

several of these candidate redshift systems. 

An independent analysis of these data was then 

presented by Bahcall and Goldsmith (1971). Eight redshift 
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systems were proposed, including 4 that had been found by 

Lynds. Bahcall and Goldsmith used the identification 

procedure suggested by Bahcall (1968), in which an estimate 

of the number of observed systems that were due to chance 

coincidence is produced by repeating the analysis on a 

small set of randomly generated line lists, called 

"nonsense" spectra. This procedure indicated that an 

average of only 1.4 acceptable systems could be found in a 

nonsense spectrum, so that virtually all of the proposed 

systems in the real spectrum were statistically significant. 

A few of the line identifications suggested by Lynds were 

questioned, particularly those of the C III A1175 blend in 

several systems. This multiplet arises from a metastable 

triplet state, and substantial population of this level 

10 3 requires a density of nearly 10 cm (Bahcall 1967, 

Osterbrock 1970). Bahcall and Goldsmith (1971) pointed 

out that the absence of excited fine-structure (EFS) lines 

3 of Si II and C II ruled out a density larger than 100 cm . 

Thus it is very difficult to understand how the C III line 

identifications could be real. 

The statistical significance of these redshift 

systems has been challenged by Varshni (1974, 1975). He 

pointed out that the treatment of the randomly generated 

nonsense spectra by Bahcall (1968) was inadequate, since 

the line distribution in the nonsense spectra differed 

significantly from that in the real spectrum. He produced 
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lp "ghost" spectra in which the general line distribution 

was preserved and then repeated the analysis of Bahcall and 

Goldsmith. A much larger number of acceptable redshift 

systems were found in these more realistic nonsense 

spectra, and the claim was made that there was no signifi

cant difference between the absorption systems found in the 

real spectrum and those that occurred by chance in the 

ghost spectra. Therefore Varshni concluded that the 

absorption systems proposed by Bahcall and Goldsmith had 

no physical meaning. 

A very similar study was published almost simul

taneously by Colvin (1975) who reached the opposite con

clusion. There were a few relatively minor differences in 

treatment, but none of these could plausibly account for 

the discrepant results. From an examination of the 

appropriate tables in each paper it is obvious that the 

different results are not simply due to small number 

statistics. Thus the discrepancy probably reflects the 

fairly subjective nature of the identification procedure 

developed by Bahcall. Colvin and Varshni were able to 

agree on one point, which was that the original randomiza

tion procedure described by Bahcall (1968) underestimated 

the number of systems that would occur by chance by at 

least a factor of 2. 

A significant improvement in the identification 

procedure was made by Aaronson et al. (1975), who 



completely automated the entire process. A set of con

sistency checks based upon basic atomic physics and 

detailed ionization models was built into the computer 

code, thus eliminating any subjective elements. These 

consistency tests were chosen to be fairly insensitive to 

unknown parameters such as element abundances and details 

of the ionization mechanism. An added advantage of the 

automation was an enormous increase in the speed of the 

entire process, which allowed a much larger number of 

nonsense spectra to be used. This in turn permitted a 

more realistic and thorough treatment of the significance 

of individual candidate redshift systems. Aaronson and 

his colleagues were able to demonstrate that 4 of the 

previously proposed redshift systems were highly signifi

cant, in good agreement with Colvin's work. 

Because 4C05.34 was one of the first known QSOs 

with a rich absorption line spectrum, it has frequently 

been used as the archetype for this class of object. As 

a result, it has been used extensively in theoretical 

studies of the origin of quasar absorption lines. All of 

this research has relied upon the original line list by 

Lynds (1971) , which in turn is based primarily on a single 

image-tube spectrogram. Although this plate is obviously 

quite good, confirmation of some of the more intriguing 

features is quite desirable. In addition, Lynds noted 

that many of the lines appeared to be broad or diffuse at 
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o 
5A resolution, so one would suspect that most of these 

lines could be resolved into several components at higher 

resolution. Furthermore, the estimated line strengths 

reported by Lynds are qualitative and somewhat subjective, 

and thus are not completely suitable for comparison with 

theoretical predictions. Finally, it should be possible 

to extend the wavelength coverage further to the UV, 

although the continuum drop noted by Oke (1970) may pro

duce a limit to the coverage, 

OH 471 

During the first 10 years of active research on 

quasars, very few were found with an emission redshift in 

excess of 2.5, and none of these exceeded 3.0. Thus there 

was reason to believe that no such high redshift quasars 

existed (Schmidt 1969), although possible optical selection 

effects had been noted (Bahcall and Sargent 1967, Grewing 

1967). With the steady improvement in the accuracy and 

precision of radio positions it became possible in the 

early 1970's to use positional coincidence as the only 

criterion for identification, thus eliminating any possible 

color selection effects. The radio source OH 471 was 

identified by Gearheart et al. (1972) in this manner with 

a faint (V ̂  lS^S) neutral stellar object. This identifica

tion was confirmed by a much more accurate position (Browne, 

Crowther, and Adgie 1973), and an unusual radio spectrum 



was apparent. Spectroscopy by Carswell and Strittmatter 

(1973) revealed an extremely large emission redshift, 

zem = 3.40. The very unusual UBV colors of the QSO (Wills 

1974) were produced by the La emission line in the V 

bandpass and a dramatic drop in the continuum shortward of 
o 

about 4000A. This continuum decrease was apparently due 

to a large optical depth in the Lyman continuum. Absolute 

spectrophotometry by Oke (1974) showed that this decrease 

is by at least a factor of 5, and higher resolution studies 

(Carswell, Strittmatter, et al. 1975; Jackson 1975) suggest 

that the transition occurs in several discrete steps. 

The absorption line spectrum was first studied by 

Carswell, Strittmatter, et al. (1975), who measured a total 

of 89 absorption features in the wavelength region AA4000-

6000JL Many of these features appeared to be blends of 

lines which had not been completely resolved at the resolu-
o 

tion used ('MA) . An attempt to identify the absorption 

lines was frustrating, as no highly probable redshift 

systems were found. Four reasonably convincing systems 

were suggested, and some evidence indicated that these 

absorption clouds might also be responsible for the 
o 

continuum absorption shortward of 4000A. A number of 

other less plausible systems were also discussed. For most 

of the observed lines there were no suggested identifica

tion, although the strength of the Lyman series lines in 

the plausible systems suggested that many of the 
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unidentified lines might once again be due to La. One of 

the major conclusions of the paper by Carswell and co

workers was that higher resolution spectroscopy was needed 

so that another, hopefully more successful, attempt could 

be made to identify the lines. 

OQ 172 

OQ 172 was identified by Veron (1971) with a 

moderately faint blue stellar object on the basis of a 

fairly accurate radio position (Witzel, Veron, and Veron 

1971). Once again a much more accurate position by Browne 

et al. (1973) confirmed the identification. Wampler et al. 

(1973) measured an emission redshift of 3.53, which is 

still the largest known. Photoelectric photometry by Wills 

C1974) revealed slightly unusual colors, but OQ 172 might 

well have been found by a UV excess color criterion. It 

is the most luminous quasar in the sample, and only a few 

more luminous objects are known (Baldwin 1977). Oke (1974) 

did not detect any change in the continuum level shortward 

of the redshifted Lyman limit. Thus the continuous spectra 

of OH 471 and OQ 172 differ dramatically, and this differ

ence must reflect a similar difference in the charac

teristics of the region producing the continuum absorption. 

Oke (1974) has discussed the difficulty of producing a 

strong La emission line without simultaneously producing a 

discontinuity at the Lyman limit. The observations seem to 
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require an emission region consisting of a number of 

optically thick clouds surrounding the continuum source 

(Strittmatter and Williams 1976). Further observations of 

emission line equivalent widths or fluxes are definitely 

required to confirm this suggestion, since a direct com

parison of the measurements of the La emission lines of 

the 3 QSOs in the sample shows that the equivalent widths 

are uncertain by almost a factor of 2 (Oke 1970, 1974; 

Carswell, Strittmatter, et al. 1975; Baldwin 1977; Osmer 

and Smith 1976). There is also some question about the 

presence of the O VI-L3 emission line reported by Oke 

(1974) in OQ 172. Baldwin et al. (1974) were unable to 

confirm the existence of this feature and suggested that 

the bump seen by Oke may have been an artifact of the 

heavily blanketed absorption spectrum and the low resolu

tion of the Palomar multichannel spectrometer. 

The first study of the absorption line spectrum of 

OQ 172 (Baldwin et al. 1974) produced a list of 175 lines 

in the spectral range AA3300-6300A. Over most of this 
o 

region the resolution was roughly 3.5A, but shortward of 
O O  

^ 4000A the resolution was only 7A. Additionally, the 

signal-to-noise ratio for the spectral region longward of 

La emission was rather small. As was noted by Baldwin and 

his colleagues, the effects of line blending were so severe 

that no attempt was made to estimate line strengths or 

equivalent widths. Once again the attempt to identify 
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these absorption lines was unproductive, as only one 

reasonably convincing redshift system at = 3.066 could 

be detected. Another 5 possible systems were mentioned, 

but most of the observed lines could not be identified in 

any of these systems. An excess of La-L$ pairs was found, 

indicating that many of the unidentified lines might again 

be due to La absorption. 

Objectives 

Many of the problems discussed earlier in the 

interpretation of the absorption line spectra of these 3 

high redshift QSOs have been attributed to the effects of 

line blending. Therefore one general objective of this 

dissertation is to provide line lists for each of these 
o 

objects based upon higher resolution (^2A) spectroscopy 

over a fairly broad spectral range. To facilitate future 

comparison with theoretical models of absorbing clouds, 

the equivalent widths of the lines will be measured as 

accurately as possible. These line lists will be used in 

a search for statistically significant redshift systems, 

and the physical conditions in these clouds will be dis

cussed. A further search for Lot-LB pairs will be attempted, 

and the physical conditions in the clouds producing these 

systems will also be explored. 

There are also a number of more specific questions 

that will be examined. One of these involves the reported 



presence of 0 VI lines in the redshift system at = 

2.474 in 4C05.34. Since there are reasons to believe that 

strong 0 VI lines are generally present only in intrinsic 

redshift systems, the location of this absorption cloud 

with respect to the quasar will be considered. In addi

tion, the discrepancy between the analyses of the absorp

tion spectrum of 4C05.34 by Varshni (1975) and by Colvin 

(1975) will be explored, as will the reality of the 

C III AH75 identifications suggested by Lynds (1971) . 



CHAPTER III 

OBSERVATIONS AND REDUCTIONS 

Observations 

All spectroscopy was obtained on the Steward 

Observatory 2.3 m telescope with the Cassegrain image-tube 

spectrograph, which was used in two different modes. Some 

plates were taken with the spectrograph in a conventional 
o _i 

mode at a reciprocal dispersion of 47A mm , while the 

remainder were obtained using the cross-dispersed echelette 

configuration (.Carswell, Hilliard, et al. 1975). In this 

system the reciprocal dispersion is roughly proportional to 

wavelength and is roughly 40A mm"''" at 3900A. All exposures 

were made on ^-baked IIa-0 emulsions and developed in 

MWP-2. The exposure times ranged between 1.5 and 3 hours, 

depending upon conditions and spectral range. A log of the 

plate material used in this analysis is given in Table 4, 

including a weighting factor based on a subjective evalua

tion of the quality of the plate. 

Preliminary Reductions 

The plates were all scanned on the PDS micro-

densitometer system at Kitt Peak National Observatory, 

using a slit size of 16y X 16y and 8y steps in both direc

tions, The initial reductions were carried out on the CDC 

28 
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Table 4. List of useful plate material for this analysis. 

Object Plate No. Type X . mm X max W 

4C05.34 1835 47 3400 4150 1.0 
1836 47 4100 5000 1.0 
1931 47 3650 4800 1.0 
1877 Ech. 3400 5000 1.0 

OH 471 1526 Ech. 3900 5500 0.5 
1533 Ech. 3900 5500 0.5 
1565 Ech. 3900 5500 0.5 
1827 47 4400 5000 1.0 

OQ 172 1935 47 3450 4400 1.0 
1972 47 4150 5050 1.0 

6400 computer at KPNO. This process included conversion 

from density to intensity using a standard calibration 

curve, location of the curved spectral orders in the data 

array, and wavelength calibration. The output of the 

final program in this sequence was a scan of mean intensity 

versus wavelength for each spectral order on the plate. 

Each scan was then lightly smoothed by convolution with a 

Gaussian function with a full<-width at half-maximum of 

2Op CI. OA) . 

Published spectrophotometry was available for all 

three quasars (Oke 1970, 1974; Carswell, Strittmatter, et 

al, 1975) and was used to estimate the relative response 

function for each scan. These data were first converted to 

-2 -1 -1 units of photons cm s A , and the relative response 
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function for the ith scan was defined by the expression 

In this equation I^(Xj) is the observed intensity at X^ (on 

an arbitrary intensity scale), t*1® actual 

intensity in a bandpass centered at X^, and the sum is made 

over all data points within this bandpass. Straight line 

segments were then drawn connecting these estimates of the 

response function, and the result was heavily smoothed by 

use of a running mean. The corrected estimate of the 

spectrum from this scan, I^*(X), was defined by the equation 

I. (X) 

- rTTIT 

and the relative response function was then renormalized to 

give a maximum value of 1.0. Both I^*(X) and R^(X) were 

interpolated to a standard set of wavelength points at 
o 

intervals of 0.2A and stored. Since the S/N ratio was 

small in those regions where R^(X) was small, the response 

function was set equal to 0 if it was less than 0.15. 

After all scans for a given QSO had been processed in this 

manner, a composite "best" estimate of the real spectrum 

was defined as the weighted mean of all corrected scans, 

i.e., 

Ew.R. (X)I.* CX) 
I* OX) = <I,*(X) ) = • 11 1 

TWTrTTX) 
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These final composite spectra are presented in Figures 

1-3. 

The absolute calibration of the composite spectra 

is fairly crude and in general inadequate for the measure

ment of continuum or emission line properties. Even the 

shape of the emission lines is fairly uncertain, and essen

tially no new information about the shape of the continuum 

drops in 4C05.34 and OH 471 can be derived. The only 

fairly definite result for the emission line spectra 

involves the 0 VI-L3 line in 4C05.34, which is quite 

obviously present in Figure 1. Although this feature is 

strongly distorted by absorption lines, it seems to be 

primarily due to 0 VI emission, thus confirming the claim 

made by Lynds (1971). 

Absorption Line List 

A list of absorption lines was generated for each 

object by an automatic procedure. An initial estimate of 

the continuum level was given by a running mean over a 

20-80A interval, depending upon the smallest scale at which 

there was any obvious change in the continuum level. 

Absorption lines were assumed to be present at all relative 

minima below a specified limit corresponding to 0.9IC. The 

initial estimates of line positions and strength were 

determined by the corresponding values for the relative 

minima, while the line width was set slightly smaller than 
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the resolution limit of the spectrum. Gaussian profiles 

were assumed, and a set of linearized normal equations, 

similar to those derived by Cassatella (1976), were solved 

to give first-order corrections to these initial line 

parameters. Since the linearized corrections are only 

valid in the regime of small corrections, a fairly small 

maximum correction was allowed at each iteration. A 

maximum of 8 iterations was allowed for convergence of this 

process. The running mean continuum level was then re

computed after removing the influence of these absorption 

lines. This process was itself repeated a maximum of 8 

times. At several stages a search was made to find any 

absorption lines which had not been previously picked up, 

while continual checks were made to eliminate those lines 

which were too wide, too narrow, or too weak to be included. 

When two lines were separated by less than the resolution 

limit of the spectrum, the weaker-of the two lines was also 

rejected. Night sky emission lines were included as nega

tive absorption lines, while the continuum level was 

required to follow the much wider QSO emission lines. 

After the completion of the entire automatic procedure, a 

manual check of the original plates was made to eliminate 

obvious plate flaws. 

The original tracings were then compared to the 

preliminary line list to estimate the weakest lines which 

could be reliably detected for each quasar. All weaker 
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lines were removed, and the resulting final line lists are 

presented in Tables 5-7, along with the measured equivalent 

limit, the wavelength range, and the number of observed 

lines. The positions of all of these features have also 

been marked in Figures 1-3 respectively. We have also 

included in Tables 5-7 those absorption lines detected by 

others CLynds 1971; Carswell, Strittmatter, et al. 1975; 

Baldwin et al. 1974) which lie outside the wavelength range 

covered by the new observations. 

The uncertainty in the wavelength calibration is 
o 

estimated to be considerably less than 1.0A, judging from 

the comparison of strong sharp lines measured on several 

plates. For both 4C05.34 and OQ 172 the rms discrepancy is 

in fact less than 0.5A, although fairly few lines could be 

used for OQ 172. The Hg I A4358 night sky line was visible 

on all 3 spectra, and the Gaussian fitting routine con

sistently measured a wavelength that agreed with the known 
o 

value to better than 0.1A. The wavelength scale has not 

been corrected to the sun or to vacuum. 

There are a number of potential sources of error in 

the measured equivalent widths. Probably the most funda

mental of these is the uncertainty in the location of the 

real continuum level. The spectrum of each of these 

quasars is heavily blanketed by absorption lines, especially 

shortward of La emission. In several regions it is very 

difficult to find any points representing the actual 
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Table 5. Absorption line list for 4C05.34 — For each line 
we list the sequence number, observed wavelength, 
and equivalent width. A sequence number preceded 
by L indicates the line lies outside of our 
observed spectral range but was seen by Lynds 
C1971), A total of 135 lines were observed in 
the spectral range XA3400-5000A stronger than 
0.25A equivalent width. 

No. X W No. X W No. A W 

1 3412. 5 0. 37 51 3903. 6 0. 73 101 4443. 0 0.44 
2 3416. 6 0. 32 52 3908. 0 1. 26 102 4454. 4 0.40 
3 3421. 4 0. 41 53 3925. 5 0. 46 103 4464. 4 1.93 
4 3430. 9 0. 96 54 3938. 9 0. 27 104 4468. 5 1.16 
5 3434. 6 0. 39 55 3955. 4 0. 98 105 4481. 5 2.17 
6 3456. 3 1. 06 56 3966. 8 1. 27 106 4502. 8 0.51 
7 3466. 3 0. 96 57 3974. 7 0. 90 107 4507. 6 1.00 
8 3473. 0 0. 98 58 3987. 3 2. 67 108 4511. 3 0.47 
9 3487. 7 0. 92 59 3998. 2 4. 84 109 4520. 7 0.28 
10 3492. 2 0. 35 60 4003. 8 0. 37 110 4531. 3 2.77 
11 3500. 8 0. 71 61 4021. 1 2. 37 111 4550. 5 0.79 
12 3518. 8 1. 52 62 4038. 3 0. 49 112 4557. 9 1.20 
13 3532. 5 0. 46 63 4044. 1 0. 99 113 4565. 0 0.51 
14 3537. 0 0. 71 64 4053. 5 1. 35 114 4583. 6 2.70 
15 3541. 6 0. 62 65 4056. 7 0. 49 115 4591. 9 0.47 
16 3549. 8 0. 73 66 4063. 3 0. 42 116 4614. 3 0.57 
17 3565. 2 1. 65 67 4070. 9 2. 69 117 4625. 7 0.79 
18 3571. 7 1. 96 68 4085. 8 1. 46 118 4631. 8 1.76 
19 3583. 9 3. 96 69 4114. 4 0. 61 119 4636. 3 0.54 
20 3602. 3 0. 96 70 4117. 7 0. 43 120 4640. 8 0.39 
21 3607. 0 1. 96 71 4156. 5 1. 01 121 4655. 0 0.85 
22 3618. 4 0. 52 72 4164. 4 2. 12 122 4667. 6 0.39 
23 3626. 2 0. 61 73 4173. 1 0. 59 123 4685. 0 0.55 
24 3643. 4 3. 17 74 4186. 3 2. 63 124 4689. 1 1.10 
25 3658. 9 0. 46 75 4192. 9 0. 75 125 4711. 4 2.71 
26 3663. 1 0. 66 76 4198. 4 1. 68 126 4760. 5 0.25 
27 3688. 9 2. 43 77 4212. 4 1. 16 127 4800. 1 0.70 
28 3683. 9 2. 15 78 4216. 6 2. 17 128 4817. 6 0.51 
29 3693. 4 0. 39 79 4224. 9 3. 47 129 4833. 3 0.35 
30 3696. 5 0. 34 80 4247. 6 1. 63 130 4843. 3 0.53 
31 3705. 8 0. 57 81 4257. 6 1. 17 131 4873. 8 0.59 
32 3709. 4 1. 05 82 4271. 4 0. 31 132 4890. 4 0.36 
33 3724. 0 1. 14 83 4276. 5 0. 60 133 4925. 6 0.42 
34 3729. 9 1. 07 84 4291. 5 0. 31 134 4934. 2 0.42 
35 3745. 0 1. 30 85 4297. 7 1. 38 135 4984. 3 0.60 
36 3757. 2 0. 36 86 4304. 4 1. 05 L136 5009. 6 (1) 
37 3760. 4 0. 44 87 4318. 3 0. 43 L137 5034. 4 (0) 
38 3767. 9 2. 90 88 4324. 2 0. 33 L138 5047. 4 (1) 
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Table 5.—Continued Absorption line list for 4C05.34. 

