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ABSTRACT

The thesis consists primarily of 4 parts, which are separate but related insofar as
each makes use of spectra of high redshift QSOs in order to investigate the properties of
intervening gaseous material. Briefly summarized, the sections are as follows:

1. Wide-slit spectrophotometry of a sample of very high redshift QSOs is used to
establish that the cumulative effect of the Lyman o forest of absorption lines is statistically
the same in all of the QSOs. By combining these results with high resolution observations of
QSO Lyman « forests, a new upper limit on the density of generally distributed intergalactic
neutral hydrogen (the Gunn—Peterson limit) is obtained. Implications for the nature of the
intergalactic medium and the baryonic mass density of the universe are discussed.

I1. Observations of a number of high redshift QSOs close to each other on the plane of
the sky are presented; based on the occurrence of heavy element absorptior systems over
a narrow range of redshifts in each of the spectra, evidence for the presence of a huge,

elongated supercluster of galaxies at z = 2 is discussed.

III. Results of a survey for heavy element absorption systems at the largest observable
redshift (2.7 < z < 3.8) are presented; the data are combined with the very large survey for
C IV absorption recently completed by Sargent, Boksenberg, and Steidel (1988). The data
show very clear evolution of the heavy element absorbers with time over the redshift range
1.5 < z < 3.5. The changes are interpreted as a gradual evolution of the heavy element
abundances in gas associated with sites where galaxies have formed. The implications for

galaxy formation and evolution are discussed.

IV. Moderate dispersion spectra of a sample of Lyman limit absorption systems at z = 3
have been obtained in order to determine the heavy element abundances and other physical
parameters of the gas clouds responsible for the high redshift, heavy-element absorption
systems in the spectra of QSOs. Photoionization models are used to conclude that the
clouds are ionized primarily by the metagalactic UV flux, which has a spectral energy
distribution comparable to that of AGNs. The abundances of C, O, and Si are in general
between 0.001 and 0.01 of the solar abundances, comparable to the most metal-poor stars

in the halo of the Galaxy. The clouds have sizes in the range 1-15 kpc and masses in the
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range 106 —10° M_. The clouds are discussed within the context of the hypothesis that the
heavy element absorption systems are associated with the extended halos of high redshift
galaxies. Diffuse gas in the form of such clouds may account for a significant fraction of
the baryonic material in the universe, and it has probably played an important role in the

evolution of galaxies over time.
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INTRODUCTORY NOTE

This thesis consists of five selfcontained but related chapters, each of that is comprised
of an article or articles which have been published, or are intended for publication, in The
Astrophysical Journal. The “unifying theme” throughout the five chapters is an attempt to
use spectroscopic observations of high redshift QSOs to understand the physical properties
of intervening material-galaxies and the intergalactic medium- at large redshifts and thus at
early epochs. The QSO absorption lines represent perhaps the most sensitive tool available
for investigating the nature of “normal” gaseous material at very high redshifts; much of this
thesis represents a first-order attempt to extract the physical and statistical information
provided by the absorption systems in the context of a universe containing galaxies that
are forming and evolving.

Chapter 1 consists of 2 reprinted articles (both written in collaboration with W. L.
W. Sargent), from The Astrophysical Journal (1987, 313, 171-184) and The Astrophys-
ical Journal (Letters) (1987, 318, L11-L13), respectively. Chapter 2, also written in
collaboration with W. L. W. Sargent, is reprinted from The Astrophysical Journal (1987,
322, 142-163). Chapter 3 has been accepted for publication in the Astrophysical Journal
Supplements; Chapter 4, written in collaboration with Wal Sargent, will appear in the 15
August 1989 issue of The Astrophysical Journal (Letters). Chapter 5 has been submitted to
The Astrophysical Journal Supplements. The article in Appendix 1, written in collaboration
with W. L. W. Sargent and A. Boksenberg, is reprinted from The Astrophysical Journal
(Letters) (1988, 333, L5-L8).
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Chapter 1

SPECTROPHOTOMETRY OF HIGH REDSHIFT QSOs
AND LIMITS ON THE DENSITY OF GENERALLY DISTRIBUTED
INTERGALACTIC NEUTRAL HYDROGEN

Reprinted from The Astrophysical Journal (1987, 313, pp. 171-184)
and

The Astrophysical Journal (Letters) (1987, 318, pp. L11-L13)
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ABSTRACT

Absolute spectral energy distributions have been obtained for eight very high redshift quasars (z,, > 2.7)
with the Hale double spectrograph in the observed wavelength range 3200-10,000 A (typically 800-2500 A in
the rest frame of the quasar). The spectra represent a significant improvement in resolution and signal-to-noise
(S/N) ratio over that achieved previously, allowing more accurate evaluation of the true ultraviolet continuum.
It is found that the true continuum in the region of the “Lya forest” can be represented by the extrapolation
of the continuum defined longward of Lyx emission by f, o« v™%, where 0.28 < « < 0.99. Low-resolution quasar
spectra in the ultraviolet (i.e,, IUE spectra) can yield apparent continuum levels which are significantly below
the true continuum level which would be observed at very high spectral resolution. Such spectra indicate a
steepening in the continuum slope which is not intrinsic o the quasar but which is due to line and continuum
absorption by neutral hydrogen along the line of sight to the quasar. Observed ultraviolet spectral energy
distributions can therefore yield misleading values of fitted parameters in quasar models. The fractional flux
decrement below Lya emission and above Lyf due to the cumulative effects of absorption lines, D,, is sta-
tistically the same in all of the quasars (0.24 + 0.05), supporting the hypothesis that this absorption is due to
material distributed cosmologically along the line of sight. The corresponding fractional flux decrement

between Lyf and the emission redshift Lyman limit is Dy = 0.36 & 0.07.
Subject headings: galaxies: intergalactic medium — quasars — spectrophotometry — ultraviolet: spectra

1. INTRODUCTION

In quasars with an emission-line redshift of ~ 2.7 or greater,
the Lya forest down to the Lyman limit (1, = 912 A) is obser-
vable at optical wavelengths. Previous work (Oke and Kory-
cansky 1982) obtained spectral energy distributions for 19
high-redshift quasars, but the resolution (~ 80 A shortward of
5600 A, ~ 160 A longward of 5600 A) was too low to permit an
accurate definition of the continuum both in the Lya forest and
to the red of Lyx emission. Osmer (1979) obtained low (~40 A)
resolution spectra of eight quasars with z_,, > 3.0 to investigate
the nature of the absorption shortward of Lya emission. Two-
dimensional spectroscopic detectors have made possible spec-
trophotometric observations with much higher spectral
resolution, thereby removing much of the uncertainty involved
in defining the continuum and thus in the magnitude of depres-
sions in the apparent continuum. Ideally, of course, one would
like to measure the absolute continuum energy distribution at
the highest possible spectral resolution, thus minimizing any
“blanketing™ of the true continuum by unresolved Lyman
series absorption lines; unfortunately, a compromise between
resolution and spectrophotometric accuracy is necessitated by
finite seeing disks and the effects of atmospheric dispersion.
For the observations of eight high-redshift quasars presented
in this paper, we have adopted such a compromise and have
obtained spectra at moderate resolution with very good abso-
lute spectrophotometric characteristics, allowing a detailed
study of the continuum energy distribution.

It has been noted for some time that there is an apparent
steepening of the continuum slope toward the short wave-
length side of Lyax emission in quasars as compared to the
slope defined on the red side of Lya by f, oc v~ This effect has
been observed in IUE spectra of low- to moderate-redshift
quasars (e.g., Bechtold er al. 1984) as well as in optical spectra
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of high-redshift quasars. It is generally believed that this appar-
ent change in the continuum slope is due to the effects of Lya,
LyB, and Ly continuum absorption from H 1 clouds along the
line of sight to the quasar. If indeed this is the case, and if the
distribution of H 1 clouds as a function of distance is the same
along all lines of sight (as one would expect according to the
“intervening " hypothesis), then one should observe the same
characteristic depression of the apparent continuum level
shortward of Lya emission in all quasars of a given redshift
observed at a given spectral resolution. However, it has been
suggested (Hazard et al. 1986) that visual inspection of crude
spectra of high-redshift quasars taken for identification pur-
poses indicates a surprising variability in the apparent charac-
teristics of this change in the continuum in the region of the
“Lya forest.” This represents a potential problem with the
“intervening ” hypothesis and could indicate that a substantial
component of ejected material (i.c., material associated with
the quasar) is contributing to the Ly« forest. The importance of
obtaining high-quality spectra of a sample of quasars is clear:
to determine whether the apparent change in the slope of the
continuum shortward of Ly« emission is inherent to the quasar
itself or whether it is due to a cosmological distribution of
intervening material.

Il. OBSERVATIONS AND REDUCTIONS

The eight quasars observed were selected on the basis of
their redshift and apparent magnitude from the catalog of
Veron-Cetty and Veron (1985) and froia Hazard et al. (1986).
The criteria for selection were z,,, > 2.7 and m, < 19, although
one object (Q1358 + 1134) was observed which does not quite
meet the redshift requirement but is especially bright. All of the
spectra were obtained on the Hale 5.08 m telescope during
1986 January 12 and 13 (UT). Details concerning the observa-
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TABLE | grations. Otherwise, all fluxes are estimated to be within ~0.1
OBSERVATIONS mag of absolute, and uncertainties in the relative flux levels are
probably less than 5%, based upon calibration of one standard
. Date Exposure star using the observation of the other. Integration times were
Object Zw My (1986 UTiStart) ) chosen to attain (S/N) ratios in the continuum of ~20 in the
Q0014 +8118" ...... 3380 165 Jan 13 3:50 1800 UYV. Signal-to-noise ratios for the CCD (red) spectra are typi-
Q0308 +1902° ...... 2.831 182  Jan 12 4:53 4000 ca]]y‘greater than 100.
Q0731 +6519° ...... 3.029 187  Jan 12 8:24 5000
Q0805 +0441% .. 2875 184 Jan 13 8:04 3000 1. THE DATA
QU903 +1734° ... 2.775 180 Jan 13 9:03 2500
Q094l+2608:" ... 2901 187 Jan12 10:30 4000 a) Observational Results
8?3?2: :ﬂzu ) g?ﬁ }-7,:2 ﬁ: :; }gﬂ :% Newly determined redshifts and apparent continuum visual

* Kuhr et al. 1983,

® Hazard et al. 1986.

© Arp et al. 1979.

¢ QOB0S + 0441 = 4C 05.34; Lynds and Wills 1970; see also, e.g., Lynds
1971 and Chen et al. 1981.

¢ Wills and Wills 1976.

! Continua studied by Oke and Korycansky 1982.

tions are listed in Table 1. We used the double spectrograph
(Oke 1982) at the Cassegrain focus with a dichoric beam split-
ter in place such that A < 5500 A was diverted to the “blue
side” and 4 > 5500 A to the “red side.” On the blue side was
attached the “2D-FRUTTI” photon counting detector
(Shectman 1982), which we used in the configuration having
3040 pixels in the direction of the dispersion and 128 pixels in
the spatial direction. The grating on the blue side had 600 lines
mm™! and was blazed at 3780 A in first order, resulting in a
dispersion on the detector of 0.975 A per pixel. This grating
was selected to maximize the S/N ratio in the UV. The detector
on the redside was a Texas Instruments 800 x 800 CCD, and
the grating used had 158 lines mm ™! with the blaze at 7560 A
in first order. This resulted in a scale on the CCD of 6.08 A per
15 um pixel. The instrumental set up provided complete wave-
length coverage from 3200 to 10,000 A.

A slit width of 4” was used for all of the observations so that
absolute spectrophotometry might be accomplished while
minimizing the degradation of the S/N ratio because of sky
contamination. The projected slit width at the detector was
~ 12 pixels (~ 11.7 A) on the blue side and 6.9 pixels (~41.9 A)
on the red side. However, great care was taken in accurately
guiding the object at the center of the slit during all integra-
tions, so with a typical seeing disk of 175 and allowing for some
guiding errors, we estimate that the actual resolution achieved
corresponds more closely to the projection of ~2" on the
detectors, yielding an effective resolution of ~6 A on the blue
side and 20 A on the red side. It should be noted that seeing
fluctuations which might have occurred from integration to
integration would have the effect of making the resolution
inconstant from spectrum to spectrum, but we estimated that
the seeing was fairly consistent for the duration of the two
nights on which the data were taken.

The effects of atmospheric dispersion were minimized by
observing all objects at the parallactic angle (Filippenko 1982).
The faint standard stars GD 248 and G60-54 (Filippenko and
Greenstein 1984) were used to flux-calibrate both the blue and
red spectra, and the stars BD +26°2606 and HD 19445 (Oke
and Gunn 1983) were used to remove atmospheric absorption
features in the red and near-infrared regions of the spectra.
Continuum fluxes for two of the objects (Q0805+ 0441 and
Q0903 + 1734) may be slightly low (~0.2 mag) because of some
thin cirrus which may have drifted overhead during the inte-

magnitudes are listed in Table 1, and the observed spectra are
plotted in Figure 1. Figure 2 shows plots of the spectral energy
distributions log f,, versus log v,, where f,, =f, /1 + z.,),
Vo = Voue/(1 + Z.m)s Zem is the redshift of the quasar as defined
by the emission lines, and v, is the rest frequency. We have
estimated the amount of reddening due to interstellar material
in the Galaxy for all of the objects based upon Burstein and
Heiles (1982). Two of the objects, Q0014+8118 and
Q0308 + 1902, are sufficiently reddened (Ez_, = 0.21 and 0.12
mag respectively) that a correction has been applied to the
spectra. The reddening curves of Seaton (1979) and Nandy et
al. (1975) have been used. For the other six objects, Ez_y is
estimated to be less than 0.03 mag, and no correction has been
applied. Spectral indices « (defined longward of Lya emission
by f, c v™%) were measured and the adopted continua are
shown in Figure 2. The estimated uncertainty in the measured
values of « is +0.05. The values of « are listed in Table 2. Also
listed in Table 2 are the continuum flux density (measured at
log v, = 15.240) and the total “ luminosity density ” (also at log
vo = 15.240) assuming a Friedmann universe with g, =0,
H, = 100h,4,, and isotropic radiation.

Emission-line intensities and equivalent widths have been
measured and are given in Table 3. No attempt has been made
to correct for the presence of absorption in the emission lines,
so the values listed, particularly for the O vi+LyS and
Lyx+N v lines, are probably lower limits. We also did not
attempt to separate blended emission lines into individual
components; virtually all of the lines measured have probable
contributions from more than one ion. Uncertainties in
emission-line equivalent widths are probably of order 10% for
the stronger lines and are somewhat larger for the weaker lines.
Emission lines were not measured for the quasar Q0903 + 1734
because of the presence of broad absorption troughs.

TABLE 2
CoNTINUUM DaTA

Object @ logf,® L./hl D, - D, DyD,
QUO14+8118° ...... 077 2594 358 021 034 162
Q0308+ 1902° ...... 0.55 1853 359 022 033 1S3
QO731+6519 ....... 067 1525 208 031 043 137
Q0805 +0441 ....... 030  1.669 246 020 027 137
Q0903 +1734 ....... 099 1882 356 049 083 169
Q094142608 ....... 028 1535 187 017 029 168
Q0956+ 1217 ... 045 1976 774 026 038 146
QI3S8+1134....... C34 2060 424 029 047 159

* The spectral index, defined to the red of Ly emission by f, oc v™*.

* Inunitsof 10" % ergs s~ ! cm~? Hz ™!, evaluated at log v, = 15.240.

© Total luminosity, in units of 10°! ergs s™! Hz~!, assuming a Friedmann
universe with g, = 0 and isotropic radiation, evaluated at log v, = 15.240 (h, 4,
is the Hubble constant in units of 100 km s~ ! Mpc™!).

9 After correction for galactic reddening.
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TABLE 3
OsSERVED EMISSION-LINE EQUIVALENT WIDTHS AND FLUXES*

Owvi+Lyg® Lya+ Nv¢ Sin+01* Sitv + [Ov]* Civ' Heu +Ourl* Num]® Cu) + Sim]'
OBJECT w J w J w J w J w J w J w J w J

Q0014 +8118...... 138 339 10 0.77 17 1.21 37 244 8 0.52 3 015 42 2.30
Q0308 +1902...... 23 0.45 499 843 18 0.28 {15] [0.24] 103 1.73 15 0.22 5 012 88 1.05
QO731+6519...... 88 0.94 828 159 33 031 44 0.46 189 1.88 35 0.31 1t 009 106 0.73
QU805 +0441...... 26 0.51 4i0 6.57 25 037 [18]1 [0.28] 144 193 42 0.53 13 015 87 0.90
Q0941 +2608...... 39 0.66 287 422 15 0.22 3 0.38 114 1.22 25 025 3 003 84 0.63
QU956+ 1217...... 25 103 382 1134 6 019 28 0.85 111 2.89 22 053 ... ... 67 1.27
Q1358+1134...... .- 213 10.19 29 1.24 48 1.88 [351 [1.38] b 0.04 83 227

* Equivalent widths (W) are measured in A, and fluxes (J), are in units of 10™'* ergs s~! cm ™% Bracketed values are particularly uncertain because of the

coincidence of the emission line with the 15500 A dichroic.
® Lyf 1026 + O v1 11034.
¢ Lyx 41216 + N v 11240.
4 SinAl308 + O141304.
¢ Siv 41397 + [O1v] 41406.
€ C v 41549, with possible contribution from N 1v] 11485.
¢ Henn 41640 + O m] i1663.
* N il750.
i Cm] A1909 + Siur] 11892,

b) Discussion

Following is a brief discussion of the eight objects observed:

Q0014+ 8118 —This object (2., = 3.380, m, = 16.5) is one
of the most intrinsicaily bright quasars known (and is at least 3
times brighter than the next-brightest in our sample). The
strengths of the emission lines are unusuaily small, and the
ratio of the intensities of Lya+ N v and C v is less than half
that in any of the other six quasars for which emission lines
were measured. The precipitous drop in the continuum level
shortward of 7 = 3480 A would seem to indicate a “Lyman
limit " system with z,,, ~ 2.82. Infrared spectrophotometry has
been obtained for this object by Kuhr et al. (1984).

Q0308 + 1902 —This object (z,, = 2.831, my = 18.2) is one
from Hazard et al. (1986). The Lya forest appears to be more
sparse in this object than in the others observed. This could
have been due to a seeing fluctuation during the exposure. If
not, this object could present a problem to the intervening
hypothesis. It would be useful to obtain high-resolution data
for the Ly forest region of this object.

Q0731 +6519—Photometry and an earlier value for the red-
shift for this quasar (z,, = 3.035, m, = 18.7) are due to Arp, de
Ruiter, and Willis (1979). Some very strong absorption features
are evident in the Lya forest; it is difficult to say with certainty
whether this is due to the blending of narrower, weaker fea-
tures, although the fact that they still approach zero intensity
at the center may indicate that they are intrinsically strong.
The sharp drop in the continuum level to zero intensity short-
ward of 4 ~ 3600 A is evidence for the presence of a “ Lyman
limit " system with z,,, = 2.95.

Q0805 + 0441 —This quasar (z., = 2.875, my, = 18.4)isa 4C
radio source (4C 05.34); its absorption spectrum has been
studied by Lynds (1971) and by Chen et al. (1981), and its
continuum and emission-line spectrum have been studied by,
e.g., Baldwin (1977), Osmer and Smith (1976), and Oke and
Korycansky (1982). Infrared photometry for this object has
been obtained by Soifer et al. (1983). An earlier value for the
redshift was determined by Lynds and Wills (1970). We detect
a possible “ Lyman limit ” system corresponding to the appar-
ent drop in the continuum to zero intensity somewhere
between 3300 and 3400 A, although Tytler (1982) has con-

cluded that, based on the spectrum presented in Chen er al.
(1981), there is no evidence for such a system.

Q0903 + 1734—This broad absorption-line quasar (z., =
2.775, my = 18.0) is from Hazard et al. (1986) and was included’
in our sample for comparison purposes. Very broad absorp-
tion troughs of C 1v, Si 1v, N v, and O vi1 are present in the
spectrum. The Ly« emission line is virtually absent because of
the strong N v absorption. A detailed study of the absorption
spectrum of this object is in preparation.

Q0941 + 2608.—The continuum energy distribution of this
quasar (z,,, = 2.901, m, = 18.7) has been studied by Oke and
Korycansky (1982), and Soifer et al. (1983) have obtained mea-
surements in the infrared. An earlier determination of its red-
shift was made by Wills and Wills (1976). The N v emission
appears to be quite strong relative to Lya.

Q0956+ 1217 —~This quasar (z., = 3.299, m, =17.5) is
another from Hazard et al. (1986). Like Q0941+ 2608, it
appears to have N v emission which is strong relative to Lya.
The spectrum goes sharply to zero intensity at 4 ~ 3850 A,
indicating a “ Lyman limit " system with z,, = 3.22.

Q1358+ 1134—This object (z., = 2.571, my, = 17.4) was
observed despite its failure to meet the redshift criterion
because of its brightness and because it was remarked by
Hazard et al. (1986) that the apparent continuum level in the
Lya forest region of the identification spectrum was especially
low. It is also interesting because, in our spectrum, the strength
of C m] is greater than that of C 1v, whereas the typical ratio
C 1v/C m] is 2 or greater for five of the other six quasars for
which emission lines were measured. The He 11 emission in this
spectrum is also particularly weak as compared to the other
quasars in our sample.

IV. CONTINUUM BLANKETING BY NEUTRAL
HYDROGEN ABSORPTION

It is clear that the apparent continuum level shortward of
Lya emission in high-redshift quasars will exhibit at least some
effects of “blanketing ™ because of the large number and high
density of sharp absorption lines observed in this region, most
of which are generally assumed to be Lya absorption lines due
to neutral hydrogen in intervening clouds (e.g., Sargent et al.
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1980). The magnitude of the blanketing effect will be a function
of the instrumental resolution, in the sense that lower
resolution will result in a lower apparent continuum level
because of unresolved lines. Under the assumption that all of
the absorption lines below Lya emission are due to absorption
by neutral hydrogen, there will be three distinct regions, and
for each one would expect a different effect on the continuum
level:

1. Region I: between Lyx emission and Lyf (o = 1025 A)
emission (as defined by the redshift of the other emission lines),
we expect only Lya absorption lines.

2. Region II: between Lyg emission and the Lyman limit,
we expect absorption due to Lya lines plus LyS (and higher
order Lyman lines) corresponding to the Lya lines in Region I.

3. Region III: shortward of the Lyman limit as defined by
the emission-line redshift, we expect line absorption from the
entire Lyman series (dominated by Lyx and Lyg), plus Lyman
continuum absorption. It is in this region that we see the effects
of “ Lyman limit ” systems—systems with large-enough optical
depth in the Lyman lines to cause a sharp discontinuity in the
apparent continuum level at the Lyman limit as defined by the
redshift of the absorption system.

Strong Lyman limit systems are seen in at least three of the
objects studied in this paper, Q0014 + 8118, Q0731 + 6519, and
Q0956 +1217 (see Fig. 1), and possibly in a fourth
(QO80S +0441). It is likely that these optically thick clouds
which give rise to Lyman limit systems are chiefly responsible
for the dramatic change in the observed slope of the continuum
in JUE spectra of quasars (Bechtold ez al. 1984). However, such
systems cannot affect the apparent continuum level in either
region [ or region II, but only in region III. The break in the
continuum slope in low-resolution spectra of high-redshift
quasars is usually seen to correspond to Lya emission, so
something is clearly occurring in regions I and II. We will
concentrate our analysis on these two regions of the quasar
spectra.

With our moderate resolution (~ 6 A) in the UV, the appar-
ent continuum level in regions I and II, if affected by line
blanketing, is likely to be much closer to the true continuum
level than, for example, in JUE or multichannel spectra. The
continua of two of our observed quasars, Q0941 +2608 and
Q0805 + 0441, have been studied previously by Oke and Kory-
cansky. It is significant that, while our absolute continuum flux
(at log vy = 15.240) agrees very well with Oke and Korycansky
for Q0941 + 2608 and reasonably well (0.2 mag difference) for
Q0805 + 0441, the spectral indices we obtain are quite different.
We attribute this to two factors. One is that, in the observed
wavelength range (which is the same as in Oke and
Korycansky), there is very little continuum that is uncontami-
nated by emission-line wings, and with low-resolution (160 A
in the red for Oke and Korycansky) it is doubtful whether any
of the data points represents true continuum. In addition, for
observed wavelengths above 7500 A, strong atmospheric fea-
tures are present which can be removed fairly well with data
sampled every 6 A but which cause very large scatter in the
data points with very low resolution. Thus, defining a contin-
vum sicpe on the long wavslength side of Lya emission
becomes very difficult for low-resolution spectra. We tried
binning our data into 100 A bins and remeasuring the appar-
ent continuum slope and obtained values which differed from
the higher resolution values by as much as 30% (and this is
without the large scatter of the points at long wavelengths such
as was present in the Oke and Korycansky data). We conclude
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that some degree of spectral resolution is necessary even long-
ward of Lyx emission in order to accurately determine the
spectral index and the true continuum level, and in this respect
our data should represent a significant improvement; further-
more, our data have a much higher S/N ratio, especially at
longer wavelengths, making the definition of the continuum
considerably less uncertain.

In order to gauge the magnitude of the effect that 6 A
resolution would have on the true continuum level, we have
performed some experiments on high-resolution (0.6 A) obser-
vations obtained in 1985 of three high-redshift quasars. The
typical rest frame wavelength range covered in these observa-
tions is 1050-1200 A (region I). Using a Gaussian smoothing
function, the data were smoothed to ~ 6 A resolution, and the
relative apparent continuum levels were compared. Figure 3
shows a plot of some of the high-resolution data with the
smoothed data plotted on the same set of axes. We found that,
for the three high-redshift quasars (z,, = 3.33, 3.53, and 3.56),
the drop in the apparent continuum level is ~12%-15% for
the 6 A resolution smoothed spectra. This corresponds to
~0.05 in log f,,. Looking at Figure 2, with the exception of the
broad absorption-line quasar Q0903 + 1734, the continua of
the quasars at frequencies higher than that of Lya emission, in
region I, are consistent with the power-law continua defined to
the red of Lya emission if the above correction for the contin-
uum blanketing factor at 6 A resolution is applied. This correc-
tion is, of course, by no means exact; the resolution for the
various spectra is not constant because of fluctuations in the
seeing, and the size of the correction is also based upon obser-
vations of objects with higher redshifts (on average) than for
our sample. However, it is evident by visual inspection of the
plots in Figure 2 that for most of the objects, the continuum
level in Region I appears to be consistent with the drawn-in
power-law continuum even without the application of a
blanketing correction. Figure 3 shows that for low-resolution
data the apparent continuum level is significantly reduced (by
as much as 30%-35%) because of the presence of unresolved
sharp absorption lines. This would help explain the observed
break in the continuum slope in IUE spectra which seems to
occur just shortward of Lya emission. The fact that a change in
slope, rather than a discontinuity, is observed may be ascribed
to the smoothing effect of low-resolution spectroscopy and the
fact that there are more and more possibie contributors to the
continuum blanketing as the frequency increases. The decre-
ment in flux relative to the extrapolated continuum might
therefore appear to be a smooth, increasing function of fre-
quency that can be fit by a simple power law.

Thus it appears that the true continuum in region I of the
Lya forest can be represented by the extrapolation of the
power-law continuum defined longward of Lya emission and
that the apparent change in the slope shortward of Lya emis-
sion which has been observed in low-resolution quasar spectra
is due to the blanketing effects of numerous unresolved absorp-
tion lines (presumably of neutral hydrogen). We will assume
(for the moment) that the extrapolated power-law continuum
is the true continuum in region II as well, and that the further
deviation of the apparent continuum level in this region rela-
tive to the extrapolated continuum is due to the presence of
Lyp (and higher order lines of the Lyman series) in addition to
the Ly« absorption lines. This will be discussed further in § V.
It should be noted that the effect of low-resolution on the
apparent continuum level shortward of Lya emission is very
important when one is studying continua as representing the
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FIG. 3.—The effects of the variation of spectral resolution on the apparent continuum level in the Lya forest. The dotted curve is a spectrum with 0.6 A resolution,

PN

the solid curve is the same data smoothed (with a G ian)to ~6 A

inherent spectral energy distribution for quasars. Although
X-ray observations of quasars indicate that the spectral index
must steepen somewhere between the ultraviolet and the
X-ray, it is not at all clear that this steepening occurs at fre-
quencies which are accessible to either optical or IUE observa-
tions. The apparent observed stecpening in the Lya forest
region of high-redshift quasar spectra may be completely unre-
lated to the energetics of the “ central engine ” of the quasar. It
is therefore dangerous to use IUE spectral energy distributions
without adequate corrections for Lyman line and continuum
absorption in the ultraviolet. The implications of neutral
hydrogen continuum blanketing for the modeling of quasars
will be discussed in § VL.
V. A TEST OF THE “ INTERVENING ” HYPOTHESIS

Assuming that the true continuum in the Lya forest region of
the spectra of high-redshift quasars can be represented by the
extrapolated power-law continuum as discussed above, we can
examine the statistics of the neutral hydrogen absorption lines
without necessarily needing to resolve them and count them.
The total flux decrement due to the cumulative effects of
absorption lines below Lya emission is preserved regardless of
the spectral resolution. For comparison, we will make use of
several parameters introduced by Oke and Korycansky: D,,,
Dy, and Dy D ,. The parameter D, is essentially the fraction of
the flux that has been subtracted from the spectrum according
to the extrapolated true continuum in region I:

o= (1),

I—I"—"— (n

cont,

and the dashed curve is the data smoothed to ~ 100 Aresolution.

where f,, is the observed flux in each bin and f_,,, is the true
continuum level which would correspond to that bin. Regions
of the spectrum which may be affected by Lyx or O vi+Lyg
emission-line wings are excluded from the calculation. The
parameter Dy is the analogous quantity measured in region II
of the spectra.

Calculated values D,, Dy, and Dy/D 4 are listed in Table 2.
For the sample as a whole, we find D, = 0.24 + 0.05, Dy =
0.36 + 0.07,and Dy/D, = 1.52 + 0.12, where we have excluded
Q0903 + 1734 from the calculations of the mean values because
of the presence of broad absorption troughs in its spectrum.
These values are consistent with the values found by Oke and
Korycansky for their sample of high-redshift quasars, although
we point out a possible error in their quotation of standard
deviations in the mean. They claim to have obtained D, = 0.29
+0.02, Dy =0.39 + 002, and Dy/D, = 140 + 0.06, but in
reevaluating the standard deviations based on their tabulated
values, we find that their data give D, = 0.29 + 0.07, D, = 0.39
+0.08, and Dy/D, = 1.40 + 0.24. We attribute the much
larger standard deviation in Dg/D, obtained by Oke and
Korycansky to greater uncertainties in defining the continuum
slope for data having relatively low resolution and S/N ratio.
For the two objects which both this paper and Oke and Kory-
cansky have studied, Q0805+0441 and Q0941+ 2508, our
values of D, are significantly smaller, while our values of Dy
are consistent with those of Oke and Korycansky. These dis-
agreements are probably due to differences in the adopted con-
tinuum levels and in the measured spectral indices a. A
systematic tendency with low-resolution data might be to draw
the continuum too high because of the effects of emission-line
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wings longward of Lya emission, resulting in larger values of
D, and Dy.

In order to determine whether the values of D, and Dy we
have obtained are consistent with the “intervening ” hypothe-
sis, we estimate the expected uncertainty involved in the mea-
surement of an individual value of D, assuming that the
hypothesis is true. If the Lya forest is due to a population of
clouds distributed isotropically throughout space, then not
only measurement uncertainties, but also statistical fluctua-
tions in the number of clouds encountered along a line of sight
will contribute to the standard deviation in individual values of
D,. We concentrate on the parameter D, because its value
would be most directly linked to the number of intervening
clouds (presumably each cloud is responsible for one Lya
absorption line), because only Lyx absorption is presumed to
be contributing to the value and because many statistical
studies of Lyx lines have been made. We estimate that, for a
typical quasar in our sample, with z_, = 3.0 and « = 0.7 (and
uncertainties in « of 10.05), the expected standard deviation in
D, from measurement uncertainties alone is +0.05. Assuming
that the “intervening ” hypothesis is correct, we adopt the Lya
equivalent width distribution function of Sargent et al. (1980,
hereafter SYBT):

* -W
nW) = %_‘ exp (TV-‘_) , 2

where N* and W* are constants,. SYBT found that
N* = 154 + 11 and W* = 0.362 + 0.02 for their sample which
has (z,,,> = 2.44. This includes Lyx lines identified as part of
“heavy element” absorption systems and was derived for
W >0.32 A. We will assume that the distribution can be
extrapolated to smaller equivalent widths. A typical quasar
from our sample has {z,,,> = 2.64 for the region of the spec-
trum where D, is measured. It has become the convention to
express the line density as a function of redshift; the density of
Lya lines evolves with z according to

d—h—, oc(l +2). A3)
dz

The value of y is a matter of dispute; we have adopted the
most recent determination, from Murdoch et al. 1986,
y =179 + 0.35 (including Lya lines from known “heavy
element ™ systems). Since the value of W* obtained when the
Lyx lines from heavy element systems are included by
Murdoch et al. agrees well with the SYBT result, we will use
W* = 0.36. Taking SYBT's value of N* and scaling it by equa-
tion (3) to {Z,,> = 2.64, we obtain N* =~ 170. For a typical
quasar in our sample with z., ~ 3.0, the interval of redshift
covered in the region where D, is measured is Az,,, = 0.38.
Equation (2) can then be integrated to obtain an estimate of the
total equivalent width of Lya absorption lines in the redshift
range Az,,, = 0.38 centered on z,,, = 2.64:

W, ~ 170 (038) | We ™36 x24 A )
0.36 o

Several workers have found that this exponential law of
SYBT does not hold for equivalent widths smaller than ~0.3 A
(e.g., Murdoch er al. 1986; Atwood, Baldwin, and Carswell
1985; Carswell er al. 1984), in the sense that there are more
weak lines than would be predicted by an extrapolation of the
exponential distribution with W* = 0.16 for W > 0.033 A, and
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use this in the region 0 < W < 0.32, where this second expo-
nential distribution has been normalized so that it connects
with the SYBT distribution at W = 0.32 A, then the expected
total equivalent width would be increased to ~25 A. Clearly
the total equivalent width is fairly insensitive to the behavior of
the equivalent width distribution for very weak lines.

The rest wavelength interval corresponding to Az,,, = 0.38
for a quasar with z,,, = 3.0 is ~ 115 A. Thus the predicted value
of D, would be 1-90/115 =~ 0.22. Our result of D, = 0.24
+ 0.05 is consistent with this estimate. The fact that the mean
value of D, which we find is somewhat larger than that
expected according to the empirically derived Lya equivalent
width spectrum might be partially explained by the presence of
“metal” lines, e.g, lines of Mg n of Fe u from absorption
systems at lower redshifts.

We can also estimate the expected deviation in total equiva-
lent width according to the adopted equivalent width distribu-
tion. We find that o{W,,) ~ 7 A, which, when folded in with the
measurement uncertainties estimated above, gives o(D,) =
0.07. Statistical deviations alone would give o(D,) ~ 0.06. We
‘have performed a y? test on the data assuming a parent Gauss-
ian distribution with {D,) = 0.24 and a(D,) = 0.07, and the
resulting value of the reduced y? is 0.87, corresponding to a
probability of ~0.60 that a random sampling of the distribu-
tion would result in a reduced x? as large or larger than is
found. Thus, our data are consistent with the value of D, being
statistically the same in all of the objects. This supports the
idea that the distribution of Lya clouds is cosmological and the
same along all lines of sight and that it is unlikely that the gas
responsible for the Lya forest absorption is associated with the
quasar.

If the number density of Lya lines does not evolve with
redshift, then one would clearly expect the value of Dy to be
larger than the value of D ; however, as has already been
pointed out, recent work (e.g., Murdoch et al. 1986) suggests
quite rapid evolution with redshift (this seems to preclude a
constant comoving density of absorbing clouds, regardless of
the cosmological model), and the number of Lya absorption
lines per unit redshift in region II would be significantly
smaller than in region I. For a quasar with z,,,, = 3.0, the mean
redshift for a Lya line in the part of region II where D, is
measured is (z,,,> =~ 2.18. Using equation (3) and the
Murdoch et al. value for y, the Lya line densities at the center
of the frequency ranges where Dy and D, are measured shouid
be in the ratio 0.79:1. The ratio of oscillator strengths for Lyg
and Lya is 0.19:1. Assuming we would find one Lyp line in the
Dy region for every Lya line in the D, region and assuming
negligible contributions to the total equivalent width from
higher order lines of the Lyman series, then if all lines were
unsaturated, we might expect Dp/D, < 1 because the evolution
of the Lya line density would more than account for the addi-
tional 20% contribution in total equivalent width due to Ly
lines. Oke and Korycansky derived a characteristic value of the
Doppler broadening parameter b (Spitzer 1978) based on their
measured value of {(Dp/D,); however, they assumed that the
density of Lya lines in the D, and D, regions of the spectrum
was the same. With evolution added, their analysis would
imply that ¢b) is significantly less than 20 km s~! in order to
produce our observed (Dy/D > = 1.52. Such a low value of
{b) seems unlikely (e.g., Carswell et al. 1984).

The relatively high value of {(Dy/D,)> which we observe is
clearly inconsistent with the lines being unsaturated; i.c., most
of the lines are probably well off the linear part of the curve of
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growth. This in turn implies that the strengths (relative to Lya)
of the higher order Lyman lines are greater than is implied by
- their relative oscillator strengths. Thus it may be inappropriate
to assume that the contribution of these lines to the total
equivalent width in the Dy region is negligible. There is also the
rather puzzling problem that, although the number density of
Lya lines is observed to be proportional to (1 + 2z)” and y = 2
when the Lya forests of objects of different redshifts are
studied, the reverse trend is sometimes observed for an individ-
ual object. That is, the number density of Lya lines per unit
redshift is seen to decrease with increasing z,,,. This problem is
discussed by Murdoch et al. (1986). The favored interpretation
of this phenomenon is an enhancement of the ionizing radi-
ation field in the vicinity of intrinsically bright quasars, thereby
decreasing the column density of neutral hydrogen in clouds
physically closer to the quasar. Such an effect would tend to
decrease the observed value of D, relative to D,. Thus, because
of the uncertainty in the relative contributions of the Lya, LyS,
and higher order Lyman lines to the total equivalent width in
the D, region, it does not seem feasible to estimate values of
physical parameters (such as (b)) in the “ Lya clouds” based
on the observed ratio (Dp/D ).

An alternative interpretation of the large observed value of
{Dy/D ) would be that there is some intrinsic steepening in the
quasar continua which occurs shortward of Ly, in region IL
Since the physics of the “ Lya clouds ” is not well understood, it
is not clear how much of the flux decrement in region Il is due
to optically thick radiative transfer effects, or even whether one
can account for such a large decrement (especially when evolu-
tion of the Lya line density is considered) using plausible physi-
cal parameters in the clouds. Therefore, whether or not the
continuum slope as defined longward of Lya emission can be
extrapolated as far down as the Lyman limit is not well deter-
mined.

It should be noted that there is no observed break in the
ultraviolet continuum of low redshift (z,, ~ 0.5) quasars
(Kinney et al. 1985) observed with IUE. If the empirically
derived number density of Lyx absorption lines per unit red-
shift can be extrapolated to such low redshifts, the expected
value of D, would be ~0.035, and the true spectral energy
distribution, at least in regions I and II, should be accurately
represented in low-resolution data. However, the fact that a
significant continuum depression (D, = 0.11 £ 0.05) is
observed even for moderately low redshift (z., =~ 1.0) by
Bechtold et al. (1984) may represent evidence for deviations
from the power-law spectrum of Lya line density at low red-
shifts in the sense that there may be more lines at low redshift
than would be expected. (A simple extrapolation using y = 1.79
would predict D, = 0.06 for z,, ~ 1.0.)

VI. IMPLICATIONS FOR QUASAR MODELS

The mean value of the spectral indices we measure for the

eight quasars is {a) ~ 0.6. This is consistent with what has
been observed previously for large samples of quasars mea-
sured in the optical and infrared (e.g., Richstone and Schmidt
1980; Neugebauer et al. 1979; Richstone 1977; Oke et al. 1970).
The observed values of x range from —0.3 to + 3.0 (Richstone
and Schmidt 1980, hereafter RS). However, it has been sug-
gested (Malkan and Sargent 1982) that measured power laws
based solely on a fairly narrow range of frequency (ie., the
optical/UV) can be much flatter than the power law which
would be found if observations over a broad range of fre-
quency were made. They connect the infrared region of the
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spectrum to the X-ray with an underlying, presumably non-
thermal, power law of the form f, oc v™*, with a departure from
the power law in the optical and UV which results in measured
continua which are flatter than v~!., Malkan and Sargent
explain this “ UV excess,” which is a broad component of flux
above the v~ ! infrared power law which begins below ~ 6000
A and continues well into the ultraviolet, as a combination of
Balmer continuum emission and thermal emission from a hot
(T ~ 20,000-30,000 K) gas, perhaps in an accretion disk sur-
rounding a massive black hole. This interpretation is sup-
ported by the more recent work of Elvis et al. (1986), who have
combined observations in the infrared, optical, UV, and X-ray
for eight PG quasars. Malkan and Sargent also conclude that
the steepening in the spectra of quasars above vy = 2 x 10'3
Hz is due to the exponential cutoff of the thermal component
(modeled as a single-temperature blackbody). We have shown
that much of the apparent steepening beyond this frequency
may be due to absorption by intervening material and may be
unrelated to the quasar itself. Thus, if one attributes the “UV
excess ” (in the ultraviolet, where the Balmer continuum contri-
bution is small) to thermal emission from a hot blackbody (e.g.,
an idealized accretion disk), then the characteristic tem-
perature which is obtained based on fits to the observed spec-
tral energy distribution may be too low. That is, ambiguities as
to the true shape of the ultraviolet continuum caused by
absorption in intervening material prevent the setting of sound
upper limits on the temperature of the gas which is presumably
responsible for the “UV excess.” If models of optically thick
accretion disks are used, as by Malkan (1983), this would affect
the deduced values of the black hole mass and the mass infail
rate.

If it is assumed that the ultraviolet spectra of all quasars are
comprised of an underlying nonthermal v~! power law with
the addition of a thermal component, then the spectral index
for the ultraviolet continuum (which we have measured) should
provide some information concerning that thermal spectrum
and its contribution to the total spectral energy in the ultra-
violet. The fairly large range of spectral indices which we and
other investigators have found would then seem to imply a
significant difference in the shape and in the relative contribu-
tion of the thermal components from quasar to quasar, even
though (for our sample) the total quasar luminosities are com-
parable. This is consistent with the fact that no correlation is
observed between optical/UV spectral indices and luminosity
for quasars (RS). Also, Malkan (1983) found no correlation
between quasar luminosity and the ratio of thermal to non-
thermal components of the observed flux. The distribution of
spectral indices in Figure 3 of RS shows the vast majority of
values to be in the range 0 < « < 1 (using our definition of «);
this may indicate upper and lower limits on the contribution of
the thermal component to the spectral energy in the optical/
UV region of quasar spectra. That is, quasars with spectral
indices near | have a weak thermal component (relative to the
underlying nonthermal power law), and those with « ~ 0 (or
even a < 0) are dominated by a strong thermal component.
Such an interpretation is consistent with the fact that quasars
with steep optical/UV continua are more ofter highly pol-
arized violently variable, or both (Nordsieck 1976; Oke et al.
1970), possibly indicating the lack of a large amount of thermal
material surrounding the black hole. Those quasars which
have relatively flat ultraviolet continua would be those with a
large amount of optically thick material whose emission domi-
nates over the nonthermal component in the ultraviolet region
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of the spectrum, and therefore little polarization or variability
is observed.

VII. SUMMARY

We have studied the spectral energy distributions of eight
very high redshift (z., = 2.7) quasars in the observed wave-
length range 3200-10,000 A with moderate spectral resolution.
Our primary conclusions are the following.

1. The true continuum level in the Lya forest region of
quasar spectra can be represented by an exttapolatxon of the
power-law continuum defined longward of Lya emission. This
conclusion becomes less certain below 4, = 1040

2. The diminution of flux due to the cumulative effects of
absorption lines in the spectra of quasars with z.,, ~ 3 between
Lya emission and Lyp is statistically the same for all objects
(24% + 5%), supporting the hypothesis that the absorption is

due to cosmologically distributed objects (Sargent er al. 1980).
The corresponding decrement of flux between Lyf and the
Lyman limit is 36% + 7%.

3. The ultraviolet spectral steepening which has been
observed in IUE spectra of quasars may be largely or com-
pletely due to absorption by intervening material, therefore
intrinsic ultraviolet spectral energy distributions cannot be
well defined.

We would like to thank A. Filippenko for help with the
observations, as well as J. Henning, C. Price, S. Staples, and D.
Tennant for their assistance at Palomar Observatory. We
thank R. Blandford and S. Phinney for useful discussions and
suggestions and referee M. Malkan for very heipful comments
on the original version of this paper. This work has been sup-
ported by NSF grant AST 84-16704.
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ABSTRACT

A new upper limit on the number density of generally distributed intergalactic neutral hydrogen is obtained
based upon recent spectrophotometric observations of very high redshift QSOs coupled with high-resolution

statistical studies of the Lya forest in QSOs. The new limit, ny, (z=0.0) < 9.0 X 10" Aoy cm”~

3, is

approximately 15 times smaller than the limit originally proposed by Gunn and Peterson. If the intergalactic
medium (at z = 2.64) is in ionization equilibrium due to the UV background, then this new limit implies

ny (z=00) <46 X 1077 cm™? and @y < 0.05h).
Subject headings: galaxies: intergalactic medium — quasars

L. INTRODUCTION

Shortly after the discovery of the first QSO whose redshift
placed Lya emission in the optical spectrum (Schmidt 1965),
Gunn and Peterson (1965) showed that any generally distrib-
uted intergalactic neutral hydrogen would produce a depres-
sion in the QSO continuum on the short wavelength side of
Lya emission because of Lya absorption. By examining
Schmidt’s spectrum of 3C 9 (z,, = 2.016), they concluded
that the integrated optical depth in Lya, 755, was less than or
of order 0.5. The optical depth 75, can be related to the
number density of neutral hydrogen through the relation

nelf )

Top(2) = mv H,

"HI(Z) (
1+ 2)(1 + 2¢42)""

4.14 X 10V ny (2)
(1 +2)(Q +2g2)"7"

(1)

where h,y, is the Hubble constant in units of 100
km s~! Mpc™!. Thus, for ¢, = 1/2, they obtained an upper
limit on the number density of intergalactic neutral hydrogen
of ny (z=2) =6 X 10" A cm™>.

More recently, Davidson, Hartig, and Fastie (1977) used

observations of 3C 273 (z,,, = 0.158) obtained by a rocket-
borne telescope for a similar analysis. They found no evidence
for a trough in the continuum on the short wavelength side of
Lya emission. They estimated that 15p < 0.2, which corre-
sponds to a limit on the H 1 density (at the present epoch) of
Ny, <39x1072cem?,

After Lynds (1971) identified the large number of absorp-
tion lines seen on the short wavelength side of Lya emission
in the spectra of high redshift QSOs as discrete Lya absorp-
tion lines, the Gunn-Peterson test received little attention in
the literature. The new focus was on the origin and evolution

L

of what are now believed to be the intergalactic H 1 clouds
responsible for the narrow Lya absorption lines (Sargent
et al. 1980). Also, the Lya forest presents a problem for the
Gunn-Peterson test because the rich absorption-line spec-
trum shortward of Lya emission makes the definition of the
true continuum in that region very difficult, and it is therefore
hard to separate the effects of absorption in discrete “clouds”
from absorption due to generally distributed gas. Recently,
however, Steidel and Sargent (1987) have obtained spectra of
a sample of QSOs with z = 3 for which very accurate con-
tinua on the long wavelength side of Lya emission can be
extrapolated to the short wavelength side and thus, we be-
lieve, a new and much smaller limit can be placed on the
density of intergalactic neutral hydrogen.

I1. THE NEW LIMIT

There are several difficulties encountered in attempting to
measure small continuum changes from QSO spectra. One is
that there is a compromise between resolution and obtaining
an accurate continuum level; with high-resolution data, the
apparent local continuum is likely to be more certain because
line blanketing and blending will not be as important, but the
more global continuum slope cannot be considered accurate
because of light losses due to narrow slits and the effects of
atmospheric dispersion, and the relatively small spectral
coverage. For low-resolution data, the apparent continuum
level can be greatly affected by unresolved absorption lines.

Steidel and Sargent (1987) obtained spectra of eight high-
redshift QSOs ((z.,) = 2.98) with simultaneous spectral
coverage from 3200 to 10000 A and moderate resolution (one
of the QSOs has been excluded for our purposes because it is
a broad absorption line QSO). The spectra were taken through
a wide slit (set at the parallactic angle) so that the resolution
was determined by the seeing disk, which was about 175.
They were carefully flux-calibrated so that the continua on
the long wavelength side of Lya emission could be very
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accurately defined. Steidel and Sargent estimated the degree
to which the resolution of ~ 4 A lowered the continuum in
the Lya forest by smoothing high-resolution data with the
appropriate filter. With this correction they showed that the
power-law continua defined redward of Lya also fitted the
Lya forest region at least down to Ly8 A1025 (in the rest
frame of the QSO). Thus, on visual inspection of the spectra,
there was no evidence for any Gunn-Peterson discontinuity
across the Lya emission lines. Again by such visual inspec-
tion, we estimate that an upper limit on such a discontinuity
(for the best data) is 7;, < 0.05. A more quantitative Limit
may be obtained by the following procedure. For the sample
of seven QSOs it was found that the fractional flux decrement
(assuming the extrapolated continuum) in the region of the
Lya forest longward of A, = 1025 A is D, = 0.24 + 0.02.
This includes the effects of all the absorption lines plus any
residual Gunn-Peterson effect. This value applies to a mean
redshift between Lya and LyB emission of (z,) = 2.64.
They then calculated that the predicted value of the flux
decrement due to Lya lines alone is D, = 0.22 + .02 for
{Zaps) = 2.64. In making this calculation they took the equiv-
alent width distributions from Carswell eral (1984) and
Sargent er al. (1980) and used Murdoch er al.’s (1986) for-
mula for the Lya line density evolution with redshift. (The
quoted errors on D, and D, are standard deviations in the
mean for a sample of seven objects. The error in D, was
obtained by considering Poisson statistics for the number of
lines in each equivalent width bin in the integral over the
equivalent width distribution.)

In such a manner we obtain an upper limit on any Gunn-
Peterson discontinuity, Dgp < (D, — D) = 0.02 + 0.03. It
should be noted that this would represent a conservative
upper limit, since D, includes only Lya lines and does not
account for a possible contribution to the fractional flux
decrement from lines of heavy elements occurring in the Lya
forest. Using the fact that Dgp = 1 — e™"6r = 15, for small
TGp» We obtain

Tep < 0.02 + 0.03. (2)

Thus, the 1 o upper limit on 75, is 0.05 and the value
is consistent with zero. The corresponding upper limit on the
H 1 density, evaluated at the mean absorption redshift of
<znbs> - 2'“’ is

Nyy(z = 2.64) < 4.4 X 10"y (cm™?) (go = 0)
< 8.4 X 107 2hyo (cm™?) (g = 1/2). (3)

The maximum sensitivity for obtaining limits on ny, at
z = 0 can be achieved by analyzing the spectra of objects at
very high redshift if, as proposed by Sargent ez al. (1980), the
Lya clouds are confined by the pressure of the intergalactic
medium. In this case the recombination time scale ¢, for the
medium is given by

tM(2) =2 x10%(1 + z) "% (s), (4)
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whereas the Hubble time is given by

3 X 10" (s)
hioo(l + 2)(1 + 2%2)&/:'

ty(z) =

(5)

Thus the recombination time scale is larger than the expan-
sion time scale for the universe at all relevant (z < 4) epochs;
the ionization time scale for neutral hydrogen atoms is always
significantly less than the Hubble time for reasonable values
of the ionizing UV flux (Ikeuchi and Ostriker 1986). Once the
medium has been highly ionized at early epochs, it will remain
highly ionized even as the universe expands and the ionizing
UV flux from QSOs has significantly diminished. We are
justified, therefore, in obtaining a present-epoch limit on the
H 1 density by simply dividing the value obtained for large z
by (1 + z)°. The resulting value for the upper limit on the

. intergalactic H 1 density at the present epoch is

my (z=0) <9.1X10 g (cm™?) (gy = 0)
< L7 X107 Phyg (em™) (g = 1/2). (6)

This limit is a factor of ~ 23 smaller than the limit obtained
based on observations of 3C 273. This value is still an upper
limit even if, as Rees (1986) has suggested, the Lya clouds are
not supported by the pressure of an external medium.

I1. IMPLICATIONS FOR THE DENSITY PARAMETER

Sargent et al. (1980) proposed that the Lya clouds are in
pressure equilibrium with a hotter and less dense intergalactic
medium; the resulting possible range of values of #¥{ and n§
was quite small.! More detailed calculations were carried out
by Ostriker and Ikeuchi (1983) and Ikeuchi and Ostriker
(1986); their results were consistent with the conclusions of
Sargent et al. (1980). We have calculated a new curve of
constraint in the log Tig,~log ny plane which results from
the new value of the Gunn-Peterson limit (cf. Fig. 1 of
Ostriker and Ikeuchi 1983 and Fig. 11 of Ikeuchi and Ostriker
1986). Assuming that the IGM is in photoionization equi-
librium in the UV radiation from QSOs (at z = 2.64), this
curve of constraint, shown in Figure 1, is obtained from the
ionization equilibrium equation

¥ 1
T 6 x 10-313/‘n;'( = ) +41Xx107'T4
ny, 10

X exp(-1.58 x 10°/T,,). (7

Here I, is the integrated UV flux due to QSOs (at z = 2.64),
which we have taken tobe 102 ergs s 'ecm ™2 Hz ! sr! (a

'An error was made in Fig. 6 of this paper. The line corresponding to
the constraint @y > 0.1 with Ho = 60 km s~ Mpe~' should be drawn
at log ;o nff = —4.55 and not at log ;o n¥f = ~5.00. This excludes all
values of nf{; clearly the constraint Q, > 0.1 is itself questionable.
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FiG. 1.—The plotted curves represents limits on the density and
temperature of the intergalactic medium at the present epoch. In all cases
the allowed regions are to the left of the curves. The long-dashed curve
represents a limit on the pressure of the IGM obtained from observations
of the double QSO 2345+ 007. The solid and short-dashed curves repre-
sent limits obtained based upon the new Gunn-Peterson limit for g, = 0
and ¢, = 1/2, respectively.

fairly conservative upper limit, according to Tytler 1986). In
order to obtain limits which pertain to the present epoch, we
have assumed that the IGM has expanded adiabatically since
the epoch corresponding to z = 2.64, i.c., that ny (z) & (1 +
z)* and Tigy (2) @ (1 + z)2. The lower limit on Lya cloud
sizes obtained by Foltz et al. (1984) from their observations
of the double QSO 2345 + 007 (and assuming a cloud temper-
ature of 3 X 10* K), enables a further constraint, also shown
in Figure 1, to be placed on the density and temperature of
the IGM (see eq. [78] of Ikeuchi and Ostriker 1986). The
result is that the new upper limit on the density of hydrogen

INTERGALACTIC H 1 DENSITY L13

inthe IGM at z =01s

ny <4.6 X107 " cm™? (g, = 0)
< 6.0 X 107" cm™3 (g, = 1/2). (8)

We note that the quoted value is still an upper limit even if
the Lya clouds are not confined solely by the pressure of the
intergalactic medium. If the clouds are in equilibrium and are
at least partially supported by, e.g., gravity or magnetic fields,
then the upper limit on the pressure of the IGM can only be
smaller than the adopted limit. If the clouds are freely ex-
panding, then clearly the pressure of the IGM must be
smaller than the limit obtained assuming equilibrium. It is
clear from Figure 1 that decreasing p;\ causes the upper
limit on ny to decrease as well.

In terms of the cosmological density parameter, this upper
limit corresponds to

Qy < 005k, (9)

The upper limit on the contribution of baryonic material to Q
has been calculated based on models of Big Bang nucleo-
synthesis and is in the range R < 0.034h;3 — 0.048A;3
(Boesgaard and Steigman 1985). The contribution to € from
the luminous inner parts of galaxies has been estimated to be
in the range 0.01 < Q;,; < 0.02 (Yang er al. 1984). Thus, if
higo is close to 1, then it is possible that hydrogen in the IGM
together with the luminous regions of galaxies may account
for all of the baryonic material in the universe; if Q, were
much larger than the limit we have proposed, it would be
difficult to reconcile the nucleosynthesis limit with the large
values of H, which seem to be currently popular. In any case,
the limit on @y resulting from the new value of the Gunn-
Peterson limit is consistent with the Big Bang nucleosynthesis
limit on Q,.

We would like to thank Craig Hogan for suggesting the
idea of re-examining the Gunn-Peterson test in light of our
new data. We also thank S. Phinney, R. Blandford, and an
anonymous referee for their very helpful comments on an
earlier draft of the paper. This work has been supported in
part by grant AST84-16704 from the National Science Foun-
dation.
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ABSTRACT

Spectra with a resolution of ~2 A have been obtained of the QSO pair Tol 1037 —2704 (z.,, = 2.193, my =
17.4) and Tol 10382712 (z,,, = 2.331, my = 17.8). These objects are separated by 17/9 on the sky and were
discovered by Jakobsen and his coworkers to have extensive, possibly correlated absorption spectra. We have
confirmed the existence of the four absorption systems between z,,, = 1.95 and z,,, = 2.14 in both QSOs, and
we also found a fifth system in each spectrum, with z,,, ~ 1.90 in each case. Lower resolution (~6 A) spectra
were obtained of three other QSOs in the field. One of these, Tol 1038 —2707 (z,, = 1.937, my ~ 19.5), is only
~ 5 away from Tol 1038 —2712 and appears to have a strong absorption system at z,,, ~ 1.89, corresponding
closely to the newly discovered fifth system in Tol 1037—2704 and Tol 1038 —2712. While each absorption
system in the spectrum of Tol 1037 —-2704 corresponds (in redshift) to within ~ 2000 km s~! with a system in
the spectrum of Tol 1038 —2712, we have shown that the system-by-system correlations may not be significant
based on consideration of a posteriori statistics. What is significant is that the two QSOs have extremely rich
absorption spectra confined to the same redshift range 1.88 < z,,, < 2.15. This is shown to be a very unlikely
chance occurrence if the number of absorption systems per QSO spectrum follows a Poisson distribution. We
have ruled out the possibility that the absorption is due to material ejected from either of the QSOs (and
covering the line of sight to both) on geometrical or energetic grounds or on both. It is unlikely that line
locking has produced the observed redshift ratios. Based on energy arguments, it is shown that independent
ejection from both of the QSOs is also highly unlikely for at least some of the observed absorption systems.
Like Jakobsen et al., we conclude that the absorption is caused by material associated with a large super-
cluster (~50 Mpc along the line of sight at the epoch corresponding to z ~ 2). On our interpretation the
orientation of the supercluster with respect to the line of sight must be very unusual—it is possible that the
line of sight passes along the axis of a large-scale “filament” or is in the plane of a “sheet” of galaxies. If all
QSO absorption systems are associated with such large-scale structures, then the number of absorption
systems per QSO should not follow a Poisson distribution; in particular, spectra of richness comparable to

Tol 1037 ~2704 and Tol 1038 —2712 would be expected 1%—-2% of the time.
Subject headings: galaxies: clustering — galaxies: intergalactic medium — quasars

L. INTRODUCTION

There is now general agreement that the sharp absorption
lines observed in QSO spectra are produced by cosmologically
distributed, intervening objects—either galaxy halos or inter-
galactic clouds (for reviews see Weymann, Carswell, and Smith
1981; Sargent and Boksenberg 1983; Boksenberg and Sargent
1983). This being the case, spectra of two or more QSOs very
close to one another on the plane of the sky enable one to place
limits on the physical extent of the absorbing material by
searching for common absorption systems. Observations of
this kind have indicated that the characteristic sizes for the gas
clouds resulting in narrow metal line absorption systems may
be as large as ~ 400 kpc (Shaver and Robertson 1983; Sargent
and Boksenberg 1987; Crotts 1986). The angular separation of
the QSO pairs used in such studies has typically been ~1’,
corresponding to galactic rather than intergalactic dimensions
at typical redshifts z ~ 2.

It was, therefore, surprising when Jakobsen et al. (1986) drew
attention recently to the QSO pair Tol 1037-2704 (z,, =
2.193, my = 17.4) and Tol 1038 —2712(z,,, = 2.331, my = 17.8),

! The observations described in this paper were obtained at the Las Cam-
panas Observatory as part of the agreement between the California Institute of
Technology and the Carnegie Institution of Washington.

which are separated by 17'9 and which exhibit apparent corre-
lations in their unusually rich absorption spectra extending
over the redshift range z,,, = 1.95-2.14. If these correlations
are significant, then the distance between the two lines of sight
(~4.3 higo Mpc for g, = 0.5 at the time when the light trans-
versed the absorbers) would represent the largest distance over
which correlated absorption has been observed. Jakobsen ez al.
(1986) suggest that the near-matches in redshift of four absorp-
tion systems would be a very unlikely chance occurrence.
Jacobsen et al. noted that both spectra appeared to exhibit
low-level broad absorption line (BAL) characteristics, and it is
generally believed that these troughs are caused by outflowing
material associated with the QSO. Furthermore, the consis-
tency in the ratios of (1 + z,,,) for adjacent absorption systems
was interpreted as possible evidence that a line-locking mecha-
nism may be in effect, thereby producing a common pattern in
the observed ejection velocities. However, their preferred inter-
pretation of the coincidences between the absorption systems
is that they are due to an intervening superciuster whose
dimensions would be at ieast ~33 Mpc (at the epoch corre-
sponding to z = 2.08 for g, = 0.5 and H, = 100) along the line
of sight. This would just be consistent with the sizes of super-
clusters observed in our vicinity at the present epoch. The
hypothetical supercluster must be either a very rare kind of
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structure or a more common one seen from a very unusual
angle if we are to understand the unusual nature of the absorp-
tion spectra of the two QSOs.

In view of the extreme importance of establishing the nature
of the absorption in this pair of quasars, we have obtained
spectra which represent an improvement in both resolution
and signal-to-noise (S/N) ratio over those presented by Jakob-
sen et al. (1986) (the spectra used by Jacobsen e al. consisted of
their own spectrum of Tol 1038—2712 with an effective
resolution of ~6 A, and spectra of Tol 1037 —2704 obtained
by Ulrich and Perryman [1986] at ~7 A and ~38 A
resolution). We have also obtained lower resolution spectra of
three of the fainter quasar candidates identified by Bohuski
and Weedman (1979) in the same field as Tol 1037—2704 and
Tol 1038 —2712. One of these, Tol 1038 —2707 (z., = 1.937,
mg ~ 19.5), is only 5 away from Tol 1038 —2712 and appears
to have a strong absorption system whose redshift corresponds
to within ~ 1500 km s~ ! with a fifth system which we observe
near z,,, ~ 1.9 in the spectra of both Tol 1037—2704 and Tol
1038 —2712. These new spectra confirm the remarkable nature
of the absorption spectra of these objects.

The new observations and the reductions of the raw data are
described in § II. The analyses of the spectra, including a criti-
cal discussion of the absorption and emission redshifts, is given
in § ITI. We also discuss the possible coincidences in absorption
redshift and their statistical significance in this section. In § IV
we examine the consequences of various hypotheses for the
origins of the absorption features—ejection from one or both
QSOs or the effects of an intervening supercluster. We show
that ejection is highly implausible on energetic grounds, and
that the observations point to an elongated intervening super-
cluster observed along its major axis. The overall state of
affairs is summarized in § V.

iI. OBSERVATIONS AND REDUCTIONS

Spectra of Tol 1037-2704 and Tol 1038—-2712 were
obtained during 1986 March §, 6, and 9 with the “2-D Frutti”
photon-counting detector (Shectman 1982) which was attached
to the Boller & Chivens spectrograph on the Las Campanas
Observatory 2.5 m du Pont telescope. All observations were
made through a 175 slit. The exposures were broken into inter-
vals of 2000 s and a He-Ar calibration arc was exposed before
and after each interval in order to keep track of wavelength
shifts. The slit was aligned at the appropriate parallactic angle
for the midpoint of each 2000 s interval in order to reduce the
effects of differential atmospheric refraction. For the first two
nights a grating having 1200 lines mm ~! blazed at 5000 A was
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used, with the 2-D Frutti in the format having 3040 pixels in
the dispersion direction. The wavelength scale on the detector
was 0.7 A pixel ™!, resulting in a spectral resolution of ~2 A
(FWHM). The wavelength range covered was 3800-5300 A.
With this setup, the data consist of integrations totaling 24,000
and 22,000 s for Tol 1037 —2704 and Tol 1038 —2712, respec-
tively, giving S/N ratios of ~40 in the continuum. On March 9
we used a 600 lines mm ™! grating blazed at 3750 A in second
order to maximize the instrumental efficiency in the Ly« forest
regions of the spectra of both quasars. A liquid copper sulfate
filter was used to eliminate contamination from first order. The
resolution was again ~2 A, and the wavelength range covered
was 3300-4800 A. Integrations totaled 12,000 s for Tol
1037 —2704 and 14,000 s for Tol 1038 —2712, resulting in S/N
ratios of ~20 in the continuum for each object (~ 10 at the
shortest wavelengths). In addition, we observed three other
objects from the list of faint QSO candidates in the same field
at lower resolution (~4 A). These were Nos. 6, 21, and 23 from
the candidate list of Bohuski and Weedman (1979). A journal
of observations is given in Tabile 1.

The spectra were reduced in the usual way, using flat-field
exposures to remove pixel-to-pixel variations in the response
of the detector. Observations of spectrophotometric standard
stars were used to calibrate the spectra to an approximate
absolute flux scale. The resulting spectra of Tol 1037 —-2704
and Tol 1038 —~2712 are plotted in Figure 1; data for the two
overlapping wavelength regions have been combined to
produce a single spectrum of each object. The spectra of the
three quasars are shown in Figure 2.

NI. ANALYSIS OF THE SPECTRA

a) Overall Properties

It can easily be seen from Figure 1 that the spectra of both
Tol 1037—-2704 and Tol 1038 —2712 are unusuaily rich in
absorption features. The strong absorption complexes near
4750 and 4900 A in the spectrum of Tol 1037 —2704, which
appeared to be broad and almost troughlike in the spectra
presented by Jakobsen er al. (1986), are seen to consist of
several overlapping or adjacent narrow components. Tol
1037 —2704 is clearly not a BAL QSO. For Tol 1038 —2712, on
the other hand, our observations have not resolved the two
C 1v absorption complexes near 4750 and 4900 A into nar-
rower features. These, especially the former, appear to be quite
smooth and troughlike. The classification of Tol 1038 —2712 as
a marginal BAL QSO may still be a possibility. From the
peaks of the observed emission lines, we find that the z_, =

TABLE 1
. OBSERVATIONS
Date Exposure 4 Range FWHM Candidate
Object 1986 ) A A Number*
Tol 1032-2740.. Mar 7 2000 35006500 4 6
Tol 1037-2704 .. Mar § 6000 3800-5300 2 19
Mar 6 16000 3800-5300 2
Mar 9 12000 33004500 2
Tol 1037-2742.......... Mar 7 4000 3500-5500 4 21
Tol 1038 -2712.......... Mar § 16000 38005300 2 22
Mar 6 8000 ~3800-5300 2
Mar 9 14000 33004500 2
Tol 1038-2707.......... Mar 7 4000 35006500 4 23

* See Bohuski and Weedman 1979, Tabie 2.
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Tables 2 and 3 are indicated.

2.193 + 0.007 and z,,,, = 2.331 % 0.006 for Tol 1037 —2704 and
Tol 1038 — 2712, respectively, in good agreement with the red-
shifts measured by Ulrich and Perryman (1986) and Jakobsen
et al. (1986). (We suspect, however, that the slightly sharper
Lya emission-line profile obtained by those authors for Tol
1037 —-2704 may be due to contamination from a nearby faint
galaxy which happens to have {O u] 43727 coinciding with
Ly« from the QSO.)

We see from the lower resolution spectra in Figure 2 that
Tol 1032-2704 {my ~ 19.5) appears to have an emission line
near 3900 A, and possibly one near 6000 A. There is too little
information to estimate a redshift for this object. We identify
Tol 10372742 (my ~ 194) as a QSO with z., = 1.886
+ 0.006; no strong absorption system is obvious with the rela-
tively poor S/N ratio and low resolution. We identify Tol
1038 — 2707 (my ~ 19.5) as a QSO with z_,, = 1.937 £ 0.004; a
very strong absorption system is evident in the spectrum, and
from the measured wavelengths of lines identified as H 1 41215,
Si tv 41396, and C 1v 11549, we find z,,, = 1.887 + 0.007. The
significance of this discovery will be discussed in § IV. The
relative positions of the observed QSOs, plus several other
QSOs and QSO candidates from the same field (Bohuski and
Weedman 1979), are shown in Figure 3. Redshifts which are
only estimates from objective-prism spectra are shown in
brackets.

b) Absorption Lines

The absorption lines were measured interactively using a
method described in Young et al. (1979). Tables 2 and 3 list the
absorption lines measured from the spectra of Tol 1037 —-2704
and Tol 1038 — 2712, respectively, along with suggested identi-
fications. The tabulated wavelengths are vacuum, heliocentric
values. The spectra covering the different wavelength regions
were measured separately in order to provide a check on the
wavelength calibration and on the reality of weak features.
Line lists obtained from measurements of the separate spectra
were then merged, with lines appearing in both lists being
weighted by the square of the S/N ratio to arrive at the tabulat-
ed values. The criterion for acceptance of a feature as real is
that it be greater than 5 o(W) A in equivalent width, and that
the observed equivalent width be greater than 0.3 A. 1t should
be noted that the tabulated values of o(W) represent the
expected error due to statistics, and do not include the uncer-
tainties arising because of the high degree of subjectivity in
defining the continuum. These uncertainties are typically at
least 10%-20% and possibly larger in regions of the spectra
dominated by broad absorption troughs or complexes.