No. X W No. X W No. X W 

39 3781. 1 2. 04 89 4326. 5 0.26 L139 5190. 7 (0) 
40 3790. 7 0. 55 90 4331. 2 0.81 L140 5198. 3 (0) 
41 3797. 7 0. 76 91 4345. 2 0.38 L141 5378. 9 (3) 
42 3802 4 8 0. 44 92 4351. 9 0.44 L142 5388. 2 (3) 
43 3812. 4 1. 23 93 4364. 1 0.57 L143 5403. 6 (0) 
44 3817. 0 1. 45 94 4368. 7 2.68 L144 5446. 5 (1) 
45 3823. 5 0. 62 95 4381. 2 1.14 L145 5457. 2 (1) 
46 3828. 0 0. 48 96 4390. 9 1.21 L146 5480. 0 (0) 
47 3867. 8 1. 33 97 4394. 6 0.51 L147 5840. 7 (0) 
48 3875. 8 0. 67 98 4423. 3 2.63 L148 5905. 5 (1) 
49 3893. 9 1. 05 99 4428. 4 0.32 L149 6007. 4 (1) 
50 3896. 4 0. 38 100 4438. 0 2.28 



45 

Table 6. Absorption line list for OH 471 — For each line 
we list the sequence number, observed wavelength, 
and equivalent width. A sequence number 
preceded by C indicates the line lies outside of 
our observed spectral range but was seen by 
Carswell, Strittmatter, et al. (1975). A total 
of 174 lines were observed in the spectral range 
XX3900-5500A stronger than 0.25A equivalent 
width. 

No. X W No. X W No. X W 

1 3932. 9 1. 80 61 4408. 6 1. 04 121 4973. 2 2. 26 
2 3971. 4 1. 38 62 4417. 4 1. 19 122 4977. 0 0. 55 
3 3991. 8 1. 40 63 4427. 9 0. 40 123 4979. 7 0. 64 
4 4004. 2 0. 85 64 4433. 8 2. 49 124 4990. 6 1. 32 
5 4008. 9 1. 94 65 4437. 6 0. 53 125 4994. 4 0. 29 
6 4014. 7 0. 36 66 4451. 5 2. 12 126 4996. 3 0. 70 
7 4021. 2 0. 55 67 4457. 7 2. 69 127 5010. 1 2. 74 
8 4026. 8 2. 06 68 4471. 4 1. 30 128 5015. 6 0. 52 
9 4033. 0 1. 51 69 4475. 1 1. 23 129 5019. 6 0. 76 
10 4039. 7 0. 57 70 4492. 2 0. 30 130 5031. 5 2. 73 
11 4051. 9 0. 69 71 4501. 7 0. 39 131 5040. 2 0. 49 
12 4054. 8 1. 18 72 4510. 5 0. 40 132 5067. 9 1. 50 
13 4059. 9 0. 41 73 4529. 9 0. 98 133 5079. 5 0. 99 
14 4069. 3 1. 32 74 4537. 2 0. 42 134 5084. 8 1. 82 
15 4072. 7 2. 78 75 4555. 6 0. 73 135 5094. 9 0. 42 
16 4094. 0 0. 68 76 4575. 1 0. 39 136 5104. 0 1. 01 
17 4097. 5 0. 34 77 4580. 4 0. 49 137 5107. 5 1. 12 
18 4111. 5 0. 67 78 4584. 9 0. 82 138 5123. 5 2. 41 
19 4115. 2 0. 76 79 4608. 9 0. 88 139 5132. 4 0. 49 
20 4118. 5 1. 11 80 4620. 4 1. 68 140 5138. 6 0. 43 
21 4122. 2 1. 25 81 4627. 8 1. 93 141 5141. 4 1. 07 
22 4129. 8 1. 74 82 4631. 5 1. 35 142 5147. 7 0. 87 
23 4142. 6 1. 85 83 4641. 5 1. 49 143 5157. 6 2. 46 
24 4148. 4 1. 08 84 4648. 9 1. 30 144 5160. 3 0. 48 
25 4162. 9 1. 15 85 4653. 1 1. 70 145 5162. 8 0. 76 
26 4167. 9 0. 96 86 4665. 3 0. 60 146 5174. 2 0. 56 
27 4179. 9 0. 36 87 4669. 1 0. 41 147 5185. 3 0. 30 
28 4188. 1 0, 30 88 4678. 7 0. 40 148 5196. 1 2. 17 
29 4198. 1 1. 08 89 4692. 2 2. 06 149 5214. 6 0. 70 
30 4202. 0 1. 15 90 4704. 3 0. 40 150 5223. 9 0. 41 
31 4210. 3 1. 05 91 4719. 8 2. 22 151 5226. 6 0. 63 
32 4221. 2 0. 51 92 4733. 2 1. 72 152 5229. 4 0. 52 
33 4227, 8 2. 38 93 4738. 0 0. 49 153 5234. 6 0. 39 
34 4240. 3 0. 31 94 4747. 3 0. 94 154 5247. 1 0. 97 
35 4243, 9 1. 03 95 4752. 6 0. 65 155 5251. 7 1. 06 
36 4247. 2 1. 02 96 4769. 8 0. 31 156 5273. 8 0. 55 
37 4253. 0 1. 10 97 4782. 2 0. 32 157 5276. 5 1. 66 



Table 6.—Continued Absorption line list for OH 471. 

No. A W No. A W No. A w 

38 4263. 8 0. 27 98 4785. 9 0. 65 158 5281. 9 1.32 
39 4270. 5 0. 51 99 4788. 5 0. 49 159 5286. 4 0.49 
40 4276. 0 0. 78 100 4799. 8 1. 00 160 5303. 0 0.44 
41 4279. 9 1. 10 101 4802. 4 0. 64 161 5305. 9 1.59 
42 4291, 9 0. 38 102 4805. 8 0. 80 162 5311. 9 0.43 
43 4294. 7 0. 84 103 4825. 5 0. 55 163 5335. 0 0.78 
44 4297. 4 1. 21 104 4827. 5 0. 44 164 5343. 9 0.26 
45 4305. 4 0. 42 105 4831. 2 1. 06 165 5351. 0 0.25 
46 4307. 7 0. 27 106 4839. 9 1. 65 166 5421. 4 0.63 
47 4322. 1 0. 36 107 4849. 0 0. 32 167 5433. 0 0.32 
48 4325. 8 0. 75 108 4854. 6 0. 25 168 5455. 7 0.49 
49 4337. 3 1. 68 109 4858. 5 0. 44 169 5469. 9 0.40 
50 4342. 7 2. 02 110 4862. 1 0. 39 170 5477. 6 0.47 
51 4350. 2 1. 77 111 4867. 1 0. 89 171 5480. 4 0.38 
52 4354. 5 2. 08 112 4895. 3 0. 46 172 5491. 0 0.49 
53 4364. 1 1. 67 113 4903. 9 0. 59 173 5493. 0 0.43 
54 4369. 6 0. 84 114 4911. 0 0. 50 174 5495. 7 0.49 
55 4378. 9 1. 10 115 4936. 3 0. 37 C175 5505. 0 (MS) 
56 4383. 5 1. 45 116 4938. 8 0. 55 C176 5836. 0 (S) 
57 4389. 6 0. 54 117 4945. 4 0. 47 cm 5958. 0 (MW) 
58 4392. 7 0. 70 118 4948. 1 0. 90 C178 6070. 0 (S) 
59 4401. 3 1. 03 119 4955. 5 0. 87 
60 4405. 3 0. 98 120 4968. 3 0. 47 



47 

Table 7. Absorption line list for OQ 172 — For each line 
we list the sequence number, observed wavelength, 
and equivalent width. A sequence number 
preceded by B indicates the line lies outside of 
our observed spectral range but was seen by 
Baldwin et al. (1974). A total of 182 lines were 
observed in the spectral range AA3450-5050.& 
stronger than 0.4oil equivalent width. 

No. X W No. A W No. A w 

1 3453. 0 2. 82 83 4107. 6 0. 56 165 4895. 4 2. 68 
2 3458. 2 0. 72 84 4112. 6 1. 63 166 4905. 5 0. 50 
3 3464. 2 0. 69 85 4116. 5 0. 83 167 4911. 1 0. 46 
4 3469. 5 1. 35 86 4132. 5 1. 40 168 4914. 4 0. 87 
5 3474. 4 1. 06 87 4149. 8 2. 25 169 4918. 2 2. 65 
6 3492. 9 0. 76 88 4159. 6 0. 58 170 4923. 7 0. 61 
7 3496. 7 1. 41 89 4171. 2 0. 84 171 4938. 4 1. 28 
8 3499. 1 0. 59 90 4173. 9 1. 29 172 4945. 1 2. 47 
9 3502. 7 0. 87 91 4189. 6 0. 63 173 4970. 2 4. 22 
10 3510. 0 1. 22 92 4194. 5 1. 35 174 4975. 7 0. 78 
11 3515. 1 2. 56 93 4200. 4 0. 51 175 4978. 8 2. 17 
12 3527. 8 2. 50 94 4205. 1 0. 43 176 4985. 9 2. 71 
13 3532, 2 1. 89 95 4208. 8 1. 17 177 4993. 0 1. 84 
14 3536. 7 1. 40 96 4215. 0 0. 69 178 4997. 3 2. 21 
15 3549. 3 0. 80 97 4219. 9 4. 61 179 5021. 3 1. 62 
16 3552. 4 0. 55 98 4230. 9 1. 81 180 5031. 3 3. 68 
17 3560. 1 1. 17 99 4242. 6 1. 74 181 5041. 0 1. 38 
18 3571. 1 0. 85 100 4254. 4 0. 71 182 5043. 8 1. 02 
19 3582. 2 0. 73 101 4263. 2 0. 41 B112 5053. 0 — 

20 3588. 5 0. 79 102 4270. 8 2. 59 B113 5062. 8 --

21 3591. 5 0. 54 103 4297. 3 1. 74 B114 5076. 5 --

22 3594. 1 0. 40 104 4306. 2 2. 93 B115 5093. 1 --

23 3597. 9 2. 01 105 4322. 7 3. 83 B116 5100. 6 --

24 3603. 3 2. 57 106 4329. 5 3. 66 B117 5119. 7 --

25 3609. 4 2. 01 107 4336. 5 1. 40 B118 5126. 0 --

26 3625. 6 1. 60 108 4341. 9 1. 96 B119 5139. 8 --

27 3631. 5 0. 45 109 4363. 2 1. 22 B120 5154. 2 --

28 3634. 0 0. 52 110 4372. 0 2. 03 B121 5167. 0 --

29 3643. 2 0. 51 111 4376. 6 1. 91 B122 5186. 5 --

30 3647. 0 1. 07 112 4385. 3 2. 13 B123 5201. 0 --

31 3653. 6 1. 91 113 4389. 4 4. 12 B124 5212. 6 --

32 3657, 6 0. 46 114 4398. 3 1. 55 B125 5221. 0 --

33 3663, 1 1. 22 115 4402. 0 0. 62 B125 5234. 3 --

34 3668. 3 1. 08 116 4414. 1 2. 78 B127 5238. 7 --

35 3675. 9 1. 28 117 4418. 1 0. 45 B128 5247. 8 --

36 3688. 8 0. 84 118 4421. 8 1. 15 B129 5254. 3 --

37 3695. 5 1. 52 119 4448. 3 0. 77 B130 5267. 1 --

38 3703. 4 2. 09 120 4453. 4 2. 21 B131 5279. 0 --
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Table 7.—Continued Absorption line list for OQ 172. 

No. X W No. X W No. X W 

39 3725. 9 0. 74 121 4458.6 0.89 B132 5290. ,4 _ _ 

40 3732. 7 4.84 122 4462.5 1.85 B133 5301. 2 
41 3737. 8 1.65 123 4480.1 1.22 B134 5311. ,3 
42 3748. 3 0. 68 124 4483.5 1.40 B135 5325. 7 
43 3752. 8 2.72 125 4488.4 4.98 B136 5338. 7 
44 3784. 2 • 0. 84 126 4495.1 3.51 B137 5352. 1 
45 3789. 5 2.16 127 4502.2 1.12 B138 5357. 9 
46 3793. 5 1.70 128 4530.8 1.98 B139 5371. 0 
47 3812. 1 0.52 129 4535.7 0.93 B140 5387. 0 
48 3818. 8 1. 26 130 4541.5 1.26 B141 5398. 5 
49 3822. 7 1. 64 131 4547.6 1.78 B142 5404. 9 
50 3832. 5 0.57 132 4560.5 0.66 B143 5418. 5 
51 3836. 2 1.88 133 4566.2 0.73 B144 5430. 4 
52 3842. 0 0.53 134 4570.6 0.72 B145 5439. 3 
53 3854. 5 0.74 135 4584.8 2.78 B146 5450. 4 
54 3863. 5 0.74 136 4599.7 0.69 B147 5459. 9 
55 3869. 3 1. 46 137 4615.5 1.95 B148 5470. 3 
56 3881. 1 0.83 138 4621.6 1.17 B149 5481. 3 
57 3884. 2 0.90 139 4524.2 0.65 B150 5486. 3 
58 3896. 8 2. 05 140 4634.1 0.63 B151 5497. 9 
59 3901. 4 1. 34 141 4643.2 0.65 B152 5514. 2 
60 3933. 8 4.49 142 4660.8 1.04 B153 5524. 0 
61 3950. 7 0.74 143 4663.8 0.85 B154 5534. 5 
62 3953. 6 1.04 144 4679.0 2.07 B155 5543. 4 
63 3958. 0 1.02 145 4690.5 1.87 B156 5557. 4 
64 3963. 5 0.83 146 4695.2 1.14 B157 5566. 3 
65 3976. 8 1.06 147 4698.4 1.32 B158 5575. 6 
66 3980. 9 1.52 148 4704.3 0.47 B159 5598. 5 
67 3987. 0 0. 58 149 4712.0 0.89 B160 5609. 9 
68 3990. 6 0.92 150 4714.6 0.58 B161 5622. 8 
69 3998. 0 0.98 151 4740.8 0.54 B162 5632. 8 
70 4009. 3 1.11 152 4751.9 1. 89 B163 5648. 4 
71 4017. 7 1. 09 153 4759.9 1.59 B164 5667. 0 
72 4021. 6 0.48 154 4766.7 0.81 B165 5677. 3 
73 4030. 6 0.75 155 4769.3 0.40 B166 5692. 3 
74 4035. 0 1.41 156 4771.4 0.48 B167 6003. 6 
75 4041. 6 0.84 157 4778.2 2.81 B168 6019. 5 
76 4055. 3 1. 83 158 4782.7 1.03 B169 6067. 5 
77 4065. 0 1.30 159 4786.7 1. 02 B170 6105. 3 
78 4071. 3 2.23 160 4789.6 1.03 B171 6187. 2 
79 4080. 6 0.70 161 4838.7 1.01 B172 6224. 8 
80 4088. 2 0.44 162 4844.4 1.04 B173 6249. 2 
81 4093. 3 1.33 163 4851.6 2.45 B174 6256. 6 
82 4100. 4 0.42 164 4859.0 1.07 B175 6266. 3 
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continuum level. Therefore in these regions the estimate 

of the continuum level may be consistently underestimated, 

thus resulting in a similar underestimate of the absorption 

line equivalent width. This effect would be most important 

for the weaker lines, many of which might be completely 

missed. The most obvious method for minimizing the 

seriousness of this problem is to increase the resolution 

until each individual line can be resolved, but this would 

apparently require a resolution of better than 0.2A 

(Boroson 1977). Fortunately this line blanketing problem 

does not seem to be as serious for QSOs as it is known to 

be for late-type stars, and the continuum fitting algorithm 

agrees quite well with subjective estimates of the correct 

level. Nonetheless this effect can produce a 5-10% un

certainty in the equivalent widths. There may also be 

errors in the density to intensity calibration of the 

plates. Very accurate calibration of photographic material 

(1-2%) is possible (Jensen 1977), but the approach used in 

this study is less reliable. Undetected discrepancies of 

as much as 10% in the relative intensity scales could 

easily exist. Another potentially troublesome point is 

the deviation of actual line profiles from Gaussian pro

files, Several extremely broad absorption lines exhibiting 

strong Lorentzian damping wings have been observed in other 

QSOs (Beaver et al, 1972, Strittmatter et al. 1973) , and 

Gaussian profiles would give a very poor fit to such lines. 
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However, the vast majority of absorption lines are un-
o 

resolved at 2.OA resolution. Thus the profiles of these 

lines should be the instrumental one, which in turn should 

be nearly Gaussian. Considering all of these sources of 

error, the estimated rms uncertainty in the measured 

equivalent width of an isolated, unblended line is 

a = 1(0.10)2 + (0.10W) 2]1/2A w 

The results for marginally resolved line blends will be 

much worse, and should be regarded with some caution. In 

the worst cases the relative strengths of individual 

components of a complicated feature may be virtually un-
% 

determined, although the sum of the equivalent widths 

should be fairly accurate. 

Comparison with Previous Line Lists 

The new list of absorption lines for 4C05.34 agrees 

quite well with the corresponding list from Lynds (1971). 

Of the 79 lines detected by Lynds in the spectral range 
o 

M\3490-5000A, 68 have been confirmed at higher resolution. 

All of the missing lines are weak ones, and several of 

them actually can be seen in Figure 1 but are too weak to 

be included in the final line list. Roughly a dozen of the 

features seen by Lynds have been resolved into several 

components, and most of these lines had been listed by 

Lynds as either broad or diffuse. There is a small but 
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significant difference between the wavelength scales of the 

two papers. This discrepancy can be well fit by the 

expression 

\ = 1.00029 XT , 
new Lynds 

Since this correction is a good approximation to the index 

of refraction of air over this wavelength range, this 

suggests that Lynds has corrected his measured wavelengths 

to vacuum. After removing this difference, the mean wave

length discrepancy is only 

AA = Aair - XTair, = - 0.16 ± 0.11A 
new Lynds 

o 
while the rms difference is 0.79A. There are thus no 

significant differences between the wavelength scales, and 

the rms error is smaller than the combined expected errors 

of the two sets of data. The wavelengths listed in Table 5 

for lines found by Lynds have also been converted to 

measurements in air. 