Because of the complexity of the spectra, the assignment of
individual lines, especially within troughs or crowded regions,
is necessarily quite subjective. We have attempted to indicate
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in Tables 2 and 3 the lines which appear to be components of
troughs or complexes so that we might identify structures
within absorption systems, and so that we might resolve par-
tially overlapping lines from systems having different absorp-
tion redshifts. For such lines, the tabulated equivalent width is
not reliable and cannot be used to calculate physical condi-
tions in the absorbing gas. Because of the large number of
absorption systems occurring in a relatively small interval of
redshift, there is a great deal of ambiguity in the identification
of many of the lines, particularly those shortward of Lya emis-
sion. For example, for several of the systems in both spectra the
Lya absorption is confused with N v absorption from another
system. For this reason many of the identifications are only
suggestions and many of the equivalent width measurements
are very approximate. With these caveats in mind, we have
grouped all of the identified lines into suggested absorption
systems in Tables 4 and 5 for Tol 1037—-2704 and Tol
10382712, respectively. We now discuss each absorption
system individually, and compare our resuits with those
obtained previously by Ulrich and Perryman (1986) and
Jakobsen et al. (1986).

i) Tol 10372704

System 1: {(z,5,> = 1.9122.—This system is the weakest of
the five major absorption systems identified in the spectrum of
Tol 1037 —2704, but it is almost certainly real, based upon the
clear C 1v 111548, 1550 doublet and linesof HI, N v, Sim, C 1,

and Si 1v. The identification of the line at 4687.68 A as Fe u
A1608 may not be correct, since the line is also identified as
C v 11548 in system 3 and as Si 11 41526 in system 4a. The line
at 4867 A has also been identified as C v 1550 in system Sb.
As will be the case for all of the systems discussed below, the
identifications of Si m 441190, 1193 and Si m 41206 in the Lyx
forest must be considered very tentative. The ratio of the equiv-
alent widths of the lines identified as Si v 141393, 1402 is
unphysical because these lines are sharp trough components;
only the wavelengths can be considered reliable. This system
was not identified by Ulrich and Perryman (1986), probably
because of the weakness of the features.

System 2: {z,p,> = 1.9722.—This is a certain system based
on the close correspondence in absorption redshift between the
lines identified as C iv 441548, 1550 and Si 1v 441393, 1402.
There is a significant discrepancy in redshift between the lines
identified as N v 11238 and N v 11242, possibly caused by
blending with Lya lines at different redshifts. Si n 41190 is
probably blended with H 1 11215 from system 1, while the
contribution of Si 11 11260 at z,,, = 1.9718 to the strong line at
3745.70 A is quite uncertain. The line identified as Fe 11 /1608
may also be blended with C rv 211550 in system 4c¢. The line list
of Ulrich and Perryman (1986) agrees fairly well for the lines
identified as Lya, Si m 11206, Si 1v, and C 1v; they did not
identify lines of N v for this system, or any of the weaker lines
which we have identified. In general, the equivalent widths of
the lines from Ulrich and Perryman are higher, and the wave-
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lengths differ from ours by as much as 2 A. Both systematic
effects are probably due to line blending, which represents a
bigger problem in the lower resolution spectra.

System 3: (z,,,> = 2.0289.—This certain system also has
good agreement in redshift between the doublets of C 1v and
Si 1v. Lya may be blended with N v 11238 from system 2 and
possibly with Si 1 411193 from system 4b. Si 1 41190 and Si 1
A1193 are probably blended with N v 411238 from system 1 and
H 1 11215 from system 2, respectively. The identifications of
Sim 11260 and O 1 41302 are tentative because of probable
blending with lines from other systems, while C 1 11334, if real,
barely satisfies the equivalent width criterion for inclusion in
the line list. The lines identified as Si 11 11206 may be blends or
misidentified Lya lines or both. It is interesting that the N v
doublet, which appears to be real because of the close redshift
agreement of the two lines and because the equivalent width
ratio is reasonable, differs in redshift from the C 1v doublet in
this system by ~ 350 km s~ !. Our identifications of Lya, Si 1t
41260, Si 1v, and C 1v agree fairly well with those of Ulrich and
Perryman (1986), although again the equivalent widths and
wavelengths differ somewhat. Ulrich and Perryman did not
detect lines of N v in their data.

The stiong, certain, absorption complex at z,,, ~ 2.08 has
been divided into three components based upon the structure
in the C 1v lines. Other identifications have been grouped
(somewhat arbitrarily in some instances) into one of the three
components 4a, 4b, and 4c.

System 4a: (z,,,> = 2.0708.—Although this component of
the absorption system appears to be real, many of the lines
(e.g., Sin 11190, Si n 11526, Si m 41206, N v 4111238, 1242, and
H 1 i1215) have been identified as other lines from other
absorption systems as well (compare Tables 2 and 4). Ulrich
and Perryman (1986) identified a component using identifica-
tions of only Lya and C v which agrees closely in redshift with
what we have found.

System 4b: {z,,,> = 2.0755.—This component is the least
certain of the three—its existence is deduced based upon the
strength of the line at 4761.73 A (it is too strong to be solely
due to C 1v 41550 from system 4a). The C 1v lines in system 4
are sufficiently blended that no individual line corresponding
to C 1v 11550 is identified. The suggested identifications of the
lines of Si 1, Si m, and Si 1v clearly represent only weak evi-
dence for this component which was not found by Ulrich and
Perryman in their lower resolution data.

System 4c: {z,,> = 2.0825.—This component is certain,
since all of the strong lines usually associated with “heavy-
element” absorption systems at this redshift are identified.
Again, the suggested identifications of Si i 11190 and St 1
41193 are uncertain because of the possible misidentification of
4 Lye forest line. N v 11238 is almost certainly blended with at
least H 1 11215 from system 5b. The line at 4114.99 A is regard-
ed as the more likely of the two lines identified as C 1 21334 in
the z = 2.08 compiex. The C iv and Si 1v lines are certain, and
the redshift agreement is very good. We note that N v 141238,
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1242 are separated by ~250 km s~ from the mean absorption
redshift, z,,, ~ 2.0825, of the component as a whole, including
the C 1v lines. Our identifications are in the good agreement
with all of those suggested by Ulrich and Perryman for this
component.

The strong, certain complex near z,,, ~ 2.14 is more easily
separable, in this case into two strong subsystems, one with
Z,0 & 2.128 and one with z,,, > 2.138.

System 5a: {Z,p,) = 2.1283.—In this component, H 1 41215
is blended with N v 11238 from system 4a. The line identified
as Si m 41193 is also identified as possibly Si n 411190 from
system 5b or as H 1 11215 from system 4a. The C v 11550 line
is blended with C v 11548 from system 5b, hence the large
equivalent width and the slight redshift discrepancy of ~ 135
km s~ !, This subsystem was identified from the Lya and C 1v
lines by Ulrich and Perryman.

System 5b: {z,,,> = 2.1378.—There is some indication from
the appearance of the C v doublet that this subsystem is
actually double, with components at z,,, ~ 2.135 and z,,, ~
2.139, the latter being the more prominent. There appears to be
the same structure in Fe 11 11608 and Si 1v 41393, Si n 11190
and Si i 11193 are blended with lines from other systenus, and
Sim 41206 is probably blended with a Lyx forest line. N v
absorption occurs at a redshift that is about halfway between
the redshifts of the structures in C 1v, probably indicating that
the N v lines from these structures are blended. Our identifica-

tions for this system agree well with those of Ulrich and Perry-
man, although they did not see the possible additional splitting
in the C 1v and Si 1v lines which we find with higher resolution
data.

i) Tol 10382712

System 1: (z,,) = 1.8502.—Despite the number of sug-
gested identifications listed in Table 5 for this system, it must
be regarded as marginal. The line which is identified as C v
appears to be blended or somehow affected by a noise spike;
we have assigned it a nominal rest wavelength of 1549.0 A. If
the identifications are correct, there appears to be some struc-
ture associated with this system. It is just as likely, however,
that many of the lines, particularly below 4100 A, are cither
lines from one of the other five absorption systems or lines of
the Lya forest. The existence of this system was suspected by
Jakobsen er al. (1986), but by detection of the Lya and C 1v
lines only.

System 2: (2,,> = 1.8936.—This is another marginal
system; the C 1v 141548, 1550 doublet is very weak,and no N v
absorption is detected. Si 1v 11393 is also a marginal line. Si
41190, Si it A1193, and Si 1 11260 show good redshift agree-
ment at z,,, =~ 1.8976, but H 1 11215 and C 1v 141548, 1550
seem to indicate a different redshift by ~S00 km s~ H1i1215
may be blended with Si 1 411190 from system 3. The line identi-
fied as Si 1 41526 is also identified as C v 411549 in system 1.
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This system was not identified by Jakobsen et al., probably
because of the weakness of the features and the lower
resolution of their data.

System 3:{z,,,> = 1.9564.—This system is fairly certain, and
there is some evidence for structure, with one component (the
stronger) at z,,, ~ 1.955 and one at z,,, ~ 1.960. The presence
of the weaker component is suggested by lines identified as H 1
A1215, N v 41238, O 1 11302, and C 1v 141548, 1550. If the
components are both real, the implied velocity separation is
~ 500 km s~ *. The identifications we have suggested agree well
with those suggested by Jakobsen et al., although the possible
fine splitting of the system and many of the weaker lines were
not detected in their lower resolution data.

System 4: (z,,,> = 2.0144—This system is the strongest (in
C v) of the four identified narrow-line absorption systems. It is
interesting that no Si 1v lines are detected; however, the Si i
lines, if identified correctly, are very strong. It is possible that
they are blended with strong lines of the Lya forest. Some
structure may be indicated by lines of Si mr A1206, H 1 41215,
and Si 1 21260, although the redshift splittings are not consis-
tent from ion to ion, The dispersion in redshift of the identified
lines for this system is large—probably because of blending
with other systems. Jakobsen et al. identified this system based
upon the detection of Lya and C 1v only.

Identifications for the strong system with z,,, ~ 2.08 are
extremely difficult because the system is broad and troughed;
many of the lines are attempted identifications of trough com-

ponents, and the resuit may be a larger percentage of spurious
lines. There is no detectable structure in the strong C 1v trough
with z,,, ~ 2.076; however, identifications of lines of Si 1-Si rv
seem to indicate some structure. Somewhat arbitrarily, we
have divided the system into three subsystems based on these
Si lines. In addition, the tabulated equivalent widths for this
system are especially unreliable, since the majority of the iden-
tified lines are trough components. The data of Jacobsen et al.
did not have adequate resolution to allow detection of struc-
tures within this system; it was identified purely on the basis of
broad troughs of N v, Sitv,and C1v.

System Sa: (z,,> = 2.0652.—The lines identified as H 1
A1215 and N v 441238, 1242 appear to indicate structure, with
one component at z,,, ~ 2.061 and one at z,,, ~ 2.068, corre-
sponding to a velocity difference of ~700 km s~*. However,
the only structure in the Si v trough which we have been able
to identify has z,,, = 2.0646.

System 5b: (z,,,> = 2.0768.—This component is at the red-
shift of the center of the broad, strong C 1v trough. The consis-
tency in absorption redshift among the identified lines is not
particularly good, probably because of the subjectivity
involved in identifying structures within broad complexes.
Confusion and coincidence are also a problem—e.g., Si 11
41190 is possibly blended with other lines from three different
absorption systems (see Table 3).

System 5c: {z,y,) = 2.0851.—The reality of this component
is quite uncertain, since all but two of the lines are below Lya
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emission, and the two that are not have been also identified as
lines in other systems. However, the identified lines of Si 1,
Sim, C u, and Si 1v are consistent enough in redshift that the
component is listed as a possibility.

System 6: {z,,> = 2.1455.—This certain system is based
upon a fairly broad C 1v feature similar in appearance to the
system at z,,, ~ 2.08, although it is not nearly as strong. Two
apparent sharp features in the C v complex have been identi-
fied, and the redshift agreement is very good (the ratio of line
strengths is off because the identified features are “trough
components ”). The associated H 1 11215 is very weak and may
not be present at all. Si 1v is not detected at all. The N v lines
do not agree well in redshift, and the ratio of equivalent widths
is not correct; this may be due in part to blending with Lyx
forest lines. Jacobsen et al. do not find associated Lya for this
system either; their identifications of C 1v and N v agree rea-
sonably well with ours.

We note that the N v absorption features which frequently
occur in the redshift systems described above are always in the
Lya forest and often show poor redshift agreement with the
more certain lines in the systems. We are therefore uncertain as
to whether the N v lines in these QSOs really have unusual
strengths for “ intervening ” systems.

¢) Statistics of Absorption Systems
Considered individually, both Tol 1037—-2704 and Tol
1038 —2712 have unusually complex and rich absorption
spectra. Based on the results of Young, Sargent, and Boksen-

berg (1982), the mean number of C v 441548, 1550 doublets
per quasar (where the region between Lya and C 1v 11549
emission is observable) for which the rest equivalent width of
both components is greater than 0.3 A is ~ 1. We find five C v
doublets which satisfy this equivalent width criterion in the
spectrum of Tol 1037 —2704, and four in the spectrum of Tol
1038 —2712 (blended systems, e.g., at z,,, ~ 2.08 and z,,, ~
2.13 are counted as only one system). If the number of observed
absorption systems obeys a Poisson distribution, the probabil-
ity of observing five in the spectrum of any one quasar is
~3 x 1073, and the probability of observing four is
~ 1.5 x 1072, Thus the probability of observing a fairly large
number of strong absorption systems (at any redshift) in the
spectra of two neighboring QSOs is quite small if the absorp-
tion is uncorrelated. If we restrict ourselves to the absorption
redshift range actually seen in one of the spectra, 191 < z,,, <
2.14 for Tol 1037—2704, then the Poisson probability of
observing four systems in this range for Tol 1038—-2712
becomes ~4 x 10~ *if the absorption is uncorrelated.?

The absorption systems for Tol 1037—-2704 and Tol
1038 —2712 are summarized in Table 6. The tabulated absorp-
tion redshifts are based upon identified lines of C v and

* If the fairly broad systems in the two spectra (z,,, ~208 and z,,, ~ 2.13)
are not included because of the possibility that they are ejected, then the
redshift interval of interest becomes 1.91 < z,,, < 2.03, and the Poisson prob-
ability that Tol 1038—2712 would have two strong systems in this range
becomes ~ 1.5 x 1072
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include structures within each absorption system. We have
organized the table so as to compare corresponding systems in
each spectrum, and the parameter Av is the implied velocity
difference for the absorption in one QSO as compared with the
absorption in the other.

Jacobsen et al. (1986) emphasized that four absorption
systems in each spectrum matched a corresponding system in
the other within ~ 2000 km s ~!. We have confirmfed that this is
the case, and have found a fifth system in each spectrum, with
Zpe = 1.9125 for Tol 1037-2704 and z,,, = 1.8933 for Tol
1038 —2712. Jakobsen et al. pointed out that the probability of
a random correspondence of the degree observed for four
systems cast in the available redshift window (Az = 0.58),
assuming uniform distribution in velocity, is ~8 x 1075,
However, we believe that this is a significant underestimate of
the true probability, as the reader can confirm by visually com-
paring the spectra in Figures 1a and 1b. It is difficult to assess
post hoc the significance of the “ matches™ in absorption red-
shift numerically; we can first take a simpleminded approach
and distribute five discrete systems in the redshift window of
Az,,, = 0.58 (the redshift range over which systems could be
observed in both spectra, i.¢.. the region where C 1v absorption
would fall between the wavelengths of Lya emission in Tol
1038 —2712 and C 1v emission in Tol 1037 —2704) and require
that each of five systems from the other spectrum correspond
to one (and only one) of the fiducial systems so that Az, <
0.02. The corresponding probability would then be ~35!

[(0.02 x 2)/0.58]% ~ 2 x 10~*. Alternatively, we can take note
of the fact that both QSOs show a very high density of absorp-
tion systems in the same redshift range 1.88 < z,,, < 2.15. A
possible explanation for this is that there happens to be a very
high density of absorbing clouds in that particular redshift
range along both lines of sight. In this case, testing for correla-
tions in the actual pattern of the absorption systems is equiva-
lent to testing for whether there is any strong evidence for the
material along the two lines of sight being somehow associ-
ated. We wish to evaluate the probability that, given the rela-
tively small range of redshifts and the large number of systems,
the patterns which the absorption systems exhibit will be as
similar as observed. This is not at all straightforward; one
complication is that we have grouped the systems somewhat
arbitrarily. A glance at Table 6 shows that there are really
more than five systems to distribute for each object if we go
down to smaller scales in Av. In some cases we have grouped as
many as three systems in one spectrum with only one in the
other. If we require only that each system from one spectrum
match (to within Az,,, = 0.02) any system from the other spec-
trum, then the probability would be at least ~[(5 x 0.02 x 2)/
0.27]6 ~ 0.2 (taking Tol 1037—2704 to be the fiducial nbject).
It is clear from the two cases considered that the actual signifi-
cance of the possible correlations seen in these spectra is diffi-
cult to evaluate numerically. It is possible, as we have seen with
the latter case, that any system-by-system correlations between
the two spectra may not be significant at all. Because of this
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ambiguity, we choose not to emphasize the absorption redshift
“matches,” but instead to concentrate on the indisputable fact
that such a high density of absorption systems is observed in
the same relatively narrow redshift range in two objects close
to one another on the plane of the sky. The spectrum of Tol
1038 - 2707 is another very suggestive piece of evidence for
some sort of very large scale concentration of material between
2,4, = 1.88 and z,,, = 2.15 in this field. It will be an important
next step to obtain spectra of several of the other QSOs in the
same field (see Fig. 3). We will discuss in detail the possibilities
for the nature of the absorption in § IV.

IV. INTERPRETATIONS OF THE ABSORPTION
a) Ejection

One interpretation for the observed absorption in Tol
1037—-2704 and Tol 1038 —2712 is that it is due to material
ejected from one or both of the QSOs. The fact that at least one
of the QSOs, Tol 1038 —2712, appears to have BAL-like char-
acteristics even at 2 A resolution may support such an interpre-
tation, as the conventional view at the present time is that
broad absorption iroughs are due to ejected material. A first
possibility is that the absorption may be due to material
ejected from one of the QSOs which happens to intersect both
lines of sight. This would then explain the possible correlations,
since corresponding absorption systems in the two spectra
would arise from physically coberent material. Under this

hypothesis, the physical extent of the ejected material must be
large enough so that it covers an angle of at least ~ 179 on the
sky (the angular distance between the lines of sight to the
QSOs). We shall discuss several possible ejection scenarios.
Throughout it will be assumed that peculiar velocities are neg-
ligible, so that the emission redshifts of the QSOs are indicative
of distances. Using a Friedmann cosmological model with
go = 0.5, the distance corresponding to the 179 separation of
the lines of sight is ~4.4 h; g, Mpc at the epoch corresponding
to z = 2.0. The scale (at this epoch) on the plot in Figure 3 is
then ~0.25 h{go Mpc per minute of arc. The distance along the
line of sight between Tol 1037 —2704 and Tol 1038-2712 is
~24 h{g, Mpc at the same epoch.

1. Suppose that material has been ¢jected from the nearer of
the two quasars, Tol 1037-2704 (z,, =2.193). If each
observed absorption system corresponded to an ejected shell of
material spherically symmetric about Tol 10372704, we
would expect to see two absorption systems in the spectrum of
Tol 1038 —2712 for every one in Tol 1037 —2704, the addi-
tional system arising because of the receding side of the shell.
{One set of absorptions would only be seen if the shells have
radii larger than the distance between the two quasars, ~ 24
h{os Mpc). Because the Hubble expansion at the epoch z ~ 2 is
~520 hygo km s~ Mpc™!, the minimum velocity separation
between the emission redshift of Tol 1037—2704 and the
absorption systems would be ~ 12,600 km s~ ! in such a case.
There are at least two very strong absorption system (z,,, ~
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TABLE 2

ABSORPTION-LINE LisT FOrR ToL 1037 - 2704

Line No. Aobs a(d) We o(W) S/N ID Zabs Notes
1 331295 0.19 381 0.25 8.7 c
2 3334.53 018  2.24 0.20 88 c
3 3340.77 0.16  2.51 0.19 8.7 c
4 3347.26 0.16  4.17 0.23 8.9 b,
5 3355.78 0.14  3.57 0.19 9.4 c
6 3370.18 0.21 091 0.15 9.6 ¢
7 337401 0.15 1.30 0.14 9.6 c
8 3401.27 0.17  2.51 0.18 10.2
9 342399 0.17 1.93 0.16 10.6 c

10 3430.57 0.21  1.54 0.17 10.5 c

11 3441.25 O0.14  1.38 0.12 11.4 c

12 344878 025 0.79 0.14 11.5 c

13 3454.35 0.15 2.00 0.14 11.8

14 348090 0.14 286 0.15 11.8 b

15 3485.12 022 0.74 0.13 11.6 bd

16 3493.77 0.16  0.64 0.10 1222 d

17 351295 018 0.73 0.10 13.1  Silll(1206) 1.9117 d

18 3515.80 0.17 1.05 0.11 13.1  SilII(1206) 1.9140 d

19 352432 0.17 0.93 0.11 14.0 d

20 353348 0.16 1.09 0.11 14.0

21 3540.05 015  2.57 0.14 140 HI(1215) 1.9120 b
SilI(1190) 1.9738

22 3546.45 0.17 0.75 0.10 14.5  SilI(1193) 1.9720

23 3557.95 019 0.78 0.10 14.7 ad

24 356110 0.13 1.7 0.09 15.0 a

25 3565.42 0.15  2.06 0.12 15.1 a

26 3587.10 0.14  2.31 0.11 16.1  SilII(1206) 1.9731 ab

27 3592.97 0.18 1.24 0.11 15.7 a

28 3605.39 0.14 1.78 0.11 153 NV(1238) 1.9103 a
SilI(1190)  2.0287

29 3611.68 0.14 4.96 0.15 15.5 HI(1215) 1.9709 ab
Sill(1193)  2.0267

30 3617.80 0.17 0.88 0.10 15.8 NV(1242) 19110 a

31 3629.54 0.18  0.82 0.10 15.9

32 363690 0.22 118 0.12 16.7 b

33 3644.49 0.6 098 0.09 17.4

34 3651.36 013 3N 0.12 17.1  Sill[(1206) 2.0264 a

35 3656.12 0.16 127 0.10 17.3  Silll(1206) 2.0303 a
SilI(11%0)  2.0713

36 3670.62 0.13  1.97 0.09 18.4 Sill(1260) 1.9122 a
SilI(1193)  2.0761
SilI(1190)  2.083s

37 3676.22 0.13 3.2 0.10 17.7  SilI(1193)  2.0808 a

38 3682.13 0.14 4.72 013 17.7  NV(1238) 1.9723 a
Hi(1215) 2.0289
Sill(1193)  2.0850

39 369211 0.16  0.49 0.07 176 NV(1242) 1.9708 a

40 3695.53 0.15 1.11 0.09 17.7 NV(1242) 1.9735 a

41 369935 0.16 1.23 0.10 17.7 a

42 3705.55 0.15 0.1 0.08 17.1  Silll(1206) 2.0713

43 371067 013  1.25 0.08 18.3  SillI(1206) 2.0755 a

44 3719.93 0.15 3.68 0.14 17.8  Silll(1206) 2.0832 b

45 373444 O0.14 483 0.13 188 HI(1215) 2.0719 b
Sill(1193)  2.1295
Sill(11%0)  2.1371

46 3745.70 0.14 727 0.15 20.1  Sill(1260) 1.9718 b
HI(1215) 2.0812
SilI(1183)  2.1390

47 3755.62 0.16 1.30 0.09 20.0 NV(1238) 2.0316

152
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TABLE 2—Continued

Line No.

Aobs o(d) Wee o(W) S/N DD Tabe Notes

48 3767.44 0.17 0.73 0.08 20.6 NV(]?‘Z) 2.0314 ad

49 3774.11 0.14 5.08 012 20.6  SillI(1206) 2.1281 b

50 3786.81 0.15 3.89 0.12 22.3  Silll(1206) 2.1386 b

51 379465 015 092 007 225 OI(1302) 19141  a

52 3797.51 013 0.75 0.06 23.7  SilI(1304) 19114 a

53 380243 013 430 009 242 NV(1238) 20694  a
H(1215)  2.1278

54 3816.10 0.09 13.54 0.09 35.3  Sill(1260) 2.0276 b
NV(1242)  2.0706
NV(1238)  2.0804
HI(1215) 21391

85 3827.02 Q.10 1.03 0.04 36.2 NV(1242) 2.0793 ad

56 3837.41 0.09 1.50 0.04 39.5 a

57 3842.99 0.11 0.77 0.04 40.2 a

58 3849.65 0.11 0.48 0.03 414 a

59 3858.40 0.14 0.43 0.04 311 a

60 3862.63 0.10 0.76 0.03 43.8 d

61 3886.04 0.12 1.30 0.05 46.5 CII{(1334) 1.9119 b
Sil1(1260)  2.0831
NV(1238)  2.1369

62 3897.77 0.17 0.41 0.05 32.8 NV(1242) 2.1363 ad

63 3908.68 0.21 0.40 0.05 36.2 ad

64 3915.61 0.13 0.32 0.03 50.6 ad

65 3934.43 0.13 0.68 0.04 39.0

66 3941.87 0.11 0.84 0.04 51.6 0OI(1302) 2.0272 b
Sill(1260)  2.1274

67 3955.97 0.4 311 007 400 SilI(1260)  2.1386

68 3967.11 0.19 0.94 0.06 37.0 CII(1334) 1.9727 b

69 3974.66 0.14 0.30 0.03 36.6 d

70 3995.85 0.15 0.72 0.06 29.5 0I(1302) 2.0686

1 4021.70 0.16 0.39 0.05 27.3  SilI(1304) 2.0833 ad

72 4040.33 0.15 0.39 0.04 38.1 CII(1334) 2.0275 d

73 4059.33 0.10 0.61 0.04 44.7  SilV(1393) 1.9125 a

74 4065.80 0.14 0.33 0.04 35.4 ad

75 4077.17 0.10 2.36 0.05 42.0 a

76 4084.91 0.13 2.59 0.06 33.6 SilV(1402) 1.9120 ab
ol(1302)  2.1370

77 4094 .44 0.10 1.46 0.05 42.8 Sill(1304) 2.1390

78 411499 013 1.7 005 331 CI(1334) 20835  a

kel 4119.97 0.14 0.63 0.04 32.1 CII(1334) 2.0872. a

80 4136.03 0.17 0.37 0.05 31.6 a

81 4141.71 0.13 0.93 0.05 39.7 SilV(1393) 1.9716 a

82 4168.69 0.15 0.32 0.04 312 Silv(1402) 1.9718

83 4174.24 0.12 0.46 0.04 40.3 CII(1334) 2.1279

84 4189.27 0.09 1.92 0.05 39.9 CII(1334) 2.1391

8s 422075 011 134 005 403 SilV(1393) 2.0283

86 4247.50 0.11 1.17 0.05 40.1  SilV(1402) 2.0279

87 4279.08 0.11 0.75 0.04 42.1  SiIV(1393) 2.0702

88 428558 013 070 006 222 SilV(1393) 20748  ab

89 4289.78 0.10 0.99 0.04 42.5 ab

90 4296.22 0.10 2.67 0.05 42.4 SilV(1393) 2.0825 ab

91 430638 014 042 004 423 SilV(1402) 20699  a

92 4324.25 0.11 2.20 0.05 42.3  SilV(1402) 2.0827 ab

93 435966 010 124 004 463 SiIV(1293) 2.1280

94 4370.12 0.13 0.67 0.03 410 Silv(1393) 2.1355 a

95 4374.93 0.09 235 0.04 47.8  SilV(1393) 2.1389 a

96 4387.73 0.11 0.80 0.04 46.3  SilV(1402) 2.1279 b

97 4403.14 0.13 1.96 0.05 413  SilV(1402) 2.1389

153
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TABLE 2—Continued

Line No. dobs o(A) Wee o(W) S/N D zabe  Notes
%8 446320 019 032 004 417 bd
29 4509.11 014 089 005 369 CIV(1548) 1.9125

100 451663 014 096 005 358 CIV(1550) 19125 b

101 460086 0.4 191 006 332 CIV(1548) 19717

102 460864 013 113 005 33.7 CIV(1550) 1.9718

103 465742 0.6 037 005 300 d

104 466933 016 038 005 314 d

105 468768 013 203 008  32.2 Fell(1608) 1.9144

CIV(1548)  2.0278
SilI(1526)  2.0704
106 469574 0.3, 154 008 313 CIV(1550) 2.0280
Sil[(1526)  2.0757

107 472542 019 043 006 276 abd

108 473189 023 033 006 27T a

109 474366 0.20 063 007 285 a

110 475437 014 20T 007 300 CIV(i548) 2.0709 a

m 476173 0.13° 223, Q07 298 GIV{1550) 2.0706 a

GIV(1548) 20757
12 477204 @QI2 469 007 305 CIV(1548) 20823 ab
13 478036 0.12 342 0.07 305 Fell(1608) 19720 ab
CIV(1550)  2.0826
114 479257 0.4 L31 00T 296 Sili(1526)  2.1391
115 482340 0G:25. 048 007 284 d
116 48432¢ 0.6 197 008 295 CIV(1548) 2.1283
117 485341 013 341 008 292 CIV(1550) 21297 ab
CIV(1548) 21349

18 486095. 0.12 463 007 306 CIV(1550) 2.1345 ab
CIV(1548)  2.1397

119 486793 013 296 007 311 AIII(1670) 1.9135 ab
CIV(1550). 2.1390

120 493036 0.16 044  0.05 299 Fell(2373) 1.0771 .

121 494137 023 031 006 303 Fell(1608) 2.0721

122 494729 014 159 007 308 Fell(1608) 2.0758 e

FelI(2382)  1.0763

123 504392 0.18 0.8 007 253 Fell(1608) 2.1359 a

124 504886 0.16 144 009 248 Fell(1608)  2.1389 a

125 508326 0.19 0.56 007 239 d

126 5186.17 0.18 0.56 008 198

127 522551 023 059 010 188 Al[I(1670) 2.1275

128 524544 016 1.8 012 181 Al[[(1670) 2.1395

* Apparent component in complex or trough.
* Probable blend.

¢ Very uncertain equivalent width.

¢ Possibly spurious line.

2.08 and z,,, ~ 2.13) with implied ¢jection velocities which are
less than this value. This rules out such large shells. No absorp-
tion systems are observed with redshifts between that of Tol
1037 —2704 and that of Tol 1038 —2712 in the spectrum of the
latter, therefore shells (of any size) ejected from Tol 1037 —2704
appear to be ruled out. In addition, we would expect a velocity
shift due to differing line-of-sight components of shell motion
in the sense that the absorption in Tol 1038 would be expected
at a somewhat higher redshift. The opposite is observed in all
but one of the apparent correlations in absorption redshift (see
Table 6).

2. The possibility that the absorption is due to shells of
material ejected from Tol 1038—2712 seems even more
unlikely; the ejecta must be at least as distant from Tol
1038 — 2712 as is Tol 10372704 in order to appear in absorp-
tion in both spectra, and at epoch z ~ 2 this distance is ~24
higo Mpc. If the velocity differences between the corresponding
systems were attributed to differing line-of-sight components of
shell velocity, assuming spherically symmetric ejection from
Tol 1038 —2712, then the implied distance of the absorbing

material from Tol 1038 —2712 would be less than or of the
order of 9 h{j, Mpc. Clearly this is a contradiction. Also, it
would be difficult to explain why some of the values of Av are
negative; one would expect that ail of the systems in the spec-
trum of Tol 1038 —2712 would be at a slightly lower redshift
under the present assumption because the component of shell
velocity along the line of sight would be larger because of the
angle effect. Spherically symmetric ejection from either one of
the quasars appears to be ruled out from geometrical consider-
ations alone.

3. A third possibility is that each absorption system corre-
sponds to an asymmetrical cloud of gas (i.e., a “ blob ") ejected
from Tol 1037 —2704. This requires that our line of sight be a
relatively special one. Each cloud would have to be at least
~4.4 h{g, Mpc across in order to intersect both lines of sight.
The ciouds’ distances from Tol 1037 are uncertain, but it seems
reasonable to expect that they would be at least as far away
from Tol 1037 as the physical separation between the two lines
of sight.