The agreement between the line strength estimates 

given by Lynds and the measured equivalent widths is also 

fairly good. As shown in Table 8, there appears to be a 

linear relationship between these two quantities, but the 

scatter is rather large. The mean equivalent width of 

strength 0 and strength 1 lines is strongly influenced by 

the exclusion of a number of unconfirmed lines, all of 
o 

which have equivalent widths smaller than 0.25A. There is 
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Table 8. Comparison between line strengths and equivalent 
widths for 4C05.34. 

s W a w 

ll (i)
 

+
 

cr
 

CO
 

0 0.72 ± 0.14 0.31 0.40 

1 0.95 ± 0.12 0.51 1.00 

2 1.65 ± 0.19 0.82 1.60 

3 2.35 ± 0.22 0.83 2.20 

4 2.64 ± 0.25 0.61 2.80 

5 3.39 ± 0.50 1.00 3.40 

also some ambiguity as to what equivalent width should be 

assigned to blended features, so some of these lines have 

not been included. Despite these problems it is fairly 

obvious that a logarithmic relationship between the 

variables (i.e., log2(W) = S + Constant, Aaronson et al. 

1975) can be rejected. 

The spectra of OH 471 and OQ 172 are much more 

strongly affected by line blending than that of 4C05.34, 

so comparison of the present results with the earlier work 

by Carswell, Strittmatter et al. (1975) and Baldwin et al. 

(1974) respectively is more difficult. Most of the lines 

tabulated in each of these papers appear to be blends of 

two or more closely spaced lines, confirming the comments 

in both papers about the significance of this effect. A 



few fairly strong unblended lines were used to compare the 

wavelength scales. The results for OH 471 are somewhat 

surprising, as there appears to be a rather large wave-
o 

length discrepancy. The mean difference is -1.28 ± 0.31A 
o 

with an rms deviation of 1.72A. Both of these values are 

larger than was expected, so all of the plates listed in 

Table 4 were rescanned and reanalyzed by hand. Comparison 

of the results with Table 6 did not reveal any significant 

problems in the Gaussian fitting routine, which suggests 

that the absorption line wavelengths measured by Carswell, 

Strittmatter, et al. (1975) are responsible for most of the 

disagreement. Comparison of Table 7 with the corresponding 

list from Baldwin et al. (1974) gives a mean difference of 
O o 

0.45 ± 0.19A, with a standard deviation of 1.38A. Once 

again both of these values are a little larger than was 

expected. 



CHAPTER IV 

THE IDENTIFICATION PROCEDURE 

A number of different techniques have been used in 

attempts to identify absorption lines in the spectra of 

QSOs. For those QSOs with only one redshift system, vir

tually all of these techniques work reasonably well and 

give identical results. For more complicated spectra, the 

procedure can significantly affect the result. In addi

tion, the amount of work involved in analyzing the spectrum 

of a rich absorption line QSO by hand is enormous, so as 

much of this work as possible should be done by computer. 

Our approach closely follows that of Aaronson et al. (1975) 

in that we have attempted to completely automate the identi

fication process. We have incorporated a number of physical 

consistency checks into the computer code and have retained 

the use of multiple "line packets," where each packet con

tains only those lines which are expected to be present 

over a limited range of ionization equlibria. We have also 

continued the use of Monte Carlo simulation to estimate the 

incidence of noise redshift systems, and thus calculate the 

significance of individual redshift systems. 

The first step in the algorithm is to produce a 

list of candidate redshift systems. For each packet of 

54 
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transitions we generated a complete set of individual line 

redshifts by dividing the wavelengths of the observed lines 

by the wavelengths of each transition in that line packet. 

Four packets analogous to those presented by Aaronson et al. 

(1975) and a fifth line packet consisting entirely of 

Lyman-series lines were used and are listed in Table 9. As 

each individual redshift was calculated, we also stored the 

indices of the observed line and of the transition which 

produced that redshift. The redshift list was then sorted 

in increasing order using a fast, in-place sort routine 

developed by Singleton (1969) . Comparison of this routine 

with a standard bubble-sort on randomly generated data sets 

indicated comparable speed for small sets (N ~ 10). The 

speed of this algorithm was proportional to N log2N, versus 

N(N-l) for less sophisticated techniques. Since N was 

typically 2000-6000, the use of this or some other very 

fast sort routine was essential. Candidate redshift 

systems were then selected by searching for clusters of 

individual redshifts as described by Aaronson et al. (1975). 

The minimum number of redshifts needed to define a cluster 

depended upon the line packet but was typically 4-6. 

Once a candidate redshift system had been found, a 

list of all transitions which might be present in that 

system was generated. This step was simplified by the use 

of the index arrays, which were sorted with the redshift 

array. The wavelength tolerance was given by 



56 

Table 9. List of transitions in the standard line packets. 

Ion X Packet3 

C II 903.85 N,L.M 
N II 915.62 L,M 
H I 923.15 Ly 
H I 926.23 Ly 
H I 930.75 Ly 
H I 937.80 N,L,M,H,Ly 
C I 945.19 N 
H I 949.74 N,L,M,H,Ly 
H I 972.54 N,L,M,H,Ly 
C III 977.03 L,M,H 
0 I 988.75 N,L 
N III 989.79 M,H 
Si II 989.87 L 
H I 1025.72 N,L,M,H,Ly 
0 VI 1031.95 H 
C II 1036.34 N,L,M 
0 VI 1037.63 H 
N II 1083.99 L,M 
Si II 1190.42 N, L,M 
Si II 1193.29 N,L,M 
N I 1199.97 N,L 
Si III 1206.51 L,M 
H I 1215.67 N,L,M,H,Ly 
N V 1238.82 H 
N V 1242.80 H 
Si II 1260.42 N,L,M 
C I 1277.15 N 
0 I 1302.17 N,L 
Si II 1304.37 L,M 
C II 1334.53 N,L,M 
Si IV 1393.76 M,H 
Si IV 1402.77 M,H 
Si II 1526.72 L,M 
C IV 1548.20 M,H 
C IV 1550.77 M,H 
C I 1560.31 N 
C I 1656.92 N 
A1 II 1670.79 N,LM, 
Fe II 2344.20 N,L 
Fe II 2374.44 L 
Fe II 2382.74 N,L 
Fe I 2484.01 N 
Si I 2515.07 N 
Fe I 2523.61 N 
Fe II 2586.63 N,L 
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Table 9.—Continued 

Ion X Packet3 

Fe II 2600.18 N,L 
Mg II 2796.37 N,L 
Mg II 2803.54 N,L 
Mg I 2852.99 N 

N = Neutral, L = Low Ionization, M = Medium 
Ionization, H = High Ionization, Ly = Lyman Series. 
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6 A = (U2 + (|)2 + (~) 2)1/2 

where U is the uncertainty in the wavelength calibration, R 

is the resolution, and W is the equivalent width of the 

line involved. This definition is roughly equivalent to 

the requirement that the predicted wavelength fall in the 

central part of the observed line within the uncertainty of 

the wavelength calibration. 

These lines were then subjected to a series of con

sistency checks. The first such checks were designed to 

eliminate any lines which were not consistent with the 

identification of other transitions from the same level of 

the ion in question. Basically, this step consisted of 

checking that each pair of transitions could be fit some

where on a curve of growth, given the estimated uncertainty 

in the equivalent widths. Any missing transition was 

assigned an equivalent width equal to the minimum value for 

inclusion in the list of absorption lines. Lines which 

were too strong to be consistent with other transitions 

from the same ion were labeled as unacceptable identifica

tions. This pairwise procedure is not equivalent to a fit 

of all transitions to a curve of growth, and some fairly 

obvious line blends will be missed. A more general treat

ment of this problem would be very difficult to program, 

especially if a multiple-component curve of growth is 

necessary (Wolfe and Wills 1977). This set of consistency 
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criteria is based entirely upon basic atomic physics and is 

model independent, although in some cases the transition 

probabilities and damping constants are not sufficiently 

well-determined. 

The second set of consistency rules applies to the 

relative strengths of lines from different ions and is 

somewhat model dependent. We attempted to make these rules 

as general as possible, but they are in essence based upon 

the ionization models published by McKee et al. (1973), 

after making first-order corrections for different element 

abundances and new transition probabilities. For the 

collisional ionization models, the only serious uncertainty 

is the possibility of deviations from solar abundances. 

Faber (1977) has recently summarized evidence suggesting 

that overenhancements of Na, Mg, and N are responsible for 

the observed line and color changes in nearby galaxies. If 

true, this conclusion suggests that a single metalicity 

parameter would not be adequate to describe the elemental 

abundances. If we ignore this possible complication, then 

any changes in the overall metal abundance would simply 

shift the hydrogen lines relative to the metal lines. In 

this case, solar abundances should represent a firm upper 

limit on the abundance of all metals relative to hydrogen. 

The photoionization models are subject to these same prob

lems due to uncertain abundances, while the uncertain 

extrapolation of the ionizing radiation field introduces 
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even more problems. McKee et al. (1973) assumed a power-

law spectrum, with a spectral index a = 1.5, extending to 

arbitrarily high energy. Although their results are rela

tively insensitive to the adopted spectral index, several 

quasars have been found with extremely steep spectra 

(Boksenberg, Carswell, and Oke 1976; Spinrad 1976). For 

flat spectra (i.e., a < 1.0) a high energy cutoff is 

essential if the total energy is to converge, and similar 

cutoffs probably exist for all spectra. Such a high energy 

cutoff can grossly distort relative ion abundances if it 

occurs in the range 100-1000A. Because of all of these 

potential problems, it is possible for some of these rules 

to be violated under extreme circumstances. Nonetheless, 

all of the rules are normally valid and useful. The 

complete set of criteria is listed below. 

1. Rule 1—La 

a. All neutral transitions (except H I) must be 

weaker than La. 

b. All singly ionized transitions must be weaker 

than La. 

c. All doubly ionized lines (except C III X977 and 

Si III X1206) must be weaker than La. 

d. Si III X1206 must be less than twice as strong 

as La. 

e. All triply ionized transitions (except C IV) 

must be weaker than La. 
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f, All higher ionization transitions (except N V 

and 0 VI) must be weaker than La. 

g. N V A1238 must be less than three times as 

strong as La. 

2. Rule 2—Lg 

a. All neutral transitions (except H I) must be 

weaker than L3• 

b. All singly ionized transitions (except C II) 

must be weaker than L8. 

c. C II must be less than twice as strong as L3. 

3. Rule 3—Neutral atoms 

All neutral transitions except H I must be weaker 

than Mg I A2853. 

4. Rule 4—Singly ionized atoms 

All singly ionized transitions (except C II, Si II, 

and Mg II) must be weaker than C II A1334, Si II 

A1260, and Mg II A2796. 

5. Rule 5—Doubly ionized atoms 

All doubly ionized transitions (except C III and 

Si III) must be weaker than C III A977 and Si III 

A1206. 

6. Rule 6—Triply ionized atoms 

All triply ionized atoms (except C IV) must be 

weaker than C IV A1548. 
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7. Rule 7—Highly ionized atoms 

All more highly ionized transitions (except N V and 

0 VI) must be weaker than either C IV X1548 or 

0 VI A10 31. 

Notice that Rule 7 was not needed for the line packets used 

in the redshift finding routine. This rule was used later 

in conjunction with the master packet of lines. Once again 

any line which failed one of these rules was labeled as an 

unacceptable identification. 

After all of these tests had been completed, a new 

value for the redshift of the system was computed as an 

average of the redshifts of the acceptable line identifica

tions. If this new value differed significantly from the 

original system redshift, then a search was made for any new 

possible identification and the consistency checks were 

repeated. 

The system was then required to pass a third set of 

tests, which were designed to ensure that the redshift 

system be detected by as few line packets as possible. 

These tests are fairly straightforward, i.e.: 

1. Neutral ionization systems must contain at least 

two accepted identifications with neutral lines 

beside H I. 

2. Low ionization systems must contain at least two 

accepted singly ionized lines. 
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3. Medium ionization systems must contain both C III 

X977 and Si III A120 6 if they are within the ob

served region. 

4. High ionization systems must contain at least two 

accepted identifications with lines of C IV, Si IV, 

N V, or 0 VI. 

There was no test required for pure Lyman-series systems. 

These checks were essentially based on the definition of 

the different transition packets and were only weakly 

model-dependent. 

If a system passed the appropriate test at this 

stage, only one more hurdle remained. Counts were made of 

the number of line identifications meeting four increasing 

stringent sets of criteria, which are listed below: 

1. all possible identifications (NT), 

2. all acceptable identifications (N.), a 

3. all acceptable identifications with lines stronger 

than Wg (Ng), and 

4. all acceptable identifications with lines stronger 

than Wyg (Nyg). 

We normally set Wg at 0.8A, although a value of 0.5A was 

used for some test runs. The value of Wvg was always twice 

as large as that of Wg. Unless N^, Ng, and Nvg all 

exceeded certain minimum values the system was rejected. 

For each acceptable redshift system the computer code 

printed the redshift, NT» NA, Ng, Nvg, and a list of all 
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possible identifications. The minimum values for NA, Nc, A b 

and Nvg were different for each packet and for each QSOf 

and were generally set so that between 10 and 20 acceptable 

systems were found in each randomly generated nonsense 

spectrum. Typical values are listed in Table 10. 

Table 10. Minimum values of N^, Nc; and Nvg for 4C05.34 — 
Similar values were used for OH 471 and OQ 172. 

Packet na Nv Nvs 

Neutral 5 3 2 

Low 5 3 2 

Medium 4 2 2 

High 4 2 2 

Lyman 3 1 1 

The procedure used to produce the nonsense or 

synthetic spectra were fairly simple. The spectral range 

was divided into several regions, each of which was char

acterized by a relatively uniform distribution of lines. 

One region boundary was always chosen to coincide with the 

location of La in emission. Within each region the lines 

were randomly shuffled subject to a minimum separation 

constraint. This synthetic spectrum was then analyzed in 
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exactly the same manner as the real one, and a total of 250 

such spectra were generated and reduced for each QSO. 

The problem of estimating the statistical signifi

cance of absorption redshift systems by Monte Carlo simula

tion has been discussed in detail by Aaronson et al. (1975). 

The most significant difference between our treatment and 

theirs is our use of 3 different criteria in this process, 

NT' V an<̂  NS' Each parameter measures the extent to 

which a candidate redshift system differs from noise 

spectra in one of three important ways. These parameters 

are based upon the requirement that a real redshift should 

possess the following three characteristics: 

1. It should identify more lines than a typical noise 

redshift system. 

2. It should have more acceptable identifications than 

a typical noise system. 

3. It should have more acceptable identifications with 

strong lines than a typical noise system. 

Because of line blending or some other problem a real red-

shift system may fail to meet one or more of the above 

criteria, so none of these parameters is invariably best-

suited for distinguishing between real and noise systems. 

We therefore compiled separate frequency tables <J>k (Z^, J»nk) 

for each index as described by Aaronson et al. (1975), 

where $^(Z^,J,n^) is the number of redshift systems found 

using line packet J in the redshift range Z^ to Z^ + 0.1 
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with N, > n. . After dividing by the total number of non-
K K 

sense spectra, the frequency tables represent estimates of 

the probability that such a system would occur by chance in 

a single randomly generated noise spectrum. The total 

noise factor n was then calculated for each index and 

system and the systems were ranked by n. We calculated a 

signal-to-noise ratio S/n, where S was the rank of the 

system. In some cases the S/n ratio was not a monotonically 

decreasing function of ri, and in such cases systems were 

assigned the maximum S/n ratio for lower ranking systems. 

Finally, we defined a "reality index" A for each proposed 

redshift system by the expression 

A = I log (0.5* S/n). 

The summation was made over all S/n estimates of the given 

redshift for all line packets, and the factor of 0.5 is a 

crude first-order correction for the non-independence of 

the different parameters; i.e., N > N > N . This reality 
1 a o 

index was then used to classify candidate redshift on the 

following basis: 

A 21 6 (virtually) certain system 

6 > A 4 Extremely probable system (EPR) 

4 > A 21 2 Very probable system (VPR) 

2 > A >_ 1 Probable system (PR) 

Systems which do not meet the minimum standards for classi

fication but appear to be interesting are labeled possible 
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systems (PO). For each acceptable system a search was made 

for additional identifications using the master line packet. 

This list contained over 200 transitions and included every 

transition which has been acceptably identified in the 

spectrum of any QSO. In several cases a number of addi

tional identifications were found. The results of this 

identification procedure for each quasar will be presented 

in the next chapter. 



CHAPTER V 

RESULTS OF IDENTIFICATION PROGRAM 

4C05.34 

A total of 11 absorption redshift systems were 

found which could be classified as Certain, EPR, VPR, or PR. 

These systems are listed in Table 11. Many of these ab

sorption systems have been previously suggested (Lynds 1971, 

Bahcall and Goldsmith 1971, Aaronson et al. 1975), but 

several of the most convincing systems are new identifica

tions. Each system will be discussed in some detail in the 

rest of this section and individual line identifications 

are listed in Table 12. 

System A: Z = 2.4750 (Certain) 

This system, which is a classic example of a high 

ionization redshift system, was first proposed by Lynds 

(1971) and subsequently confirmed by both Bahcall and 

Goldsmith (1971) and Aaronson et al. (1975). It contains 

lines of H I, C II, C IV, N V, O VI, Si III, Si IV, and 

probably Si II. The relative strengths of these lines 

agrees reasonably well with predictions with a photoioniza-

tion model with y - 40, where y is the ratio of the hydro

gen density to the density of ionizing photons (McKee et 

al. 1973). The fit to a collisional ionization is not as 

68 
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Table 11. List of proposed redshift systems for 4C05.34. 

System Z 
Ionization 
State Prob. Class A Notes 

A 2.4750 Med.-High Certain 8.35 a,b,c 

B 2.8571 Low EPR 5.05 

C 2.6858 High-Lyman EPR 4.57 

D 2.6499 
« 

Low-Lyman VPR 2.75 d 

E 2.8100 Med.-Lyman VPR 2.70 a,b 

F 2.6379 Lyman- CHigh) VPR 2. 55 d 

G 1.7760 Med.-High VPR 2.31 b,c 

H 2.8752 High VPR 2.31 a,b, c 

I 2.5360 Med.-High VPR 2.07 

J 2.7711 Med.-Lyman PR 1.98 a, b, c 

K 2.4946 Neutral PR 1.54 

This system was also proposed by Lynds (1971). 

lb This system was also proposed by Bahcall and 
Goldsmith CI971) . 

This system was also proposed by Aaronson et al. 
C1975) . 

This system was mentioned by Lynds (1971). 



Table 12. Individual line identifications for systems in 4C05.34. 

N X W Line Xlab f AX Z 

System A (Certain) Z = 2. 4750 ± .0002 High-Medium i: 

17 3565. 2 1.65 LB 1025. 72 0. 0791 0.8 2. 47580 
19 3583. 9 3.96 0 VI 1031. 95 0. 130 -2.1 2. 47294 

20 3602. 0.96 C II 1036. 34 0. 125 1.0 2. 47598 20 3602. j 0.96 C II 1037. 02 0. 125 -1.3 2. 47370 
21 3607. 0 1. 96 0 VI 1037. 63 0. 0648 1.2 2. 47619 
38 3767. 9 2.90 N II 1083. 99 0. 101 1.0 2. 47595 
75 4192. 9 0.75 Si III 1206. 51 1. 66 0.3 2. 47523 
79 4224. 9 3.47 La 1215. 67 0. 4162 0.4 2. 47537 
86 4304. 4 1.05 N V 1238. 82 0. 152 -0.5 2. 47460 
87 4318. 3 0.43 N V 1242. 80 0. 0757 -0.4 2. 47465 
95 4381. 2 1.14 Si II 1260. 42 0. 959 1.2 2. 47599 
97 4394. 6 0.51 Si II 1264. 73 0. 860 -0.3 2. 47473 
110 4531. 3 2. 77 Si II 1304. 37 0. 147 -1.4 2. 47394 
119 4636. 3 0.54 C II 1334. 53 0. 118 -1.2 2. 47411 
120 4640. 8 0.39 C II 1335. 71 0. 106 -0.8 2. 47441 
130 4843. 3 0.53 Si IV 1393. 76 0. 528 -0.0 2. 47499 
131 4873. 8 0.59 Si IV 1402. 77 0. 262 -0.8 2. 47441 
L141 5378. 9 (3) C IV 1548. 20 0. 194 -1.1 2. 47429 
L142 5388. 2 (3) C IV 1550. 77 0. 097 -0.7 2. 47452 

System B (EPR) Z = 2.8571 ± .0003 Medium--Low: 

9 3487.7 0. 92 C II 903.85 0.39 1.5 2. 85872 
13 3532.5 0. 46 N II 915.61 0.149 0.9 2. 85808 
22 3618.4 0. 52 L E 937.80 0.0078 1.2 2. 85839 
26 3663.1 0. 66 L 6 949.74 0.0137 -0.1 2. 85695 
38 3767.9 2. 90 C III 977.03 0.674 -0.6 2. 85648 
43 3812.4 1. 23 0 I 988.75 0.051 -1.3 2. 85578 
44 3817.0 1. 45 N III 989.79 0.107 -0.7 2. 85637 

AX large 

Too strong 

Too strong? 