By far the strongest argument against the absorption’s being
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TABLE 3

AasoRPTION-LINE List FOR ToL 1038 —-2712

Line No. Aobs o(A) Wo o(W) S/N ID Zabs  Notes
1 332097 015 239 015  11.3 ¢
2 3340.26 0.14 469 0.8 108 b
3 335476 013 1.70 012 113 c
4 337250 015 587 019 118 c
5 338245 0.14 265 0.4 129 c
6 338895 0.4 446 0.15 13.4  Sil[(1190) 1.8469 c
7 3397.08 015 118 010 14.7 Sill(1193) 1.8468 d
8 342100 014 428 014 163 b
9 344028 017 119 010 171  SillI(1206) 1.8514 c
10 344945 016 1.44 010 181 a
Sil{1190)  1.8977
11 345502 013 098 0.06 186 a
12 345771 043  1.06 0.07 18.8 Sil[(1193) 1.8976 a
13 346348 013 549 012 19.4 HI(1215) 18490  ab
14 347049 013 171 008 205 HI(1215)  1.8548 c
15 348966 0.14 090 007 227 Silll(1206) 1.8924  ac
16 350060 0.13 1.56 007 22.3 c
17 350642 013 093 006 . 21.8 cd
18 3509.87 014 115 007 212 acd
19 3516.76 013  4.69 011 210 HI(1215)  1.8929
Sil(1190)  1.9542
20 353397 019 140 010 200 NV(1238) 18527 bc
21 354503 0.6 0.58 007 201 NV(1242) 18525 e
22 3554.57 0.3 273 009 206 ac
23 3559.43 0.4 098 007 208 ac
24 3564.71 013 236 0.09 209 Sill[(1206) 1.9546  ac
25 359149 013 649 0.1 201 HI(1215) 19543  bc
SilI(1190)  2.0170
26 359839 013 501 010 204 HI(1215)  1.9600 b
Sill(1193)  2.0155
27 3625.52 0.4 157 008 208 b
28 362826 014 071 006 210
29 3633.89 0.7 049 007 21.5  Sill[(1206) 2.0119 a
30 3637.21 015 048 006 206 Sill[(1206) 2.0147 a
31 3640.10 013 115 007 204  SillI(1206) 2.0170 a
32 364906 013 063 005 212 SilI(1260) 18951 ad
SiII(1190)  2.0654
33 365219 013 223 008 214 Sill(1260) 1.8976 a
SilI(1190)  2.0680
34 366149 013 614 011 211 NV(1238) 1.9556 a
HI(1215)  2.0119
SilI(1193)  2.0684
SilI(1190)  2.0758
35 3667.27 013 144 007 216 NV(1238) 19603 ad
HI(1215)  2.0167
36 3670.13 013 053 005 21.7 Sill(1183) 20757  ad
37 3673.74 016 116 008 21.7 NV(1242) 19560 ad
SilI(11%0)  2.0861
38 368162 016 278 012 205 Sil[(1193) 2.0853 b
39 369164 013 266 009 205
4 3699.38 0.4 151 009 201 Sill[(1206) 2.0662
a 370841 015 1.8 010 194 OI(1302)  1.8479 b
Sill[(1206) 2.0737
42 371258 0.16 063 008 192 OI(1302) 18511 ad
SillI(1206) 2.077T1
3 372228 017 057 007 202 Sil[(1260) 19532 ad
HI(1215)  2.0619
SilII(1206) 2.0852
44 372805 017 117 009 198 HI(1215)  2.0667 a
45 373524 018 104 009 198 NV(1238) 20152 a



TABLE 3—Continued

Line No. b (A) Wee o(W) S/N D Zave  Notes
46 374265 014 104 007 202 HI(1215) 2.0787 a
47 3745.28 0.15  0.84 007 200 NV(1242) 20136 a

HI(1215) 2.0808
Sil(1190)  2.1462
4 375398 015 125 009 198 HI(1215) 2.0880 ad
‘ Sill(1183)  2.1459
49 377696 017 077 009 190 b
50 379207 0.6 268 0.12 19.7 NV(1238)  2.0610 b
Sill(1206)  2.1430
51 380065 0.4 148 008 195 CI[(1334)  1.8479 a
SilI(1260)  2.0154
NV(1238)  2.0680
52 380447 013 268 008 198 CII(1334)  1.8508 a
Sil(1260)  2.0184
NV(1242)  2.0612
53 3809.45 0.3 250 009 188 CII(1334)  1.8545 a
NV(1238)  2.0751
54 3812.55 014 065 008 155 NV(1238)  2.0776 a
. NV(1242)  2.0677
55 382645 0.7 059 009 156 NV(1242)  2.0789 a
HI(1215) 2.1476
56 - 384515 011 202 007 287 OI(1302) 1.9529
57 385435 0.9 086 008 22.6 Sil[(1304)  1.9550 a
0I(1302) 1.9599
58 3857.74 015 035 005 22.8 a
59 3869.59 0.16 061 006 23.4 a
60 3873.26 012 095 005 31.8 Sil(1260)  2.0730 a
61 3897.67 0.0 1.88 0.05 384 NV(1238)  2.1463 b
62 3907.26 013 3.4 007 313 NV(1242)  2.1439 b
63 393423 010 3.02 005 462
64 3945.74 013 262 006 361 CII(1334) 19566
65 3958.77 0.0 0.85 0.03 50.2
66 3962.92 010 0.83 0.03 504 Sill(1260)  2.1441
67 397048 010 163 005 513 Si[V(1393) 1.8488
68 398640 011 099 003 57.8
69 399345 009 113 003 603 SilV(1402) 1.8468 b
01(1302) 2.0668
70 3998.13 010 059 002 623 SilV(1402) 1.8502 b
Sil[(1304)  2.0652
7 400563 0.0 0.60 0.02 643 OI(1302) 2.0761
72 400970 010 057 002 653
73 401563 009 1.70 0.03 67.9 OI(1302) 2.0838
74 4027.87 0.09 151 003 75.7
75 403677 011 040 002 773 Si[V(1393) 1.8963
76 407739 019 062 004 563 a
77 409358 015 044 003 565 CI(1334) 20674 ad
7 411778 010  0.82 002 834 Si[V(1393) 1.9544 a
CII(1334)  2.0856
) 412603 012 044 002 800 SiIV(1393) 1.9604 a
80 414465 010 063 003 732 SilV(1402) 1.9546 c
81 426330 013 061 004  45.2 a
82 427132 015 062 004 393 SiIV(1393) 2.0646 a
83 428785 014 044 004 405 SilV(1393) 2.0765 a
84 4298.97 014 1.09 005 413 SiIV(1402) 2.0646 a
Si[V(1393)  2.0845
8s 430512 016 048 004  39.4 ad
86 431253 015 095 005 396 Si[V(1402) 2.0743 a
87 435366 022 036 005 37.2
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TABLE 3—Continued

Line No. Aobe o(d) Wee o(W) S/N DD Zabe Notes
88 4416.16 0.18 1.12 0.08 41.2 CIV(1548) 1.8524 b
SilI(1526) 1.8926
89 4479.99  0.17 0.34 0.04 40.5 CIV(1548) 1.8937
90 4485.74 0.17 0.41 0.04 40.2 CIV(1550) 1.8926
91 4511.56 0.18 0.48 0.05 408  SilI(1526) 1.9551
92 4574.43 0.16 1.85 0.08 40.7  CIV(1548) 1.9547 b,c
93 4582.82 0.15 1.68 0.08 41.8 CIV(1550) 1.9552 b
CIV(1548) 1.9601
94 4590.96 0.18 0.47 0.04 42.2  Fell(1608) 1.8543
CIV(1550) 1.9604
95 4640.13 0.19 0.39 0.05 37.5 a
96 466599 0.13 2.55 0.08 389 CIV(1548) 2.0138
97 4673.87 0.14 2.69 0.07 376 CIV(1550) 2.0139 b
98 4765.19 0.27 1935 0.22 29.0  AllI(1670) 1.8519
CIV(1549) 2.0760
99 4811.66 0.43 4.05 0.16 274
100 4870.16 0.16 1.37 0.08 26.3 CIV(1548) 2.1457 ab
101 4878.54 0.21 2.42 0.12 249 CIV(1550) 2.1459 ab
102 5047.21  0.37 1.1 0.11 = 288 d
103 5125.09 0.22 0.45 0.08 32.1  AllI(1670) 2.0674 d
104 5213.13 0.23 0.45 0.08 23.4 Mgl(1827) 1.8519 d
105 5222.77 0.20 0.43 0.07 22,5 d
106 5280.45 0.21 0.64 0.09 19.7  AHII(1854) 1.8470 d
107 5294.47 0.20 0.52 0.09 18.9  AlIM(1854) 1.8546 d
Mgl(1827) 1.8964
* App p in plex or trough.
* Probable blend.

 Very uncertain equivalent width.
4 Possibly spurious line.

due to ejected material from one of the quasars (whether it be
in clouds or shells) is an energy argument. If we consider the
strong absorption systems at z,,, =~ 2.08, the implied ejection
velocity of the cloud with respect to the quasar is of order
10,500 km s~!. Assuming that the cloud is moving at the
implied ejection velocity, that it is at least of order S Mpc wide,
and that the column density of hydrogen for the cloud is
~10'® cm ™2 (for the troughlike system observed in the spec-
trum of Tol 1038—2712, assuming solar abundances, linear
curve of growth, and that all of the C is in C 1v, then a lower
limit on the hydrogen column density is ~4 x 10!'® cm™2),
then a lower limit for the kinetic energy of the cloud is ~ 1052
ergs. Following the arguments of Goldreich and Sargent
(1976), in a single scattering event, a photon can contribute at
most a fraction v/c (where v is the velocity of the scatterer) of its
energy to the kinetic energy of the scatterer. Continuum
photons from the source are converted rapidly into line
photons, and the line photons are made isotropic after one
scattering. Thus, for the cloud in question, the maximum
energy transfer efficiency for converting radiative energy into
kinetic energy is v/c ~ 1072, In order for the cloud to have
been accelerated by radiation pressure, the minimum total
radiative output of the continuum source (beyond the Lyman
limit) is of order 10°%% ergs, approximately equivalent to a
luminosity of 1047-10*® ergs s~! for the age of the universe.
This is a lower limit for one cloud in the most energetically
reasonable case. Furthermore, the implied cloud is much less
thick than it is wide (i.e,, it is sheetlike), and it would be difficult
for such a structure, if e¢jected, to remain intact because it
would be subject to Rayleigh-Taylor instability. We can reject
as even more implausible the possibility that the material is
ejected from Tol 1038 —2712 because of the greater distances
over which the material would have to be accelerated. We

conclude that, if the absorption systems are indeed correlated,
it is unlikely that they can be caused by material ejected from
one of the two quasars intersecting both lines of sight.

b) Independent Ejection

The possibility remains that what we are seeing is simply
two independent cases of ejected material which just happen to
have similar complex ejection patterns. If the absorption red-
shift coincidence were due purely to chance, there is a very
small probability that the ejection patterns would be so similar
in two presumably unrelated objects, especially since BAL
QSOs and other QSOs with absorption systems thought to be
due to ejected material are fairly rare. If, on the other hand, as
Jakobsen et al. (1986) pointed out, some sort of line-locking
mechanism favored a particular ejection pattern, then we
would require only one chance match in velocity to explain the
observations. However, the curious coincidence in the ratios of
(1 + z,,,) between consecutive systems as found by Jakobsen et
al. does not appear to be so strong in our data. If absorption-
absorption line locking were in effect, the ejection patterns in
the two spectra should be such that the systems in one spec-
trum would be offset from those in the other by an essentially
constant velocity (the velocity should vary by no more than
the typical velocity width of sharp absorption lines, ~ 150 km
s™!); it can be seen from Table 6 that Ap varies from ~ — 1700
km s™! to ~ +2000 km s~!, ie., the absorption patterns do
not match closely encugh. We therefore consider the line-
locking possibility to be very unlikely.

* It has been pointed out by an anonymous referee that there exists the
possibility of line locking of the two components of the C 1v 4i1548, 1550
doublet in the two complex systems (z,,, ~ 2.08 and z,,, ~ 2.13) in the spec-
trum of Tol 10372704, Higher resolution data are required to determine
whether or not this is the case.
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TABLE 4
LINE IDENTIFICATIONS AND ABSORPTION SYSTEMS FOR ToL 1037 — 2704*

D Ao Aoks Zabs Wass 1D Ao Jebe Tabe Wobe

Silll  1208.51 351295  1.9117 0.73 | Sill  1163.28 367062  2.0761 1.97
Silll  1208.51 3515.80  1.9140 1.0s | Silll 120651 371067  2.0755 1.25
HI 1215.67  3540.05  1.9120 257 | SilV  1393.76 428558  2.0748 0.70
NV 123882 360539  1.9103 178 | Sill 152672 4695.74  [2.0757] 1.54
NV 1242.80  3617.80  1.9110 088 | CIV  1548.20 476173  2.0757 2.23
Sill 126042 367062 1.9122 197 | Fell 1608.46 4947.29  [2.0758] 1.59
ol 1302.17  3794.85  1.9141 0.92
Sill 130437 379751 1.9114 0.75 (zabs) = 2.0755
cl 1334.53  3886.04¢  1.9119 1.30
SilV 1393.76  4059.33 1.9125 0.61 Sill 119042  3670.62  [2.0835] 1.97
SilV  1402.77  4084.91 1.9120 2.59 Silt 1193.28 367622 2.0808 3.12
CIV 154820 4509.11 19125 089 | Sl 119328 368213  [2.0850] 4.72
CIV 155077 451663  1.9125 096 | Silll 1206.51 371993  2.0832 3.68
Fell  1608.46 4687.68 [1.9144] 203 | yI 1215.67 3745.70  [2.0812 7.27
Alll 1670.81  4867.93  [1.9135] 2.96 NV 1238.82 3816.10 2.0804 13.54
NV 1242.80  3827.02 [2.0793] 1.09
(zas) = 19122 | SilI 126042 388604  2.0831 1.30
SiH  1304.37 4021.70  2.0833 0.39
Sill 119042 354005 1.9738 257 | cl 1334.53  4114.99  2.0835 117
Sl 119328 3546.45  1.9720 078 | SilV  1393.76 4296.22  2.0825 2.67
Silll 120651 3587.10 1.9731 231 | SilV  1402.77 432425  2.0827 2.20
HI 121567 3611.68  1.9709 496 | CIV  1548.20 477204  2.0823 4.69
NV 1238.82 368213 [1.9723] 472 | CIV  1550.77 478038  2.0826 3.42
NV 1242.80  3692.11  [1.9708] 0.49
NV 1242.80  3695.53 %1.9735] 111 (Zabs) = 2.0825
Sill 126042 3745.70 [1.9718] 7.27

ClI 1334.53  3967.11 1.9727 0.94 Sill 1193.28 3734.44
SiIlV. 1393.76 4141.71 1.9716 0.93 SillI  1208.51 3774.11
SilV  1402.77 4168.69  1.9718 0.32 HI
CIV  1548.20 4600.86 1.9717 1.91 Sill

CIv 1550.77 4608.64 1.9718 1.13
CII 133453 417424 21279 0.46
Fell 1608.46 4780.36 [1.97'20] 3.42 Silv 1393.76 4359.66 2.1280 1.24
SilV  1402.77 438773  2.1279 0.80
(ra) =19722 | Oy 154820 484324 21283 197
. CIV  1550.77 485341  2.1297 3.41
Sl 119042 360539 2.0287 178 | Gy ge70'  s225.81 22275 0.9
Sill  1193.28 3611.68 [2.0267] 4.96
Silll  1206.51 365136 [2.0264] 3.71 (sa0s) = 21283
Silll  1208.51 3656.12  [2.0303] 1.27 abs) = &
HI 1215.67 3682.13  2.0289 472 | ol 119042 373444 21371 83
N gt e e a3 lsut mwmzs 3ams7o 2130 727
. - . ¢ - Silll  1206.51 378681  2.1386 3.89
Sl 126042 381610  (2.0276] 1354 | oo 121567 381610 [21%01] 1354
ol 130217 304187  [2.0277] 084 | oo o0l Joied 21369 130
CII  1334.53 4040.33  2.0275 039 | NV 124280 389777 2133 ot
SilV  1393.76 4220.75  2.0283 13¢ | Gl 126042 395597  2.1388 3
SilV  1402.77 424750  2.0279 117 s!u 130437 409444 21%90] 146
CIV 154820 468768 20278 203 | Sh1 130437 40044 (2'1391 o
CIV 135077 4e95.74  2.0280 1.54 SilV  1393.76 437012  2.1355 0.67
- SilV  1393.76 4374.93  2.1389 2.35
(2a0) = 20289 | GIv 140277 440304 21389 1.96
Sill  1526.72 479257 21391 1.31
Sill 119042 3656.12 2.0713 127 | CIV 154820 485341  2.1349 341
Silll  1208.51 3705.35 2.0713 0.81 Clv 1550.77  4860.95 2.1345 4.63
HI 121567  3734.44 2.0719] 4.83 g{¥ ::;273 :mgg ;}:; ;gg
NV 123882 380243  [2.0694 4.30 . g . .
NV 124280 3816.10 [2.0706] 13.54 l;:g ;g:g m:-;: (:-133:31 “’52
o1 1302.17  3995.85  [2.0686 0.72 e g .1 4
Silv 1393.76  4279.08 lg,om] 0.75 Alll 1670.81 5245.44 2.1395 1.83
SilV 140277 430638  2.0699 0.42
Sill  1526.72 4687.68  2.0704 2.03 (2as,) = 21378
CIV 154820 475432  2.0709 2.01
CIV  1550.77 4761.73  2.0706 2.23
Fell  1608.46 494137 [2.0721] 031

21298 4.83
2.1281 5.06
1215.67  3802.43 2.1278 4.30
1260.42  3941.87 2.1274 0.84

(2ass) = 2.0708

* Identifications whose implied z,,, appears in brackets are particularly uncertain because the line has been
Itiply identified, b of obvious blending, or because the feature is very weak. They have not been
included in the calculation of (z,,,) for each absorption system.
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TABLE §
LINE IDENTIFICATIONS AND ABSORPTION SYSTEMS FOR ToL 1038 —2712*

D Ao Aoke Zass Wess D Ao Aoks Zabs Woss
Sill 119042 3388.95 1.8469 4.46 Sill 1190.42  3649.06  (2.0654] 0.83
Sill 119328 3397.09  1.8468 118 Sill  1190.42 3652.19  2.0680 2.23
Silll 120651 3440.28  1.8514 1.19 Sill 1193.28  3661.49  [2.0684) 6.14
HI 121567 3463.48  (1.8490] 5.49 Silll  1206.51 3699.38  2.0662 1.51
HI 121887 347049  1.8548 . HI 121567 3722.28 2.0619 Q.57
NV 123882 3533.97  1.8527 1.40 HI 121567 3728.05  2.0667 117
NV 124280 3545.03  1.8525 0.58 NV 123882  3792.07  2.0610 2.68
ol 130217  3708.41  [1.8479)] 1.6 NV 1238.82  3800.65  2.0680 1.48
ol 1302.17  3712.58  [1.8511 0.63 NV 124280  3804.47  2.0612 2.68
cII 1334.53  3800.65  [1.8479) 1.48 NV 1242.80  3812.55  2.0677 0.65
cII 1334.53 3804.47 [1.8508 2.68 of 1302.17 399345  [2.0668] 113
cl 1334.53  3809.45  [1.854S] 2.50 Sl 1304.37 3998.13  {2.0652} 0.59
SilV  1393.76 397048  1.8488 1.63 cu 1334.53  4093.58  2.0674 0.44
SilV  1402.77 399345  1.8468 1.13 SilV  1393.76  427T1.32  2.0646 0.62
SilV  1402.77 3998.13  1.8502 0.59 SiV  1402.7T  4298.97  2.0646 1.09
CIv 1549.0 44186.16 1.8509 1.12 Alll 167081 5125.09  {2.0674} 0.45
Fell  1608.46 4590.96  [1.8543] 0.47
Alll 167081 476519 [1.8520] 19.35 =
Mgl 182794 5213.13  [1.8519 0.45 {zaes) = 2.0652
ALl 1854.72 528045 [1.8470] 064 Sill  1190.42 3661.49  [2.0758]  6.14
AMIIT 1854.72 5294.47 1 ,8545‘ 0.52 Sill 1193.28 3670.13 2‘0757] 0.53

Silll 120651 3708.41 (2.0737] 1.86
(sa0a) = 1.8502 SiII 120651 371258  [2.0771]  0.63
HI 121567 374265  2.0787  1.04

Sill 1190.42  3449.45 (xm‘n} 144 NV 1238.82  3809.45  [2.0751] 2.50
Sill 119328  3457.71  [1.8976] 1.08 NV 1238.82  3812.55 2.0776 0.65
Silll  1206.51 3489.66  1.8924 0.0 NV 1242.80 3826.45  2.0789 0.59
HI 1215.67 3516.76 1.8929 4.69 sill 1260.42 3873.26 2.0730 0.95
Sl 126042 3649.08 {1 2951) 063 o1 130217 4005.63 [2.0761]  0.60
Sill 126042 3652.19 (1.8976] 223 SilV 139376  4287.85  2.0765 0.44
Silv 1393.76  4036.77 1.8963 0.40 SilV  1402.77  4312.53  [2.0743) 0.95
Sill 1526.72  4416.16  [1.8926) 1.12 CIV 1549 4765.19 2.076 19.35

Clv 1548.20  4479.99 1.8937 034
CIv 1550.77  4485.74 1.8926 041

Zaba) = 2.0768
Mgl  1827.94 529447 [1.8964] 052 {zase)

ST 119042  3673.74¢  [2.0861 118
(zabs) = 1.8936 Sill  1193.28  3681.62 ‘2.0853) 2.78
Silll  1206.51 3722.28  2.0852 0.57
Sill 119042 3516.76 [1.9542]  4.69 HI 1215.67 3745.28 [2.0808]  0.84
Silll  1206.51 3564.71  1.9546 2.36 HI 121567 375398 [2.0880] 1.25
HI 1215.67  3591.49  1.9543 6.49 ol 1302.17  4015.63  [2.0838] 1.70
HI 1215.67 3598.39  1.9600 5.01 cn 1334.53  4117.78  2.0856 0.82
NV 123882 3661.49  1.9556 6.14 SilV  1393.76 429897  2.0845 1.09
NV 123882 3667.27  1.9603 1.44
NV 124280 3673.74  1.9560 116 (zabe) = 2.0851
Sill 126042 3722.28  1.9532 0.57
ol 130217 3845.15 19529  2.02 Sill 119042 374528 [2.1462]  0.84
Sill 1304.37 3854.35 {1.9550 0.86 Sill 1193.28 3753.98  [2.1459} 1.28
o1 1302.17  3854.35  (1.9599 0.86 Silll  1206.51  3792.07 (2.1430] 2.68
CH 133453 3945.74  1.9568 2.62 HI 1215.67  3826.45 {2.1476]  0.59
Silv 1393.76  4117.78 1.9544 0.82 NV 1238.82 3897.67 2.1463 1.88
SilV  1383.76  4126.03 1.9604 0.44 NV 124280 3907.26  (2.1439) 3.14
Silv 1402.77  4144.85 1.9546 0.63 Sill 1260.42 3962.92 2.1441 0.83
Sill  1526.72 4511.56  1.9581 0.48 CIV  1548.20 4870.16  2.1457 1.37
CIV 154820 4574.43  1.9547 1.55 CIV  1550.77  4878.54  2.1459 2.42
CIV  1550.77 4582.82  1.9552 1.68
CIV  1548.20 4582.82  1.9601 1.68 (zabs) = 2.1455
CIV  1550.77 4590.96  1.9604 0.47

(2abs) = 1.9564

Sl 119042 3591.49 {2.0170]  6.49
Sl  1183.28  3598.39 ‘2.0155 5.01
Silll  1206.51 3633.89 [2.0119] 0.49
Silll  1208.51 3637.21  [2.0147]  0.48
Silll  1206.51 3640.10 [2.0170]  1.1§
HI 121567 366149 [2.0118]  6.14
HI 1215.67 3667.27 [2.0167]  1.44
NV 123882 3735.24  2.0152 1.04
NV 1242.80 374528 20136 084
Sill 126042 3%00.65  2.0154 1.48
Sill  1260.42 3804.47  [2.0184]  2.68
CIV  1548.20 4665.99  2.0138 2.55
CIV  1550.77 467387  2.0139 2.69

(2abs) = 2.0144

* Identifications whose z,,, appears in brackets are particularly uncertain because the linc has been multiply
identified, because of obvious blending, or because the feature is very weak. They have not been included in the
calculation of (z,,,> for each system.
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TABLE 6 density at a distance d from a QSO is given by
ABSORPTION SYSTEMS AND 2
VeLocrty Drrrerences* n,z9 X 10-5(%) (_._Livﬁ> cm”~?,
d 3 x 10
Z

e Av® where L, is the QSO luminosity in ergs s ™! Hz ™! evaluated at
Tol 1037-2704  Tol 1038-2712  (kms™") the ionization limit for hydrogen. Combining this with the
18509 above value for I', and using L, = 1.24 x 10%® h;Z (g, = 0.5)
) for Tol 1037—2704, we find d > 110 h;5o kpc. The implied
19125 1.8933 1980 ejef:tion velocity for the system with z,,, = 2.1390 is ~ 2600 km
s~ !, if it is assumed that the column density of hydrogen for
19717 :'223; izg the gas is ~10'° cm~2 and that the gas is in the form of an
’ ejected shell, the kinetic energy of the shell is > 10°! ergs. The
20279 20138 1400 maximum radiative to kinetic energy conversion efficiency dis-
cussed above requires a minimum radiative output of ~ 1063
ig;?g 2076 - _5;3 ergs if the shell has been accelerated by radiation pressure. This
20825 620 number is still so large that even the possibility of independent

ejection seems unlikely on the basis of energy arguments.
2.1283 —1670 Despite the above argument, the broad system near z,,, ~
%i;;g 21458 -:?“5? 2.08 in the spectrum of Tol 1038 —2712 is similar enough to

* Based on observed lines of C rv 111548, 1550.

® The velocity ion between corresponding
absorption systems in the two spectra, where Av ~
cAz /(1 + 2,,,)

Even if we ignore the statistical improbability of indepen-
dent ejection, the existence (or nonexistence) of lines of excited
fine-structure states of, e.g., C 11 and Si 11 can be used to place
limits on the density of the absorbing gas and the distance of
the gas from the QSO (Bahcall and Wolf 1968). The line
resulting from the excited fine-structure state of C 1 (C 1
41335) is separated from the ground-state line (C 11 11334) by
1.2 A in the rest frame, so at the observed redshifts the separa-
tion should be ~3.54.0 A and the lines should be easily
resolved if both are present. However, because of the complex-
ity of the spectra of Tol 1037—2704 and Tol 1038 —2712, the
positive identification of excited fine-structure lines is difficult,
especially if the ground-state line (e.g, C m 11334) lies in a
trough or a region of the spectrum when many lines of other
species at different redshifts happen to occur. The strongest C
41334 line from the spectrum of Tol 1037 — 2704 is a member of
the system with z,,, = 2.1390 and has an observed equivalent
width of 1.92 A. We find that the strength of C 1 4133S from
this system (if present) is at least 10 times weaker. Using this
fact, we can place a lower limit on the distance of the absorbing
material from the QSO by assuming that the gas is in photo-
ionization equilibrium (and that the QSO provides the ionizing
photons). From the results of McKee, Tarter, and Weisheit
(1973), the relative line strengths of C m and C v we observe are
fairly well satisfied when the ionization parameter I' =
n(H)/n, ~ 103, where n, is the number density of ionizing
photons. The critical density for the C 11 fine-structure state to
be collisionally populated is nc = 100 for T =2 x 10* K
(Bahcall and Wolf 1968). That C n /41335 is not observed
implies that ny < nc; thus the approximation can be made that
n./ng = nnc, where n,,, n,, and n, are the number densities
in the excited fine-structure state and the ground state and the
number density of electrons. If the absorption is on the linear
part of the curve of growth, then n/n, = W(C n 11335y
W(C 11 11324) and ny = n, < 0.1nc = 10 cm ™3, If the lines are
off the linear part of the curve of growth, then a more stringent
limit is placed on ny. From Sargent er al. (1979), the photon

systems usually associated with ejected material that it war-
rants closer scrutiny. The ions for which troughs are observed
(C 1v, N v, and Si 1v) are the ones most typically observed in
the spectra of BAL QSOs. We also note that the N v emission
in Tol 1038 —2712 is strong relative to Ly, also typical of BAL
QSOs (Turnshek 1984). We have measured approximate
equivalent widths for the C v, Si 1v, and N v absorption
troughs, and they are 24, 21, and 24 A, respectively. For the
C v trough we have included not only the central component
(line 98 in Table 3), but we have also included the more diffuse
feature just redward of that component (identified as line 99).
The equivalent width of C v, ~8 A, in the rest frame is some-
what smaller than the minimum in the range given by Turn-
shek (1984) of 12-69 A for a sample of 14 BAL QSOs. The
implied ratio of the Si 1v to C 1v column density (assuming a
linear curve of growth) is ~0.6, about twice as large as the
upper value in the range found by Turnshek. The ratio of N v
to C 1v column densities is typical of the values found by
Turnshek. The total velocity widths of the troughs are ~ 5000
kms~! for C v, ~4300 km s ! for Si 1v, and ~ 5000 km s !
for N v. If ejected, the implied ejection velocity of the material
responsible for this absorption system is ~24,000 km s”!,
within the range of velocities observed in the spectra of BAL
QSO:s. It is certainly possible, then, that the z,,, ~ 2.08 system
in the spectrum of Tol 1038—2712 (and possibly also the
Z,0e ~ 2.14 system) is due to ejected material, while the other
absorption systems in the two spectra would be due to inter-
vening material. We also note that the two corresponding
systems in the spectrum of Tol 1037 —2704 are not unlike
systems in the spectrum of GC 1556 + 335, which Morris er al.
(1986) have concluded may be consistent with either inter-
vening or ecjected material. This question will be discussed
further in the next section.

c) Intervening Material: The Case for a Supercluster

A completely different interpretation of the absorption
systems in Tol 1037 —2704 and Tol 1038 —2712 would be that
they arise because the lines of sight intersect intesvening
maierial, possibly gas clouds in the halos of galaxies. In this
picture, the different redshift systems correspond not to differ-
ent ejection velocities but to different distances along the lines
of sight. If the absorption redshift coincidence we observe is
not simply due to chance, then the material responsible for the
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absorption has a huge physical extent. The redshifts at which a
concentration of absorption systems is seen in both spectra
span the range z,,, ~ 1.895 to z,,, & 2.146; this corresponds to
a size of ~50 h;go Mpc along the line of sight at the epoch
z ~ 2.0. Such a size is just consistent with the sizes of observed
superclusters (e.g., Oort 1983) and would correspond to ~3°
on the plane of the sky at z ~ 2. Redshifts for several of the
other QSOs in the field of Tol 1037-2704 and Tol
2712 (see Fig. 3) fall in the same redshift range as the supposed
supercluster; Tol 1035-2737 with z., ~2.13, and Tol
1037 —2742 with z,, ~ 1.887 are ~40" and ~35' away from
the Tol 1037 —2704/Tol 1038 —2712 pair, respectively. If these
QSOs are members of the supercluster, a lower limit of ~10
hioo Mpc can be placed on the size of the supercluster in the
plane transverse to the line of sight. Phillipps (1986) has con-
cluded that QSOs at redshifts above z = 1 must be associated
with rich clusters. This conclusion is based upon the two
observed cases of “associated " absorption (close line-of-sight
pairs where absorption is seen in the spectrum of the more
distant QSO at the redshift of the nearer QSO) (Robertson and
Shaver 1983; Robertson, Shaver, and Swings 1986) and a cal-
culation of the very small probability of such an occurrence if
the quasar-galaxy correlation function were the same as the
observed galaxy-galaxy correlation function. The presence of
many QSOs of comparable redshift in this field may then indi-
cate a large-scale conglomeration of rich clusters of galaxies.

The existence of small velocity splittings observed within
some of the absorption systems represents evidence in favor of
the presence of galaxy clusters in the field. The 2 A resolution
of the spectra corresponds to ~ 130 km s ™! resolution in veloc-
ity at the wavelengths at which the C 1v lines of the absorption
systems are seen. The splittings we observe, however, are of the
order of 500-1000 km s !, e.g., in the systems near z,,, ~ 2.08
and z,,, ~ 2.13 in the spectrum of Tol 1037 —2704. Velocity
splittings of this size are consistent with the hypothesis that
each component arises as a result of an individual galaxy in a
cluster. The more complex systems would then correspond to
lines of sight passing through denser regions of a cluster, and
the single-component systems would correspond to lines of
sight passing through the less dense outer regions of a cluster.
Pettini et al. (1983) observed two complex C 1v absorption
systems in the spectrum of the BL Lac object 0215+ 018, and
suggested that the absorption may be due to two rich clusters
of galaxies oriented along the line of sight. Assuming clusters of
the same richness as Coma, they concluded that the line of
sight must be within ~0.2 Mpc of the cluster center (for both
clusters) in order to account for the number of observed com-
ponents in absorption. The probability of intersecting two
clusters in this way is very small on the basis of observations at
the present epoch; however, the impact parameter and hence
the probability involved is highly dependent on the cross
section for C 1v absorption for a typical cluster galaxy at high
redshift, and on the lower luminosity limit for galaxies produc-
ing C 1v halos. It is still not clear at what epoch cluster galaxies
are stripped of much of their interstellar media and gaseous
halos: that we observe two absorption complexes in the spec-
trum of Tol 1037-2704 which are similar to those in
0215+015 may indicate that cluster galaxies at high redshift
are significantly more gas-rich than their counterparts at the
present epoch. Perhaps the line of sight need not be so close to
tllle cluster center in order to intersect several galaxy halos per
cluster.

Clearly the separation of the two lines of sight is much too
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large for possibly corresponding systems to have arisen from
clouds in the halo of a single galaxy; however, ~5 Mpcis a
reasonable size for a rich cluster of galaxies (although the core
radii of clusters are typically much less than 1 Mpc). The
observed velocity differences between corresponding absorp-
tion systems (Av in Table 6), typically of order 1500 km s ™, are
consistent with the typical velocity dispersions in rich clusters
of ~ 1000 km s~ !. (If clusters of galaxies are responsible for the
correlated absorption systems, then velocity differences would
be expected to be less than or of the order of 2000 km s~ *
[~2 0,), and this is what is observed.) However, an explana-
tion of possible system-by-system correlations between the two
spectra which requires the two lines of sight to intersect the
opposite edges of the same five rich clusters is very implausible,
expecially since we have seen that the system-by-system corre-
lations may not even be significant.

One of the remaining difficulties with the intervening super-
cluster hypothesis is that, qualitatively, the absorption spectra
of Tol 1037-2704 and Tol 1038—2712 are very similar in
richness; each one has at least five absorption systems which
are strong enough to be easily detected. One might expect that
two random lines of sight (i.e., lines of sight which are far
enough apart to exclude the possibility of their passing
through the same galaxies or clusters) through a supercluster
might yield very different absorption spectra. The fact that two
lines of sight separated by ~5 Mpc at z ~ 2 yield such rich
absorption spectra leads us to conclude that we are seeing the
supercluster from a special direction such that there is an
unusually high line-of-sight density of absorbing material. If
this is the case, it seems possible that our line of sight happens
to be oriented along a large-scale “filament " or in the plane of
a large-scale “ sheet " of galaxies; both observational and theo-
retical studies have indicated that such structure exist on large
scales (e.g., de Lapparent, Geller, and Huchra 1986; Davis et al.
1985; Dekel, West, and Aarseth 1984). Limits on the physical
extent of the supercluster may be better determined by obtain-
ing spectra of all the QSOs in the field with emission redshifts
greater than the low-redshift “edge ” implied by the spectra of
Tol 1037 —2704 and Tol 1038 —-2712 (i.e., with z,,, > 1.88). In
this respect, the spectrum we have obtained of Tol 1038 — 2707
is extremely important. Given the separation (~17.9) of Tol
1037 —2704 and Tol 1038 —2712, if the unusually rich absorp-
tion does resuit from a special orientation of the supercluster,
then from geometry alone one might hope to see evidence for
this high line-of-sight concentration of material in the spec-
trum of a QSO only ' away from one of the pair. Unfor-
tunately, the emission redshift of Tol 1038 —2707 (z,, = 1.937)
would place it close to the nearer edge of the supercluster; it is,
however, encouraging for this hypothesis that we do see
absorption at z,,, ~ 1.9, corresponding closely to the super-
cluster edge implied by the other spectra. It is clearly very
important to obtain high-quality spectra of the other nearby
QSOs, Tol 1036—2713, Tol 1036-—2650, and Tol
1035—2737.¢

If we are indeed seeing the result of a special line of sight that

4 fAdded in manuscript.] We have obtained slit spectra (~4 A resolution)
of Tol 1026 —2713 and Tol 1035 — 2737 at Las Campanas Observatory in 1987
April. We identify Tol 1036 2713 as a QSO with z,, = 3.084. Tol 10352737
is a QSO with z,,, = 2.168. In its spectrum we find a definite absorption system
with z,,, = 2.125, and possible systems with z,,, = 2.040 and z,,, = 1.905. If
real, all three systems would fall in the redshift range of interest. It is extremely
important to obtain a higher resolution spectrum of this object.
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happens to lie in an elongated large-scale filament, then it
immediately raises the question: Do all absorption-line
systems arise from material associated with structures like
this? If they do, then the number of absorption systems seen in
the spectrum of a QSO would be dependent upon the orienta-
tion of one of these filaments with respect to the line of sight.
This would mean that the number of absorption systems per
QSO spectrum would not be expected to follow a Poisson
distribution, but instead would be a function of the distribu-
tion of path lengths through the filamentary or sheetlike struc-
ture as determined by their orientation with respect to the line
of sight. If we suppose that a typical filament is ~ 50 Mpc long
and ~ 5-10 Mpc across, then the fraction of time a line of sight
would see the filament end-on is ~0.01-0.04. Thus, based on
this hypothesis, the probability of observing five absorption-
line systems in the redshift interval Az,,, ~ 0.3 would be of the
order of 100 times greater than would be predicted assuming a
Poisson distribution.

As discussed in § III, there is some question as to the nature
of the absorption systems near z,,, ~ 2.08 and z,,, ~ 2.14 in
the spectra of both Tol 1037 ~2704 and Tol 1038 —2712. The
C v absorption in these systems in the spectrum of Tol
1037—2704 appears to consist of several adjacent narrow
doublets, with fine splittings of ~ 500-1000 km s~ ! as dis-
cussed above. A natural explanation for this would be that the
line of sight passes through gas clouds in the halos of several
galaxies in a cluster. On the other hand, absorption systems of
this kind have been shown to be consistent with ejection as
well (Morris et al. 1986). The strongest arguments in favor of
the ejection origin for the absorbing material has been that the
probability of intersecting two clusters along a line of sight is
very small, and so this could be ruled out if such systems were
not extremely rare (Pettini et al. 1983; Morris et al. 1986).
However, under the filament-orientation hypothesis for the
statistics of absorption systems outlined above, the probability
of such an occurrence is significantly increased.

The relatively smooth, broad absorption in the systems in
Tol 1038 — 2712 present somewhat more of a problem. These
systems are, as we have pointed out, marginally consistent with
the absorption seen in BAL QSOs. The FWHM of the C v
41549 absorption at z,,, = 2076 is ~60 A. If the width of the
line were due to thermal broadening, the implied velocity in the
gas would be ~2000 km s~*, corresponding to a temperature
of ~5 x 10® K. This is clearly much too high to be consistent
with the observed ionic species. Thus it appears that the
breadth of the absorption trough must be due to gas motion or
result from the Hubble flow over a large extent along the line
of sight. However, the implied velocity dispersion of ~ 2000
km s™! is too large for any gas associated with a single galaxy
or cluster, and there is no obvious mechanism for producing
such absorption features from intervening material associated
with a supercluster. Even so, the absence of any broad absorp-
tion systems outside the range of redshifts observed in the
spectrum of Tol 1037—2704, along with the physical argu-
ments against ejection, persuades us that the absorption is due
to intervening material associated with a supercluster.

V. CONCLUSIONS

Our higher resolution spectra have confirmed the discovery
by Jakobsen er al. (1986) that Tol 1037—2704 and Tol
10382712 have an unusual concentration of absorption
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systems in the same redshift range. While we agree for the most
part with the findings of Jakobsen et al., this work represents a
modification or improvement over the previous results in the
following ways:

1. We have identified five absorption redshift systems in
each QSO (we have confirmed the four systems found by
Jakobsen et al. 1986 and have identified a new one), many of
them having substructure. Our higher resolution data have
shown that many of the absorption systems which appeared to
be smooth or troughlike in the spectra used by Jakobsen et al.
actually consist of several narrow components. Qualitatively,
this makes the possibility that the absorption is due to ejection
less likely (although we cannot completely rule out an ejected
origin for some of the systems). The systems extend in redshift
from z,,, = 1.88 to 2.15.

2. We have found that the QSO Tol 1038 —2707, only 5’
away from Tol 1038 —2712 on the plane of the sky, has a
strong absorption system at z,,, ~ 1.9. This is in the same
redshift range (1.88 < z,,, < 2.15) as the five systems in both
Tol 1037 —2704 and Tol 1038 —2712.

3. We were able to show that ejection from either Tol
1037 — 2704 or Tol 1038 —2712 which covers the line of sight to
the other can be dismissed on energetic or on geometrical
grounds or on both. Similarly, independent ejection from both
QSOs can be eliminated on energetic grounds for at least some
of the systems. Line locking does not seem likely to play a role
in determining the observed redshift ratios.

4. The most likely possibility is that Tol 1037 —2704, Tol
1038 —2712, and a third nearby QSO, Tol 1038 —2707, are in a
large supercluster. The material responsible for the absorption
in all three QSOs would then be intervening gas associated
with galaxies in the supercluster. While this is in general agree-
ment with the favored interpretation of Jakobsen et al. (1986),
we differ in our interpretation of the details of the situation.
Jakobsen et al. emphasized the fact that each system in the
spectrum of Tol 1037 — 2704 matches (in redshift) a system in
the spectrum of Tol 1038—2712 to within ~2000 km s~ *.
While we agree that this is true, we argue that the significance
of these correlations is difficult to gauge; in fact, it would be
extremely difficult to explain these correlations if they were
significant. We consider most important the fact that both Tol
1037—2704 and Tol 1038 —2712 have unusually rich absorp-
tion spectra, and in both cases the high density of strong
absorption systems is confined to the redshift range 1.88 <
2,4 < 2.15. For this reason we suggest that our line of sight
may be intersecting the supercluster in such a way as to make
the line-of-sight density of absorption systems extraordinarily
high, i.e., the line of sight is along the axis of a filament or in the
plane of a sheet of galaxies. If the supercluster is in the form of
a filament, then its implied dimensions are ~50 h[g, Mpc
along the line of sight and of order 10 k{4, Mpc on the plane of
the sky (at the epoch corresponding to z = 2). Such a size
(~ 150 Mpc at the present epoch, if superclusters expand with
the general Hubble flow) is near the upper limit of plausibility
based on our local knowledge. Possibly the most important
next step is to investigate the spectra of the several QSOs
already discovered by Bohuski and Weedman (1979) in the
surrounding field.

5. If all QSO absorption systems arise from material associ-
ated with such large-scale structures, then one would predict
that the number of absorption systems per QSO spectrum
would not follow a Poisson distribution. This will be tested
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when better statistics of Civ absorption systems become avail-
able.

It is clear that the existence of absorption phenomena like
those observed in the spectra of Tol 1037—-2704 and Tol
1038 —2712 offers the fascinating possibility of leading to
detailed insights into the large-scale distribution of galaxies at
large redshift—information which cannot be obtained by other
means.
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Chapter 3

A HIGH-REDSHIFT EXTENSION OF THE SURVEY FOR C IV ABSORPTION
IN THE SPECTRA OF QSOs:
THE REDSHIFT EVOLUTION OF THE HEAVY ELEMENT ABSORBERS !
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ABSTRACT

We have obtained spectra with a resolution of 60 km s~'of 11 QSOs with 3.045 <
Zem S 4.104. In general, the spectra cover the wavelength range between the C IV A1549
and Lyman o emission lines. The QSOs were chosen to supplement the large survey for C IV
absorption in the spectra of high redshift QSOs recently published by Sargent, Boksenberg,
and Steidel (1988). The combined sample of C IV AA1548, 1550 doublets now contains 275
redshifts, spanning the redshift range 1.3 < 2455 < 4.0. The new data considerably improve
the statistics of the C IV absorbers for z,5, > 2.5. Unbiased subsamples of C IV redshifts
have been isolated in order to investigate the evolution of the properties and distribution

of the absorbers with redshift, with the following principal results:

The number of C IV absorption systems per unit redshift range N(z) decreases with
increasing redshift in the range 1.3 < 243, < 3.7 in a manner inconsistent with a constant
comoving density of absorbers. This inconsistency is at the 3.1¢ level for g = 1/2 and at
the 4.00 level for go = 0. Thus, the properties of the absorbers are almost certainly evolving
with time. The N(z) curve exhibits a gradual decline for z > 2, as opposed to the rapid

fall-off suggested by earlier results.

The peak in the C IV 2-point correlation function on velocity scales 200 < Av < 600
km s~!appears to have the same power in high-redshift (2,5, > 2.2) and low-redshift
(2abs < 2.2) subsamples. There is marginal evidence that the width of the correlation peak
on these small velocity scales is smaller in the high redshift subsample. A 20 excess of
power on velocity scales 1000 < Av < 10,000 km s~!exists in the low redshift subsample,
but not in the high redshift subsample.

Arguments are presented that appear to rule out a significant evolution of the gas
velocity dispersion parameter b with redshift in the clouds which give rise to the C IV
absorption, and therefore the evolution of the number of observed C IV systems is inter-
preted as a systematic change in the mean C IV column density of the clouds. A changing
abundance of C, and not a systematically changing ionization state in the gas, is probably
dominating the observed evolution. The evolution of the mean C IV doublet ratio and

a changing distribution of equivalent width with redshift indicate that the typical C IV
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column density, and by extension the typical abundance of C, is increasing by a factor of
~ 3 over the redshift range 3 > 2 > 1.5, corresponding to lookback times of 12.4h5; to
9.8h;y Gigayears (g0 = 1/2) and an e—folding time for chemical enrichment of between 1
and 2 Gigayears. An attempt is made to relate the chemical evolution of the absorbers to

early enrichment in galactic halos.

Subject headings: cosmology-galaxies—quasars
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I. INTRODUCTION

It has been recognized for some time now that the QSO heavy element absorption
systems in principle offer a means of studying the properties and distribution of baryonic
material at redshifts that are largely inaccessible to other observational means. The first
step toward using the heavy element systems for such study was necessarily to show that
they indeed arise from an intervening population of absorbers, as opposed to material that
may be somehow associated with the QSO itself. Young, Sargent, and Boksenberg (1982)
undertook a statistical study of the distribution in redshift and in apparent “ejection”
velocity relative to the QSO of the C IV absorption systems in the spectra of 33 QSOs.
They found that the distribution in velocity space was indeed consistent with uniformly
distributed absorbers, and that the velocities of the absorbers relative to the QSO rest frame
are for the most part cosmological in origin, i.e.,‘ resulting from the general Hubble flow and
not due to ejection of material from the QSO itself. More recently, Sargent, Boksenberg,
and Steidel (1988) (hereinafter SBS) completed a larger and more sensitive survey for C IV
absorption, this time in the spectra of 55 QSOs. The general findings of Young, Sargent,
and Boksenberg (1982) were confirmed; in addition, the improved statistics allowed an
investigation of the evolution in redshift of the number density of C IV absorbers, as well as
a determination of the two—-point correlation function (in velocity space) of the absorbers.
It was found that the numbér of C IV absorbers actually decreases with increasing redshift
over the range 1.25 < 24, < 3.3, very much contrary to the evolution of the Lyman a
forest absorption lines (e.g., Murdoch et al. 1986) and the Lyman Limit absorption systems
(e.g., Sargent, Steidel, and Boksenberg 1989 (hereinafter SSB), Lanzetta 1988, Tytler 1982).
This observed evolution of the C IV absorbers could be naturally explained by a systematic
evolution in the heavy element enrichment in the gaseous material as a function of time,
or a systematic change in the level of ionization in the clouds as a function of redshift, or
both. The decline in the number of C IV absorption systems (subject to a minimum rest
equivalent width criterion) with increasing redshift actually appeared as if there might be
a rather precipitous “drop—off” for redshifts larger than ~ 2.8, although this could not be

substantiated statistically given the existing data. Although the survey of SBS was sensitive



- 46 -

to absorption in the redshift range 1.25 < 2,45 < 3.5, the data were sparse for z,5, > 2.7.
“There were two primary reasons for this: One was that there just were not many bright,
high—-redshift QSOs known during the time that the observations were being made for the
survey, and secondly, the observations were made with the photon—counting IPCS detector,
whose efficiency was quite low for wavelengths above ~ 6000 A. In view of the importance
‘of improving the statistics of the C IV absorption systems at the highest redshifts (where
it appeared that the evolution may be occurring quite rapidly), a high redshift “extension”
of the SBS survey was undertaken, this time with a sample of QSOs with 2., > 3.0, using
red-sensitive CCD detectors. The new survey is intended to be completely complementary
to the SBS survey, and was deliberately carried out with comparable spectral resolution
and sensitivity for the detection of weak C IV doublets. In combination with the previously
completed survey, the new data allow the properties of the heavy element absorption systems
to be investigated over the whole redshift rangé 1.25 < zgps < 3.7.

We present the new observations in §II, and the new sample of C IV absorption systems
in §III. We rediscuss the evolution of the C IV absorption systems in light of the new data
(and combined with the previous survey results) in §IV, and discuss the implications of the

chemical evolution of the absorbers at early epochs in §V. The conclusions are summarized

in §VIL

II. OBSERVATIONS AND REDUCTIONS

As in SBS, the QSOs observed as part of this survey were selected solely on the basis
of their brightness and emission redshift. Since it was important to improve the statistics of
the absorption systems with z,4, > 2.7, the sample was restricted to QSOs with z.,, > 3.0.
In fact, the mean emission redshift of the 11 objects observed is (zq,) = 3.473. In order to
produce a large enough sample of objects with very high redshift, it was necessary to relax
the apparent magnitude criterion from my < 18.0 in SBS to my < 18.5 for the current
sample.

Spectra of all but one of the 11 objects observed were obtained at the Las Campanas
2.5 m DuPont Telescope in 1988 September; the spectrum of Q1208+101 was obtained in

1988 February at the Palomar Hale Telescope. The complete journal of observations is
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presented in Table 1.

The new Modular Spectrograph at Las Campanas Observatory turned out to be ideally

suited to the type of observations necessary for this project. The detector used was a Texas
Instruments 800 X 800 CCD, which is extremely efficient for wavelengths above 4500 A. The
Modular Spectrograph was used in “echellette” mode, where a special echelle “immersion
‘grating” (e.g., Dekker 1988) with 150 lines/mm was used as the primary disperser, and
a “grism” ruled with 300 lines/mm (with an effective blaze of 5000 A) was used as a
cross—disperser. With this setup, it was possible to record orders 15 through 25 on the
CCD simultaneously, giving a total wavelength coverage of 5000-8400 A. The pixel size
in the dispersion direction is 25 km s~!, and the resolution obtained over the entire chip
(using a slit width of 1.5 ') was less than 2.3 pixels FWHM, giving a spectral resolution
of < 60 km s~lin each order. The size of the pixels in the spatial direction projected to
0.85 ”". Because the objects observed are all hfgh redshift QSOs with m > 17 (and more
typically with m > 18), it is very necessary to have good sky subtraction even under dark
observing conditions. Thus, a slit length of ~ 35 "was used; this slit length allowed for a
sufficient amount of sky in each order without the orders overlapping on the CCD. Because
of the rather large wavelength range observed simultaneously, the spectrograph slit was
maintained at the parallactic angle during all of the observations in order to minimize light
losses caused by atmospheric dispersion.

Individual exposures were usually 5400 seconds (in order to minimize the effects of
read-out noise, which for the CCD used was 11 electrons per pixel), bracketed by exposures
of Fe-Ar Hollow Cathode + Ne comparison lamps to calibrate the wavelength scale. The
spectrograph flexure was minimal from exposure to exposure, with the positions of arc lines
changing by less than 0.15 pixels over several hours with the telescope pointed to a given
position. The spectrophotometric standard star EG 274 was observed each night in order
to correct the spectra for broad variations in response across the CCD that were due to the
echelle blaze function and the variation in sensitivity of the CCD to different wavelengths.

While the accumulation of data was extremely efficient using the above setup, the
data reduction presented special problems because of the long-slit echelle format. The

best procedure finally arrived upon after significant experimentation is as follows. The
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two—dimensional echelle format CCD frames were first cleaned of cosmic rays, and then
polynomials were fit to each order of a spectrum of the standard star. The frames were then
rectified so that each order fell parallel to the rows of the frame (a great deal of care was taken
in aligning the slit with the columns of the CCD at the time the observations were made,
so that no rectification in this direction was unnecessary in the reduction stage). The same
corrections were applied to the flat field frame. The data were next flat—fielded, extracted,
and sky-subtracted; for each order, the frame was median—filtered along the dispersion
direction, producing a one-dimensional cross—cut, which was then used to determine which
rows to extract for the object and for sky. The rows extracted as object were weighted
according to the median number of counts above the sky level, in a manner similar to
the algorithm suggested by Robertson (1986). The sky was calculated for each dispersion
column by taking the median of the pixel values for the rows selected as sky. A variance array
was also calculated for each order by assuming a Poisson counting model in which the CCD
read—out noise and gain were accounted for. The extraction procedure produced an 800 CCD
column by 10 order data structure, along with the corresponding error values. Arc spectra
were extracted from the same CCD rows as the object spectra, and then each order was fit
with a third-order polynomial wavelength solution. The average residual in the wavelength
solution was ~ 0.08 A. The wavelength solutions were then applied to all of the QSO spectra,
which were rebinned to the same wavelength scale, with the same dispersion (25 km s™!per
pixel) at which the data were obtained. Individual exposures of the same object were then
added together, weighting by the variance at each pixel value in each order. The same steps
were applied to the spectra of the standard star, and then the star spectrum was smoothed
and features were removed. This spectrum was then divided into the “echellogram” for each
object, thereby removing the echelle blaze function from each order and leaving only the
stellar energy distribution, which happens to be extremely flat over the observed wavelength
range. The echellograms were then merged into continuous, one-dimensional spectra; in
spectral regions where adjacent orders “overlapped” in wavelength coverage, the orders
were combined by again weighting according to the variances. The new error spectrum was
maintained for each object for subsequent use in the measurement of the absorption lines

and estimation of signal-to—noise ratios (S/N). The resulting spectra have a resolution of



— 49 -
60 km s~ lover the wavelength range 5000-8400. The unsmoothed spectra are plotted in
v'Figure 1.

The spectrum of Q1208+101 was obtained in 1988 February at the Palomar 5.0 m Hale
telescope, using the Double Spectrograph Red Camera with a 1200 line/mm grating in first
order. Observations were made through a 1" slit, which again was aligned at the parallactic
angle. Three separate grating settings were necessary in order to cover the appropriate
wavelength range at ~ 80 km s~!resolution. The separate observations were merged using
a method similar to that described above; the final spectrum is presented in Figure 1.

Unfortunately, the very bright and complicated night—sky spectrum longward of ~ 7300
A degraded the quality of the spectra in that wavelength region for all but the brightest
objects. Consequently, in the interest of conserving space, only the spectral regions for

which the data were deemed “useful” were included in the plots in Figure 1.

III. THE ABSORPTION SYSTEMS

a) Absorption Line Measurement

The absorption lines in each of the 11 spectra shown in Figure 1 were measured
interactively using methods similar to those used by SBS, except that the actual calculated
variance arrays were used for error and S/N calculation rather than estimates made from
the fluctuations in the data in the neighborhood of each measured line. Each absorption line
that satisfies the criterion W5, > 5.00(W) has been included in Table 2. The wavelengths
are all heliocentric in vacuum. The positions of the tabulated lines are indicated on the
spectra in Figure 1. Where lines are involved in complexes or blends, an attempt has been
made to separate the features into individual components; this is to a certain extent a
subjective process, and in such cases the tabulated equivalent widths and wavelengths are
somewhat more uncertain than the formal errors suggest.

Column 6 of Table 2 lists the S/N calculated over the range of pixel values included in
each absorption line; thus, for the weakest lines, the value in column 6 represents the actual
continuum S/N, whereas for strong lines the tabulated value is likely to be considerably

less than the actual continuum S/N. In general, as was the case for SBS, the spectra have
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continuum S/N > 20.

The absorption line lists were examined and lines were identified using methods identi-
cal to those employed by SBS. Below we discuss each spectrum and the identified absorption
systems. Reference has been made to previous work only when it involved analysis of
absorption spectra. Again, complete references for the published QSOs in the sample can

‘be found in Hewitt and Burbidge (1987) or Veron—Cetty and Veron (1987).

b) Discussion of Individual Spectra

i) Q0000—263 (zem = 4.104)

This QSO, discovered by Hazard and McMahon (1988), is the brightest QSO known
with a redshift larger than 4.0. It was observed as part of a survey for Lyman limit
absorption by SSB, although the spectrum was of low resolution. There is an unambiguous
damped Lyman « line at ~ 5350 A, which is associated with the Lyman limit found at
Zabs = 3.39 by SSB. We have attempted to fit a damped profile to the line in our new,
higher-resolution spectrum in order to determine the HI column density. The definition
of the continuum in this region is slightly complicated by the fact that the absorption line
falls very near the expected position of the OVI/Ly § emission line. Nevertheless, we find
that log N(HI) = 21.3 £ 0.1 cm~2. The narrow lines identified in the wings of the line
were measured by using the calculated damped profile as the continuum level. A glance
at Figure 1 shows that the spectrum longward of 7300 A is badly affected by the strong
night sky lines, as well as the effects of a blocked column crossing the spectrum on the CCD
chip (between 7500 and 7600 A); however, the spectrum is shown all the way out to the
C IV emission line because of the very interesting strong C IV feature just longward of the

emission line. This redshift system will be discussed below.

2qbs = 3.3898: This is the redshift system with the associated damped Lyman « line
discussed above. Very strong C IV and Si IV doublets are identified, along with Si II A1526,
Si II A\1260, C II A1334, O I A\1302, and Si IT A1304. The C IV doublet shows evidence for
being made up of a number of components, as is usual for heavy element lines associated

with damped Lyman « systems.



- 51 -

Zabs = 3.5363: A weak C IV doublet defines this system. There is a moderately strong
Lyman o line also identified.

Zabs = 4.1324: This system consists of a very strong C IV doublet at a redshift roughly
1700 km s~ 'higher than the emission line redshift of the QSO. Aside from its very high
redshift, this system is unusual (for a system with 2,55 = 2.n,) in that it appears to be of
mixed ionization state—a strong Si IT A1526 line is identified, and there is a strong Lyman o
line near 6240 A. The absorption redshift of this system may be the highest for any known

heavy—element absorption system.
i) Q0041—266 (zem = 3.045)

This object is another that was discovered in an objective prism search for QSOs in
 several SGP fields by Hazard and McMahon (1988). The emission redshift, which is not
particularly well-determined from the spectrum because of the broad, weak emission lines,
is the lowest of the 11 newly observed QSOs. The following absorption redshifts have been
identified in its spectrum:

2gbs = 0.8626: A rather weak Mg II doublet defines this low redshift system.

Zabs = 2.2659 : This redshift is identified only by a weak C IV doublet.

Zabs = 2.3392: There is some evidence for a multiple—component structure in this weak
C IV doublet.

Zabs = 2.7413: Along with the C IV doublet, there is a very weak Si II A1526 line
identified with this redshift. There is some evidence for a second, weaker component at
Zabs = 2.7432.

Zgbs = 2.7576: Another very weak C IV doublet.

iii) Q0042—264 (2m = 3.298)

This object is another discovered by Hazard and McMahon (1988). It is only 15.6 '/
away from Q0041-266 on the plane of the sky. The following absorption redshifts were
identified in its spectrum:

Zabs = 2.0298: Although this lower redshift systems is identified by only the Al III

AX1854, 1862 doublet, the redshift agreement between the two components is sufficiently
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good that the identification is likely to be correct.

Zabs = 2.4758: An unambiguous C IV doublet defines this redshift.

Zabs = 3.1466: This system is identified by a weak C IV doublet.

Zabs = 3.2374: Another system defined by a weak C IV doublet.

Zabs = 3.2921: While the redshift agreement between the two components of the C IV

doublet is not particularly good, the identification of a moderately strong associated Lyman

a line lends credence to the identification.
iv) Q0055—269 (2em = 3.653)

The absorption spectrum of this QSO has been studied previously at low resolution by
'SSB. No strong Lyman limit system was found by these authors. The following absorption
redshifts were found in the new spectrum:

2gps = 1.5335: A Mg II doublet and two Fe II lines make this a certain low redshift
system.

Zabs = 2.9494, 2.9513: It is possible to identify two closely spaced C IV doublets in
this system. This system was identified in the spectrum analyzed by SSB, although the two
components were not resolved.

Zabs = 3.1910, 3.1943: Although C IV doublets have been identified for two components
in this complex, it is likely that more components would be found with higher spectral
resolution. A very weak Si IV doublet is also found at this redshift. The redshift system
was also detected by SSB, although again the multiple components were not resolved.
Surprisingly, there is no evidence even a posteriori for the presence of a Lyman discontinuity
at this redshift in the low-resolution spectrum of SBS.

Zabs = 3.6013: This system has a relatively strong C IV doublet along with the Lyman
«a line.

Zabs = 3.6764: Although the redshift agreement between the components of the puta-
tive C IV doublet is good, there is a high probability that this system is not real; the C IV
doublet falls in a region of the spectrum where the data become very noisy because of poor

sky subtraction.



_ 53 —_
v) Q0256—000 (zem = 3.370)

The spectrum of this QSO has also been studied previously (at low resolution) by SSB.
While no C IV systems were identified on the basis of the low-resolution spectra, two low
redshift Mg II systems were found. Our new higher resolution spectrum confirms the reality
of the system at z,5, = 1.198, but if the system at z,5, = 1.025 is real, then the equivalent
widths of the lines must be somewhat smaller than the SSB measurement suggested. There
is a line at A5663 in our new spectrum with an observed equivalent width of 0.5 A for which
the wavelength agreement with the Mg II A2796 line (with measured equivalent width of
0.94 A) identified by SSB is very good. The following systems are identified on the basis of
the new spectrum:

Zaps = 1.1983 : A certain low redshift system, with 3 Fe II lines identified in addition
to the Mg II doublet. ‘

Zabs = 3.0919, 3.0945: The reality of these two C IV doublets is far from being certa,iﬁ
becauée of their weakness and the relatively poor redshift agreement between the two lines
of the doublet for each component; however, if real, it is quite possible that these lines are

associated with the Lyman limit system found at z;;s = 3.090 by SSB.
vi) Q0347-383 (zem = 3.222)

The following absorption systems have been identified in the spectrum of this QSO:

2gps = 1.4565, 1.4581: The two—component nature of this system is evident only in
some of the Fe II lines, not in the strong Mg II doublet.

Zaps = 1.5263: Despite the fact that the doublet ratio of the moderately strong Mg II
doublet is unphysical, the system is certainly real, as several Fe II lines are also identified.
It is likely that one of the Mg lines has been affected by a noise spike, possibly because of
imperfect sky subtraction.

Zaps = 2.3852 : A clear C IV doublet defines this redshift.

Zgbs = 2.5706 : This system is identified by only a weak C IV doublet.

Zaps = 2.6508, 2.6524: This C IV complex was rather arbitrarily separated into
individual lines; there are two likely redshifts suggested, but again there may be many

subcomponents, which would appear in higher resolution spectra. The lines identified as
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the Si IV doublet from this system are certainly blended with other lines in the Lyman «
forest, if they are indeed present.

Zabs = 2.8103 : This is an unambiguous C IV doublet in which the A1548 line has been
affected by poor sky subtraction, resulting in an unphysical doublet ratio. A strong Si IV
doublet is also found for this redshift.

Zabs = 2.8487 : This system consists of a relatively weak C IV doublet, along with a
very weak Al IT A1670 and possibly Al III A\1854, 1862.

Zabs = 3.0252 : Along with the relatively strong C IV doublet (which appears to be
affected somewhat by poor sky subtraction), Fe II A1608, Si IT A1526, Si IV AA1393, 1402,
C II A\1334, and Si IT A1260 are found for this redshift.

vii) Q0428—136 (zem = 3.244)

This QSO is another discovered by Hazard and McMahon (1988). The following
absorption redshifts are identified in its spectrum:

Zabs = 1.5189, 1.5201: The double nature of this very strong absorption system is easily
seen in the Fe II lines; only noise prevents the same structure from being seen in the Mg II
doublet.

Zgps = 2.3639, 2.3663: Only two of probably many components in this complex of C IV
absorption redshifts have been identified. It is unlikely that this complex is indicative of
marginal BAL behavior, since the velocity separation from the emission redshift is very
large and there are no other such complexes at smaller relative velocities.

Zgbs = 2.5496 : An unambiguous C IV doublet defines this redshift.
viii) Q12084101 (z.m = 3.811)

The spectrum of this object was the only one of the 11 new observations to be obtained
at Palomar Observatory. The resolution of the spectrum is slightly lower than for the Las
Campanas observations, but is the same as the resolution for the 55 QSOs in SBS. The
following absorption redshifts have been identified:

Zqabs = 2.8573, 2.8606, 2.8640: This complex of C IV doublets would undoubtedly reveal

more complex structure at higher spectral resolution.
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Zabs = 2.9147, 2.9158: In addition to the two identified C IV doublets, Si II A1526 and

the Si IV doublet are found for this redshift system. The structure is not resolved in the Si

lines.
ix) Q2000-330 (zem = 3.777)

The absorption spectrum of this QSO has been fairly extensively discussed in the
literature. The Lyman a forest region has been discussed by Hunstead et al. (1986a), while
the spectral region longward of the Lyman o« emission line has been studied by Hunstead et
al. (1986a,b, 1987), and Meyer and York (1987). The last three papers have dealt primarily
with relatively small spectral regions. The spectrum obtained by Meyer and York (1987)
covered the wavelength range 6220-6620 at ~ 2 A resolution and S/N ~ 100, while Hunstead
et al. (1986b) concentrated their discussion on lines occurring in the range 6300-6550 A, and
Hunstead et al. (1987) briefly discussed the heavy element abundance in the z,,, = 3.1723
absorption system. Detailed comparisons will be made wherever possible below, where we
outline the systems identified in the new spectrum:

2gbs = 1.4542: This low redshift system is identified based on a weak Mg II doublet

and several weak Fe II lines.

Zgps = 2.0330: The lines of Fell A\2344, A2374, and A2382 define this redshift.

Zabs = 2.9780: In addition to a relatively strong C IV doublet, Fe IT A1608, Si II A1526,
and several other lines that are less certain (because they fall in the Lyman o forest) are
found for this absorption system.

Zabs = 3.1726: This system was discussed by Hunstead et al. (1987) as an example
of a low-ionization component of the absorption “complex” that spans the redshift range
3.172-3.192. No C IV or Si IV was found in their spectra; the system was identified primarily
on the basis of several lines usually associated with mostly neutral absorbers. However, we
do find both C IV and Si IV doublets in our new spectrum, which has comparable resolution
but higher signal-to—noise ratio than that of Hunstead et al. . In their lower resolution,
higher S/N spectrum, Meyer and York (1987) also found the C IV doublet for this system.
We are unable to comment on the relative strengths of Si II and Si III, since Si III 1206

is expected at a wavelength where our spectrum is not of very good quality. However,
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we have attempted to measure the column densities of Si II and Si IV based upon the
1526 and Si IV AA1393,1402 lines. For the Si IV doublet, the A1393 line is blended with
a line from another system, so that the fit is dictated primarily by the A\1402 line. We
find that log N(Si IT) = 13.1 £ 0.1, and log N(S¢ IV) = 13.1 £ 0.1. The column density
measured from profile fits to the C IV doublet is log N(C IV) = 13.4 £ 0.1. Assuming
that the HI column density for this system is as measured by Hunstead et al. (1987),
log N(HI) = 19.78, and adopting the C II column density limit placed by Hunstead et al.
, we find that photoionization models suggest abundances which are just slightly smaller
than those suggested by Hunstead et al. , ie., [C/H] = —2.5 and [Si/H] =~ —2.4 (the
disagreement arises because the models suggest that the cloud is ~ 50% neutral, rather
than ~ 100% as was assumed by Hunstead et al. ). However, since the absorption system
appears to be a complex, the estimation of abundances is rather uncertain.

2gabs = 3.1875: As was also found by Hunstead et al. (1986b), this system appears to
have no C IV or Si IV lines strong enough to be identified, although it does have reasonably
strong lines of Fe II, Al II, Si II, and C II (although the C II feature falls in the Lyman o
forest and therefore its strength must be regarded as an upper limit).

Zabs = 3.1914: There is evidence for some unresolved structure in the C IV lines at this
redshift. We find a weak Si IV doublet, Al IT A1670, C II A1334, Si III A1206, and several
Si II lines also associated with this system. This redshift was also identified by Hunstead
et al. (1986a,b) and by Meyer and York (1987).

Zabs = 3.3334, 3.3375: The stronger component of this double system was identified by
Hunstead et al. (1986b) on the basis of lines in the Lyman a forest; in our spectrum, we
find the C IV and Si IV doublets, as well as the Al II A1670 line, in addition to many of the
lines found by Hunstead et al. . For the weaker, higher redshift component, we find only
the C IV doublet in the spectral region longward of Lyman « emission. Meyer and York
(1987) have found a possible Si IT A1526 line associated with the lower redshift.

Zaps = 3.5479, 3.5503, 3.5523, 3.5552, 3.5575: The multiple component nature of this
complex can easily be seen in the C IV absorption near 7050 A in the plot in Figure 1. We
have somewhat arbitrarily divided the complex into 5 redshift systems, although again more

may be present. A heavy—element redshift with z,,, = 3.5519 was identified by Hunstead
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et al. (1986a) on the basis of the Lyman series lines and several low—ionization lines, most
of which fall in the Lyman o forest. Hunstead et al. suggested the presence of an aggregate
of clouds with a total velocity span of ~ 900 km s~!; the identified components of the C IV
complex on the basis of our new spectrum have a total velocity span of ~ 640 km s!.
Very similar velocity structure is seen in the Si IV doublet and the C II A\1334 line. It is
this complex of absorption redshifts that is responsible for the Lyman limit absorption edge

near A4150, which was noted by Hunstead et al. (1986a).
x) Q2204-408 (zem = 3.169)

The following absorption redshifts have been found:

Zabs = 1.8145 : This redshift, based on the Al III A\1854, 1862 doublet, is likely to be
real, given the strength of the lines.