AX large, too strong 

AX large 

Too strong 
Too strong 

Too strong? 



Table 12.—Continued Individual line identifications for systems in 4C05.34. 

N X W Line Xlab f AX Z 

55 3955.4 0. 98 LB 1025.70 0.0791 -0.9 2. 85622 
O Q Q O  0 A 4̂. C II 1036.34 0.125 0.9 2. 85800 Too strong 
w  y  7  O  «  f c  C II 1037.02 0.125 -1.7 2. 85547 Too strong 

63 4044.1 0.99 Ar I 1048.20 0. 230 1.1 2. 85814 
69 4114.4 0.61 Ar I 1066.66 0.0594 0.2 2. 85727 
90 4331.2 0.81 Fe III 1122.53 0.056 1.5 2. 85843 AX large 
115 4591.9 0.47 Si II 1190.42 0.260 0.3 2. 85738 Too strong? 
121 4655,0 0. 85 Si III 1206.51 1.66 1.4 2. 85824 
124 4689.1 1.10 La 1215.67 0.4162 0.1 2. 85721 

System C (EPR) Z = 2.6858 ± .0002 High-Lyman: 

1 3412.5 0.37 L-7 926.23 0.0032 -1.4 2. 68529 AX large 
4 3430.9 0.96 L-6 930.75 0.0048 0.3 2. 68617 
6 3456.3 1.06 Le 937.80 0.0078 -0.2 2. 68554 Too strong 
11 3500.8 0.71 LS 949.74 0.0139 0.2 2. 68606 
19 3583.9 3.96 Ly 972.54 0.0290 -0.7 2. 68509 Too strong 
20 3602.3 0.96 C III 977.03 0.674 1.2 2. 68699 
39 3781.1 2. 04 Lg 1025.72 0.0791 0.5 2. 68629 
42 3802.8 0.44 0 VI 1031.95 0.130 -1.3 2. 68506 
45 3823.5 0.62 0 VI 1037.63 0.0648 -1.0 2. 68484 
105 4481.5 2.17 La 1215.67 0.4162 0.8 2. 68644 
113 4565.0 0.51 N V 1238.82 0.152 -1.0 2. 68496 

System D (VPR) Z = 2.6499 ± .0003 Low-Lyman: 

3 3421.4 0.41 LE 937.80 0.0078 -1.5 2. 64833 AX large 
7 3466.3 0.96 L6 949.74 0.0139 -0.2 2. 64974 
16 3549.8 0.73 LY 972.54 0.0290 0.1 2. 65003 • 

17 3565.2 1.65 C III 977.03 0.674 -0.9 2. 64902 
35 3745,0 1.30 L0 1025.72 0.0791 1.2 2. 65109 



Table 12.—Continued Individual line identifications for systems in 4C05.34. 

N X W Line Xlab f AX Z 

39 3781.1 2.04 C II 1036.34 0.125 -1.4 2. 64851 AX large, too 
strong 

55 3955.4 0.98 N II 1083.99 0.101 -1.1 2. 64893 too strong 
91 4345.2 0.38 Si II 1190.42 0.260 0.3 2. 65014 
95 4381.2 1.14 N I 1199.97 0.266 1.4 2. 65109 
100 4438.0 2.28 La 1215.67 0.4162 0.9 2. 65066 
126 4760.5 0.25 Si II 1304.37 0.147 -0.3 2. 64965 

System E (VPR) Z = 2.8100 ± .0003 Lyman-(Medium) : 

9 3487.7 0.92 N II 915.62 0.149 -0.8 2. 80911 Too strong? 
18 3571.7 1.96 Le 937.80 0.0078 -1.3 2. 80859 Too strong 
22 3618.4 0.52 L6 949.74 0.0139 -0.1 2. 80988 
31 3705.8 0.57 LY 972.54 0.0290 0.4 2. 81043 
33 3724.0 1.14 C III 977.03 0.674 1.5 2. 81155 AX large 
52 3908.0 1.26 LB 1025.72 0.0791 0.0 2. 81001 

AX large 

118 4631.8 1.76 La 1215.67 0.4162 0.1 2. 81007 
L148 5905.5 (1) C IV (1549.06) — (3.6) 2. 81231 AX very large 

System F (VPR) Z = 2.6379 ± .0003 Lyman-Hiqh: 

1 3412.5 0.37 Le 937.80 0.0078 0.9 2. 63884 
6 3456.2 1.15 LS 949.74 0.0139 1.1 2. 63910 Too strong? 
14 3537.0 0.71 LY 972.54 0.0290 -1.0 2. 63687 
34 3730.1 1.07 L6 1025.72 0.0791 -1.4 2. 63657 AX large 
96 4390.6 1.21 Si III 1206.51 1.66 1.4 2. 63909 Too strong? AX large 
98 4423.3 2,63 La 1215,67 0.4162 0.8 2. 63857 

Too strong? AX large 

107 4507.6 1.00 N V 1238.82 0,152 0.9 2. 63862 Too strong 
109 4520.7 0.28 N V 1242,80 0,0757 -0,5 2. 63751 



Table 12.—Continued Individual line identifications for systems in 4C05.34. 

N X W Line Xlab f AX Z 

System G (VPR) Z = 1.7760 ± .0002 High-Medium: 

11 3500.8 0.71 Si II 1260.42 0.959 1.9 1 77749 AX very large 
31 3705.8 0.57 C II 1334.53 0.118 1.1 1 77686 

very large 

32 3709.4 1.05 C II 1335.71 0.106 1.5 1 77710 AX large 
47 3867.8 1.33 Si IV 1393.76 0.528 -1.3 1 77507 

large 

49 3893.9 1.05 Si IV 1402.77 0.262 -0.2 1 77586 
85 4297.7 1.38 C IV 1548.20 0.194 -0.1 1 77593 
86 4304.4 1.05 C IV 1550.77 0.097 -0.5 1 77565 
119 4636.3 0.54 A1 II 1670.79 1.88 -1.8 1 77491 AX very large 

System H (VPR) Z = 2.8752 ± .0002 High: 

22 3618.4 0.52 S VI 933.38 0.426 1.4 2 .87666 AX large 
25 3658.9 0.46 S VI 944.52 0.210 -1.3 2 .87382 AX large 
38 3767.9 2.90 Ly 972.54 0.0290 -0.9 2 .87429 Too strong 
57 3974.7 0.90 L3 1025.72 0.0791 -0.2 2 .87503 
59 3998.2 4.84 0 VI 1031.95 0.130 -0.8 2 .87441 
61 4021.1 2.73 0 VI 1037.63 0.0648 0.1 2 .87527 
125 4711.4 2.71 La 1215.67 0.4162 0.4 2 .87556 
127 4800.1 0.70 N V 1238.82 0.152 -0.6 2 .87474 
128 4817.6 0.51 N V 1242.80 0.0757 1.5 2 .87641 AX large 
L143 5403.6 (0) Si IV 1393.76 0.526 2.5 (2 .87699) AX large 
L149 6007.4 (1) C IV (1549.06) — 4.4 (2 .87803) AX very large 



Table 12.—Continued Individual line identifications for systems in 4C05.34. 

N X W Line Xlab f AX Z 

System i I (VPR) Z = 2.5360 ± .0003 High-(Medium) : 

6 3456.3 1.05 C III 977.03 0.674 1.5 2. 53756 AX large 
11 3500.7 0.71 N III 989.79 0.107 0.9 2. 53681 Too strong 
23 3626.2 0.61 LB 1025.72 0.0791 -0.7 2. 53527 

Too strong 

85 4297.7 1.38 La 1215.67 0.4162 -0.9 2. 53525 
95 4381.2 1.14 N V 1238.82 0.152 0.7 2. 53659 
97 4394.6 0.51 N V 1242.80 0.0757 0.1 2. 53605 

L146 5480.0 (0) C IV (1549.06) — (2.5) (2. 53763) AX large 

System J (PR) Z = 2.7711 ± .0003 Lyman-(Medium): 

10 3492.2 0.35 L-7 926.23 0.0032 -0.7 2. 77034 
14 3537.0 0.71 Le 937.80 0.0078 0.5 2. 77159 
19 3583.9 3.96 L6 949.74 0.0139 2.3 2. 77356 AX large, too strong 
27 3668.9 2.43 LY 972.54 0.0290 1.4 2. 77249 Too strong 
28 3683.9 2.15 C III 977.03 0.674 -0.6 2. 77051 

Too strong 

47 3867.8 1.33 L3 1025.72 0.0791 -0.3 2. 77081 
52 3908.0 1.26 C II 1036.34 0.125 -0.1 2. 77096 
87 4318.3 0.43 Fe II 1144.95 0.15 0.6 2. 77161 
111 4550.5 0.79 Si III 1206.51 1.66 0.6 2. 77162 
114 4583.6 2.70 La 1215.67 0.4162 -0.8 2. 77043 
L137 5034.4 (0) C II 1334.53 0.118 1.8 2. 77241 
L147 5840.7 (0) C IV (1549.06) — -1.0 2. 77048 



Table 12.—Continued Individual line identifications for systems in 4C05.34. 

N X W Line Xlab f AX Z 

System K (PR) z = 2.4946 ± .0003 Neutral: 

6 3456.3 1.06 0 I 988.75 0.0510 1.0 2.49563 
19 3583.9 3.96 LB 1025.72 0.0791 -0.6 2.49403 Too strong 
26 3663.1 0.66 Ar I 1048.20 0.230 0.1 2.49466 
56 3966.8 1.27 N I 1134.66 0.0704 1.6 2.49603 AX large, too strong 
75 4192.9 0.75 N I 1199.97 0.266 -0.5 2.49417 
80 4247.6 1.63 La 1215.67 0.4162 -0.7 2.49404 
103 4464.4 1.93 C I 1277.15 0.090 1.3 2.49560 Too strong 
111 4550.5 0.79 0 I 1302.17 0.0486 -0.1 2.49455 
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good, but such a model cannot be ruled out. For neither 

model are there any missing lines. A few other low ioniza

tion or neutral lines may be present, but the relative 

strengths of these lines are not self-consistent. Thus the 

suggestion of McKee et al. (1973) of the presence of a low 

ionization component is not confirmed. The strong line 

identified with 0 VI A1031 is also identified with Lyman-

series lines in other redshift systems, but these transi

tions must be relatively minor contributors to the feature. 

This is consistent with strength of the other member of the 

0 VI doublet, which has no alternative identification. Al

though the C IV doublet falls outside of the spectral range 

of the present observations, Lynds has identified them with 

the two strongest lines in the wavelength region between 
O o 

5000A and 6000A. Since these lines were not included in 

the redshift finding routine, they can be regarded as an 

independent test of the reality of the system. 

The significance of the presence of very strong 

0 VI absorption lines has already been mentioned in Chapter 

II, but should be reemphasized here. First, it is diffi

cult to develop a model for a Type II system in which 0 VI 

absorption is this strong, both in an absolute sense and 

relative to La (Weisheit and Collins 1976). Secondly, the 

only other three redshift systems in which very strong 0 VI 

absorption lines have been observed are almost certainly 

Type I systems. One is naturally reluctant to assume that 



these very unusual systems are produced by 2 separate mech

anisms. (The situation is both more specific and more con

vincing than that discussed by Weymann et al. [1977]. 

Nonetheless Occam's Razor is simultaneously one of the most 

useful and one of the most misused concepts in logic, and 

conclusions based upon its use are open to criticism.) 

In view of the possibility that redshift system is 

intrinsic to the QSO despite the large difference between 

emission and absorption redshifts, it is intriguing that 

the redshift ratio R, defined by 

is 1.116. There have been numerous claims in the litera

ture that other absorption systems at this redshift ratio 

are also Type I systems (see Strittmatter and Williams 

1976), while Strittmatter et al. (1973) and Burbidge and 

Burbidge (1975) have concluded that this value of R occurs 

more frequently than one would expect by chance. A more 

detailed statistical analysis has shown this excess to be 

significant at about the 1% level (Sargent and Boroson 

19 77). Still more examples of absorption systems for which 

R ~ 1.11 have been presented by Burbidge et al. (1977) and 

by Carswell, Smith, and Whelan (1977) , so the reality of 

effect seems to be fairly well established. Preferred 

values of R can be produced quite naturally by radiative 
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acceleration of gas clouds near QSOs (Mushotzky et al. 

1972), and several fairly sophisticated models have been 

reviewed by Strittmatter and Williams (1976) . On the other 

hand, preferred redshift ratios cannot occur for Type II 

systems. Thus the apparent existence of a significant 

excess of absorption systems for which R ~ 1.11 implies 

that such redshift systems, including System A, are in

trinsic to the QSO. 

Yet another piece of evidence suggesting the in

trinsic nature of this system is the presence of C II and 

possibly Si II excited fine-structure lines. Neither of 

the lines identified with the C II X1335 multiplet has an 

alternative identification. A closer examination of the 

line at 360 2.3A on the best original plate shows the feature 
O 

to be barely resolved into two components at 3601.7A and 

3603.6&. The numbers agree very well with the calculated 

positions of the components of the C II X10 36 multiplet. 

The identification of the Si II X1264 EFS transition is 

more reliable than that of the X1260 transition, since it 

is consistent with the apparent absence of other Si II 

excited fine-structure lines. The statistical significance 

of these three identifications is difficult to determine. 

A naive calculation of the probability of identifying by 

chance the three strongest predicted EFS lines, assuming a 

probability of chance coincidence for a single line of 0.2-

0.3, gives a significance level between 1% and 3%. However, 
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it is clearly desirable to independently confirm the reality 

of these lines, and such observation should be made at 

sufficiently high resolution to cleanly resolve the C II 

X1036 feature. 

The population of excited fine-structure states has 

been investigated by Bahcall (1967) and by Bahcall and Wolf 

(19 66). Three important excitation mechanisms were dis

cussed: (1) collisional excitation by electrons and 

protons, (2) direct radiative excitation through the ab

sorption of an infrared photon, and (3) indirect radiative 

excitation via population of an upper level followed by 

radiative decay to the EFS state. Many of the multiplets 

involved in indirect radiative excitation occur in the 

observable UV spectrum. (In fact, only those ions for which 

such observable multiplets occur are of interest, since 

these multiplets are the ones used to measure the relative 

population of the EFS state.) Determining which of the 

processes is producing the excitation is difficult, since 

accurate relative populations of both excited fine-structure 

and ground states are required for several different ions. 

Ideally one would want a curve of growth analysis for 

transitions from each level, but for fairly general condi

tions a single accurate curve of growth is adequate to 

determine the velocity dispersion. This type of procedure 

has been used with some success in the study of inter

stellar H2 absorption lines (Morton and Dinerstein 1976), 
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but the current observations of three EFS lines from two 

ions are not sufficient to specify the excitation mechanism. 

Williams et al. (1975) have used a different 

approach to this problem. A series of photoionization 

models for the absorbing clouds in 3C191 were calculated, 

and the models were required to reproduce both the observed 

ionization and the observed population of EFS levels. In

direct excitation of these levels by UV radiation could be 

ruled out with some confidence. Direct excitation by infra

red radiation could not be excluded, but the required 

infrared flux seemed implausibly large. Thus the most 

probably excitation mechanism was electron collisions, and 

3 -3 an electron density of about 10 cm could be estimated. 

It should be noted, however, that this type of analysis 

requires a few assumptions, such as the functional form of 

the ionizing spectrum outside the observed spectral range. 

The choices made by Williams et al. (1975) are plausible 

and consistent with the observations, but they are not 

required by the data. Even the use of a photoionization 

model is somewhat arbitrary, as pointed out by Williams and 

colleagues, and is justified primarily by the success of 

the model. 

A slightly more general approach will be used for 

the analysis of the EFS line in this absorption system. 

Two basic ionization models, photoionization by a power-law 

continuum and collisional ionization, and the three 
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excitation mechanisms can be considered. The observed 

population of the J = 3/2 level in C II implies one of the 

three following conditions: 

-3 
1. n ~ 100 cm , e 

-9 -1 -2 -1 2. J - 1.3 x 10 erg s cm Hz at v = 1.92 x 

1012Hz (156y), or 

3. J 1.4 x 10 ̂  erg s "*"cm ^Hz ^ at v = 2.25 x 
v r 

1015Hz (1334&). 

The Si II A1264 EFS transition requires even stronger 

conditions, i.e., 

-3 
2. a. n„ - 1000 cm 

— 8 — 1 —2 —1 b. ~ 2.1 x 10 erg s cm Hz atv = 8.60 x 

lO^Hz (35y) , or 

c. Jv •• 5.3 x 10 ̂  erg s "'"cm Ĥz ̂  at v = 2.37 x 

1015HZ (1265A). 

If a continuous spectrum of the form 

F = 9.3 x 10 "^ ( V , c) ^ erg s ^"Hz ^ 
V 2.1x10 

is assumed for 4C05.34 (Oke 1970, Baldwin 1977), the 

distance between the QSO and the absorbing cloud in System 

A can be calculated for both radiative excitation mech

anisms. The results are listed in Table 13. Values for 

direct excitation by infrared radiation involve a fairly 

uncertain extrapolation of the spectrum and therefore may 

be in error by an order of magnitude. Despite this 
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Table 13. Minimum distance from 4C05.34 at which the EFS 
lines could be radiatively excited. 

C II Si II 

IR 800 pc 95 pc 

UV 2,300 pc 360 pc 

uncertainty, it is obvious that radiative excitation can 

occur only if the absorbing cloud is a few kiloparsecs from 

the QSO. 

For the case of collisional excitation, each 

ionization mechanism must be considered separately. Fitting 

the observed absorption line equivalent widths to photo-

ionization models calculated by McKee et al. (1973) yields 

an ionization parameter y ~ 40 for the absorbing cloud, 

and both La and the O VI doublet appear to be unsaturated. 

The strengths of the C II and Si II lines may be too large 

to be consistent with this value of y. If these lines are 

assumed to be produced in condensations in the absorption 

cloud, the assumptions that these regions see the same 

ionizing flux as the rest of the cloud and that C I must 

4 not be observable result in y < 10 or a density enhance

ment < 250. From the required electron density for colli

sional excitation of Si II, the density of ionizing photons 

-3 is Hy ~ 0.1 cm . The extrapolated flux of ionizing photons 

57 -1 is roughly 8.9 x 10 photons s . (Note that this value 
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is larger than that given by Oke [1970] by a factor of 49. 

Converting Oke's results to the same cosmological model, 

-1 -1 Hq = 50 kin S Mpc and QQ = 0, reduces the disagreement to 

a factor of 2, which is comparable to the uncertainty in 

the estimate.) The maximum distance at which the Lyman 

-3 continuum photon density exceeds 0.1 cm is 160 kpc. If 

density enhancements are not allowed, then this distance 

is reduced to 10 kpc. This result is quite similar to the 

distance derived by Williams et al. (1975) for the absorp

tion cloud associated with 3C191. 