Zabs = 2.6280: This redshift is based on an unambiguous C IV doublet. There is some
indication of a weaker C IV doublet at z44s = 2.6296.

Zgps = 2.8375: A certain C IV doublet defines this system.

Zqbs = 2.8500, 2.8545: While the division into components of this complex of systems
is uncertain, the lines are definitely those of C IV. Corresponding Al II A1670 and Si IV
AA1393, 1402 are also found.

2gps = 3.1580, 3.1596: This double C IV doublet is found near the peak of the C IV

emission line.
xi) Q2239-386 (zem = 3.511)

This QSO is by far the faintest in the newly observed sample. It is another object that
was discovered by Hazard and McMahon (1988). The emission lines are unusually broad
and weak; hence the determination of the emission redshift is more uncertain than for most
of the other QSOs in the sample. The following absorption redshifts have been identified:

Zabs = 1.0328: A rather weak Mg II doublet defines this redshift.

Zabs = 2.3765, 2.3786: The double nature of this moderate redshift system is exhibited
by the strong Fe II A1608 and Al IT A1670 lines; the Al IIT AA1854, 1862 doublet is also

found.
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Zgbs = 2.6006: An unambiguous C IV doublet defines this redshift.

c) Statistical Samples of Absorption Systems

An unbiased survey for a particular class of absorption system must have a rest equiv-
alent width threshold above which an absorption system could have been found at any
redshift where the survey is sensitive, in any of the spectra. The intent of the present work
was to extend the C IV survey of SBS to higher redshifts using spectra of similar resolution
and signal-to-noise ratio. However, the new spectra were obtained in an echelle format,
using a CCD detector (as opposed to the photon—counting detector, which was used for
most of the observations comprising the SBS survey), and consequently it was somewhat
more difficult to monitor the quality of the spectra as the observations were being made.
In addition, the multi-order format makes it more difficult to obtain a completely uniform
signal-to—noise ratio over the entire observed épectra.l range. It is therefore necessary to
re—examine the reduced spectra in order to gauge the sensitivity to detection of C IV
doublets as a function of redshift. This was accomplished by using the variance arrays
that were maintained during the reduction process. These “error spectra” account for CCD
read—out noise, Poisson noise, sky, and sky subtraction; together with the actual reduced
data, these then provide a pixel-by—pixel estimate of the signal-to-noise ratio for each
spectrum. The spectra were then run through a program in which the rest equivalent width
of the weakest 50 C IV line was calculated for every pixel of each spectrum. It was assumed
for the purposes of the calculation that the full width of a weak line is ~ 5 pixels. It
turned out that for all of the spectra, a C IV line with Wy = 0.15 could have been detected
over most of the spectral region longward of Lyman o emission and shortward of C IV
emission. However, for some of the highest redshift objects in the new sample, and for the
very faint Q2239-386, there are small spectral regions in the red where .ae sensitivity to
the detection of weak C IV doublets was only marginally acceptable. In columns 3 and 4
of Table 3, we have listed the minimum and maximum absorption redshifts at which C IV
doublets with each line having Wy > 0.15 A could have been detected (this is exactly the
same criterion used by SBS). Wherever column 4 contains only three dots, the maximum

absorption redshift is equal to the measured emission redshift, which is listed in column 2.
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These emission redshifts were measured primarily on the basis of the peaks of the Lya and
C IV emission lines for each object.

Also listed in Table 3 are the detected C IV doublets for each spectrum, and the cor-
responding measured equivalent widths for the A1548 and A1550 absorption lines. Because
the spectral resolution of the new observations slightly exceeds that of most of the spectra
used in the SBS survey, any detected C IV doublets that were separated by < 150 km
s~lhave been listed as a single system and the tabulated equivalent width is the sum of the
equivalent widths for the two components. This was done so that weak systems that were
resolved into two components in the new spectra (and that would not have been resolved
in the spectra of SBS) would not be excluded from the “complete sample” of systems with
Wo > 0.15 A.

In all of the following discussion, the sample summarized in Table 3 has been combined
with the C IV sample of SBS to form a new sample of 275 redshifts found in the spectra
of 66 QSOs. Figure 2 is a histogram illustrating the “redshift coverage”, or the number of
lines of sight observed in which a C IV doublet satisfying the criterion Wy > 0.15 A with a
given redshift could have been found. The solid histogram represents the redshift coverage
of the SBS survey, while the dashed histogram represents the redshift coverage of the survey
with the new observations added. Clearly, the new observations have added significantly to
the survey’s sensitivity for redshifts above 245, ~ 2.5.

Following SBS, it is useful to define a number of different subsamples of C IV absorption
systems for the purposes of various statistical tests. These samples are summarized in Table

4, and will be discussed in subsequent sections.

IV. THE EVOLUTION OF THE C IV ABSORPTION SYSTEMS

a) Evolution in the Number of Systems With Redshift

The observed number of absorption systems that are due to cosmologically distributed,

intervening absorbers is expected to have the form
N(z) = No(1+ 2)(1 + 2g02)™"/? (1)

where N(z) = dN/dz, the number of absorption systems per unit redshift evaluated at
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redshift 2. This equation holds in a standard Friedmann Universe if the properties of
the absorbers do not vary with redshift; however, if the properties of the absorbers do in
fact change systematically with redshift, then Ny = nr3¢oc/Ho = No(z). Here ¢y is the
comoving space density of absorbers, and ry is the mean effective cross—sectional radius
within which a line of sight will exhibit detectable heavy element absorption. In principle,
these two quantities can be influenced by a number of factors, including the ionization state
of the gas in the clouds (dictated primarily by the mean gas density and the intensity of
the ionizing radiation), and by actual changes in the sizes or numbers of absorbing objects

as a function of redshift.

As usual, it is convenient to compare the actual observations with a power law of the
form N(z) = C(1 + z)?, where C is a constant. A glance at Equation (1) then shows
that in the case of non—evolving absorbers, v = 1 for go = 0 and v = 1/2 for g0 = 1/2.
Only recently have samples of heavy element aibsorption systems become large enough to
justify any significant statement concerning evidence for evolution of the absorbers with
redshift. The usual way of proceeding is to calculate the maximum likelihood estimate of ¥y
for a sample of absorption systems and compare it with the “no—evolution” values above.
For sample S2 of SBS, which was regarded as their primary sample for the investigation
of the evolution of the number density of absorbers with redshift, a maximum likelihood
estimation gave ¥ = —1.20 £ 0.71; qualitatively similar results were found for various other
subsamples extracted from their data and from Young, Sargent, and Boksenberg (1982;
hereinafter YSB) and Foltz et al. (1986) using somewhat different selection criteria. The
results allowed the certain exclusion of “no—evolution” if go = 0, and exclusion at the 2.30
significance level if go = 1/2. However, there was some indication from the data that the
actual N(z) curve was not well-represented by a power law, and that in fact there may be a
rather sharp drop in N(z) for redshifts above zgp, ~ 2.5 (see Figure 6 of SBS). The present
work was largely motivated by the need to establish more firmly the real trend of the N(z)

curve at these redshifts.

Following SBS, for the purposes of evaluating the redshift dependence of the number
density of absorbers, we have formed unbiased subsamples of C IV redshifts by applying

the constraint that “clumps” of C IV redshifts on scales less than 1000 km s~!are counted
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as only one system. The properties of these samples (called the “Poisson samples” by SBS)
“are summarized in Table 4. Sample ES2, which is identical to sample S2 of SBS, with the
addition of the new data presented in this paper, will again be regarded as the “primary”
sample; sample ES5 is identical to sample S5 of SBS (again, with the addition of the new
data), and includes data from YSB and from Foltz et al. (1986). As is discussed in detail
in SBS, the absorption systems within 5000 km s~!of the QSO emission redshift have been
excluded in order to prevent possible contamination of the unbiased sample by “associated”
absorption. Several authors (e.g., Foltz et al. 1986) have found that there is an excess
number (over the number expected from a uniform, intervening population of absorbers) of
absorption systems with zgps & 2em for certain classes of radio-loud QSOs. In addition, it
is likely that the ionizing radiation of the QSO itself influences the state of ionization of the
clouds for 2455 X Zerm. In all samples the distribution of absorption systems in terms of the

apparent ejection velocity
— (1 + zem)2 - (1 + zaba)2 (2)
(1 + zem)2 + (1 + zaba)2

is seen to be uniform for B¢ > 5000 km s~!. Although no significant excess of absorption

B

systems with 2,5, X zem was found in the SBS sample, we have again chosen to be
conservative and exclude the systems with ¢ < 5000 km s~!from the primary sample.

A maximum likelihood fit to the unbinned data in sample ES2 gives vy = —1.26 £+ 0.56
(see Table 4), in very good agreement with that found by SBS, but with substantially smaller
uncertainty. The real improvements introduced by the extended sample are most evident,
however, from a plot of the binned data, as shown in Figure 3. The last two bins are much
better determined than for the original SBS plot, and in fact the present data really extend
the spanned redshift range up to ~ 3.7 from the original ~ 3.4. A gradual declining trend
with increasing redshift is evident beginning at zgp, ~ 2 until N(z) has decreased by a factor
of ~3 by z ~ 3.5. Although the possibility of a steep “discontinuity” at z ~ 3 appears to be
ruled out by the new data, one gets a clear impression that a power-law representation of
the curve is also not appropriate; the curvature appears to be in the opposite sense. In fact,
there is the impression that the N(z) curve is essentially flat until z ~ 2, and not increasing
steeply to lower redshifts as required by the power law form. This qualitative behavior in

the redshift range 1.2 < zgp, < 2.2 is completely consistent with the N(z) curve observed
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for Mg II absorption systems in this range (SSB;Sargent, Steidel, and Boksenberg 1988).
Taking the maximum likelihood fit for the power-law form at face value, “no evolution”
of the absorbers can now be excluded at the 4.0 o level if g = 0 and the 3.10 level if
go = 1/2. Therefore, it can be said with certainty that the absorbers evolve with redshift

for any reasonable value of ¢q.

As in SBS, the value of 4 found for the sample in which both doublet components must
exceed 0.30 A (sample S5 in SBS and sample ES5 in the present paper) in rest equivalent
width is somewhat steeper than for the samples containing weaker doublets (samples S2
and ES2). This suggests the possibility that the N(z) curve may be different for weak and
strong C IV doublets. In Figure 4 we have plotted the binned N(z) distribution for two
subsets of sample ES2, one containing the 44 doublets with 0.15 < Wy(1548) < 0.40 A
and the other containing the 60 with Wp(1548) > 0.40 A. The trend for the weaker sample
appears to be in the opposite sense to that of Lthe stronger; this impression is supported
by the results of maximum likelihood estimates of vy, which are ¥y = —2.35 £ 0.77 for the
strong sample and v = 0.14 £ 0.85 for the weaker sample. A Kolmogorov-Smirnov (KS)
test has been performed on the two unbinned distributions of absorption redshifts, with the
result that one may reject the null hypothesis that the two samples were drawn from the
same parent distribution with ~ 93% confidence; thus, formally, the two subsamples are
marginally different from one another. It should be noted that the division of sample ES2
at Wp(1548) = 0.40 A was arbitrary, with the value chosen to approximately divide the
sample into equal subsamples. It is quite possible that if an adequate sample of very weak
C IV doublets could be assembled, the difference in redshift evolution would be much more
striking. Unfortunately, even now the weak line subsample is very incomplete at the low
equivalent width end, since doublets with Wo(1548) = 0.15 A are on the optically thin part
of the curve of growth for reasonable (b > 5 km s~!) values of the gas velocity dispersion
and would have doublet ratios near 2. It would therefore be necessary to be able to detect
Wo(1550) = 0.075 in order to be “complete.” In an effort to do this, the 21 QSOs in which
lines of that strength could have been detected at the 50 level over the whole relevant redshift
range were selected; however, there are only 29 systems with 0.15 < W(1548) < 0.40 A

in the whole sample, and the redshift path “coverage” is not particularly uniform, making
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the N(z) curve rather poorly determined; the maximum likelihood fit to the power—law
form gives ¥ = 1.64 £ 1.03, which is consistent with “no evolution,” although there is the
suggestion of an increasing comoving density of weak C IV systems. We will return to
a discussion of the possible implications of this result in §V. In the future, an important
project would be to assemble a list of bright QSOs spanning a large range of emission
redshift and obtain very high signal-to-noise ratio spectra in order to create a new sample
of weak C IV doublets. This could be accomplished relatively efficiently, since the number
of weak doublets is probably much higher than the number of strong ones; thus the same

statistical accuracy could be achieved with a significantly smaller number of QSO spectra.

b) Evolution of the Clustering Properties With Redshift

A primary motivation for the large survey for C IV absorption conducted by SBS was
to investigate the clustering properties of the CIV absorption redshifts on scales Av > 200
km s~!. Prior to this, it had been well-established that velocity splittings of Av ~ 150
km s~'are common in the heavy—element absorption systems, and such splittings have
been interpreted as being due to absorption arising in discrete clouds within the halo of a

single galaxy (Bahcall and Spitzer 1969). SBS argued that velocity splittings Av > 200 km
s~lare unlikely to be due to the relative motions of clouds within galaxies, and therefore
that any excess number of splittings on scales Av > 200 km s~!lin the absorption system
velocity two—point correlation function (see SBS for a thorough discussion) may be ascribed
to actual clustering of the absorbers. While it is not intended to repeat all of the details
of the two—point correlation function analysis presented by SBS, the new data justify a
re-examination of the clustering properties of the absorbers, particularly investigating the

possibility that these properties may change as a function of redshift.

The construction of the absorption system 2-point correlation function is described in
detail in §VIIa-c of SBS. We have plotted the two-point correlation function for sample
EA2 (see Table 4; EA2 should be compared with sample A2 of SBS) in Figure 5a. As in
SBS, the abscissa is Av = cAz/(1 + z), where z = (21 + 23)/2 for each pair of absorption
redshifts (z;,2;) which are found along a single line of sight (i.e., pairs that appear in the

same QSO spectrum). The ordinate is the number of pairs observed, where corrections have
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been made for the fact that large splittings are less likely to be observed than smaller ones
because of the finite “redshift window” spanned by a given QSO spectrum. The dotted
line represents the adopted background level (NV,), which has been estimated by taking the
mean number of pairs per bin for velocity splittings in excess of 1000 km s~!. Thus, in the

usual expression for the covariance function,
dP = ®odV[1+£(r)], (3)

the correlation amplitude is given by £ = (Np/(N,))—1. Following SBS again, in calculating
the 2-point correlation function, all splittings on scales less than 200 km s~'have been
excluded in order not to give too much weight to QSOs which were observed at somewhat
higher resolution, and also because the number of splittings on such small velocity scales is
incomplete given the typical resolution of the spectra. The individual 2-point correlation
functions for each observed QSO are then a,ddéd together, resulting in a correlation func-
tion that is essentially averaged over all of the lines of sight. This is necessary because,
clearly, any individual QSO spectrum will have only a few identified absorption systems
and therefore only a handful of velocity splittings. Sample EA2 contains all of the identified
absorption redshifts that have B¢ > 5000 km s~!; in order to increase the size of the
available sample, no particular minimum Wj is required. Thus, Figure 5a is just a composite
histogram of all the velocity splittings between members of sample EA2 that occur in the
same spectrum.

Not surprisingly (since only 11 QSOs have been added), the qualitative aspects of the
2-point correlation function in Figure 5a are very similar to that of Figure 11b of SBS.
However, the new extended sample is much more complete at high (zqs, > 2.2) redshifts;
therefore, we have divided sample EA2 arbitrarily at z = 2.2 (this roughly divides the
sample in half) and have constructed separate two-point correlation functions for systems
with z,,, < 2.2 and those with 2z, > 2.2. The results are shown in Figure 5b and
3¢, respectively. We recall that SBS found a significant peak in the absorption system
two—point correlation function on velocity scales 200 < Av < 600 km s~!; for sample A2,
the mean amplitude £ was found to be 5.7 + 0.6. For sample EA2, we find £ = 6.1 + 1.2,

in very good agreement with the previous result (it should be noted that the error on the
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determination of £ of 0.6 given by SBS is underestimated by a factor of two, and should
have been 1.2). The corresponding amplitudes have been calculated for the two subsets of
sample EA2, and they are § = 5.8+ 1.4 for z < 2.2 and £ = 6.0 £2.0 for z > 2.2; thus, there
is no significant difference in the power in the correlation function on small velocity scales
for the low— and high-redshift samples of absorption systems. While the general appearance
of the two—point correlation function for Av > 1000 km s~1is flat, it was found by SBS that
there appears to be a marginally significant (2.0 o) excess of splittings on velocity scales
between 1000 and 10,000 km s~!, and a corresponding deficiency of systems (relative to
¢ = 0) for scales between 10,000 and 20,000 km s~!. We find the same sort of effect in the
present work; however, when the two subsamples are examined individually, it is found that
for the 2455 < 2.2 sample, there is a 2.2 o excess of splittings with 1000 < Av < 10,000 km
s~ lover the adopted mean background level, but for the z,5, > 2.2 subsample, the number
of splittings in the same velocity range is within ~ 0.6c of the expected number. That is,
at a marginally significant level, there is more power on scales 1000 < Av < 10,000 km
s~or low redshift absorption systems than for higher redshift systems. 2

It is of interest to note (see Figures 5b and 5c) that the greater part of the power
in the 2-point correlation function on small scales occurs in the velocity range 200 <
Av < 300 km s~!; while this would be expected if the absorption line 2-point correlation
function is analogous to the local galaxy-galaxy 2-point correlation function (see SBS),
it is worthwhile comparing the amplitude of the “tail” of the peak on small scales for

the low— and high- redshift subsamples discussed above. If the bin covering the velocity

% Very recently, however, the results of a more complete analysis of the clustering in the
SBS sample by Heisler, Hogan, and White (1989) has shown that virtually all of the excess
power on large velocity scales is produced by the absorption in one object, PKS 0237-233.
All of the absorption systems in this object have z,,, < 2.2; if PKS 0237—-233 is removed
from the sample, then there is no significant power in the 2-point correlation function on
scales 1000 < Av < 10,000 km s~lin either the low—redshift or high-redshift subsamples.
Clearly, while it is not correct to “remove” anomalous objects from the samples, there is
not yet enough data to support a claim that the type of structure seen in the spectrum of

PKS 0237-233 does not exist at high redshift as well.
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range 200 < Av < 300 km s lis excluded, then the new amplitudes are £ = 4.0 £+ 1.4 for
Zabs < 2.2and £ = 1.9+ 1.4 for 245 > 2.2, corresponding to significance levels of 2.9 and 1.4
o, respectively. Thus, for the high-redshift sample, the peak near the origin would not be
considered significant if systems with Av < 300 km s~!were excluded. While the difference
between the two subsamples is certainly not overwhelmingly significant, it is suggestive.
A strong prediction of any gravitational instability model for the formation of large—scale
structure (including “Cold Dark Matter” scenarios) is that the correlation power near the
origin in the two-point correlation function should decrease substantially with increasing
redshift (or, alternatively, increase substantially with time)(see, e.g., Salmon and Hogan
1986). In addition, such a picture also predicts that the systematic velocities associated
with gravitationally bound systems (i.e., groups and clusters) would also increase with time
as they reach virial equilibrium. This would then be consistent with the fact that the peak
in the 2-point correlation function extends only to ~ 300 km s~for z > 2.2, but to ~ 600

km s~for z < 2.2.

V. DISCUSSION

a) Interpretation of the N(z) Relation

We have seen in §IVa that it is the changing distribution of C IV equivalent widths
with redshift that results in the observed decreasing trend of N(z) with increasing redshift.
There are a number of systematic effects that may be operating to produce this observed
evolution; in this section we will attempt to weigh the various possibilities in an effort to
isolate the dominant factor or factors.

Another useful way of illustrating the changing distribution of C IV equivalent widths is
to compare the actual histograms of Wy (1548) for high— and low-redshift samples. In Figure
6, 2 such histograms have been plotted. Sample ES2 was arbitrarily divided at zg;, = 2.2
into two roughly equal samples. The high- and low-redshift samples are shown with the
dotted and solid histograms, respectively. A K-S test on the unbinned distributions shows
that the samples are different at the 94% confidence level. Of course, since the change in

the distribution of equivalent widths with redshift is gradual, it is not surprising that an
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arbitrary division of the data does not produce an overwhelmingly significant difference.
From Figure 6 it is clear that an exponential distribution of the form (usually used to

describe the distribution of Lyman « forest line strengths)

*

n(Wo)dW = ( N

7 ) exe(=Wo/ )W 4

is probably not appropriate for either of the two distributions. In fact, the maximum
likelihood estimates of N* and W™ for the two distributions lead to fits which are quite
poor in terms of the K-S test, even taking into account the fact that the distributions are
incomplete for Wp(1548) < 0.30 A. It is also interesting to note the broad “peak” in the
distribution for 0.5 < Wy (1548) < 0.7 A, which is most evident in the low redshift sample.
Toward understanding this effect, we now turn to a discussion of the C IV curve of growth.

It has now.' been rather firmly established that, when observed at very high spectral res-
olution, the C IV doublets almost always break ﬁp into several discrete velocity components,
and that the Doppler parameter b for the individual components is in the range 5 < b < 20
km s~!, with the most typical values being 7-10 km s~!(e.g., Blades 1987; York et al.
1984; Pettini et al. 1983). Such b values are consistent with thermal line broadening with
temperatures in the range expected for gas in photoionization equilibrium at T ~ 3—7 x 10*
K. Thus, for spectra with 60-100 km s~ resolution such as those discussed in the present
paper, the components will be unresolved and the measured equivalent widths of the lines
represent the ensemble equivalent widths. However, Jenkins (1986) has shown through
extensive simulations involving ensembles of clouds having a distribution of column densities
and b values that the total column densities inferred on the basis of moderate resolution
spectra agree remarkably well with those determined on the basis of spectra in which the
individual velocity components are resolved. This has been seen to be the case in practice
as well; e.g., for two very strong, unusually complex C IV systems in the spectrum of the
BL Lac object 0215+015, Pettini et al. found that the total C IV column densities were
underestimated by only about 25% in spectra with ~ 115 km s~'as compared with spectra
in which a very large number of components was resolved. It is likely that for a typical
C IV system found in the present survey, which is much weaker and much less complex

than those discussed by Pettini et al. , the errors are likely to be comparable or smaller.
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Unfortunately, most of the high dispersion work on heavy—element QSO absorption systems
has been confined to very complex absorption systems, such as those discussed by Pettini et
al. , and such as the z,5, = 1.79 complex in the spectrum of Q12254317 (York et al. 1984;
Bechtold, Green, and York 1987). Such complexes represent only a very small percentage
of the systems included in the present sample, and it is certainly possible that they have

different origins from the more “typical” absorption systems.

The most important result found by Jenkins (1986) for the present work is that despite
the fact that we know that each C IV doublet is likely to consist of several discrete
components, a single-component curve—of-growth analysis can be used to infer total column
densities for each system (although, in this case, the inferred b values have no physical
meaning in terms of temperatures). There is always the possibility that there are very
highly saturated velocity components that have very large column densities but contribute
only a small amount to the equivalent width; however, we argue that this is unlikely to
be the case for light elements like C if the clouds are in photoionization equilibrium; with
7<b< 10 km s~!, components with appreciable column density will also have appreciable
equivalent width. For all of the high-resolution observations of C IV we are aware of in
the literature, components that dominate the total column density also make significant
contributions to the total equivalent width of a complex. In the analysis of Pettini et al.
(1983), it is the case that the components with the smallest inferred b values also have the
smallest inferred C IV column densities. Thus, in the discussion which follows, since only
moderate resolution spectra are available, it will be assumed that the conclusions of Jenkins
(1986) apply.

To aid in the discussion, Figures 7 and 8 show plots of parameters related to the
theoretical C IV curve of growth. It can be seen from a glance at Figure 7 that C IV
doublets with 0.5 < Wp(1548) < 0.7 A (i-e., =0.3 < logWy < —0.15) are just beginning to
become saturated for “effective” velocity dispersions b = 25 — 50 km s~!. Thus, the “peak”
in the Wy histogram near Wy ~ 0.6 suggests that a large proportion of the absorbers in
sample ES2 have “effective” b values in that range, suggesting typical C IV column densities
in the range log N(C IV) = 13.8 — 14.3 cm™~2. It thus turns out that Wp(1548) ~ 0.40 A is

a fairly natural place to divide the sample, since it is the equivalent width at which most of
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the systems are beginning to leave the linear part of the curve of growth, as seen in Figure
7.

With the aid of Figures 7 and 8, it can be argued that a significant evolution with
redshift of the velocity dispersion parameter b (i.e., the “effective” b value of the ensemble,
and by extension the b value of the individual components) is not likely. In Figure 7, at a
fixed column density N(C IV), a systematic decrease in mean line strength with increasing
redshift (i.e., what is observed) requires that b become systematically smaller. However,
referring now to Figure 8, again at a fixed column density, a systematic decrease in b
results in a general decrease of the C IV doublet ratio DR = Wj(1548)/Wy(1550). This is
contrary to the actual observations, which show that the mean DR is significantly increasing
with redshift (SBS). It is worth re-examining the evolution of DR with redshift, given the
improvements to the sample afforded by the additional data. A plot of the mean doublet
ratio (as in SBS, this is taken from a reduced sample in which W;(1548) must exceed 0.30
A and in which doublets that are obviously involved in blends are excluded) is shown in
Figure 9; DR changes from a value of ~ 1.35 at 245, = 1.5 to ~ 1.65 at 24, =~ 3. If
it is assumed that there is no general change of the velocity dispersion parameter b with
increasing redshift, then Figure 8 shows that the evolution of DR corresponds to a factor
of ~3 decrease in the mean C IV column density over the redshift range 1.5 < zgp, < 3. (It
should be pointed out that the trend of decreasing line strength together with increasing
(toward the optically thin limit) DR suggests that there are fewer saturated components in
each absorption system with increasing redshift; the trends cannot be explained by invoking
changes in only the optically thin components, and they cannot be adequately explained

by changes in only the number [and not the column density] of components with redshift.)

It is worth discussing the possible implications of Figure 4, which shows the N(z) curves
for the weak-line and strong-line subsamples of sample ES2. It should be emphasized
that the behavior of the weak-line subsample, which is consistent with no evolution in
comoving number density, is to be expected under the hypothesis that all of the absorbers
are undergoing a gradual change in C IV column density (the number of systems that evolve
out of the range 0.15 < Wy(1548) < 0.40 is roughly the same as the number of systems

that originally had Wy < 0.15 A, but that, over time, evolved into the observed range
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of rest equivalent widths). Recalling that the weak-line subsample is incomplete at the
small equivalent width end because systems with doublet ratios close to 2 would remain
undetected (this probably explains the dearth of systems in the highest redshift bin, where
the weak lines dominate), it is conceivable that if the surveys for C IV absorption were
complete to a smaller rest equivalent width, we should eventually find that the population
of detected C IV systems should be consistent with no evolution in number, especially if
they are indeed associated with the apparently non—evolving high column density HI systems
(SSB). Figure 10 shows a plot similar to Figure 4, except that the weak-line subsample has
been taken from the 21 QSOs in which all doublets with Wy(1548) = 0.15 A could have
been detected, even for DR ~ 2 (see §IVa). It is striking how the curve (despite the rather
large error bars because of the relatively small sample size) appears to exhibit a behavior
opposite that of the strong-line sample. The implication is that if our entire survey were
complete to Wp(1548) = 0.15 A, then the overall N(z) curve would be very close to being
consistent with no evolution in comoving number density; however, the extreme change in
the diétribution of equivalent widths with redshift is clear. The most natural interpretation

of the data is that weak systems simply become strong ones over time.

That we are able to observe (with a detection threshold of Wy(1548) = 0.15 A ) nearly
the same comoving number of absorbers at z ~ 3 that are eventually observable at z ~ 1.5
allows us to speculate further. Suppose that all of the systems at z ~ 3 with equivalent
widths in the range 0.15 < Wy(1548) < 0.40 become systems with W;(1548) > 0.4 A by
the epoch corresponding to z ~ 1.5. Taking Nyeqx(2) ~ 3 at z ~ 3, then to preserve the
comoving number density of absorbers we expect to see 3(2.5/4)" at a redshift of 1.5, or
N(z) ~ 1.9 and N(z) ~ 2.3 for go = 0 and ¢o = 1/2, respectively. This agrees well with the
actual number of strong systems at z ~ 1.5. For all of the systems in the weak subsample
to evolve into the strong sample requires that the typical value of N(C IV) change by at
least a factor 0.4/0.15 &~ 2.7; the value would have to be larger if a significant fraction of
the systems are not on the linear part of the C IV curve of growth, which, however, we
have argued is unlikely to be the case. Thus, again, a factor of ~ 3 change in mean C IV
column density over the redshift range 3 > z > 1.5 is indicated. Under the assumption that

all of the absorbers undergo a gradual increase in C IV column density with time, the weak
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systems observed at z ~ 1.5 are then likely to be systems whose N(C IV) was too small to

be detected at the epoch corresponding to z ~ 3.

b) The Chemical Evolution of the Absorbers

Having established that the evolution in N(z) can best be interpreted as a systematic
change in the mean C IV column density with redshift, it remains to be discussed whether
this change is attributable to a change in actual chemical abundance of carbon in the gas
clouds, or to a gradually changing ionization level. The latter effect could result from
either a systematically changing gas density or from a change in the nature of the ionizing
continuum as a function of redshift (or both). There are several lines of evidence that
suggest that the ionization level in the gas clouds is not changing significantly with time.
First, as mentioned in SBS, there does not appear to be any correlation in the ratio of the
equivalent widths of the C IV A1548 and the S“»i IV A1393 absorption lines with redshift;
this ratio is expected to increase as the ionization level in the gas decreases. Spearman
and Kendall rank correlation tests have been performed on the absorption systems (from
Sample ES2) which have unambiguously detected Si IV, with the result that any correlation
between Wo(C IV)/Wy(Si IV) and redshift that might exist has a significance of < 0.50.
It should also be noted that this test would be fairly inconclusive even if a correlation were
found, since the relative column densities of Si and C can be affected by, e.g., depletion
onto dust grains. The best test for evaluating whether or not the ionization level changes
systematically is the relative strengths of C IV and C II A1334. Unfortunately, more often
than not the C II line corresponding to an observed C IV doublet falls in the Lyman a
forest so that equivalent widths are extremely difficult to interpret, and in general it is
only for the strongest C IV doublets that C IT A1334 is observable without very high S/N
spectra. A somewhat more indirect piece of evidence in favor of an ionizing continuum that
does not vary significantly with redshift is provided by limits placed on the intensity of the
metagalactic ionizing flux J,(z) from the so—called “proximity effect” in QSOs (Bajtlik,
Duncan, and Ostriker 1988; Bechtold 1988). Although subject to many uncertainties, this
method estimates the intensity of the general UV background relative to the ionizing flux

Produced by a QSO by measuring the deficit of Lyman o forest absorption lines with
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Zabs = 2Qso- By examining data for QSOs with a range of emission redshifts, Bajtlik,
Duncan, and Ostriker (1987) found that J,(z) appears to be independent of z in the range
1.8 < z £ 3.8. However, it must be pointed out that the effects of “local” sources (i.e.,
over and above the metagalactic UV radiation) of ionizing flux, for example, regions where
massive star formation is occurring, make an unknown contribution to the total radiation
field impinging on the gas clouds. The possibility would remain that this contribution is

significant and evolves with redshift.

Additional evidence favoring a non-evolving ionization state in the clouds giving rise to
the heavy element absorption systems is provided by the observed evolution of the Lyman
limit absorption systems. These systems, which are found on the basis of the clear Lyman
edge produced when N(HI) > 10'7 cm~?, exhibit an N(z) curve that is consistent with
no evolution over the redshift range 0.2 < z < 4 (SSB; Lanzetta 1988; Bechtold et al. 1984;
Tytler 1982). The Lyman limit systems are largely the same population of absorbers that
give rise to C IV absorption, particularly at high redshift. In their low-resolution survey for
LLSs, SSB found that Npzs(z) = 2 at 255, = 3, to be compared with N¢ jy(z) ~ 1.5 -2
at zgps ~ 3 for the C IV systems as defined by sample ES2. In the same low-resolution
survey, SSB found detectable C IV doublets associated with about 70% of the observed
LLSs in the redshift range 2.5 < zr.s < 3.5 (it was estimated that lines of strength
Wo(1548) ~ 0.40A could have been found in a typical spectrum). Preliminary results at
higher dispersion have shown that C IV doublets are present in the great majority of cases
where no C IV was originally detectable (Steidel 1989). Thus, one can argue that the
LLSs trace the hydrogen component of the same population of absorbers that gives rise
to a large fraction of the C IV redshifts; therefore, that the LLS distribution in redshift is
consistent with no evolution (i.e., constant comoving density of absorbers) is very important
to the interpretation of the evolution of the C IV systems. (Also, recall that the density
of C IV systems appears to be consistent with no evolution if one can detect very weak
lines; §IVa, §Va). The important question to ask is, if the change in the mean C IV column
density with redshift is an ionization effect, then how would the HI component (i.e., the
LLSs) be expected to change? In an effort to answer this question, it is necessary to make

use of a model “cloud.” Figure 11 shows the model predictions for a cloud with a total
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hydrogen column density of 1 X 102 cm~? which is being photoionized by a continuum
that has the shape of the “Medium” integrated QSO spectrum calculated by Bechtold et
al. (1987). The models are constructed using Ferland’s CLOUDY photoionization program
(Ferland 1988), and are calculated in terms of the ionization parameter I' = n,/ny, where
n. is the number density of photons capable of ionizing hydrogen and ng is the number
density of hydrogen. The other parameters used in the grid of models (namely, the total
H column density and the assumed heavy—element abundance) are those that have been
determined to be “reasonable” for typical LLSs in a detailed study which is in preparation
(Steidel 1989). The relative column densities of several important ions are shown, along
with the predicted HI column density (the relative column densities of the heavy element
ions are fairly insensitive to the assumed abundances). It can be seen that a significant
decrease in the C IV column density could occur only with a substantial decrease in T.
If, for example, logI' changed from ~ —2.1 to ~ —2.8, the C IV column density would
change by a factor of ~3; however, the associated HI column density would change from
log N(HI) ~ 16.5 to log N(HI) =~ 17.5, or a factor of 10. In the LLS survey conducted
by SSB, the limiting column density that would have resulted in a detection of a Lyman
limit was log N(HI) > 17.38. If the ionization parameter evolved systematically by a factor
of ~ 5 between a redshift of 1.5 and 3, then the above arguments show that clouds with
log N(HI) ~ 16.4 and greater at low redshift would have detectable Lyman limits at z = 3.
Given that the spectrum of HI column densities appears to conform approximately to a
power law n[N(HI)] « N(HI)"'* (SSB; Tytler 1987), this would mean that the comoving
number of detectable LLSs would be expected to triple between z = 1.5 and z = 3. Clearly,
this is inconsistent with the observations. Thus, we conclude that it is unlikely that the
evolution of the C IV absorbers is caused by a significant systematic change in the ionization
state of the gas. It is therefore suggested that the bulk of the observed evolution of the C IV

systems results from a change in the average abundance of C with redshift.