The final alternative involves both collisional 

ionization and excitation. In this case, at least two 

components of the absorbing cloud are definitely required 

to explain the presence of both O VI lines and C II and 

Si II EFS lines. If these two components are in pressure 

equilibrium, then the temperature of the O VI region is 

roughly 2 x 10^°K and the estimated electron density is 

- 3 ng ~ 100 cm . The timescale for radiative cooling of 

this gas is 

Tcool ~ njim1) I " 40 yr-

where H(T) is the rate coefficient of radiative cooling 

(Raymond, Cox, and Smith 1976). This short timescale 

implies either that the O VI lines are very transient 

features or that energy is continuously being supplied at a 

rate of 6.2 x 10 ̂  erg cm "^s or 4.8 x 10^ L pc ^. The 
© 
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first possibility is rather artificial and inconsistent 

with the original assumption of pressure equilibrium, while 

the second once again requires that the cloud be located in 

a very energetic environment, such as near 4C05.34. In

stead of assuming pressure equilibrium between the two 

phases of the gas, we may postulate the existence of a 

shock front in the absorbing cloud. Using a temperature 

4 ~ 10 °K for the pre-shock material and a temperate T2 ~ 

2 x 10^°K for the post-shock material, the pressure ratio 

P2//Pl can be foun<̂  from the expression (Landau and Lifshitz 

1959) 

T2 P2 (y+1)P1+(Y-1)P2 
= ' (Y-l)P1+(y+l)P2 = 20' 

so ^2^1 ~ 76.3. T̂ e density ratio can be calculated from 

the equation 

n2 _ P2 P̂1 _ 76.3 _ , „ 
nX *7*1 20 

In this model the EFS lines could be produced either in the 

pre-shock material or in the cooled post-shock material. 

We shall assume that the post-shock material is the major 

3 -3 contributor, so that n^ ~ 10 cm . Assuming pressure 

balance behind the shock, the density in the O VI region 

should be n2 ~ 50, so the cooling timescale is roughly 80 

yr. The velocity of the shock is given by the equations 
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Mi 5 gj 5 11 + = 7-8 

and 

S.. = (-̂ )1//2 ~ (10/3 K T../IIH)1/2 = 17 km s"1 
11 ^ 

where is the Mach number, is the speed of sound in 

the pre-shock material, y is the adiabatic index, and m^ is 

the proton mass. The result is a shock velocity of 130 

km s \ The calculated column density of H in the O VI 

region is 

N„ ~ t , n.U, = 4.3 x lO"1"7 cm 2 H cool 1 1 

Assuming solar abundance ratios, the total column density 

14 -2 of O is 2.8 x 10 cm . This result compares fairly well 

with the observed minimum column density of O VI, which is 

14 -2 9.2 x 10 cm . (It should be noted the expected column 

density of O VI is virtually independent of both the 

adopted electron density and the assumed abundance of O.) 

In this shock wave scenario, kinetic energy is 

converted into thermal energy at the rate 

|| ~ (4ttR2Ui) • (3/2 njkT^ 

43 2 -1 2 2 = 2.7 x 10*erg yr L = 2.2 x 10 R L , 
© 

assuming spherical symmetry, where R is the radius of the 

spherical shell in parsecs. On the other hand, if we 
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assume that this type of activity occurs in the nuclei of 

all galaxies at redshifts greater than 2.2 (at which point 

the 0 VI doublet becomes accessible), then the expected 

number of galaxy nuclei along the line of sight to a quasar 

is given by 

n = 1.6 x 10~10R2[(l+zem)3/2-(3.2)3/2] 

(Bahcall and Spitzer 1969, Sargent 1977), for qQ = + 1/2. 

For the five QSOs listed by Strittmatter and Williams (1976) 

which are well-studied and have zem considerably larger than 

2.2, the total expected number is 

ntotal " 1"78 x 10"V' 

where once again R is in parsecs. This result is only 

marginally consistent with the earlier expression giving 

the rate at which energy is being dissipated. For example, 

and if ntotai set equal to 0.05, then R equals 5.3 kpc 

50 -1 the energy dissipation rate is 7.5 x 10 erg yr or 

9 6.6 x 10 L0. Since this is comparable to the total 

luminosity of a large galaxy, the galaxy in which the 

shock front is occurring must be extremely active. Pre

sumably the density of such active galaxies is much lower 

than that of all galaxies, so we should reduce the number 

of expected systems by some large factor, possibly in the 

2 4 range of 10 to 10 . This correction increases the problem 



87 

even further, bringing the energy dissipation in the shock 

wave up to a value resembling the total luminosity of QSOs. 

Every possible combination of ionization and 

excitation mechanisms for this absorption system implies 

that the absorbing cloud is near a QSO or exceptionally 

active galaxy. If we assume that the relation 

log F = 33.34 - 1.57 log W_ _T7 ^ v ^ C IV 

is valid (Baldwin 1977) and convert to qQ = 0, we can place 

fairly interesting limits on the maximum continuum 

luminosity of any QSO at z = 2.475. A fairly firm upper 

limit of ~2A can be placed on the equivalent width of any 
O 

feature at 5380A. This corresponds to a maximum continuum 

luminosity at 1450A of log F^ = 28.75, which is a factor of 

50 fainter than the faintest object studied by Baldwin. 

Assuming a power-law spectrum with an index of 1.0, we can 

calculate the maximum distance of the absorption cloud from 

this QSO for each combination of ionization and excitation 

mechanisms. The only promising model involves radiative 

ionization and collisional excitation of a cloud with 

density enhancements, for which R = 3.9 kpc. If we assume 

that such faint QSOs are as numerous as galaxies at this 

epoch, then che expected number of such systems is 2.8 x 

-2 10 . The absence of any La emission line :at a redshift 

of 2.4 75 yields more stringent limits. If we assume 

W(La)/W(C IV) ~ 3, then log Fv̂ 27.43, R S 860 pc, and 
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- 3 ntotal ~ 1*3 x 10 • This is sufficiently small that we 

regard it as fairly strong circumstantial evidence for an 

intrinsic origin for this system. 

System B: Z = 2.8571 (EPR) 

This redshift system, which has not been previously 

identified, is characterized by low and medium ionization 

lines. The Lyman lines are fairly weak and may be satu

rated, although the failure to detect Ly is not consistent. 

The absence of Si II is surprising and C II A1036-1037 is 

much too strong. The strength of C III X977, if real, may 

require a collisional ionization model. The relative 

velocity of the system with respect to 4C05.34 is only 1500 

km s Thus System B may be an example of an absorption 

cloud in a cluster of galaxies associated with the QSO, as 

discussed by Williams and Weymann (1976) and Weymann et al. 

(1977). 

System C: Z = 2.6858 (EPR) 

This system, which again has not been identified 

before, is based primarily upon the presence of the seven 

strongest Lyman lines. Also present are C III, O VI, and 

N V lines. The only missing lines are NV A1242 and Si III 

A1206, but the predicted equivalent width of these lines is 

small and the lines could easily have been missed. A very 

good fit to a photoionization model with y ~ 200-250 can be 

made for the observed lines, while a collisional ionization 
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model is much less satisfactory. Both the Si IV and C IV 

doublets fall within the spectral range observed by Lynds 

(1971), but neither was reported to be present. The 

photoionization model indicates that Si IV should be 

roughly as strong as N V, so the absence of these lines is 

consistent with the other identifications. The C IV lines 

should be comparable to LB in strength, but they would 

occur at 5710A. The line list given by Lynds is based upon 

lower dispersion spectrograms at this wavelength, and 

Lynds notes that the list is not complete for this region. 

The detection of the C IV lines will therefore provide a 

strong check on the reality of the system. 

System D: Z = 2.6499 (VPR) 

Lynds (1971) suggested a possible system at this 

redshift based upon identifications of La, LB, and C III. 

All of these lines are confirmed and Ly, L6, and Le are also 

present. Several other lines are also listed in Table 10, 

but each of these is less reliable. The absence of Si III 

A1206 and C II A1334 is inconsistent with a collisional 

ionization model. A photoionization model with y between 

300 and 2000 gives a reasonably good fit to the observed 

line strengths. The C IV doublet might be strong, but the 

uncertainty in y is too large to yield a reliable predic

tion. Lynds has commented that there may be an ill-defined 

feature at the appropriate wavelength (-5652A). 
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System E: Z = 2.8100 (VPR) 

This system is primarily based upon the presence of 

Lyman series lines, although C III A977 is also detected. 

A number of other identifications at this redshift have 

been suggested by Lynds (1971) and Bahcall and Goldsmith 

(1971), but in general these lines could not be confirmed. 

The special case of C III A1175 will be discussed in 

Chapter VII. Once again the absence of Si III coupled with 

the relative strengths of C III X977 and the Lyman series 

effectively rules out collisional ionization, while a broad 

range of possible photoionization models give a reasonably 

good fit. Lynds (1971) observed a fairly weak line that 

could be identified with C IV. 

System F: Z = 2.6379 (VPR) 

This system was originally discussed by Lynds 

(1971), who observed La and Si III A1206. The Lyman series 

is again clearly present, but the Si III identification is 

questionable in view of the absence of C III. The N V 

doublet ratio is not consistent with the estimated un

certainty, so these lines are also fairly doubtful. A 

diffuse feature at 5 63lA seen by Lynds may be due to C IV. 

Neither ionization model is really consistent with the 

detection of N V and Si III but absence of O VI and C III. 

Carlson (1974) has suggested that lines may be 

present in this system. In view of the potential 
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significance of the H^ identification (see e.g., Aaronson 

et al. 1974), this possibility has been reexamined. As 

shown in Table 14, a number of lines can be identified. 

The rather large wavelength discrepancies might be explained 

by a different population of rotational levels than that 

assumed, but the expected relative strengths of the dif

ferent bands are changed very little. Thus the weakness or 

absence of several of the strongest expected lines suggests 

that most of the lines must be due to chance coincidence. 

The probability of chance coincidence (Coleman et al. 1976) 

ranges between 5% and 30%, depending upon the selected 

wavelength tolerance. Thus there is no evidence for a 

statistically significant or physically consistent identi

fication of at this redshift, in agreement with the con

clusion reached by Aaronson et al. (1975). 

System G: Z = 1.7760 (VPR) 

Although all lines which had previously been found 

(Bahcall and Goldsmith 1971, Aaronson et al. 1975) have been 

confirmed, the wavelength agreement is not very good. The 

identification of the C II excited fine-structure line is 

interesting but not statistically significant. The strength 

of this line relative to the ground state transition sug

gests that Si II X1264 may also be observable, but it was 

not detected. Although La falls outside of the well-

observed part of the spectrum, there may be a fairly strong 
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Table 14. Possible identifications of H2 transitions. 

Xlab Line f ^cal AX ^obs W 

1024. 84 Ly (6-0) 0. 0268 3728. 3 -1. 8 3730. 1 1. 07 

1013. 27 Ly (7-0) 0. 0266 3686. 2 (2. 3) (3683. 9 2.15) 

1037. 02 Ly (5-0) 0. 0254 3772. 6 — — — 

1002. 28 Ly (8-0) 0. 0252 3646. 2 (2. 8) (3643. 4 3.17) 

991. 83 Ly (9-0) 0. 0231 3608. 2 1. 2 3607. 0 1.96 

1049. 85 Ly (4-0) 0. 0222 3819. 2 (2. 2) (3817. 0 1.45) 

981. 88 Ly (10-0) 0. 0205 3572. 0 0. 3 3571. 7 1.96 

972. 43 Ly Cll-0) 0. 0178 3537. 6 0. 6 3537. 0 0.71 

1063. 37 Ly (3t0) 0. 0172 3868. 4 0. 6 3867. 8 1.33 

963. 41 Ly (12-0) 0. 0152 3504. 8 — — — 

954. 84 Ly(13-0) 0. 0128 3473. 6 0. 6 3473. 0 0.98 

1077. 63 Ly (2-0) 0. 0113 3920. 3 — — — 

1092. 69 Ly (1-0) 0. 00561 3975. 1 0. 4 3974. 7 0.90 

1108. 63 Ly (0-0) 0. 00162 4033. 1 — — — 
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line at 3373A on the best spectrogram. A photoionization 

model with log y ~ 3.5 seems to yield a better fit than 

collisional ionization models. Observation of the Lot/Si 

III A1206 ratio would strengthen this conclusion. 

System H: Z = 2.8752 (VPR) 

In view of the very high ionization level and small 

relative velocity with respect to the QSO, this system is 

almost certainly intrinsic. The extreme strength of the 

0 VI doublet, which was noted by Lynds (1971), is confirmed. 

The N V doublet is also probably present and S VI may have 

been detected, although the wavelength agreement is fairly 

poor. Both C III A9 77 and Si III A1206 appear to be absent. 

Lynds has identified the latter line with a weak (strength 

1) line, so both lines may be marginally below the detec

tion limit. Several other lines have also been seen by 

Lynds, the most notable of which are SI IV A1393 and C IV 

X1549. Reasonably good fits to the observed relative 

line strengths can be achieved with either collisional or 

photoionization models, although the latter is slightly 

better. The 0 VI doublet appears to be unsaturated and the 

other two doublet ratios are also consistent with a small 

optical depth. The La/LB ratio is not consistent with this 

picture, and two possible explanations can be discussed. 

First, the line at 399 8.2A may be a blend, in which case 

the 0 VI doublet could be saturated. No alternative 
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identification of this line is plausible in any of the well-

established systems, but there is some evidence to support 

an identification of the line with La at a redshift of 

2.2889. The coincidence of LB at this redshift with La 

from System G is also intriguing, but this explanation must 

be regarded as rather speculative. The preferred explana

tion of the small La/LB intensity ratio is in terms of La 

emission occurring further from the QSO than the absorption 

cloud. Since the La emission line is much stronger than 

LB, the La absorption line equivalent width would be 

affected much more strongly. This again suggests that the 

distinction between absorption and emission regions may be 

rather arbitrary, as was noted by Williams et al. (1975) . 

The emission line model studied by Scargle, Caroff, and 

Tarter (19 74) is more consistent with the present observa

tions than other models (Bahcall and Kozlovsky 1969a,1969b; 

Davidson 1972; MacAlpine 1972). 

We can make several interesting predictions based 

upon this picture of the physical conditions in the ab

sorbing cloud. If the 0 VI lines are really unsaturated, 

then thermal broadening of the lines can be ruled out, 

7 since the required temperature (T ~ 4 x 10 °K) is incon

sistent with the existence of O VI. Turbulent broadening 

implies a velocity dispersion of about 200 km s . It may 

therefore be possible to resolve all lines in this system 

with a modest increase in resolution. All absorption lines 
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should be unsaturated. By comparing the Lyman series lines 

it should in principle be possible to determine how much of 

the La emission line is produced further from the QSO than 

the absorption line region. Accurate equivalent widths for 

the C IV and Si IV lines might eliminate the ambiguity in 

determining the dominant ionization mechanism and may also 

suggest an explanation for the possibly anomalous La/N V 

emission line strength ratio (Osmer 1977). 

System I: Z = 2.5 360 (VPR) 

Although this system does identify a number of 

fairly strong lines, most have plausible alternative identi

fications. There are also several missing lines, notably 

Si III A1206 and the Si IV doublet. The C IV doublet can 

be identified with a diffuse feature at 5478A (Lynds 1971). 

A collisional ionization model matches the observations 

better, since photoionization models predict a strong O VI 

doublet. The C IV lines should be quite strong in either 

model. 

System J: Z = 2.7711 (PR) 

Although this redshift system was only classified 

as probable by the computer program, there are several in

dependent reasons for believing it to be real. Lynds (1971) 

has observed several other lines which fit well in the 

system, including the C IV doublet. In addition, the drop 

in the continuum level (Oke 1970) coincides fairly well 
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with the location of the Lyman limit at this redshift. The 

observed line strengths are not completely consistent with 

either ionization model, and observations of C IV and Si IV 

lines would help considerably. 

System K: Z = 2.4946 (PR) 

All lines present in this system are produced by 

neutral atoms, but there are several missing C I lines. 

Many of the other lines are too strong relative to La. 

Since this system barely met the criteria discussed in 

Chapter IV, these problems are fairly serious. Further 

observations are required to confirm its existence. 

Other Systems 

Several other systems have been suggested by Lynds 

(1971), Bahcall and Goldsmith (1971), and Aaronson et al. 

(19 75) . In most cases we are able to confirm many of the 

individual line identifications but do not show the systems 

to be statistically significant. Thus these systems may 

well be real but cannot be proven to be. This is partially 

due to the different spectral coverage of the new data. 

Some other systems can now be rejected with reasonable 

confidence. An example is the absorption system at 1.8596, 

which was suggested by Bahcall and Goldsmith (19 71). 

These authors expressed some reservations about the reality 

of the system, since it was based on only four absorption 

lines. The presence of La was noted as being critical for 
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this system, but La does not appear to be present. In 
\ 

addition, the wavelength discrepancies and relative 

strengths of the other lines are unacceptable. The status 

of the redshift system at Z = 2.5936 is much less clear. 

Of the eight lines originally identified at this redshift 

by Bahcall and Goldsmith, only La and 0 VI X10 31 are still 
O 

acceptable. Only a small part of the feature at 3683.9A 

can be due to LB. Part of the line at 3730.1A may also be 

produced by O VI X10 37. Because of the small number of 

acceptable identifications, the system is not statistically 

significant. On the other hand, there is no plausible 

alternative identification for the strong line at 4 368.7&. 

Thus this system may well be an example of a type of system 

discussed by Lynds (1971), in which La is the only strong 

absorption line. The possible identification of O VI at 

this redshift may be relevant in determining the physical 

conditions in this type of absorbing cloud. 

OH 471 

Two probable redshift systems were found and are 

listed in Table 15, along with several other possible sys

tems which are interesting but not statistically significant. 

Both of the probable systems had been discussed by Carswell, 

Strittmatter et al. (19 75) and the system at z = 3.3402 had 

o -l 
in fact been noted at an inverse dispersion of 240A mm 

(Carswell and Strittmatter 1973). Thus the present 
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Table 15. List of proposed redshift systems for OH 471. 

System Z 
Ionization 
State 

Probability 
Class A Notes 

A 2.8928 Neutral PR 1.35 a 

B 3.3402 Lyman-(Med.) PR 1.12 a,b 

C 1.8752 Medium PO — 

D 3,1217 High PO — a 

E 3.1691 Med i vim PO ' — 

aThis system was proposed by Carswell, Strittmatter, 
et al. C1975) . 

This system was proposed by Carswell and 
Strittmatter (1973). 
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analysis has been no more successful than earlier attempts, 

despite the use of improved observational material. This 

lack of success is difficult to explain, although it may be 

partially due to the extreme faintness of OH471, which has 

made it exceptionally difficult to improve the S/N ratio. 

Comparison of the composite spectrum in Figure 2 with a 

lower resolution (~4A) scan (Boroson 1977) suggests that 

this limitation is not the primary factor. The entire 

problem will be reconsidered in the next chapter. Each 

system listed in Table 15 is also discussed below, while 

individual line identifications are compiled in Table 16. 

System A: Z = 2.8926 (PR) 

All of the lines identified in this system are from 

ions which would be present in an H I region. The major 

objection that can be raised is the relative weakness of 

the Lyman series. Well-established H I absorption clouds 

have been observed in PHL 957 (Lowrance et al. 1972, Beaver 

et al. 1972, Grewing and Strittmatter 1973) and in 1331+170 

(Strittmatter et al. 1973; Carswell, Hilliard et al. 1975), 

and in each case the La line was on the damping part of the 

curve of growth and was an order of magnitude stronger than 

any of the metal lines. This system therefore is not very 

similar to any other known absorption system, and the ob

served line strengths cannot be easily reproduced by any 

plausible ionization model. These problems reduce one's 



Table 16. Individual line identifications for systems in OH 471. 