Steidel, Sargent, and Boksenberg (1988; hereinafter Paper I) summarized the method
by which the timescale for the chemical evolution in galactic halos could be determined
based on the assumption that the C IV evolution in number with redshift is the result of a

gradually changing carbon abundance. The method also assumes that the LLSs represent
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the (non—evolving) HI component of the same population of absorbers that gives rise to
the C IV absorption redshifts. The arguments presented above show that both of these
assumptions are reasonable. It is interesting to point out that there is rather good agreement
between the estimate of the “typical” change in N(C IV) with redshift in the range 1.5 <
Zgbs < 3.0 deduced from the change in the (DR), and the consideration of the relative
numbers of weak and strong C IV systems as a function of redshift, and that which would
be predicted by the arguments given in Paper I. Paper I uses the ratio of the number
of detected C IV absorption systems to the number of LLSs as a function of redshift to
describe the rate of change of the cross section for C IV absorption, which is assumed to be
proportional to changes in the mean C abundance. However, the problem with this type of
analysis is that it depends to a large extent on the (unknown) abundance distribution of
those systems that are initially (i.e., at z > 3) beyond the detection limit of the survey. That
is, it is not sufficient to consider only the number of C IV systems satisfying a given rest
equivalent width criterion; we have seen above that the observed N(z) relation is largely a
function of the equivalent width threshold of the sample used. Thus, although the timescale
for changes in the C abundance deduced in Paper I agrees remarkably well with that found

in the present work, the agreement is fortuitous.

Many of the above arguments are tentative; as discussed by SSB1 and in Paper I,
the situation can be completely resolved only through detailed chemical composition (and
ionization state) studies of the heavy-element absorption systems over a wide range in
redshift. The best way to proceed is probably to select systems on the basis of their HI
content (particularly the LLSs, since they can be detected in an unbiased manner and they
are closely related to the systems detected on the basis of C IV) and then to study the
associated heavy element lines to determine chemical abundances. Such a study has been
initiated, the results of which will be presented elsewhere (Steidel 1989). In addition to
detailed studies, it would also be extremely useful, as mentioned in §IVa, to undertake a

survey for C IV absorption which is more sensitive to the weakest C IV doublets.

¢) Implications for the Heavy Element Enrichment in Galazies

As discussed in Paper I and in SBS, the majority of absorbers that give rise to C IV
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systems are thought to be associated with the halos of intervening galaxies; however, at
present virtually all of the evidence that associates the absorbers with galaxies is indirect
(a comprehensive review of the evidence, including comparisons of the high redshift C IV
systems to halo gas in the Galaxy, is given by Boksenberg and Sargent (1983); more
recently, several interpretations of the origins of the absorbers are discussed by York (1987),
and references therein). The clustering properties of the C IV absorbers on both small
and moderate velocity scales are certainly consistent with what would be expected if the
clouds were associated with galactic halos (and they are quite different from the clustering
properties of the Lyman a forest lines, which are thought to be intergalactic) (SBS; Webb
1987; Sargent et al. 1980). The very presence of heavy elements in the gas indicates that
star formation has occurred, and the chemical evolution indicated by the above discussion
suggests that star formation is ongoing over the epoch we are able to observe. While
we naturally associate sites where star formation is occurring with galaxies, it is certainly
possible that a significant fraction of the observed “heavy—element” absorption systems arise
in small (but numerous) clumps of intergalactic material, which might not be considered
“galaxies” at all if we could actually detect them. Since the typical HI column densities of the
systems are of the order of 10!7 cm~? (although they can be as small as ~ 106-® or as large
as ~ 10?15 in the relatively rare instance of absorbers that would give rise to damped Lyman
o absorption), the local population of such objects could have easily escaped detection in
even the most sensitive HI surveys completed up to the present time. On the other hand,
there are several arguments in favor of the absorbers being very large (up to several hundred
kpc), which are reviewed by SBS. There is also now a substantial body of direct evidence
associating the Mg II absorption systems with bright galaxies (Bergeron 1988); however,
Mg I requires a significantly higher HI column density than does C IV in order to be strong
enough for detection, and these systems are relatively nearby (244, < 0.7) so that a direct
comparison for C IV will not be possible until Space Telescope data are available. In any
case, the C IV absorbers are tracing baryonic material where the conditions have been such
that stars have been able to form; in the remaining discussion we will refer to these sites as
“galaxies,” and because at least 95 % of the C IV absorbers have corresponding HI column

densities which are too small to be associated with the galactic HI disks discussed by Wolfe
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et al. (1986) (i.e., the damped Lyman a systems), it seems natural to refer to the absorbers
as “halo systems.”

Because of the statistical nature of the preceding arguments, it is difficult to comment
on the bearing the results may have on the chemical enrichment history of an individual
galaxy. For example, the type of observational results from which the “global” increase in
C abundance over time is deduced cannot readily distinguish between a scenario in which
the absorbers all undergo a gradual evolution in heavy—element abundance and one in
which an increasing (with time) fraction of absorbers have undergone rapid bursts of star
formation which transform weak-line systems into strong ones. However, in the latter case
one might expect to observe a “bimodal” distribution of equivalent widths at a given time,
and this does not appear to be the case (although the curve of growth effects that set in
near Wy = 0.5 A certainly complicate the matter). Further, the fact that we still see a
substantial number of weak systems at relativefy low redshift (even though all of the weak
systems seen at high z are required to account for the number of strong systems at low z)
seems to indicate that there is a population of absorbers at high redshift which is somewhat
below our threshold for detection, but which becomes observable with time. Thus, while
alternative models cannot be ruled out, the currently available data appear to be most
consistent with a gradual heavy—element enrichment in the absorbers over time.

Taking go = 1/2, the corresponding time over which the typical carbon abundance in
the C IV absorbers changed by a factor of ~ 3 is ~ 1.7hzy billion years, where hsg is the
Hubble constant in units of 50 km s~*Mpc~!. Thus, the e-folding time for heavy—-element
enrichment in the “halo” gas is between 1 and 2 billion years. The age of the universe as a

function of redshift z (for go = 1/2) is given by
t=to(l+ Z)—l's ’

where ty = 13.7hg billion years, so that the time “window” over which we can observe
the C IV absorbers is between t = 1.3h5'01 and t = 3.9k billion years, corresponding to
look-back times of 12.4h3) to 9.8h;y Gigayears. For the purposes of discussion, suppose
that a value of Hy is chosen so that the age of the universe (as given by the formula

to = 2/3H,) approximately matches the ages of globular clusters as determined by main
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sequence turnoffs in color-magnitude diagrams, Hy ~ 40. Thus, o &~ 17 Gigayears and
the lookback times corresponding to the epoch over which the C IV absorbers have been
observed are ~ 12 — 16 Gigayears. Taken at face value, this span of time is of considerable
interest in terms of the time over which the halo of our Galaxy is thought to have formed.
Whether or not there is a significant age spread (thought to be indicative of a relatively
slow formation of the halo compared to that envisaged by Eggen, Lynden-Bell, and Sandage
(1962)) in the globular cluster systems of our Galaxy is still unclear. However, there have
been some recent indications that there may exist halo globular clusters that have ages
roughly 30% smaller than the bulk of the other well-studied clusters (e.g., Gratton and
Ortolani 1988), possibly suggesting that the halo may have been forming over as much
as 4 Gigayears. We are able to observe significant chemical evolution in the halo gas
of intervening galaxies over a time which is (coincidentally?) very similar to the time
corresponding to the collapse of our Galaxy. It would admittedly be difficult to interpret
the absorption line data in terms of galactic halo formation and evolution if indeed all halo

systems evolved to completion over very short timescales (i.e.,< 1Gyr).

On the other hand, what is observed would be consistent with the halo formation
scenario of Searle and Zinn (1978), who proposed that the properties of the outer halo
globular clusters could be explained if they originated in proto—galactic fragments which
have the character of gas-rich irregular galaxies (cf., York et al. 1986) and which continued
to evolve both chemically and dynamically for timescales much longer than that for the
collapse of the more central regions of the galaxy. The number of C IV absorption systems
observed, if the absorbers are to be associated with galaxies, requires that the typical galaxy
cross section for absorption have dimensions of at least several Holmberg radii (see, e.g.,
SBS), indicating that, on average, a line of sight through a galaxy will be intersecting
it at a very large galactocentric radius. Thus, under the hypothesis that the absorbers
are associated with galaxies as we understand them, the absorption lines must be probing
primarily outer halo gas, and absorption systems arising in disk gas must be very rare
in comparison. Hence, the suggestion of the QSO absorption line data is that there may
indeed be significant outer halo evolution over timescales that are longer than the collapse

times of galaxies in the process of formation. If the hypothesis of the gradual chemical
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evolution of the absorbers is correct, and if the Lyman limit absorption systems really do
not evolve significantly with redshift (recall that such systems are tracing the HI component
of essentially the same absorbers giving rise to the C IV redshifts), then it is possible that
the absorption line data are probing material that is associated with sites where galaxies
have formed or are in the process of forming, but that does not participate in the rapid

“collapse. That is, the gas may be the “left—over” outer remnants of large proto—galactic
clouds which were the precursors of galaxies. Such a picture would also be consistent with
that of Rees (1987), who has suggested that the formation of the outer parts of disk galaxies
must be ongoing until a redshift of at least z ~ 2.

Clearly, there is not yet enough information to make more than a passing remark about
the above coincidences in timescales, especially considering the very controversial nature of
the subject of the formation of the Galactic halo. The interpretation is also complicated by
the fact that the absorption lines provide information about the ensemble of galactic halos
as a function of time (and they may be tracing material with a variety of origins), and at
present it is impossible to deconvolve the history of individual galactic halos (in order to
compare to what is known about the history of the halo of our Galaxy) from that ensemble.
However, in the future, the QSO absorption lines’ connection to the formation and evolution
of galactic halos may be strengthened if it is found that 1) the heavy—element abundances
of the absorption systems are consistent with halo metallicities seen in the Galaxy, and
2) there is some redshift 2 < 1.5 at which the chemical evolution of the heavy—-element
absorbers appears to reach a “saturation value,” as mentioned by SSB. The latter condition
would be expected if there is some epoch by which star formation in galactic halos comes

to a halt, as it presumably did in our Galaxy.

VI. CONCLUSIONS

New spectroscopic observations of 11 very high redshift QSOs ({zem) = 3.4) have been
combined with the previously published data of 55 QSOs to enhance the redshift coverage
ofa large survey for C IV absorption. The new extended sample contains 275 C IV redshifts
spanning the range 1.3 < z35 < 4.1. The sample has been used to discuss the evolution of

the properties and distribution of the gas clouds giving rise to heavy—element absorption in
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the spectra of QSOs, with the following principal results:

1. As in SBS, unbiased subsamples of C IV redshifts were created. Sample ES2,
which contains all of the C IV doublets satisfying the criterion Wy > 0.15 A (lines of this
strength could have been detected in any of the 66 QSOs) and apparent ejection velocities
(relative to the QSO emission redshift) Ac > 5000 km s~1, is regarded as the primary
unbiased sample for evaluation of the evolution of the absorption systems with redshift. As
in SBS, this sample was constructed by counting pairs and clumps of absorption redshifts
separated by less than 1000 km s~!as one system. Sample ES5 was constructed by requiring
that Wp > 0.30 A and was supplemented with uniform data from other sources. A third
sample, EA2, was constructed for the purposes of determining the absorption system 2-point
correlation function. Redshifts in this sample need only satisfy the criteria ¢ > 5000 km

s~L.

2. The number of C IV absorbers per {mit redshift range, N(z), is found to be
inconsistent with a constant comoving density of absorbers at the 3.10 level for go = 1/2 and
at the 4.00 level for go = 0. Thus, the absorbers must be evolving with time. A maximum
likelihood fit to a power-law form for the N(z) distribution gives N(z) o (1 4 z)~1-26+0-56
for sample ES2. The distribution is significantly steeper for subsamples containing only
strong (in terms of Wp) C IV doublets. The trend of the N(z) curve is seen to be a gradual
decline for z4p, > 2; the precipitous fall-off possibly indicated by the data in the original
SBS survey is ruled out.

3. We have re-examined the C IV redshift 2-point correlation function in light of the
new data. As found by SBS, there is significant power (§ = 6.1 £ 1.2) in the correlation
function for velocity scales 200 < Av < 600 km s~!. If the data are divided into 2
subsamples, one with z,5, < 2.2 and the other with z45, > 2.2, it is found that the power
on these velocity scales is statistically the same for the two. However, there is marginal
evidence suggesting that the power extends only to Av ~ 300 km s~ lin the high-redshift
subsample. The low-redshift subsample shows a ~ 20 excess of power on velocity scales
1000 < Av < 10,000 km s~1; there is no corresponding excess in the higher-redshift
subsample. However, most of this power has been shown to be due to absorption in

the spectrum of a single object, and thus the lack of such structure in the high-redshift
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subsample may not be significant.

4, The C IV equivalent width distributions for 2,5, < 2.2 and z,5, > 2.2 have been
compared; they are different at the 94% confidence level. A broad peak in the equivalent
width distribution for 0.5 < W(1548) < 0.7 A is interpreted as a curve of growth effect.
Consideration of the theoretical C IV curve of growth appears to rule out a significant
evolution of b with redshift; thus the evolution in N(z) is interpreted as a systematic change
in the mean C IV column density with redshift.

5. The evolution of the C IV doublet ratio DR = Wj(1548)/W5(1550) (as originally
found by SBS) is re-examined. The change in {(DR) between z = 3 and z = 1.5 is consistent
with a factor of ~ 3 decrease in the mean C IV column density over that redshift range.

6. Various arguments lead to the conclusion that the evolution in N(z) for the C IV
absorbers is dominated by a systematic change in the abundance of carbon in the gas, not
by a significant change in the ionization state oi' the gas with redshift.

7. The behavior of the N(z) curves for weak and strong C IV doublets is consistent
with the hypothesis that the weak systems observed at high redshift evolve into the strong
systems observed at lower redshift, and that when the numbers are considered, the typical
increase in the C IV column density would have to be somewhat greater than a factor of
~ 3 between z ~ 3 and z ~ 1.5. This factor is in agreement with that determined from
the consideration of the change in the mean C IV doublet ratio. It is thus suggested that
the typical gas cloud giving rise to a C IV absorption system has an abundance of C which
increases by a factor of ~ 3 over this redshift range.

8. The implications of this chemical evolution are discussed in the context of early
heavy—element enrichment in galactic halos. The implied e—folding time for chemical
enrichment is between 1 and 2 billion years for lookback times between 9.8k, and 12.4h5;
billion years (g0 = 1/2). The implications are that there may be significant evolution
of galactic halos over timescales much longer than the galaxy collapse timescales. If the
absorbers are associated Qith the high-redshift analogues of galaxies observed at the present
epoch, then the vast majority of the absorption systems must arise in outer halo gas. It is
suggested that the absorbers may in fact represent the outer parts of large proto—galactic

clouds which do not participate in the actual collapse.
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TABLE 1
OBSERVATIONS
Object Telescope Date Exposure A Range FWHM
(UT) (s) () (km s~1)
Q0000-263 LCO 1988 Sep 16 14400 5000-8450 60
Q0041286 LCO 1988 Sep 19 15300 5000-8450 60
Q0042-264 LCO 1988 Sep 17 10800 5000-8450 60
LCO 1988 Sep 18 5400 5000-8450 60
Q0055—-269 LCO 1988 Sep 14 10800 5000-8450 60
LCO 1988 Sep 15 5400  5000-8450 60
Q0256—000 LCO 1988 Sep 15 5000 5000-8450 60
LCO 1988 Sep 16 9000 50008450 60
Q0347383 LCO 1988 Sep 18 12600 5000-8450 60
Q0428-136 LCO 1988 Sep 19 12600 50008450 60
Q12084101 PAL 1988 Feb 20 7200 5350-6000 80
PAL 1988 Feb 21 3600 5905-6535 80
PAL 1988 Feb 21 3600 6485-7115 80
PAL 1988 Feb 21 3600 7065-7695 80
Q2000-330 LCO 1988 Sep 15 10800 50008450 60
LCO 1988 Sep 16 3600 5000-8450 60
LCO 1988 Sep 19 5400 5000-8450 60
Q2204-408 LCO 1988 Sep 14 10800 5000-8400 60
LCO 1988 Sep 15 5400 5000-8400 60
Q2239-386 LCO 1988 Sep 14 3600 5000-8400 60
LCO 1988 Sep 16 5400 5000-8400 60
LCO 1988 Sep 18 13500 5000-8400 60
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TABLE 2
Absorption Lines

No.  Aobs a(d)  Wes (W) S/N ID Zabs
Q0000—263
1 5031.98 0.14 0.99 0.19 4.9
2 5040.25 0.16 0.75 0.14 7.3
3 5042.24 0.13 1.13 0.19 4.9
4 5044.77 0.14 1.21 0.19 5.4
5 5051.97 0.13 1.45 0.18 6.1
6 5059.75 0.23 9.64 0.56 4.1
7 5070.01 0.14 1.40 0.14 8.8
8 5081.24 0.13 1.59 0.13 10.3
9 5084.99 0.12 1.31 0.12 10.4
10 5092.08 0.12 1.12 0.11 10.4
11 5095.87 0.12 2.42 0.186 9.0
12 5100.17 0.12 1.87 0.13 10.3
13 5104.88 0.13 1.70 0.12 12.3
14 5112.36 0.13 3.74 0.17 10.5
15 5119.34 0.12 1.90 0.13 10.6
18 5123.39 0.10 1.08 0.09 11.2
17 5129.11 0.13 4.92 0.22 8.4
18 5137.38 0.11 2.43 0.16 7.9
19 5140.79 0.10 1.77 0.18 8.7
20 5145.74 0.12 4.09 0.19 8.9
21 51564.42 0.11 0.91 0.08 14.3
22 5158.33 0.11 2.26 0.14 8.3
23 5162.38 0.11 2.90 0.18 T.4
24 5184.31 0.13 0.96 0.09 14.8
25 51980.22 0.13 3.10 0.16 11.4
26 5198.50 0.13 1.18 0.10 12.7
27 5202.29 0.12 0.92 0.09 13.0
28 5209.10 0.12 1.21 0.10 11.9
29 5213.90 0.13 2.38 0.15 9.8
30 5219.31 0.12 1.78 0.16 7.8
31 5223.92 0.12 1.91 0.18 7.5
32 5226.39 0.10 1.04 0.13 6.8
33 5228.60 0.12 1.69 0.20 5.3
34 5231.88 0.11 1.13 0.10 11.1
35 5238.27 0.14 1.22 0.11 13.7 SiII(1193) 3.3898
36 5247.10 0.12 1.88 0.13 10.6
37 5262.08 0.11 2.08 0.13 10.4
38 5262.50 0.18 9.91 0.43 5.6 HI(1025) 4.13056
39 5271.13 0.14 2.00 0.20 6.7
40 5274.30 0.11 1.13 0.12 7.9
41 5286.21 0.14 0.87 0.13 8.5
42 5289.08 0.15 1.34 0.21 5.0
43 5381.29 0.186 1.26 0.19 6.3
44 5385.77 0.15 3.04 0.31 4.8
45 5403.34 0.13 1.23 0.11 11.1
46 5410.88 0.156 1.56 0.12 12.6
47 5417.15 0.12 0.95 0.09 12.9
48 5428.00 0.12 1.76 0.14 9.0
49 5433.656 0.11 0.78 0.08 12.4
50 5439.76 0.15 5.60 0.29 8.7
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TABLE 2 —Continued

No. Aobs U(/\) Wob‘ U(W) S/N ID Zabs
51 5445.97 0.12 1.96 0.16 8.1
52 5449.26 0.12 0.83 0.08 14.3
53 5457.70 0.12 1.70 0.13 10.8
54 5461.49 0.11 0.87 0.09 12.6
566 5465.12 0.11 1.56 0.12 11.1
56 5470.00 0.12 0.94 0.09 13.1
67 5479.78 0.12 0.38 0.06 15.0
58 5485.38 0.12 1.73 0.12 12.5
59 5489.30 0.11 1.60 0.12 10.7
60 5495.37 0.14 0.78 0.08 15.4
61 5501.09 0.11 2.96 0.18 8.1
62 5504.89 0.11 2.02 0.13 10.4
63 5513.33 0.13 4.90 0.24 7.6
64 5519.35 0.11 2.27 0.14 10.2
656 5523.87 0.11 1.96 0.11 12.3
66 b65531.368 0.08 7.82 0.09 20.8 SiII(1260) 3.3885
67 5539.21 0.09 6.18 0.12 16.4
68 5546.67 0.10 1.31 0.08 17.4
69 5552.29 0.09 3.30 0.10 15.4
70 5557.38 0.09 2.72 0.10 156.0
71 5567.27 0.10 12.49 0.18 14.9
72 5685.36 0.09 10.83 0.15 16.9
73 5594.43 0.09 2.3¢ 0.09 16.2
74 5598.60 0.14 1.29 0.11 13.8
76 5608.07 0.09 1.12 0.05 24.9
76 5611.39 0.09 1.45 0.05 25.8
77 5621.06 0.09 9.33 0.08 33.1
78 b5645.20 0.10 1.79 0.08 20.7
79 5650.08 0.11 0.58 0.05 21.9
80 5655.26 0.09 1.23 0.06 20.1
81 5658.62 0.09 2.45 0.08 19.1
82 5665.29 0.08 1.30 0.06 18.0
83 5668.78 0.09 1.88 0.07 16.9
84 5671.42 0.09 1.33 0.06 16.6
856 5674.12 0.09 1.82 0.08 16.1
86 5677.50 0.10 1.11 0.07 16.6
87 56879.66 0.08 1.43 0.06 16.7
88 5681.80 0.08 1.80 0.06 16.4
89 5684.81 0.10 2.12 0.09 16.1
90 5691.11 0.11 1.20 0.08 17.3
91 5708.88 0.10 3.02 0.08 23.6
92 5717.44 0.10 1.96 0.07 24.2 0I1(1302) 3.3907
+SiII1(1260) 3.5355
93 B727.26 0.10 1.77 0.07 24.0 SiII(1304) 3.3908
94 5732.19 0.11 0.74 0.05 24.0
96 5734.64 0.09 0.92 0.04 26.2
96 5736.556 0.09 0.87 0.04 27.0
97 5741.96 0.11 1.90 0.08 20.5
98 b5747.956 0.10 3.566 0.10 16.9
99 57564.73 0.13 0.69 0.09 13.1
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No.  Aobe o()) Wb o(W) S/N ID Zabs
100 £768.29 0.12 2.32 0.13 12.5
101 B772.57 0.09 7.44 0.13 23.7
102 5784.84 0.11 2.37 0.12 12.6
103 5788.98 0.11 1.65 0.11 12.2
104 6794 .37 0.11 1.78 0.10 14.9
108 b799.99 0.09 3.31 0.10 16.6
106 5803.41 0.09 0.86 0.056 22.4
107 5808.74 0.09 4.75 0.07 26.1
108 5825.18 0.08 4.35 0.086 30.0
109 5828.83 0.08 1.32 0.03 30.7
110 §832.11 0.08 3.37 0.056 30.1
111 5839.87 0.09 4.87 0.07 27.68
112 5845.34 0.08 3.66 0.06 27.1
113 £853.60 0.09 3.76 0.07 256.2
114 5868.29 0.08 3.55 0.086 26.9 CII(1334) 3.3898
115 5863.95 0.08 3.29 0.07 26.0
116 5870.56 0.11 0.44 0.06 23.0
117 5873.30 0.09 0.76 0.06 21.6
118 5876.64 0.10 0.90 0.08 21.8
119 5879.17 0.09% 1.66 0.086 21.2
120 £885.68 0.10 1.52 0.07 19.7
121 5888.69 0.09 1.70 0.086 22.0
122 5896.80 0.10 2.78 0.08 22.4
123 65804.15 0.08 2.52 0.07 22.4
124 5909.81 0.09 8.19 0.09 22.4
125 6915.956 0.09 3.00 0.08 24.4
1268 5921.81 0.08 2.38 0.05 24.5
127 5925.36 0.08 2.78 0.08 25.1
128 69830.37 0.09 0.986 0.056 25.9
128 6933.22 0.09 1.00 0.05 25.8
130 5940.96 0.10 0.92 0.05 24.1
131 5943.13 0.08 0.84 0.04 24.3
132 5945.31 0.09 0.88 0.04 25.9
133 5948.13 0.09 1.54 0.08 26.7
134 5952.48 0.10 0.57 0.04 25.0
135 5954.52 0.09 0.50 0.04 26.7
136 5960.84 0.09 2.07 0.068 25.5
137 5968.71 0.10 3.17 0.09 22.6
138 b976.95 0.10 3.76 0.09 21.4
139 5983.49 0.09 2.31 0.07 21.3
140 6987.26 0.09 2.47 0.07 21.2
141 6990.71 0.10 0.88 0.06 21.1
142 5999.59 0.09 8.35 0.08 25.0
143 8006.68 0.10 1.77 0.10 13.4
144 6009.39 0.10 2.06 0.12 11.0
145 6013.83 0.10 1.62 0.09 14.7
146 6016.55 0.10 1.03 0.07 15.1
147 6021.24¢ 0.11 2.62 0.12 i4.0
148 6025.77 0.10 1.60 0.09 14.4
149 6029.76 0.11 1.61 0.09 17.0
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No.  Aobs o(d) Wes (W) S/N ID Zabs
150 6034.22 0.11 1.53 0.08 17.8
151 6039.75 0.10 3.00 0.13 12.2
152 6044 .51 0.11 2.96 0.12 14.4
153 6051.93 0.21 0.52 0.07 23.4
154 68060.37 0.10 4.08 0.14 13.3
156 6065.04 0.09 2.00 0.09 14.5
158 6068.11 0.09 1.76 0.08 156.0
157 8072.70 0.09 2.04 0.09 16.5
158 6076.13 0.09 2.54 0.12 11.6
169 6081.08 0.10 4,28 0.13 13.5
160 6088.48 0.09 3.62 0.10 17.6
ie1 6093.99 0.10 1.24 0.06 28.0
162 6101.65 0.09 1.94 0.06 23.8
163 6108.62 0.10 4.71 0.10 22.4
164 6118.61 0.09 3.48 0.08 23.7 SilIv(1393) 3.3900
165 6123.85 0.11 0.41 0.03 37.2
166 6127.68 0.09 2.04 0.05 27.9
167 6131.09 0.11 0.58 0.04 35.2
168 6139.07 0.12 0.31 0.03 40.3
169 6142.64 0.11 0.34 0.03 41.2
170 6147.83 0.09 1.32 0.04 34.9
171 6152.67 0.09 3.60 0.09 17.2
172 6156.15 0.08 1.39 0.04 27.3
173 6158.82 0.08 1.59 0.08 24.4 SiIv(1402) 3.3905
174 6161.96 0.08 2.16 0.06 26.4
176 6168.44 0.09 1.33 0.04 41.9
178 6175.50 0.09 0.76 0.03 44.5
177 6179.23 0.09 0.56 0.03 45.3
178 6181.82 0.09 0.61 0.03 44.1
179 6186.51 0.08 2.96 0.05 31.5
180 6190.48 0.08 1.50 0.04 38.4
181 61968.05 0.09 1.10 0.03 43.4
182 6200.99 0.08 2.11 0.04 40.3
183 6210.30 0.11 0.82 0.03 52.1
184 6218.49 0.08 1.44 0.03 42.8
185 6221.10 0.09 0.48 0.03- 48.1
186 6231.54 0.09 1.38 0.04 39.9
187 6238.76 0.09 7.21 0.11 20.8 HI(1215) 4.1305
188 6442.98 0.16 0.73 0.086 31.2
189 6702.62 0.15 1.51 0.10 19.9 SiII(1526) 3.3902
190 8732.12 0.28 0.50 0.07 24.5
i81 6796.26 0.12 4.26 0.13 18.1 CIV(1548) 3.3898
192 6807 .24 0.12 3.61 0.12 19.0 CIV(1550) 3.3896
193 6823.62 0.21 0.81 0.08 26.0
194 7022.88 0.20 0.71 0.10 17.2 CIV(1548) 3.5362
186 7034.97 0.25 0.61 0.10 18.3 CIV(1550) 3.5264
196 70681.03 0.18 0.81 0.10 17.3 FelI(1608) 3.3899
197 7165.13 0.21 0.50 0.07 23.5 SiIv(1393)7 4.1337
198 7176.81 0.17 0.45 0.07 22.4
199 7835.68 0.25 2.02 0.22 10.5 SiII(1526) 4.1324
200 7945.98 0.21 5.32 0.41 5.8 CIV(1548) 4.1324
201 7959.14 0.24 4.59 0.356 7.7 CIV(1580) 4.1324
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NO.  Aobs o()) W o(W) S/N ID Zabs
Q0041266

1 5066.5¢ 0.15 0.51 0.08 14.1 CIV(1548) 2.2661
2 5064.17 0.15 0.41 0.07 14.8 CIV(1550) 2.2656
3 6077.056 0.11 0.37 0.08 14.0

4 5169.94 0.15 0.78 0.08 16.4 CIV(1548) 2.3393
5 5178.25 0.15 0.52 0.08 14.9 CIV(1550) 2.3391
8 5209.16 0.14 1.24 0.12 10.7 MgII(2796) 0.38628
7 5221.38 0.14 0.71 0.11 10.0 MgII(2803) 0.8624
8 5456.48 0.12 0.37 0.06 15.2 AlII(1670) 2.2658
1 §526.74 0.12 0.43 0.08 17.0 CIV(1548)7 2.5691
10 5527.58 0.13 0.42 0.06 16.8 CIV(1548)7? 2.5703
i1 5711.18 0.15 0.28 0.05 21.3 SiII(1526) 2.7408
12 5792.28 0.12 0.99 0.07 18.4 CIV(1548) 2.7413
13 B795.19 0.12 0.42 0.086 20.0 CIV(1548) 2.7432
14 5801.85 0.12 0.63 0.086 20.1 CIV(1550) 2.7413
15 5817.57 0.17 0.57 0.07 20.9 CIV(1548) 2.75678
16 5827.18 0.14 0.32 0.056 21.1 CIV(1550) 2.7576
17 6563.12 0.15 0.45 0.08 16.2

Q0042264

1 5120.08 0.12 1.89 0.14 9.0

2 5123.20 0.12 1.956 0.17 7.3

3 5134.14 0.12 3.28 0.16 10.86

4 5151.12 0.12 5.14 0.18 10.8 HI(1215) 3.2373
5 5169.80 0.16 0.60 0.07 19.8

8 5169.95 0.12 1.41 0.08  18.3

7 5175.19 0.09 0.79 0.06 16.1

8 8177.77 0.10 1.61 0.08 16.9 SiIII(12086) 3.2915
® 5217.60 0.10 2.91 0.09  17.7 HI(1215) 3.2020
10 5239.30 0.15 0.58 0.056 27.8

11 5326.85 0.14 0.40 0.05 22.5

12 5381.07 0.12 0.84 0.07 18.0 CIV(1548) 2.4757
13 6390.47 0.12 0.56 0.08 18.1 CIV(1550) 2.4760
14 5619.23 0.17 0.68 0.08 17.3 A1III(1854) 2.0297
16 5644.03 0.17 0.47 0.08 16.5 ALIII(1862) 2.0299
16 5774.85 0.15 1.08 0.11  13.6

17 5793.10 0.23 0.40 0.08 17.8

18 6353.19 0.18 1.06 0.13  12.7

19 6419.54 0.18 0.52 0.08 18.3 CIV(1548) 3.1464
20 8430.92 0.26 0.48 0.08 18.7 CIV(1550) 3.1469
21 6493.50 0.17 0.44 0.07 18.5
22 6560.02 0.14 0.54 0.08 15.4 CIV(1548) 3.2372
23 6571.72 0.16 0.43 0.08  15.8 CIV(1660) 3.2377
24 6645.48 0.15 0.2¢ 0.05 22.7 CIV(1548) 3.2924
25 6655.35 0.11 0.26 0.04 21.8 CIV(1550) 3.2916
26 8729.63 0.15 0.29 0.08 19.3