N X W Line ^lab f AX Z Comments 

System A (PR) Z = 2.8928 ± 0.0003 Neutral -Low: 

3 3991.8 1.40 LS 1025.72 0.0791 -1.2 2. 89171 
9 4033.0 1.51 C II 1036.34 0.125 -1.3 2. 89158 
32 4221.2 0.51 N II 1083.99 0.101 1.4 2. 89413 
62 4417.4 1.19 N I 1134.66 0.080 0.3 2. 89315 Too strong 
92 4733.2 1.72 La 1215.67 0.4162 0.8 2. 89349 

strong 

121 4973.2 2.26 C I 1277.15 0.16 1.5 2. 89398 Too strong 
132 5067.9 1.50 0 I 1302.17 0.0486 -1.2 2. 89189 Too strong 
146 5174.2 0.56 C I 1328.83 0.12 1.3 2. 89380 

strong 

148 5196.1 2.17 C II 1334.53 0.118 1.0 2. 89358 Too strong 
C178 (6070) (S) C I 1560.31 0.097 (-4.0) (2. 89025) AX large 

System B (PR) Z = 3.3402 ± 0.0002 Lyman-(Medium) : 

7 4021.2 0.55 L-7 926.23 0.0032 1.2 3. 34147 
10 4039.7 0.57 L-6 930.75 0.0048 0.1 3. 34026 
14 4069.3 1.32 Le 937.80 0.0078 -0.9 3. 33920 Too strong 
21 4122.2 1.25 L6 949.74 0.0139 0.1 3. 34035 Too strong 
32 4221.2 0.51 Ly 972.54 0.0290 0.2 3. 34039 

strong 

34 4240.3 0.31 C III 977.03 0.674 -0.2 3. 33999 
66 4451.5 2.12 LB 1025.72 0.0791 -0.3 3. 33988 Too strong 
157 5276.5 1.66 La 1215.67 0.461 0.2 3. 34040 
169 5469.9 0.40 Si II 1260.42 0.959 -0.6 3. 33974 

System C Z = 1.8752 ± 0. 0002 Medium: 

5 4008.9 1.94 Si IV 1393.76 0.528 1.5 1. 87632 
9 4033.0 1.51 Si IV 1402.77 0.262 -0.3 1. 87503 
57 4389.6 0.54 Si II 1526.72 0.0764 -0.1 1. 87518 
61 4408.6 1.04 Si II 1533.44 0.0760 -0.4 1. 87497 



Table 16.—Continued Individual line identifications for systems in OH 471. 

N X W Line A, , lab f AX Z Comments 

66 4451. 5 2.12 C IV 1548.20 0.194 0.1 1.87527 
67 4457. 7 2.69 C IV 1550.77 0.097 -1.1 1.87451 Too strong 
101 4802. 4 0.64 Al II 1670.79 1.84 -1.5 1.87433 

strong 

System D Z = 3.1217 ± 0. 0002 High: 

5 4008. 9 1.94 Ly 972.54 0.0290 0.3 3.12209 
8 4026. 8 2.06 C III 977.03 0.674 -0.3 3.12147 
33 4227. 8 2.38 L3 1025.72 0.0791 0.1 3.12179 
37 4253. 0 1.10 0 VI 1031.95 0.130 -0.4 3.12132 
39 4270. 5 0.51 C II 1036.34 0.125 -1.0 3.12075 
40 4276. 0 0.78 0 VI 1037.63 0.0648 -0.8 3.12093 
121 4973. 2 2.26 Si III 1206.51 1.66 0.3 3.12197 I-3 o 0

 

strong? 
127 5010. 1 2.74 La 1215.67 0.416 -0.6 3.12127 

strong? 

137 5107. 5 1.12 N V 1238.82 0.152 1.4 3.12287 
138 5123. 5 2.41 N V 1242.80 0.0757 1.0 3.12255 TOO strong 
148 5196. 1 2.17 Si II 1260.42 0.959 1.0 3.12251 TOO strong 
C175 5505 M C II 1334.53 0.118 (4.5) 3.12505 

strong 

System E Z = 3.1691 ± 0. 0003 Medium: 

12 4054. 8 1.18 LY 972.54 0.0290 0.2 3.16929 O O strong? 
15 4072. 7 2.78 C III 977.03 0.674 -0.6 3.16845 
40 4276. 0 0.78 LB 1025.72 0.0791 -0.3 3.16878 
130 5031. 5 2.73 Si III 1206.51 1.66 1.5 3.17029 
132 5067. 9 1.50 La 1215.67 0.416 -0.3 3.16881 
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confidence in the reality of System A and suggest that a 

more sophisticated treatment of the consistency criteria in 

the computer code might have resulted in its rejection. 

System B: Z = 3.3402 (PR) 

This system is apparently the same as that dis

cussed by Carswell and Strittmatter (1973) and by Carswell, 

Strittmatter et al. (1975), although the difference between 

the quoted redshift and that given in Table 12 seems rather 

large. The apparent strength of L6 and L7 relative to Si 

II X1260 cannot be explained in terms of a collisional 

ionization model. A consistent photoionization model can 

be produced with y in the range 2000-6000 and an optical 

4 
depth in La of about 10 . Roughly 10 more Lyman series 

lines should lie on the saturated part of the curve of 

growth and should therefore be observable, although 

blending may create problems. 

System C: Z = 1.8752 (PO) 

Although this system is not statistically signifi

cant, it identifies virtually every line that should be 

present in a medium ionization system. The only missing 

lines are Si II X1808 and the Al III doublet, but these 

lines should be considerably weaker than any observed line. 

In view of the strength of the Si IV and C IV doublets, it 

may be worthwhile to search for the Mg II lines at a 
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redshifted wavelength of -8050A. The Si II EFS line 

identification may be due to chance. 

System D: Z = 3.1217 (PO) 

Despite the fact that this system is not statis

tically significant, it seems to be physically consistent 

and quite plausible. Carswell, Strittmatter et al. (1975) 

regarded this system as probable, and all suggested line 

identifications have been confirmed. Once again it is 

possible to rule out a collisional ionization model, but a 

fairly consistent photoionization model can be constructed. 

The Lyman series lines are saturated and C IV is predicted 

to be strong. A search for the latter lines at ~6385A 

could therefore confirm the existence of this system. 

System E: Z = 3.1691 (PO) 

This system identifies relatively few lines and is 

not overly convincing. It is interesting primarily because 

the strength of C III A977 and Si III X1206 relative to the 

Lyman series cannot be explained in terms of photoioniza

tion. The C IV doublet is again predicted to be very 

strong and can be used as a definitive check on the reality 

of the C III and Si III identifications. 

Other Systems 

Several of the other systems suggested by Carswell, 

Strittmatter et al. (1975) still identify a number of lines 
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and may be real. The system at Z = 3.245 has not been 

included because the line identified with La is weak, thus 

leading to the rejection of a number of other lines. Since 

the La line is one component of a marginally resolved blend, 

the equivalent width may be grossly in error. Identifica

tion of the entire feature with La may be more reasonable, 

in which case strong L3» Ly, and L6 lines would be accept

able. Other possible lines in the system are C III A977, 

Si III X1206, and the 0 VI doublet. The system at Z = 2.491 

may also be real, although some of the original line identi

fications are not confirmed. 

The system at Z = 3.191, which was suggested by 

Carswell, Strittmatter et al. (1975) is less likely to be 

real. The line identified with La is much too weak relative 

to the other lines and there are a number of missing lines. 

Some support for both of these systems may come from the 

observed continuum drop shortward of 4000A, which may 

exhibit features of the calculated locations of the Lyman 

limit in these two systems (Carswell, Strittmater et al. 

1975; Jackson 1975) . 

OQ 172 

Only one statistically significant redshift system 

was found by the Monte Carlo routine and even that system 

barely exceeded the minimum requirements. It is listed in 

Table 17 with several other systems that seem possible. 
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Table 17. List of proposed redshift systems for OQ 172. 

System Z 
Ionization 
State 

Probability 
Class A Notes 

A 2.7718 Neutral PR 1.04 

B 2.5556 High PO a 

C 2.5616 High PO a 

D 2.5669 Medium? PO a 

E 2.5717 Low PO a 

F 2.6887 Medium PO a 

G 2.6934 Medium PO a 

H 2.6989 Low PO a 

I 3.0663 Low PO a 

J 3.0892 High PO a 

£ 
System previously found by Baldwin et al. (1974). 
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Each system is discussed below and individual identifica

tion lists are presented in Table 18. 

System A: Z = 2.7718 (PR) 

This system is based exclusively on the nearly 

complete identification of Lyman series lines. Eleven of 

the strongest Lyman lines are present, although the wave

length agreement for some of the weaker lines is not very 

good. The only missing line, L8 at 923.15&, may be asso

ciated with a fairly weak feature at -3482A. Since L12 is 

as strong as L6, all of these lines are probably on the 

saturated part of the curve of growth. Assuming that La 

lies on the damping portion of the curve of growth, the 

18 — 2 column density in neutral hydrogen is -3 x 10 cm . The 

estimated velocity dispersion is ~13 km s which corre-

4 sponds to a temperature of 1.1 x 10 °K. These numbers are 

in fairly good agreement with the observed parameters for 

absorption clouds in other QSOs derived from high resolu

tion studies of the 21-cm line (Brown and Roberts 19 73, 

Roberts et al. 19 76), although the column density is 

smaller. 

There is only marginal evidence for the presence of 

any lines from other elements. The only identification 

which is at all convincing is that of O I A1302 with a very 

weak line. Baldwin et al. (19 74) also observed a line at 

6249.2A, which agrees well with the expected position of 



Table 18. Individual line identifications for systems in OQ 172. 

N X W Line Xlab f AX Z Comments 

System A (PR) Z = 2.7718 ± 0.0002: 

2 3458.2 0.72 L12 917.18 0. 0007 -1. 2 2. 77047 Too strong? 
3 3464.2 0.69 Lll 918.13 0. 0009 1. 2 2. 77311 Too strong? 
4 3469.5 1.35 L10 919.35 0. 0012 1. 9 2. 77386 Too strong, AX large 
5 3474.4 1.06 L9 920.96 0. 0016 0. 8 2. 77259 Too strong 
6 3492.9 0.76 L7 926.23 0. 0032 -0. 6 2. 77109 

strong 

10 3510.0 1.22 L6 930.75 0. 0048 -0. 6 2. 77115 Too strong 
14 3536.7 1.40 Le 937.80 0. 0078 -0. 5 2. 77127 Too strong 
19 3582.2 0.73 L<5 949.74 0. 0129 0. 0 2. 77177 

strong 

34 3668.3 1.08 Ly 972.54 0. 0290 0. 1 2. 77188 
55 3869.3 1.46 LB 1025.72 0. 0791 0. 5 2. 77228 
135 4584.8 2.78 La 1215.67 0. 4162 -0. 4 2. 77142 
167 4911.1 0.46 O I 1302.17 0. 0486 -0. 4 2. 77147 
B173 6249.2 — C I 1656.93 0. 132 -0. 4 2. 77155 

System B (PO) Z = 2.556 ± 0.0002: 

2 3458.2 0.72 ly 972.54 0. 0290 0. 3 2. 55584 
5 3474.4 1.06 C III 977.03 0. 674 0. 5 2. 55608 
30 3647.0 1.07 LB 1025.72 0. 0791 -0. 0 2. 55555 
34 3668.3 1.08 O VI 1031.95 0. 130 -0. 9 2. 55473 
36 3688.8 0.84 O VI 1037.63 0. 0648 -0. 6 2. 55502 
105 4322.7 3.83 La 1215.67 0. 416 0. 3 2. 55582 
117 4418.1 0.45 (N V 1242.80) 0. 0757 -0. 8 (2. 55496) Too strong? 
B152 (5514.2) -- C IV 1550.77 0. 097 0. 3 2. 55577 Too strong 



Table 18.—Continued Individual line identifications for systems in OQ 172. 

N W Line Xlab f AX Z Comments 

System C (PO) Z = 2.5616 ± 0.0001: 

3 3464.2 0.69 LY 972.54 0.0290 0.4 2. 56201 
31 3653.6 1.91 L3 1025.72 0.0791 0.3 2. 56199 
35 3675.9 1.28 0 VI 1031.95 0.130 0.5 2. 56209 
37 3695.5 1.52 0 VI 1037.63 0.0648 -0.2 2. 56148 
66 3980.9 1.52 P V 1117,98 -0.9 2. 56080 
71 4017.7 1.09 P V 1128.01 0.1 2. 56176 
103 4297.3 1.74 Si III 1206.51 1.66 0.1 2. 56176 Too strong 
106 4329.5 3.66 La 1215.67 0.4162 -0.3 2. 56141 

strong 

B152 (5514.2) — C IV 1548.20 0.194 0.1 (2. 56168) 
B153 (5524.0) — C IV 1550.77 0.097 0.7 (2. 56210) 

System D (PO) Z = 2.5669 ± 0.0003: 

4 3469.5 1.35 LY 972.54 0.0290 0.6 2. 56746 Too strong 
32 3657.6 0.46 L$ 1025.72 0.0791 -1.0 2. 56589 

strong 

37 3695.5 1.52 C II 1036.34 0.125 -1.0 2. 56591 
100 4254.4 0.71 Si II 1193.29 0.52 -1.9 2. 56527 AX large 
107 4336.5 1.40 La 1215.67 0.4162 0.4 2. 56717 

large 

117 4418.1 0.41 N V 1238.82 0.152 -0.6 2. 56638 
126 4495.1 3.51 Si II 1260.42 0.959 -0.7 2. 56635 Too strong 
153 4759.9 1.59 C II 1334.53 0.118 -0.2 2. 56672 

strong 

B153 (5524.2) — (C IV) (1548.20) 0.194 (2.0) 2. 56814 AX large 
B154 (5534.5) — (C IV) (1550.77) 0.097 (3.1) 2. 56886 AX very large 

System E (PO) Z = 2.5717 ± 0.0002: 

5 3474.4 1.06 LY 972.54 0.0290 0.8 2. 57250 
33 3663.1 1.22 L0 1025.72 0.0791 -0.4 2. 57125 

"37m A 0 HQ C II 1036.34 0.125 1.9 2. 57354 AX large O O J J U J T FI 
C II* 1037.02 0.125 -0.5 2. 57119 

large 



Table 18.—Continued Individual line identifications for systems in OQ 172. 

N X W Line Xlab f AX Z Comments 

80 4088.2 0.44 Fe II 1144.95 0.15 -1.2 2.57064 
82 4100.4 0.42 Fe II* 1148.30 0.13 -1.0 2.57084 
101 4363.2 0.41 Si II 1193.29 0.52 1.2 2.57264 
108 4341.9 1.96 La 1215.67 0.4162 -0.1 2.57161 
127 4502.2 1.12 Si II 1260.42 0.959 0.4 2.57084 
154 4766.7 0.81 C II 1334.53 0.118 0.2 2.57182 
156 4771,4 0. 48 C II* 1335.71 0.106 0.7 2.57218 

System F (PO) 7, = 2.6887 ± 0.0002: 

2 3458.2 0.72 LE 937.80 0.0078 -1.0 2.68757 
9 3502.7 0. 87 L6 949.74 0.0139 -0.6 2.68806 
20 3588.5 0.79 Ly 972.54 0.0290 1.1 2.68982 
24 3603.3 2.SI C III 977.03 0.674 -0.7 2.68801 Too strong? 
44 3784.2 0.84 L3 1025.72 0.0791 0.6 2.68931 

Too strong? 

49 3822.7 1. 64 C II 1036.34 0.125 -0.0 2.68865 Too strong? 
115 4402.0 0.62 Si II 1193.29 0.52 0.3 2.68896 Too strong? 
124 4483.5 1.40 La 1215.67 0.416 -0.7 2.68809 
134 4570.6 0.72 N V 1238.82 0.152 1.0 2.68948 Too strong? 
170 4923.7 0. 61 C II 1334.53 0.118 1.0 2.68946 
B119 5139.8 — Si IV 1393.76 0.526 -1.4 2.68772 

System G (PO) Z = 2.6934 ± 0.0004: 

10 3510.0 1.22 L6 949.74 0.0139 2.3 2.69575 Too strong, AX very 
large 

21 3591.5 0.54 ly 972.54 0.0290 -0.4 2.69291 
25 3609.4 2.01 C III 977.03 0.674 0.9 2.69426 
45 3789.5 2.16 LB 1025.72 0.0791 1.2 2.69448 
47 3812.1 0.52 0 VI 1031.95 0.130 0.7 2.69407 
50 3832.5 0.57 0 VI 1037.63 0.0648 0.2 2.69351 
125 4488.4 4.98 La 1215.67 0.4162 -1.5 2.69212 



Table 18.—Continued Individual line identifications for systems in OQ 172. 

N X W Line Xlab f AX Z Comments 

System H (PO) Z = 2.6989 ± 0.0003: 

4 3469.5 1.35 Le 937.80 0.0078 0.7 2.69962 
11 3515.1 2. 56 L6 949.74 0.0139 2.1 2.70112 Too strong, AX very 

large 
23 3597.9 2.01 Ly 972.54 U.0290 0.6 2.69949 
46 3793.5 1.70 LB 1025.72 0.0791 -0.5 2.69838 
50 3832.5 0.57 C II 1036.34 0.125 -0.8 2.69811 
51 3836.2 1.88 C II* 1037.02 0.125 0.4 2.69925 
115 4402.0 0.62 Si II 1190.42 0.26 -1.2 2.69785 
116 4414.1 2.78 Si II 1193.29 0.52 0.2 2.69910 Too strong 
117 4418.1 0.45 Si II* 1194.50 0.648 -0.2 2.69870 
126 4495.1 3.51 La 1215.67 0.416 -1.5 2.69763 
142 4660.8 1.04 Si II 1260.42 0.959 -1.4 2.69782 
144 4679.0 2.07 Si II* 1264.73 0.86 0.9 2.69960 Too strong? 

3 71 4Q A 1 98 C II 1334,53 0.118 2.1 2.70048 AX large 
A / X " y JO « *x JL * Cm O C II* 1335.71 0.106 -2.3 2.69721 AX large 

B120 5154.2 Si IV 1393.76 0.152 -1.2 2.69805 
B122 5186.5 Si IV 1402.77 0.0757 -2.2 2.69733 AX large 
B163 5648.4 Si II 1526.72 0.0764 1.2 2.69970 

large 

System I (PO) z = 3.06631 ± 0.0003: 

35 3675.9 1.28 C II 903.85 0.39 0.5 3.06694 
44 3784,2 0.84 L6 930.75 0.0048 -0.5 3.06575 
47 3812.1 0.52 Le 937.80 0.0078 -1.3 3.06494 
52 3842.0 0.53 C I 945.19 0.27 -1.5 3.06479 An large 
54 3863.5 0.74 LtS 949.74 0.0139 1.5 3.06796 AX large 
62 3953.6 1.04 Ly 972.54 0.0290 -1.1 3.06523 

large 

89 4171.2 0.84 LB 1025.72 0.0791 0.3 3.06661 
92 4194.5 1.35 0 VI 1031.95 0.130 -1.8 3.06463 AX very large 



Table 18.—Continued Individual line identifications for systems in OQ 172. 

N X W Line Xlab f AX Z Comments 

96 4215.0 0.69 C II 1036.34 0. 125 0. 9 3. 06720 
97 4219.9 4.61 0 VI 1037.63 0. 0648 0. 5 3. 06686 Much too strong 
137 4615.5 1.95 N I 1134.66 0. 08 1. 6 3. 06774 AX large , too strong 
161 4838.7 1.01 Si II 1190.42 0. 26 -2. 0 3. 06470 AX very large 
163 4851.6 2.45 Si II 1193.29 0. 52 -0. 7 3. 06573 

very large 

164 4859.0 1.07 Si II* 1194.50 0. 648 1. 8 3. 06781 AX very large 
166 4905.5 0.50 Si III 1206.51 1. 66 -0. 6 3. 06586 

very 

172 4945.1 2.47 L 1215.67 0. 4162 1. 8 3. 06780 AX very large 
B118 5126.0 — Si II 1260.42 0. 959 0. 7 3. 06690 

very 

B119 5139.8 — Si II 1264.73 0. 86 -3. 0 3. 06395 AX very large 
B133 5301.2 — Si II 1304.37 0. 147 -2. 8 3. 06418 AX very large 
B135 5325.7 — Si II 1309.28 0. 147 1. 7 3. 06766 

very large 

B144 5430 4 C II 1334.53 0. 118 (3. 7) 3. 06915 AX very large 
J *z J u « •* C II* 1335.71 0. 106 -1. 1 3. 06555 

B164 5667.0 — Si IV 1393.76 0. 526 -0. 5 3. 06598 

System J (PO) Z = 3.0892 ± 0.0002: 

51 3836.2 1.88 L£ 937.80 0. 0078 1. 3 3. 09064 Too strong 
57 3884.2 0.90 L<5 949.74 0. 0139 0. 5 3. 08975 
65 3976.8 1.06 LY 972.54 0. 0290 -0. 1 3. 08909 
92 4194.5 1.35 LB 1025.72 0. 0791 0. 1 3. 08932 
97 4219.9 4.61 0 VI 1031.95 0. 130 0. 0 3. 08925 Too strong? 
99 4242.6 1.74 0 VI 1037.63 0. 0648 -0. 5 3. 08874 
173 4970.2 4.22 La 1215.67 0. 4162 -0. 9 3. 08845 
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the strongest C I line. Neither Si II X1260 nor C II X1036 

is detected, and the presence of higher ionization material 

is ruled out by the absence of C III X977, Si III X1206, 

C IV X1548, and 0 VI X1031. Thus this system seems to con

tain only those lines which would be present in an H I 

region. 

Systems B-E: Z ~ 2.56 (PI) 

Baldwin et al. (1974) suggested a possible redshift 

at z = 2.56 39, based primarily upon a strong C IV doublet 

in the short-wavelength wing of the La emission line. The 

region in which La is predicted to occur is very complex, 

and at least four strong absorption components can be 

identified. Each of these lines can be consistently identi

fied as La, since LB and Ly are invariably present at the 

expected wavelength and a number of other lines can also be 

found in each system. 

This complex of redshift systems possesses several 

interesting features. Perhaps the most intriquing of these 

is apparent C IV-C IV absorption line-locking for three of 

the systems—system B (z = 2.5556), system C (z = 2.5616), 

and system D (z = 2.5669). The absorption redshift ratio 

is defined to be 
1+z. 

r = 1+zt 
J 

where z^ > z^ . For systems B and C this ratio is equal to 

the C IV doublet wavelength ratio to within the rather 



113 

small standard deviation. The agreement for systems C and 

D is not quite as good but may also be relevant. In view 

of the strong C IV doublet in system C and the high ioniza

tion of all three systems, C IV doublet line-locking is a 

plausible explanation for these coincidences. Another 

possibly important aspect is the systematic trend in 

ionization level among these absorption systems with the 

higher-redshift systems exhibiting lower ionization. In 

addition, the system with the lowest ionization equilibrium, 

system D, is the only system for which there is reasonable 

evidence of the presence of EFS lines. The latter observa

tion is most consistent with a photoionization model in 

which all clouds see essentially the same radiation field. 

In this model the different ionization levels reflect dif

ferent electron densities in the absorbing clouds. This 

type of structure could arise quite naturally in the radia

tive acceleration models developed by Kippenhahn and his 

colleagues (Kippenhahn, Perry, and Roser 1974; Kippenhahn, 

Mestel, and Perry 197 5; Mestel, Moore, and Perry 1976; 

Kippenhahn 1977), and the observed ionization trend may be 

regarded as fairly weak evidence favoring this type of model. 

Systems F-H: Z ~ 2.69 (PO) 

One of the most striking features of the absorption 

spectrum of OQ 172 is a very strong and complex absorption 

line at -4500&. Baldwin et al. (1974) measured two 
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components and identified each as La in redshift systems 

containing only Lyman series lines. At least three 

components can be distinguished in Figure 3, and each 

component can again be identified as La. 

Once again there is evidence for C IV doublet line-

locking between systems G and H, as the redshift ratio 

agrees quite well with the C IV doublet wavelength ratio. 

There is also a similar correlation between ionization level 

and the presence of EFS levels. The systematic trend in 

ionization within a redshift complex does not repeat, al

though the system with the largest redshift within the 

complex is again the one exhibiting EFS lines and low 

ionization. 

System I: Z = 3.0663 (PO) 

Although this system was regarded by Baldwin et al. 

(1974) as the most probable one in their analysis of 

OQ 172, it is not given a high probability classification 

by the Monte Carlo technique. Part of this differences is 

due to the rejection of some lines because of poor wave

length agreement, but the major factor is the difference 

in the spectral range used in each study. Nearly half of 

the line identifications in this system proposed by Baldwin 

and coworkers lie outside the range of the new observations. 

A fairly large number of new lines in system I have been 

identified, including Ly through L6. These new 
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identifications increase the likelihood that the system is 

real, despite the fact that the new data are not by them

selves sufficient to prove system I to be statistically 

significant. 

Fairly convincing evidence for the presence of EFS 

lines in this redshift system was noted by Baldwin et al. 

(19 74). Of the three EFS lines seen by Baldwin and col

leagues which lie in the spectral range AX3450-5050, one 

(Si II* X1197) is not confirmed, one (Si II* A1194) is con

firmed, and the third (C II* A1037) may be blended with the 

ground state transition. Since the most convincing EFS 

identifications occur longward of 5050A, the presence of 

EFS lines can be regarded as plausible but not proven. 

System J: Z = 3.0892 (PO) 

This system contains a number of strong Lyman series 

lines and a strong O VI doublet, but nothing else. The 

absence of N V lines is inconsistent with a collisional 

ionization model, but a photoionization model with y ~ 25 

reproduces the observed line strengths fairly well. The 

line identified with O VI X1031 may be too strong. Baldwin 

et al. (1974) discussed both this system and another at z = 

3.094. The latter system may be real and there may be still 

another redshift system at z = 3.10 28. These three absorp

tion systems may thus form another redshift complex, and 

once again the splitting between successive systems 



corresponds to C IV-C IV line-locking. In addition, the 

emission-absorption redshift ratio is 1.108 ± 0.005 for 

system J, which suggests that this type of line-locking 

may also be present. This reinforces the claim made 

earlier that all systems containing strong O VI absorption 

are intrinsic to the QSO. 



chapter vi 

la-l3 pairs and other line 
coincidence tests 

Description 

The normal identification procedure is designed to 

find strong absorption systems containing a large number of 

lines. Thus the failure of this approach to identify most 

of the lines in both OH 4 71 and OQ 172 may be due to the 

domination of the spectrum by a large number of systems 

containing only a few strong absorption lines each. The 

type of system discussed by Lynds (1971), in which La is 

the only strong absorption line, is an obvious example of a 

redshift system which could not be detected by this 

approach. 

An alternative procedure has been used in several 

papers, including Wingert (1975), Oemler and Lynds (1975), 

Coleman et al. (1976), and Boroson et al. (1978). Instead 

of attempting to prove the reality of each of a large 

number of candidate redshift systems, the basic philosophy 

is to identify a set of redshift systems which is statis

tically significant and contains relatively few noise 

systems. 

The procedure that we have used is fairly straight

forward. First, a list of candidate redshifts is generated. 

117 
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Normally this list is produced by assuming that each set of 

observed absorption lines in a given spectral region and 

equivalent width range is identified with some transition, 

such as La or C IV A154 8. Other means of producing the 

redshift list are also allowed, but some care must be used 

to ensure that the selection process does not bias the 

results. The second step is to calculate the expected 

position at each redshift of some other transition which 

should occur in a real redshift system. Some examples of 

the pairs of lines which are expected to be quite strong are 

La-L$, C IV A1548-C IV A1550, La-C IV A1548, and 0 VI A1031-

0 VI A10 37. Using a predetermined wavelength tolerance e, 

each predicted wavelength is compared with the observed list 

and any coincidence is noted. In addition, an empirical 

estimate of the probability that such a coincidence would 

occur by chance is calculated (Coleman et al. 1976). Since 

there is some evidence for a non-uniform density of absorp

tion lines in the spectra of OH 471 and OQ 172, a fairly 

local estimate is used, including only those lines within 

AA of the predicted position, where AA is given by 

AA = max(25&, 25e). 

Of course, if the predicted wavelength lies outside of the 

observed spectral range, then the probability estimate is 

zero. For close doublets, such as C IV, the measured 

empirical probability is biased by the inevitable presence 
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of the line identified with C IV X1548 within AX of the 

calculated location of C IV X1550. We have corrected these 

cases by increasing AX by e and not counting the C IV X154 8 

line. When both lines are from the same ion, upper and 

lower limits can be placed on the equivalent width ratio 

for a consistent identification. We have included these 

limits in some cases both when searching for line identi

fications and when estimating the probability of chance 

coincidence, but the final results were qualitatively quite 

similar to those obtained without the limits. The indi

vidual probability estimates are then used to produce the 

generalized binomial probability distribution, which in 

turn gives the probability that the observed number of line 

identifications would occur by chance. This procedure thus 

results in an objective estimate of the statistical sig

nificance of an excess of Lot-LB pairs or of any other pair 

of lines. A fairly obvious generalization can be made for 

multiple coincidence of a larger set of lines. 

Once a statistically significant excess of line 

pairs has been found, we wish to determine how many of the 

observed coincidences are due to real line pairs. In 

principle, this type of problem can be handled by Bayesian 

analysis. Unfortunately, the results of Bayesian decision 

theory depend strongly upon a priori estimates of the 

probability that a given number of real line pairs will 

occur. Several fairly plausible a priori probability 
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estimates can be imagined, such as either a uniform distri

bution or a binomial distribution. In the absence of any 

logical way of deciding among the infinite number of these 

a priori probability distributions, and in view of the 

sensitivity of the results to this decision, we regard this 

approach as virtually hopeless. 

An alternative approach, which we have also con

sidered and rejected, is to determine the minimum number of 

real line pairs which will reduce the remaining number of 

coincidences to an insignificant level. This computation 

is fairly simple and provides a realistic lower limit to 

the number of real line pairs. This lower limits depends 

strongly on the specified significance level, and realistic 

values for this level are 1% or 5%. We have decided not to 

use this technique simply because we are interested in an 

estimate of the number of real line pairs rather than a 

lower limit to this number. 

The procedure that we finally decided to use in

volves maximizing the probability that the observed number 

of line pairs would occur. To illustrate the principle 

involved, we will derive the equation giving this number 

for the case in which the probability of chance coincidence 

is the same for each redshift. First, we define the fol

lowing quantities. 

Nt = total number of redshift candidates, 

NQ = observed number of line pairs, 
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N„ = number of candiate redshifts for which no co-
F 

incidence is observed, 

Nc = number of observed line pairs which occur by 

chance, 

Nni;i.T = number of real line pairs, and KejAIJ 

Nnmnnu = number of redshift candidates for which no RANDOM 

real line pair occurs. 

These quantities are related by the following set of 

equations: 

(a) Nt = Nq + N p 

(b) nt = nreal + 

(0) no = "real + Nc 

(d) "random - Nc + hf 

(e) (nc> = p • and 

(£) <V " (1"p) • "random" 

We shall assume that N„ and Np equal their expectation 

values. After solving equation (c) for N__.T and using 
Kb All 

equation (e) to eliminate Nc, we have 

(g) NREAL No ~ P NRANDOM 

Next we use equation (b) to eliminate N_,. 
RANDOM 

(h) "REAL - No - p • 'VW' or 

(1) (1"p)*nreal ~ no " p*nt or finally 

nreal = i^p " {i^¥) 'nt-
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By using equation (a) we can derive an equivalent expres

sion, 

(k) NREAL NT f^P * 

If there are N-,,,.,. real line pairs, then we would expect 
Kb Al» 

to observe Nq line pairs. 

Both equations (j) and (k) can be generalized for 

the case in which the probability of chance coincidence is 

different for each redshift. These more general equations 

are 

1 11 

•w - nt - I(1-pi»"1 • 
1 

where is the empirical estimate of the probability of 

chance coincidence for the ith redshift candidate and 6. l 

is a delta function which is equal to 1 if a line pair is 

observed for that redshift. 

When using this line pair test, one must first 

specify both e and the set of candidate redshifts. If the 

value of e is set too high, then chance coincidence becomes 

quite likely and the presence of real line pairs is masked, 

while if e is too small then a number of real line pairs 

will be missed. Similarly, the set of redshift candidates 

must be large enough for a fairly small per cent of real 

line pairs to be detectable but should not include any 
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redshifts for which the a priori probability of detecting 

a real line pair is unusually small. For example, if one 

is searching for La-L$ pairs, then only fairly strong lines 

should be considered as La candidates. We have generally 

used several values of e ranging from 0.5& to 2.OA and 

several sets of candidate redshifts for each line pair 

test, and we will present only one combination for each 

test. Normally we have chosen that combination with the 

Nreal 
largest ratio —from among the two or three most sig

nificant ones. Quite frequently the combination chosen is 

not the one with the highest significance level, and for 

some line pair tests every combination is highly signifi

cant. The results of the line pair tests are therefore not 

strongly affected by a posteriori factors. 

Results 

For 4C05.34 we use every absorption line with 

equivalent width W >_ 0.6A between 4040& and 4713& as a La 

candidate to define the set of redshifts, and use a wave

length tolerance e of 0.5A. Twelve coincidences with the 

predicted location of LB are found in the 39 trials, com

pared to an expected number of 3.2 ± 1.7. The probability 

of observing 12 or more line pairs by chance is only 3.8 x 

10 while the "most probable" number of real La-L3 pairs 

NCT;)aT is 9-10. Thus there is a highly significant excess 



of La-L3 pairs, providing independent evidence for the 

existence of multiple absorption redshift systems. 

Since most of the observed La-LB pairs occur in 

well-established redshift systems, the line pair test has 

not really helped to identify any new redshift systems. 

We have therefore repeated the La-LB search after elimi

nating all lines which could be consistently identified in 

one of the well-established redshift systems. The number 

of excess La-LB pairs is much smaller, and a statistically 

significant result occurs only if the strongest lines are 

used as La. For example, three of the four strongest un

identified lines in the spectral range 4030-4713A can be 

identified with La lines in La-LB pairs with e = 0.5&. 

This is significant at the 1% level, and all three pairs 

are probably real. The La/LB intensity ratio in each case 

is consistent with both lines being unsaturated, which may 

explain the failure to detect LB for the weaker La candi

dates . 

From the ionization models by McKee et al. (1973), 

there are a few other transitions which could be stronger 

than LB or even La under some circumstances. We have 

searched for several line pairs that might be strong, such 

as La-C III A977, La-C IV A1548, C IV X1548-C IV A1550, 

La-0 VI A1031, and 0 VI A1031-0 VI A1037. In each case the 

first transition is used to define the set of redshift 

candidates. Again separate tests were run with e = 0.5&, 
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o o 
l.OA, and 2.0A and the minimum equivalent width is set at 

0.4R, 0.8ai and 1.6A. A marginally significant excess of 

O VI pairs is found, but this probably reflects the 

presence of O VI doublets in well-established systems. 

There is no evidence for a significant excess of any of the 

other line pairs. 

The results of these line pair tests and the 

earlier La-LB test can be regarded as fairly strong evi

dence supporting the identification of most of the strong 

unidentified lines with La (Lynds 1971) . Similar conclu

sions have been reported by Wingert (1975), Oemler and 

Lynds (1975), and Coleman et al. (1976) for other high red-

shift QSOs. There is some evidence that these La lines are 

optically thin, so the large observed equivalent width of 

several of the lines implies a relatively high velocity 

dispersion, typically 100-150 km s High resolution 

spectra of other QSOs suggests that the intrinsic width of 

individual lines is less than 20 km s (Boroson 1977) , so 

these La lines will probably show a great deal of struc

ture when studied at high resolution. 

The results of La-LB pair search for OH 471 are 

rather ambiguous. There is a marginally significant excess 

of LB coincidences using a wavelength tolerance of 2.0&, 

but less than half of the observed La-LB pairs are probably 

real. In order to reduce the contamination by chance co

incidences, we have searched for multiple coincidences with 
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La, LB, and Ly. Twenty-one candidate La lines stronger 

than 0.8& equivalent width in the spectral range 5000-

5353& define the set of redshifts. Using a wavelength 

tolerance e = 1.0A, five triple coincidences are found, 

compared to 0.80 ± 0.88 expected by chance. The result is 

significant at the 0.1% level, and four or five of the 

redshift systems are probably real. Slightly less con

vincing results occur for e = 2.OA, but the significance 

level is still better than 1.0%. Again most of these 

systems have been previously mentioned. 

Once again the other line pair tests give negative 

results. There is no convincing evidence for the presence 

of any transitions other than Lyman series lines, although 

several other identifications were suggested in Chapter V. 

Thus we are still unable to identify the majority of the 

observed lines. In part, this problem is due to the sharp 

decrease in the continuum level shortward of ~4000iL This 

has decreased the redshift range over which any of these 

statistical tests can be attempted. The reduced sample 

size makes it difficult to detect a small per cent of real 

line pairs, while the very noticeable line blending 

aggravates the problem. 

The La-Lg pair test is much more successful in the 

case of OQ 172. Thirty-nine absorption lines in the range 

4090A to 5050& with equivalent width W 1. 6A are selected, 

as are 13 fairly strong lines detected by Baldwin et al. 
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(1974) in the spectral range 5050A to 5530A. Coincidences 

with the predicted location of LB are observed in 28 of the 

52 trials, compared to 12.0 ± 3.0 expected by chance using 

a wavelength tolerance e = l.oA. The probability that this 

excess occurs by chance is only 2 x 10 and 21 or 22 of 

these La-L6 pairs are probably real. 

We have used this large and fairly reliable list of 

redshift systems in an attempt to determine which other 

transitions may be present. New values for each system 

redshift were defined by the mean from the La and LB lines. 

For 2 3 of these systems Ly was within the observed wave

length range, and 13 Ly coincidences were found. Only 5.8 

dt- 2.1 of these coincidences were expected by chance. The 

excess is signifiant at the 0.1% level, and 9 or 10 of the 

Ly identifications are probably real. The only other lines 

which are clearly present in some of the systems are the 

O VI lines. Each member of the doublet is significant at 

roughly the 1% level, while both lines are present at the 

0.2% level. The C IV lines may also be present, but the 

available sample size is too small to yield significant 

results. Nearly 20 other transitions were tested, but 

there is no convincing evidence for the presence of any of 

these lines. In Table 19 we have listed all 28 La-LB 

systems, giving identifications with La, LB, Ly, and the 

0 VI doublet. Possible identifications of the C IV lines 

are also noted. Questionable identifications have been 



Table 19. List of redshift systems found by La-LB pair test for OQ 172. 

La L6 LY O VI X1031 O VI X1037 

Z X W X W X WX WX W Others  

2 .3834 4112.6  1 .63 3469.5  1 .35 3492.9  0 .76 (3510.0  1 .22)  C IV 1548,  
C IV 1550 

2 .4711 4219,9  4 .61 3560.1  1 .17 — — 3582.  2  0 .73 (3603.  3  2 .  57)  
2 .5137 4270.8  2 .59 3603.3  2 .57 — — 3625.  6  1 .60 3647.  0  1 .  07 C IV 1548,  

C IV 1550 
2 .5347 4297.3  1 .74 3625.6  1 .60 3647.  0  1 .07 3668.  3  1 .  08 (C IV 1548) ,  

C IV 1550 
2 .5420 4306.2  2 .93 3634.0  0 .52 (3653.  6  1 .91)  3675.  9  1 .  28 
2 .5554 4322.7  3 .83 3647.0  1 .07 3458.  2  0 .72 3668.  3  1 .08 3688.  8  0 .  84 System B 
2 .5618 4329.5  3 .66 3653.6  1 .91 3464.  2  0 .69 3675.  9  1 .28 3695.  5  1 .  52 System C 
2 .5718 4341.9  1 .96 3663.1  1 .22 3474.  4  1 .06 X X  X  X  

2.5958 4372.0  2 .03 3688.8  0 .84 (3496.  7  1 .41)  X X  X  X  C IV 1548,  
C IV 1550 

2 .6102 4389.4  4 ,12 3703.4  2 ,09 3510.  0  1 .22 3725.  9  0 .74 (3748.  3  0 .  68)  (C IV 1550)  
2 .6985 4495,1  3 ,51 3793,5  1 .70 3597.  9  2 .01 X X  (3836.  2  1 .  88)  System H 
2 .7273 4530,8  1 ,98 3822.7  1 ,64 3625.  6  1 .60 X X  (3869.  3  1 .  .  46)  
2 ,7404 4547.6  1 .78 3836.2  1 .88 X X  X  X  (3881.  1  0 .  83)  
2 .7719 4584,8  2 .78 3869.3  1 .46 3668.  3  1 .08 X X  X  X  System A 
2 .8584 4690.5  1 .87 3958.0  1 .02 (3752.  8  2 .72)  3980.  9  1 .52 X X  

2.9090 4751.9  1 .89 4009.3  1 .11 X X  4035.  0  1 .41 4055.  3  1 .  .83  
2 .9903 4851.6  2 .45 4093.3  1 .33 3881.  1  0.83 4116.  5  0 .83 X X  

3.0452 4918.2  2 .65 4149,8  2 .25 (3933.  8  4 .49)  4173.  9  1 .29 X X  

3.0890 4970.2  4 .22 4194.5  1 .35 3976.  8  1 .06 4219.  9  4 .61 4242.  6  1 .  .74  
3 .0953 4978.8  2 .17 4200.4  0 .51 (3980.  ,9  1 .52)  X X  X  X  

3.2281 5139.8  — 4336.5  1 .40 4112.  6  1 .63 4363.  2  1 .22 (4385.  ,2  2 .  .13)  
3 .2665 5186.5  4376.6  1 .91 4149.  8  2 .25 4402.  0  0.62 X X  

3,3419 5279.0  — 4453.4  2 .21 X X  4480.  ,1  1 .22 X X  

3.4183 5371.0  — 4530.8  1 .98 4297.  3  1 .74 4560.  ,5  0 .66 (4584.  ,8  2 ,  .78)  



Table 19.—Continued 

z  

La LB LY 0  VI X1031 0 VI X1037 

z  X W X W X W X W X W Others 

3.4461 5404,9  4560.5  0 .66 (4322.7  3 .83)  X X  X  X  

3.4839 5450.4  4599.7  0 .69 X X  X  X  X  X  

3.4998 5470.3  4615.5  1 .95 4376.6  1 .91 4643.2  0 .65 X X  

3.5439 5524.0  — 4660.8  1 .04 4418.1  0 .45 (4690.5  1 .87)  4714.  6  0 .58 
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enclosed in parentheses, and a number of additional Ly 

identifications have been given where a line occurred 

slightly outside the original tolerance window. 

The presence of O VI and possibly C IV lines in 

many of these systems is intriguing. In such high ioniza

tion systems only a limited number of transitions would be 

observable. Thus the standard identification procedures, 

which are designed to detect rich absorption systems, would 

have little success in separating the real high ionization 

systems from the noise. This limitation may partially 

explain our inability to identify many of the observed 

absorption lines in OQ 172 using the algorithm described in 

Chapter IV. 

The other line pair tests are not very helpful in 

finding new redshift systems. There is a significant 

excess of O VI doublets, but the entire excess may be due 

to those 0 VI doublets associated with La-LB pairs. A 

small but statistically significant excess of C IV line 

pairs is also present. Virtually all of these excess line 

pairs appear to be due to Lyman series lines from a small 

number of redshift systems separated by the C IV wavelength 

ratio. For instance, the La, Lg, and Ly lines in systems 

B, C, and D contribute 9 C IV line pairs. Once again it is 

tempting to regard this phenomenon as evidence for "line-

locking," implying that these systems may be intrinsic to 

the quasar. In this case the ratio (l+zem) / 
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about 1.25-1.3/ which is barely consistent with the most 

optimistic estimate by Kippenhahn (1977). 



CHAPTER VII 

SPECIAL PROBLEMS 

Colvin, Varshni, and the Reality of 
Multiple Redshift Systems 

A total of 11 absorption redshift systems for 

4C05.34 were shown in Chapter V to be statistically sig

nificant, and several of these systems are virtually cer

tain to be real. The existence of multiple absorption 

systems in the spectrum of 4C05.34 has been confirmed. 

Further confirmation of this point was given by the La-L3 

pair tests described in Chapter VI, which have the advantage 

of giving the actual probability that the observed La-LB 

excess could occur by chance coincidence. The significance 

level is sufficiently high that there can be little doubt 

that the multiple absorption systems are real. This con

clusion agrees well with that of most previous studies, but 

is quite different from the conclusion reached by Varshni 

(1974, 1975). Also disquieting is the disagreement between 

Varshni (1975) and Colvin (1975), since these authors used 

nearly identical procedures. Therefore we have examined 

these two papers in some detail in an attempt to discover 

the source of the discrepancy. 

Although the identification procedures used by 

Varshni and Colvin were quite similar, there were a few 

132 
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notable differences. First, Colvin counted every multiply 

identified line in each system in which it occurred, while 

Varshni only counted each multiply identified line once. 

On both physical and statistical grounds the method used by 

Varshni is preferable. After accounting for this differ

ence in treatment, the results of all three analyses of the 

real spectrum of 4C05.34 (Bahcall and Goldsmith 1971, 

Varshni 19 75, Colvin 1975) agree very closely, but the 

results for the nonsense or ghost spectra are still widely 

divergent. A second significant difference was in the tech

nique used to generate the nonsense spectra. Varshni 

divided the observed spectral range into 6 intervals and 

then redistributed the lines in each interval using a 

uniform random number generator. Colvin on the other hand 

used an approach developed by Hartoog, Cowley, and Cowley 

(1973) in which each line is randomly shifted within a 

small interval (-100.&) centered on the original location. 

In each case the minimum separation between lines was con

strained to equal that of the original line list. Each 

method has its advantages, and the choice between them must 

be based upon whether there are clearly defined regions of 

different uniform line density with sharp transitions. In 

this case the density of lines shortward of La emission 

(4713&) is much higher than the density longward of La, but 

the transition is sufficiently gentle that no clear-cut 

choice can be made. However, it should be noted that the 
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interval boundaries used by Varshni are rather arbitrary. 

An alternative choice of three intervals with boundaries of 

O O 
4713A and at -5600A adequately fits the observed line 

distribution. In addition, the first boundary at La 

emission has been observed frequently in other QSOs (Lynds 

19 72), while the second boundary corresponds to the region 

in which lower dispersion spectrograms were used. Thus 

both boundaries were expected a priori. 

The reality of the decrease in line density longward 

of 4713& can be confirmed from the data in Table 5. We 

observe a total of 10 lines in the wavelength region 

XX4713-5000A, compared to an expected value of 27.3 ± 5.2. 

Assuming Poisson statistics, the probability that this dif

ference would occur by chance is only 1.3 x 10 4. If we 

consider only those lines with W _> 1.0A, then 11.6 ± 3.4 

lines should be observed longward of La in the new line 

list but none are observed. Again assuming Poisson statis

tics, the probability that this discrepancy would occur by 

chance is 9.3 x 10 ^. Thus the excess number of strong 

lines shortward of La emission is highly significant and 

provides strong evidence for the reality of large redshifts. 

On the other hand, the slight decrease in the number of 

weaker absorption lines (W £ 1.0A) is not statistically 

significant. Although there may be some completeness prob

lems for the weak lines, the data suggest that few of these 

lines are produced by La. 
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To a major extent the discrepancy between the 

analyses of Varshni (1975) and Colvin (1975) is not pro

duced by any of these subtle differences in technique but 

instead is the result of the fairly subjective nature of 

the identification procedure, especially the requirement 

that lines be identified in a way that is consistent with 

atomic physics and a reasonable ionization equilibrium 

(Bahcall and Goldsmith 1971). Inevitably there is some 

danger that one's individual biases may subconsciously dis

tort the result of this type of analysis. Unfortunately, 

even the classic double-blind experimental procedure cannot 

eliminate this type of human factor, since it is possible 

to vary the strength of this criterion so that each 

spectrum, real or nonsense, results in the same number of 

redshift systems. This illustrates one of the major ad

vantages of the procedure pioneered by Aaronson et al. 

(1975) , in which the entire identification process is 

automated. 

We also wish to point out that the conclusion 

reached by Varshni (19 75) is not supported by the data 

presented in that paper. In the real spectrum, 23 of the 

27 strong lines (S _> 3) can be identified, compared to an 

average of 13.1 ± 3.5 for the ghost spectra. Assuming a 

binomial distribution with the probability of identifying 

a single line equal to 0.5, then the probability of identi-

-4 fymg 23 or more lines in 27 attempts is roughly 2 x 10 
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Since the identification of a given strong line is not 

completely independent of the identification of other 

strong lines, this estimate is fairly uncertain. None

theless, this result demonstrates the existence of a 

highly significant differenct between the redshift systems 

found in the real spectrum and those found in ghost spectra. 

There can therefore be little doubt as to the reality and 

physical significance of multiple absorption redshift 

systems in the spectrum of 4C05.34, although there may be 

questions about some individual systems and line identifica

tions. 

Bahcall, Lynds, and the Reality of 
C III A1175 Identifications 

The density of absorption lines in rich absorption 

line QSOs is sufficiently high that no individual line 

identification is statistically significant. Thus the 

reality of any line identification rests upon the signifi

cance of the system in which it occurs and upon the physical 

consistency of the line. This last criterion is again 

slightly ambiguous and subjective, and disagreements are 

understandable. From the analysis of less complex QSO 

absorption spectra, fairly comprehensive lists of candidate 

absorption lines can be derived (see for example Bahcall 

1967 and Oemler and Lynds 1975). 

One of the few lines which has been frequently 

identified but is not generally accepted is C III A1175. 
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It was first suggested by Stockton and Lynds (1966) in the 

spectrum of 3C191, and subsequent identifications have been 

discussed by Lynds (1971), Carswell, Hilliard et al, (1975), 

and Coleman et al. (19 76). Theoretical problems with the 

identification of C III A1175 have been pointed out by 

Bahcall, Sargent, and Schmidt (1967), Bahcall (1967), and 

Osterbrock (19 70). The basic problem is that the lower 

level for this multiplet is a metastable triplet state 

which is 6.50eV above the ground state. Of the three exci

tation mechanisms discussed by Bahcall and Wolf (1968), all 

are much less efficient for C III than for the excited 

fine-structure levels of C II and Si II. This is primarily 

due to the much shorter radiative lifetime of the meta

stable level. Other factors are also significant, such as 

the increased importance of collisional de-excitation, and 

the much smaller transition probabilities for all transi

tions to levels that could decay to the desired level. Even 

the much larger transition probability for direct radiative 

population is counterbalanced by the much smaller radiation 

field available at 1909A. Bahcall (1967) has calculated 

both the critical density and maximum distance from 3C191 

for the absorption cloud in which C III X1175 was first pro

posed. These limits are so extreme that the physical con

ditions seem very plausible for QSOs. 

Part of the interest in this multiplet is due to its 

observed occurrence in the UV spectra of 0 stars. Snow and 
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Morton (19 76) have shown that C III A1175 is invariably 

present in stars brighter than Mv ~ —and is frequently 

present in fainter stars. Most of these massive stars are 

undergoing very rapid mass loss from a radiatively acceler

ated stellar wind, and C III X1175 frequently has a P Cygni 

profile. This apparent correlation between radiative 

acceleration and C III A1175 is intriguing, but it must be 

pointed out that there are no real difficulties in 

accounting for the presence of this line near the 0 stars. 

For example, Lamers and Morton (1976) have shown that the 

physical conditions in the stellar wind of Zeta Puppis, an 

04f star, are completely consistent with high population of 

the metastable triplet term of C III due to collisional 

excitation. Thus the analogy between 0 stars and QSOs has 

probably been overemphasized. 

Nonetheless it must be realized that these theo

retical problems are not sufficient to rule out the exist

ence of C III A1175. There are already so many aspects of 

QSO research which pose serious theoretical difficulty that 

one more problem is not especially disquieting. Lynds 

(1971) has argued that statistical tests of the significance 

of the C III A117 5 identifications should be made. We have 

adopted this approach for the reliable redshift systems in 

4C05.34. As shown in Table 20, there are a number of 

possible identifications of this feature, but the statis

tical significance is marginal. It should be noted that 



Table 20. Possible identifications of C III A1175 in well-established redshift 
systems. 

QSO Z ^cal AX p(1.0A) Nobs Ntotal P 

4C05.34 2.4750 4085.2 -0.6 0.18 
2.8571 4534.4 — 0.18 
2.6858 4333.0 (1.8) 0.24 
2.6499 4290.8 -0.7 0.22 
2.8100 4479.0 — 0.20 
2.6379 4276.7 0.2 0.20 
2.5360 4156.9 0.4 0.16 . o 

4 7 3. 1 X 10 2 
PHL 957 2.3088 3889.8 0.5 0.24 

1.7969 3288.0 0.9 0.43 

1331 + 170 1.7755 3262.9 0.3 0.22 —. A 
1.7852 3274.3 -0.3 0.18 8 11 4. 3 X 10 
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several of the systems in this QSO are characterized by 

ionization equilibria which effectively rule out a sub

stantial population of C III, so that no identification 

with the multiplet at 1175.6A would be acceptable. We have 

rejected those systems and also the systems classified as 

only PR. The probability that four of the remaining 

systems would identify C III X1175 by chance is about 3%. 

This result suggests that the transition may really occur 

but is not sufficient to prove the reality of the identi

fications . 

The C III A1175 line has also been reported to be 

present in both PHL957 (Coleman et al. 1976) and 1331 + 170 

(Carswell, Strittmatter et al. 1975). If we conclude in 

this analysis the two highly probable systems for each QSO 

in which this transition in the observed wavelength range, 

then a probability of less than 0.1% is calculated for 

chance coincidence. Unfortunately, this sample is ob

viously biased in favor of systems with the line present, 

so the results are questionable. 

The question of the reality of the C III A1175 

identification thus remains open, but the current evidence 

suggests that such identifications can be made more 

frequently than would be expected by chance. If this con

clusion is confirmed by further analysis using a larger 

and unbiased set of redshift systems, then some explanation 

for the observations must be found. Several possibilities 
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should be explored, the most obvious of which is the 

existence of some other transition at 1175A. Alternatively, 

line-locking between two redshift systems might result in a 

strong line in one system coinciding with C III A1175 in 

the other system. Both of these possible explanations can 

be readily tested, and if both can be eliminated then a 

more detailed analysis of the population of the metastable 

level should be made. 



CHAPTER VIII 

CONCLUSION 

Summary 

Most of the objectives of this dissertation which 

were listed in Chapter II have been fulfilled. For each of 

QSOs studied we have produced a composite spectrum covering 

a spectral range of 1600A at a resolution of about 2A. 

Line lists have been automatically generated for all three 

quasars, and a Gaussian line profile fitting routine has 

been used to measure the equivalent width of all lines. 

The search for statistically significant redshift 

systems was quite successful for 4C05.34, as 11 such 

systems were found. Several of these systems are 

extremely unlikely to be due to chance coincidence. Most 

of the systems had been proposed by others (Lynds 1971, 

Bahcall and Goldsmith 1971, Aaronson et al. 1975), but 

several of the most plausible systems were proposed for the 

first time. The redshift identification procedure was much 

less successful in finding redshift systems for the other 

two objects. In both cases a number of plausible candidate 

redshift systems were found, but Monte Carlo simulation 

indicated that the systems were not statistically signifi

cant when considered individually. 
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Several of the individual redshift systems for 

4C05.34 were rather interesting. For example, the redshift 

system at z = 2.475 is probably intrinsic to the QSO 

despite the large relative redshift. The strongest evi

dence of this is the simultaneous presence of EFS lines and 

of very strong 0 VI lines. Several other lines of evidence 

support this conclusion, most intriguing of which is the 

possibility of line-locking at a ratio of 1.11. Another 

interesting system at z = 2.875 may be produced by a con

densation in the emission region of the QSO. This con

clusion is the most plausible explanation for the observed 

0 VI doublet ratio and La/LB, and is further supported by 

the small relative redshift of the system. The proposed 

identifications of lines in the redshift system at z = 

2.638 is not significant. 

Some fairly general conclusions can be made about 

the possible redshift systems found for OH 471 and OQ 172. 

Most of the systems found in the spectrum of OH 4 71 are 

based on Lyman series identifications, and only one con

tains C IV lines or other high ionization lines. On the 

other hand, most of the systems found in the spectrum of 

OQ 172 contain high ionization lines, such as C IV and 0 VI 

transitions. In addition, the systems in OH 471 seem to 

contain significantly more of the weaker Lyman series lines 

(L6, Le, etc.) than does OQ 172. This difference may be 

related to the difference in the optical depth at the Lyman 
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limit. One system found in OQ 172 (z = 2.772) is dramat

ically different, as it contains 11 of the 12 strongest 

Lyman lines and nothing else. 

The search for La-Lg pairs was quite useful in 

finding redshift systems for OQ 172. A total of 28 such 

pairs were found, compared to 12.0 ± 3.0 expected by chance. 

This result is highly significant, and roughly 20 of these 

line pairs are probably real. Many of the La-Lf3 pairs 

correspond to possible redshift systems discussed earlier. 

Besides La and L3, these systems contain Ly, the O VI 

doublet, and possibly C IV. The small number of lines in 

each of these systems would make them difficult to dis

tinguish from noise systems using traditional identification 

procedures. Taken at face value, the absence of similar 

systems in the spectrum of OH 471 implies that most of 

these La-Lg pairs are intrinsic to OQ 172. 

Another interesting feature of OQ 172 is the 

apparent existence of clusters of redshift systems. In 

general, each cluster contains systems with a broad range 

of ionization conditions, and in several cases the lowest 

ionization system contains EFS lines. There is some evi

dence for C IV doublet line-locking, while C IV-La line-

locking may also be present. Both features would imply an 

intrinsic origin for these systems, despite the large 

relative redshifts (R ~ 1.27). 
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Two relatively minor points have also been 

examined. First, the conclusion reached by Varshni (1975) 

challenging the reality of multiple redshift systems in the 

spectrum of 4C0 5.34 is not consistent with his own data. 

Finally, the proposed identifications of C III A1175 by 

Lynds (1971) are at least marginally significant and 

deserve further study. 

Suggestions for Further Research 

The wavelength coverage available for this study 

was limited by the poor red response of the RCA image tube. 

As soon as an image tube with adequate sensitivity in the 

red becomes available, further observations in this region 

of the spectrum should be undertaken. OQ 172 should 

receive the highest priority in this program. The spectral 

region between the La and C IV emission lines should 

receive special attention, since the low line density and 

the presence of a few strong transitions in this region 

make it especially useful for system identification. 

Equally important is the design of some new identi

fication procedure. The standard techniques such as that 

used by Aaronson et al. (1975) require an immense amount 

of computer time and are totally impractical for absorption 

line lists containing more than a few hundred lines. The 

line pair tests also become increasingly difficult as the 

line list increases in size. Some new approach is needed 
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to handle the vastly improved data which should become 

available in the next 10 year. 

From a theoretical standpoint a more detailed study 

of the population of the metastable triplet level of C III 

should be made. Bahcall (1967) only considered excitation 

mechanisms from the ground state of C III, but other pro

cesses can populate the triplet level. One process which 

may be significant is C IV + H charge exchange, which could 

well be the dominant mechanism for recombination of C IV in 

a cloud photoionized by a power-law spectrum. This process 

would cause virtually all recombinations to populate the 

metastable level. The observational problems could be 

simplified by concentrating on QSOs with emission red-

shifts in the range 2.0-2.3 with relatively few absorption 

lines. 
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