27 6732.34 0.16 0.556 0.08 18.0
28 6735.57 0.17 0.35 0.07 18.8

20 6840.90 0.20 1.07 0.12  14.9

30 6863.59 0.21 0.49 0.09  14.9
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Aobe o(d) Wee (W) S/N ID Zabs
Q0055—269
1 b5289.64 0.12 7.04 0.25 7.9
2 5298.34 0.10 1.33 0.09 14.6
3 5313.69 0.12 0.8 0.08 14.7
4 B5317.90 0.11 2.27 0.14 9.4
5 5323.67 0.12 3.02 0.21 6.8
6 5327.04 0.10 1.30 0.10 10.8
7 5344.71 0.10 0.94 0.08 12.3
8 5348.22 0.10 1.33 0.10 12.2
9 b5368.22 0.10 1.53 0.10 12.9
8363.25 0.11 1.98 0.11 12.4
5368.61 0.12 3.82 0.20 8.2
5376.45 0.11 4.31 0.18 9.8
5382.28 0.11 1.56 0.10 13.9
5393.62 0.12 4.99 0.20 9.4
5400.70 0.10 2.84¢ 0.10 156.0
5418.29 0.11 1.20 0.10 12.5
5434.97 0.11 1.07 0.09 13.5
5446.01 0.13 7.08 0.21 11.5
5456.73 0.12 0.76 0.07 16.4 01(1302)? 3.1906
5462.78 0.12 2.30 0.12 14.3 0I(1302)? 3.1951
5471.19 0.12 2.57 0.13 12.7 SiII(1304)7 3.1946
5476.42 0.11 1.13 0.08 14.4
5482.81 0.11 2.33 0.12 12.4
5486.72 0.10 1.17 0.09 12.3
5491.44 0.11% 1.50 0.10 14.1
5604.39 0.13 5.87 0.18 11.1
65156.566 0.11 2.19 0.10 17.8
5624.96 0.11 1.04 0.07 21.2
5528.32 0.12 0.56 0.05 23.7
6633.71 0.10 2.15 0.08 18.5
B637.23 0.10 2.34 0.18 6.2
8540.36 0.09 2.89 0.12 i11.6
55649.96 0.09 1.97 0.07 18.9 SiIII(1208) 3.6000
Bb57.73 0.09 2.27 0.08 17.6
5663.66 0.09 4.91 0.11 16.1
5669.43 0.09 2.82 0.08 17.8
5574.62 0.10 1.69 0.06 25.4
55681.97 0.09 2.5f 0.07 23.4
5694.85 0.09 5.41 0.11 17.7 CII(1334) 3.1924
+HI(1215) 3.6023
5600.79 0.09 1.08 0.04 31.3
5605.356 0.09 3.63 0.07 25.4
56156.58 0.11 0.28 0.03 44.3
5627.44 0.10 0.36 0.02 46.6
5631.64 0.11 0.27 0.02 48.8
6636.64 0.10 0.34 0.02 48.6
5639.43 0.09 0.8 0.03 4.1
5646.47 0.12 0.26 0.02 51.8
5652.60 0.11 0.24 0.02 83.2
5657.88 0.09 1.82 0.04 43.4
5842.06 0.13 0.42 0.0 24.9 SiIV(1393) 3.1916
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Aocbs o(d) Wos (W) S/N ID Zabs
5879.16 0.21 0.29 0.06  23.2 SiIV(1402) 3.1911
6037.44 0.16 0.36 0.07 16.2 FeII(2382) 1.5338
6114.41 0.14 0.39 0.06 18.8 CIV(1548) 2.9494
6117.51 0.13 0.95 0.08 17.7 CIV(1548) 2.9514
6124.81 0.15 0.26 0.05 19.4 CIV(1550) 2.9495
6127.18 0.16 0.56 0.07 19.0 CIV(1550) 2.9511
6484.76 0.12 0.8 0.07 20.7 CIV(1548)? 3.1886
6488.60 0.10 2.35 0.11 16.4 CIV(1548) 3.1911
6493.51 0.13 0.83 0.07 21.3 CIV(1548) 3.1942
6498.78 0.12 1.47 0.09 18.1 CIV(1550) 3.1907
6502.03 0.11 0.63 0.06  20.2 CIV(1550)? 3.1928
6504.87 0.12 0.49 0.06 21.4 CIV(1550) 3.1945
6553.17 0.16 0.60 0.09 16.5 FeII(2586) 1.5335
6587.66 0.15 0.43 0.09 12.9 FeII(2600) 1.5336
6869.66 0.18 0.84 0.11 156.4
6943.67 0.14 0.72 0.09 13.6
6947.21 0.18 0.68 0.11 12.5
7084.48 0.16 0.82 0.11 13.0 MgII(2796) .5335
7103.26 0.16 0.79 0.10 14.2 MgII(2803) .5337
7123.68 0.16 1.56 0.12 15.7 CIV(1548) .6013
7136.73 0.16 0.81 0.08  20.5 CIV(1550) .6014
7140.32 0.15 0.54 0.07 21.4 SiII(1626)? .8769
7240.17 0.17 0.58 0.09 17.2 CIV(1548)7 .6765
7251.92 0.22 0.61 0.09 19.4 CIV(1650)7 .6763

Q02564000
1 5201.28 0.12 2.46 0.20 6.0
2 5204.78 0.16 3.27 0.39 3.4 FelI(2367) .1983
3 b5211.46 0.12 1.68 0.11 12.7
4 5217.46 0.10 1.06 0.09 11.4
5 5219.99 0.11 1.30 0.10 11.8 FeII(2374) .1984
6 5227.68 0.12 1.14 0.10 12.9
7 5236.63 0.10 2.13 0.12 11.1 FelI(2382) .1977
8 5243.561 0.11 1.11 0.07 19.4
9 5256.97 0.11 3.26 0.09  21.3
5264.54 0.12 0.28 0.03  31.5
6268.85 0.11 0.57 0.04  32.8
5282.94 0.09 1.80 0.06 34.0
5287.98 0.10 1.50 0.05  36.6
5521.18 0.20 0.48 0.07 19.3
5662.98 0.18 0.50 0.07 17.1
6147.11 0.11 2.18 0.10 17.6 MgII(2796) 1.1983
6163.00 0.13 1.78 0.10 19.1 MgII(2803) 1.1983
6334.70 0.19 0.56 0.09 16.7 CIV(1548)7 3.0916
6339.90 0.19 0.5¢4 0.09 16.9 CIV(1548)? 3.0960
6346.18 0.18 0.50 0.09 14.7 CIV(1550)7 3.0923
6348.87 0.14 0.54 0.08 14.2 CIV(1850)7 3.0940
6498.88 0.16 0.46 0.07 19.7
6552.30 0.18 0.58 0.09 16.7
6978.2¢4 0.23 0.80 0.13 12.5
7093.42 0.14 1.22 0.12 13.0
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No.  Aobs o(d) Woe o(W) S/N ID Zabs
Q0347-383

1 5047.19 0.11 2.00 0.13 10.2

2 b5067.04 0.10 2.69 0.11 13.3

3 5072.63 0.10 2.89 0.11 13.5 SiII(1260) 3.0248
4 5090.83 0.11 0.59 0.05  23.4 SiIV(1393) 2.6524
B 5096.20 0.11 0.37 0.04  26.9

6 5098.11 0.10 0.35 0.04  27.0

7 5102.91 0.10 2.20 0.07  23.1

8 5108.97 0.13 0.31 0.04  30.8

9 b5114.70 0.10 1.19 0.06  28.0
10 5122.18 0.09 1.43 0.06  26.8 SiIV(1402) 2.6515
11 5129.50 0.10 0.59 0.04  32.5

12 5174.88 0.16 0.19 0.03  31.3

13 5240.93 0.11 1.40 0.07 19.4 CIV(1548) 2.3852
14 5249.87 0.f1 0.91 " 0708  20.5 CIV(1550) 2.3853
156 5310.48 0.11 1.10 0.07 19.6 SiIV(1393) 2.8102
16 5345.23 0.14 0.77 0.07 21.1 SiIV(1402) 2.8105
17 5370.72 0.12 3.2¢ 0.11 17.1 CII(1334) 3.0244
18 5376.86 0.15 0.48 0.06  21.7

19 5456.16 0.14 0.46 0.07 18.7
20 5527.72 0.13 0.66 0.07 19.9 CIV(1548) 2.5704
21 B537.70 0.18 0.46 0.06  22.1 CIV(1550) 2.5709
22 5609.95 0.12 1.33 0.08  20.5 SiIV(1393) 3.0251
23 5646.97 0.12 0.98 0.07 19.7 SiIV(1402) 3.02566
24 5651.31 0.10 1.26 0.08 17.3 CIV(1548) 2.6504
26 5654.61 0.11 0.92 0.07 18.4 CIV(1548) 2.6524
26 5662.41 0.12 0.89 0.07 18.2 CIV(1550) 2.6513
27 5758.39 0.14 0.42 0.06 19.3 FeII(2344) 1.4564
28 b5760.49 0.10 0.56 0.06 16.6 FeII(2344) 1.45673
29 5762.53 0.10 0.70 0.07 16.3 FelI(2344) 1.4582
30 5836.76 0.10 0.42 0.04  24.5 FeII(2374) 1.4581
31 5853.68 0.10 1.63 0.07  22.8 FeII(2382) 1.4567
32 5856.98 0.10 1.21 0.06  23.6 FeII(2382) 1.4581
33 5899.16 0.10 0.77 0.06 19.7 CIV(1548) 2.8103
34 5908.73 0.11 0.95 0.08 22.9 CIV(1550) 2.8102
35 5969.25 0.16 0.81 0.08  20.2 CIV(1548) 2.8491
36 5967.66 0.19 0.46 0.07  21.2 CIV(1550) 2.8482
37 6019.27 0.18 0.59 0.07  20.2 FeII(2382) 1.5262
38 6144.70 0.10 1.68 0.09 16.9 SiII(15286) 3.0248
39 6231.70 0.18 1.28 0.11 17.8 CIV(1548) 3.0251
40 6242.46 0.24 0.67 0.09 18.8 CIV(1550) 3.0254
41 6317.39 0.19 0.74 0.09 16.9
42 6354.16 0.15 0.81 0.08 18.4 FeII(2586) 1.4565
43 6357.69 0.156 0.61 0.07 18.9 FeII(2586) 1.4579
44 6387.83 0.10 1.41 0.08 19.4 FeII(2600) 1.4567
46 6391.42 0.10 1.11 0.07  20.7 FeII(2600) 1.45681
46 6430.46 0.18 0.26 0.06  28.4 A1II(1670) 2.8488
47 6473.8¢ 0.12 0.81 0.06  29.5 FeII(1608) 3.0249
48 6504.66 0.i15 0.32 0.04 31.9
49 6568.28 0.20 0.456 0.07 23.5 FeII(2600) 1.5261
50 6726.30 0.14 2.00 0.11 18.56 AlII(1670) 3.0252
61 6871.46 0.12 4.46 0.16 14.4 MgII(2796) 1.4573
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No. Aok a(A)  Weps (W) S/N ID Zabs
52 6888.22 0.14 3.12 0.17 11.5 MgII(2803) 1.4570
63 7064.31 0.14 1.33 0.13 12.1 MgII(2796) 1.5263
54 7082.63 0.15 1.51 0.13 12.4 MgII(2803) 1.5263
66 7140.14 0.18 0.51 0.08 18.4 AlIII(1854) 2.8497
66 T1i71.59 0.21 0.88 0.11 16.7 Al1III(1862) 2.8499
Q0428—136

1 b5064.256 0.16 3.37 0.21 8.4

2 B077.13 0.1t 1.13  0.10 10.9

3 5086.83 0.14 4.72 0.20 10.1

4 5104.79 0.11 3,59 0.13 13.5 MgI(2026) 1.5190
5 5115.42 0.16 0.63 0.06 20.9

6 5126.43 0.10 2.64 0.09 17.5

7 5131.3¢ 0.11 0.40 0.04 24.6

8 5133.83 0.156 0.29 0.04 26.4

9 5208.33 0.11 1.26 0.08 17.3 CIV(1548) 2.3641
10 B211.92 0.10 1.82 0.10 14.1 CIV(1548) 2.3664
11 b5216.29 0.11 1.83 0.10 13.1 CIV(1550) 2.3637
12 5220.i16 0.12 1.06 0.08 16.1 CIV(1550) 2.3662
13 b5485.43 0.15 1.04 0.12 11.8 CIV(1548) 2.5496
14 5504.71 0.18 0.66 0.10 13.0 CIV(1550) 2.5497
16 6904.96 0.11 2.01 0.12 11.2 FelI(2344) 1.5189
16 5907.74 0.11 1.38 0.10 13.7 FelI(2344) 1.5201
17 5980.98 0.13 0.42 0.08 12.6 FeII(2374) 1.5189
18 b5983.68 0.14 0.71 0.09 13.2 FeII(2374) 1.5200
i 6001.53 0.12 1.82 0.19 6.6 FeII(2382) 1.5187
20 6004.72 0.13 1.67 0.14 10.1 FeII(2382) 1.5201
21 6515.40 0.10 1.77 0.09 16.7 FeII(2686) 1.5189
22 6518.58 0.10 1.75 0.09 16.6 FeII(2688) 1.5201
23 6549.16 0.10 2.77 0.15 9.4 FeII(2600) 1.5187
24 6552.57 0.10 2.76 0.14 11.3 FeII(2600) 1.5201
26 7023.63 0.23 0.94 0.17 9.0 MgII(2796) 1.5192
26 7044.59 0.20 5.69 0.42 5.4 MgII(2803) 1.5194
27 7063.22 0.21 5.18 0.34 T.0
28 7110.23 0.32 1.10 0.17 12.2
28 7173.11 0.19 1.1 0.17 10.7
30 7188.59 0.18 1.22 0.16 9.8 MgI(2852) 1.5197

Q1208+101

i 5350.31 0.11 0.83 0.06 27.8

2 B367.79 0.08 3.8 0.12 19.6

3 b5362.93 0.07 3.44 0.11 18.2

4 5368.51 0.10 1.36 0.07 28.7

6§ bB374.76 0.23 0.45 0.08 33.1

6 5383.23 0.09 3.69 0.10 24.1

7 5391.75 0.08 4.96 0.14 16.0

8 5397.62 0.08 2.64 0.09 24.7

9 b5405.42 0.07 2.66 0.09 23.4

10 5408.87 0.07 1.26 0.08 26.4

11 5415.64 0.08 1.31 0.06 27.7

12 b5423.31 0.09 7.61 0.16 17.7
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Aobe o)) Wome o(W) S/N ID Zabe
5434.79 0.07 2.74 0.08 21.0
5440.19 0.09 5.54 0.18 12.5
5448.13 0.07 4.01 0.12 18.56
5463.23 0.07 1.81 0.07 21.8
5457 .54 0.07 2.44 0.09 22.1
5464 .42 0.09 2.456 0.13 16.1
5469 .94 0.08 5.72 0.16 16.4
5477 .50 0.07 2.33 0.08 23.0
5481.87 0.07 2.08 0.08 22.8
5487.156 0.08 2.67 0.09 23.1
5492.52 0.07 2.18 0.08 22.0
5496 .43 0.07 2.79 0.09 21.9
5504.74 0.08 1.92 0.07 27.8
5510.48 0.07 3.30 0.11% 17.7
5516.87 0.10 6.70 0.26 9.5
5525 .56 0.10 7.66 0.24 10.9
5533.85 0.08 2.29 0.08 26.9
5540.02 0.09 1.32 0.06 31.0
5548.52 0.08 5.89 0.16 16.7
5552.73 0.07 2.14 0.07 27.1
5560.91 0.10 1.39 0.07 33.7
5570.97 0.08 6.21 0.14 20.4
55678.97 0.12 3.42 0.21 10.2
5587.88 0.07 1.47 0.08 30.0
5592.40 0.08 1.90 0.07 31.8
5608.03 0.08 4.39 0.10 28.7
5630.41 0.09 11.61 0.16 23.7
5647.39 0.08 1.62 0.06 36.0
5666.33 0.07 4.77 0.10 26.6
5665.3¢4 0.07 2.13 0.06 31.2
5671.63 0.07 4.00 0.09 25.4
5679.44 0.07 4.368 0.10 28.7
5689.67 0.09 4.67 0.11% 24.2
5698.81 0.08 2.29 0.07 33.6
5709 .61 0.13 0.59 0.056 43.2
5716.60 0.08 2.79 0.07 37.7
5726.61 0.08 2.851 0.068 37.4
5741.18 0.07 B8.156 0.09 20.4
5748.06 0.07 0.91 0.04 43.2
5785.01 0.07 1.91 0.06 40.3
5763.12 0.07 2.94 0.06 38.0
5769.27 0.08 0.94 0.056  41.4
8778.51 0.10 0.58 0.04 48.8
8787.19 0.07 5.92 0.09 29.4
5803.03 0.09 2.50 0.08 43.0
5809.99 0.09 1.14 0.04 49.8
5816.96¢ 0.09 1.26 0.04 49.4
5823.15 0.09 1.51 0.04  47.8
5828.58 0.09 1.34 0.04 46.8
5833.23 0.08 1.48 0.04 46.2
5837.09 0.08 1.47 0.04 42.6
5840.96 0.08 2.97 0.056 39.8
5846.40 0.09 0.87 0.03 54.3



TABLE 2 -Continued

Aobe c()) Woe o(W) S/N ID Zabs
56850.30 0.09 0.63 0. 61.7
5866.53 0.08 1.77 0. 52.9
5861.20 0.09 1.49 O. 58.2
6912.26 0.23 0.15 0. 59.6
5971.69 0.09 1.77 O. 49.8 CIV(1548) 2.8572
5977.26 0.10 0.56 0. 57.86 CIV(1548) 2.8608
+SiII(1526) 2.9151
5982.03 0.09 1.84 O. 44.9 CIV(1550) 2.8574
+CIV(1548) 2.8639
5986.81 0.09 1.41 0. 51.3 CIV(1550) 2.86056
+CIV(1548)7 2.8669
5692.38 0.09 0. 47.1 CIV(1550) 2.8641
6069.10 0.1t 0. 21.5 CIV(1548) 2.9136
6062.32 0.12 0. 21.1 CIV(1548) 2.9157
6069.80 0.13 0. 22.8 CIV(1550) 2.9139
6072.83 0.15 0. 23.5 CIV(1550) 2.9160
6179.88 0.26 0. 22.4
6186.47 0.29 0. 22.5
6489.12 0.23 0. 27.3 CIV(1548)? 3.1914
6501.26 0.20 0. 29.9 CIV(1550)7 3.1923
Q2000—-330
1 5001.71 0.18 1.16 O. 5.1 SiII(1193) 3.19168
2 b5010.04 0.17 1.94 O. 4.0
3 5016.44 0.17 2.35 O. 3.9
4 5023.93 0.16 2.10 O. 6.5
5 5028.11 0.16 2.22 0. 5.4
6 5038.16 0.13 1.71 0. 7.0
7 5040.57 0.15 3.84 O. 5.7
8 b5066.59 0.12 2.20 O. 7.2 SiIII(1208) 3.1911
9 65084.19 0.2¢4 37.02 O. 6.9
5111.76 0.1t 3.82 0. 11.9
5121.96 0.10 2.687 O. 12.8
5131.16 0.11 0.54 O. 20.5
5133.556 0.10 1.23 0. 18.0
5142.89 0.12 7T7.47 O. 13.4
6150.89 0.10 1.74 O©. 17.7
6167.01 0.10 1.586 O. 18.9
5160.54 0.10 1.38 O. 17.2
5166.66 0.11 3.73 0. 16.1
5173.38 0.10 0.73 0. 21.1
5179.09 0.10 2.59 0. 156.3
5182.63 0.09 0.61 0. 18.1
5184.96 0.09 1.23 0. 16.6
5187.44 0.10 0.56 O. 19.3
5211.33 0.12 3.%0 O. 16.9
5228.31 0.10 1.71 0. 12.1 SiIII(12068) 3.3334
5232.356 0.10 1.36 O. 14.6 SiIII(1208) 3.3368
5236.20 0.10 2.70 O. 11.6
5240.72 0.10 1.62 O. 14.1
5247.72 0.09 0.81 O. 17.1
5249.98 0.09 1.18 O. 15.8
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No.  Acbe () Woe (W) S/N ID Zabs

31 5264.580 0.10 3.29 0.14 10.7

32 52569.90 0.10 2.92 0.13 11.4 SiII(1260) 3.1731

33 5267 .54 0.12 4.94 0.26 6.2 HI(1215) 3.3330

34 5271.52 0.09 1.20 0.10 9.1 HI(1215) 3.3383

35 5273.64 0.09 1.57 0.09 11.7 HI(1215) 3.3381

38 5277.91 0.10 3.36 0.15 9.5 SiII(1260) 3.1874

37 5283.49 0.10 3.82 0.15 10.6 SiII(1260) 3.1919

38 5289.53 0.10 2.48 0.09 16.7

39 5208.57 0.09 1.98 0.08 17.86

40 5305.91 0.09 0.64 0.04 21.2

41 5307.68 0.09 0.67 0.04 21.0

42 5310.73 0.10 2.72 0.09 19.3

43 5329.768 0.12 0.698 0.06 256.5

44 5338.09 0.10 5.25 0.12 16.2

45 5345.14 0.10 2.70 0.08 20.4

46 5357.27 0.09 2.13 0.07 20.6

47 5362.92 0.10 1.90 0.07 24.5

48 5371.42 0.10 1.18 0.08 25.5

49 5381.26 0.12 1.09 0.06 27.6

B0 5389.55 0.10 5.456 0.13 14.7

b1 5366.76 0.09 2.40 0.08 17.6

52 5405.82 0.10 7.29 0.16 13.4

B3 5411.74 0.10 0.78 0.086 23.8

b4 b418.44 0.11 3.28 0.10 19.6 SiII(1190) 3.6817

55 5426.33 0.10 3.13 0.11 15.2

56 5431.28 0.10 2.60 0.10 16.5 SiII(1193) 3.5516

B7 5462.12 0.11 0.69 0.06 21.5 SiII(1260) 3.3338
+SiII(1304) 3.1878

B8 5466.98 0.13 0.78 0.06 ~2.8 SiII(1304) 3.1913
+SiII(1260) 3.3374

1] 5472.50 0.11 0.72 0.06 21.4

80 5476.63 0.10 2.99 0.186 8.5

61 5479.35 0.11 1.47 0.22 4.1

82 5482.69 0.10 3.08 0.156 9.7

63 5490.156 0.10 1.98 0.12 10.5 SiIII(1206) 3.5504

64 5493.06 0.09 1.52 0.08 16.6 SiIII(1208) 3.55628

88 5498.78 0.10 0.97 0.08 20.0 SiIII(1206) 3.55676

86 5502.04 0.11 0.90 0.06 21.5

87 5506.37 0.10 1.34 0.07 17.9

68 55611.27 0.10 3.14 0.11 1.6

89 5517.38 0.10 1.48 0.07 20.4

70 5524 .56 0.10 2.11 0.10 12.5

71 55833.91 0.17 8.863 0.49 4.1 HI(1218) 3.56521

72 5540.47 0.10 3.00 0.13 10.3 HI(12158) 3.6675

73 5545.93 0.10 3.78 0.15 10.4 !51(1827)? 2.0340

74 5550.54 0.09 2.52 0.09 16.9

76 5555.34 0.10 0.33 0.04 26.2

76 55659.18 0.10 2.36 0.08 20.3

77 55685.00 0.12 0.62 0.08 27.0

78 5569.24 0.10 0.83 0.056 26.0 CII(1334) 3.1732
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Aobs
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S/N

ID

Zabs

5572.33
6675.70
5684.99
5588.87
5693.74
5596.99
5600.66
5605.28
5608.62
5612.97
5625.31
5629.05
56832.27
5637.08
5640.52
5661.59
5687.82
5681.94
5686.27
5890.47
5697.46
5701.24
5703.83
5707.94
6714.14
5719.23
5724.35
5729.53
5733.93
5738.71
5743.71
5750.21
5753.456
5756.64
5760.77
5767.59
8776.71
5783.28
5786.44
§792.556
5802.31
5808.39
5814.74
5842.46
5863.50
5879.97
5925.00
5852.28
6039.62
68072.30
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2.0330
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.1728
.1917
.5601

.3333
.9774
.5501
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No.  Aobe o(A) Wope (W) S/N ID Zabe
129 6075.54 0.10 0.56 0.04 31.7 CII(1334) 3.5526
130 6078.74 0.10 0.52 0.04 32.3 SiIV(1402) 3.3334

+CII(1334) 3.5550
131 6085.98 0.12 0.48 0.04 34.1
132 6088.40 0.14 0.15 0.03 35.8
133 6102.04 0.17 0.21 0.03 36.0
134 6158.95 0.12 1.18 0.08 31.7 CIV(1548) 2.9781
136 6168.85 0.12 0.84 0.05 33.6 CIV(1550) 2.9779
136 6334.85 0.18 0.38 0.05 30.7
137 6338.92 0.11 0.88 0.056 27.6 SiIv(1393) 3.5481
138 6342.40 0.10 0.89 0.05 26.1 SiIV(1393) 3.5508
139 6345.23 0.09 0.81 0.05 23.3 SiIV(1393) 3.5526
140 6348.38 0.12 0.7f 0.06 25.1 SiIV(1393) 3.5549
141 6351.76 0.10 0.56 0.056 25.8 SiIv(1393) 3.8577
142 6354.22 0.11 0.46 0.04 27.4
143 6356.52 0.13 0.2¢ 0.04 27.9
144 6370.22 0.15 0.39 0.04 31.: SiII(1526) 3.1725
1456 6379.66 0.i1 0.27 0.03 31.8 FelI(2600) 1.4538
+SiIV(1402) 3.5479
146 6382.78 0.12 0.40 0.04 32.4 SiIV(1402) 3.5501
147 6385.87 0.10 0.686 0.04 30.1 SiIV(1402) 3.5523
148 6393.43 0.12 0.84 0.05 32.6 SiII(1528) 3.1877
+SiIV(1402) 3.5577
149 6399.49 0.11 0.92 0.06 32.0 FeII(1608) 2.9787
+SiII1(1528) 3.1917
150 6460.38 0.12 0.32 0.04 34.0 CIV(1548) 3.1728
161 6470.56 0.18 0.29 0.04 34.1 CIV(1550) 3.1726
152 6489.26 0.156 1.2T7 0.07 31.6 CIV(1548) 3.19156
163 6499.69 0.20 0.68 0.06 31.7 CIV(1550) 3.1913
164 6709.01 0.12 0.99 0.06 27.2 CIV(1548) 3.3334
166 6715.27 0.18 0.41 0.05 30.1 CIV(1548) 3.3375
1566 6720.22 0.17 0.36 0.05 31.3 CIV(1550) 3.3335
157 67268.30 0.15 0.18 0.04 31.8 CIV(1550) 3.3374
168 6735.46 0.23 0.30 0.05 32.6 FelI(1608) 3.1875
169 6862.45 0.16 0.48 0.05 28.5 MgII(2796) 1.4541
160 6880.84 0.18 0.28 0.05 29.4 MgII(2803) 1.4543
161 6974.55 0.16 0.34 0.06 23.5 FelII(1608) 3.3362
162 6996.44 0.17 0.53 0.07 23.3 AlII(1670) 3.1876
163 7002.86 0.13 0.8 0.08 20.4 MgI(2852) 1.45486
+A11I(1670) 3.1914
164 7041.08 0.13 0.81 0.07 21.5 CIV(1548) 3.5479
166 7044.71 0.11 1.18 0.09 16.3 CIV(1548) 3.5503
166 7047.82 0.11 0.81 0.08 18.7 CIV(1548) 3.5523
167 70562.73 0.13 0.98 0.08 18.6 CIV(1550) 3.5479
+CIV(1648) 3.5554
168 7058.09 0.11 0.79 0.07 18.8 CIV(1550) 3.5550
+CIV(1548) 3.5578
169 7059.40 0.186 0.56 0.07 21.5 CIV(1550) 3.5522
170 7087.47 0.22 0.33 0.07 21.9 CIV(1550) 3.5574
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No.  Aobe o(A) Wowe o(W) S/N ID Zabs
174  7110.00 0.16 1.33 0.09 23.0 FeII(2344) 2.0330
172 7201.51 0.16 0.38 0.05 25.9 FelI(2374) 2.0329
173 7226.57 0.12 1.33 0.08 23.2 FelIl(2382) 2.0329
174 7238.7€ 0.24 0.36 0.07 24.2 AlII(1670) 3.3325

Q2204—-408

1 5025.77 0.10 1.21 0.11 8.2

2 5027.72 0.10 1.17 0.11 9.7

3 5045.31 0.16 0.27 0.05 20.6

4 B50B5.59 0.10 3.13 0.10 16.1 HI(1215) 3.1587

B 5058.71 0.09 1.22 0.05 24.2

6 5070.63 0.09 1.77r 0.08 27.5

7 5075.85 0.09 2.45 0.06 26.4

8 5220.19 0.12 1.57 0.10 14.4 A1ITI(1854) 1.8145

9 b5242.90 0.12 0.76 0.08 14.4 A1III(1862) 1.8145

+SiII(1260) 3.1597

10 5367.64 0.19 0.49 0.08 15.4 SiIv(1393) 2.8512

11 5402.44 0.156 0.43 0.07 15.8 SiIv(1402) 2.8513

12 5616.94 0.11 0.93 0.08 14.3 CIV(1548) 2.6280

13 B5619.29 0.14 0.51 0.07 16.9 CIV(1548) 2.68296

14 5626.42 0.i4 0.77 0.08 16.8 CIV(1550) 2.6281

16 5887.69 0.i13 0.29 0.05 18.1

16 5941.54 0.13 0.93 0.10 13.0 CIV(1548) 2.8377

17 5950.98 0.19 0.66 0.09 13.9 CIV(1550) 2.8374

18 5960.13 0.14 0.73 0.10 12.1 CIV(1548) 2.8497

19 5962.19 0.13 0.43 0.07 13.4 CIV(1548) 2.8510
20 5967.68 0.17 0.50 0.09 13.9 CIV(1548) 2.86545
21 5970.45 0.12 0.34 0.07 12.7 CIV(1550) 2.8500
22 6257.73 0.15 0.49 0.08 14.1 AlII(1670) 2.8546
23 6437.65 0.12 0.48 0.04 29.5 CIV(1548) 3.1581
24 6440.26 0.12 0.468 0.04 30.2 CIV(1548) 3.1598
25 6447.97 0.16 0.22 0.04 32.0 CIV(1550) 3.1579
26 6450.33 0.13 0.19 0.03 31.9 CIV(1550) 3.1594
27 6633.80 0.20 0.48 0.09 14.9

Q2239386

1 b5414.82 0.13 3.07 0.16 10.7

2 b5430.82 0.10 2.31 0.17 7.1 FeII(1608) 2.3764

3 5434.25 0.11 2.58 0.22 5.4 FelI(1608) 2.3786

4 b5437.60 0.11 3.83 0.22 6.1

5 b5444.81 0.11 1.10 0.10 10.7

6 5448.86 0.13 1.81 0.15 8.7

7 b5456.68 0.16 2.28 0.17 9.8

8 5461.37 0.20 0.48 0.08 15.7

® 54756.06 0.12 0.92 0.08 14.4

10 5481.13 0.14 3.53 0.21 8.5

11 5487.50 0.12 1.44 0.10 14.8

12 5491.22 0.14 0.66 0.07 18.4

13 5517.83 0.13 0.52 0.06 21.1
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Aobe o()) Wobe o(W) S/N ID Zabs
14 6574.23 0.12 1.38 0.09  16.3 CIV(1548) 2.6005
15 5584.02 0.16 0.70 0.07  20.0 CIV(1550) 2.6008
16 5641.53 0.11 3.57 0.18 9.3 ALII(1670)  2.3766
17 5646.12 0.12 1.86 0.15 8.6 ALII(1670)  2.3787
18 5684.10 0.19 0.92 0.13  11.1 MgII(2796)  1.0327
19 5699.52 0.16 0.63 0.10  11.8 MgII(2803)  1.0330
20 5711.89 0.13 1.93 0.18 7.4
21  6105.31 0.18 0.70 0.11  12.3 SiII(1808)7 2.3768
22 6166.56 0.22 0.52 0.10  13.4
23 6263.66 0.15 1.09 0.13  10.3 AlITI(1854) 2.3771
24 6290.99 0.17 0.74 0.12  10.8 AlIII(1862) 2.3772
25 6386.06 0.18 0.69 0.11  13.3
26  6398.79 0.19 0.47 0.09  14.6
27 6944.32 0.14 0.94 0.13 9.7
28 7040.18 0.17 0.73 0.13  10.4
29 7087.22 0.31 1.28 0.22 8.4
30 7101.46 0.24¢ 1.00 0.19 8.3
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TABLE 3

QSO Zem Zmin  Zmaz Zabe Wo(1548) Wy(1550) Note
Q0000—-263  4.104 3.03 3.68 3.3897 0.97 0.82
3.5363 0.16 0.13
4.1324 1.04 0.89 a
Q0041266  3.045 2.23 2.2659 0.16 0.13
2.3392 0.23 0.16
2.7413 0.26 0.14
2.7576 0.15 0.09
Q0042—-264  3.298 2.38 2.4758 0.24 0.16
3.1466 0.13 0.12
3.2374 0.13 0.10
3.2921 0.06 0.06 b
Q0055—269  3.653 2.66 2.9500 0.31 0.21 c
3.1910 0.56 0.35 d
3.1943 0.20 0.10 d
3.6013 0.34 0.18
Q0256—000 3.370 2.44 3.0919 0.13 0.12 b, d
3.0945 0.13 0.13 b, d
Q0347-383  3.222 2.32 2.3852 0.41 0.27
2.5706 0.18 0.13
2.6512 0.60 0.24 c, d
2.8103 0.25 0.25 d
2.8487 0.21 0.12
3.0252 0.32 0.17
Q0428-136  3.244 2.33 2.3639 0.37 0.37 d
2.3663 0.54 0.31 d
2.5496 0.30 0.19
Q1208+101 3.811 2.79 3.72 2.8573 0.46 0.46 d
2.8606 0.15 0.15 d
2.8640 0.48 0.33 d
2.9137 0.22 0.17 d
2.9158 0.55 0.30 d
Q2000-330 3.777 2.75 3.69 2.9780 0.29 0.21
3.1726 0.08 0.07
3.1914 0.30 0.16
3.3334 0.23 0.09 d
3.3375 0.09 0.04 d
3.5479 0.18 0.18 d
3.5503 0.25 0.25 d
3.5523 0.18 0.12 d
3.5552 0.22 0.17 d
3.5575 0.14 0.07 d
Q2204—-408 3.169 2.28 2.6280 0.26 0.21
2.8375 0.24 0.14
2.8500 0.30 0.15 c,d
2.8545 0.13 0.11 d
3.1588 0.23 0.10 [
Q2239386 3.511 2.55 3.39 2.6006 0.38 0.19

a) Doublet detected in a spectral region in which the S/N is not adequate to

detect lines with Wy = 0.15 A.

b) The reality of the features is somewhat doubtful as there is relatively poor
redshift agreement between the two lines of the doublet. ‘
~¢) The separation of two redshift systems was less than 150 km s~1, so the
tabulated equivalent widths represent the sum of the two systems.
d) The equivalent widths are uncertain because the lines are part of a complex

or blend.
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TABLE 4
THE C IV ABSORPTION SYSTEM SAMPLES
Criteria Sample Number (z43,) N2  o(N) +P o(v)
Wo > 0.15, Bc > 5000 ES2 104 2.134 2.44 0.29 -1.26 0.56
Wo > 0.30, Bc > 5000¢ ESs5 79 1.998 1.31 0.16 —1.84 0.68
Bc > 50004 EA2 209 2.167 ..

a) Mean number density of absorption systems per unit redshift interval.

b) Maximum likelihood estimation assuming the form N(z) x (1 + z)7 .

¢) Includes data from YSB and Foltz et al. (1986).

d) Sample used for discussion of the 2-point correlation function. (See text).
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FIGURE CAPTIONS

FIG 1.—The spectra of the 11 newly observed QSOs.‘ The spectra have 60 km s~!resolution,

and are plotted without smoothing. All of the absorption lines that exceed 50 in equivalent
width have been indicated; they are listed in Table 2.

FIG 2.—The histogram showing the number of lines of sight sampled versus C IV
absorption redshift. The solid histogram represents the coverage of the original SBS survey,
and the dotted histogram represents the improvements in the coverage at high redshif*
afforded by the new data.

FIG 3.—Plot showing the arbitrarily binned number of C IV absorption systems (in
sample ES2) per unit redshift range versus absorption redshift. The error bars are t1o.
The dotted curve represents the result of a maximum likelihood fit to the unbinned data
assuming the form N(z) « (1 + z)". Here, v = —1.26 + 0.56.

FIG 4.—Same as Figure 3, except that here sample ES2 has been divided into two
subsamples. The heavy crosses represent the binned data for those absorption redshifts in
sample ES2 which have Wy(1548) > 0.40 A, and the lighter crosses represent those systems
with 0.15 < Wp(1548) < 0.40 A.

FIG 5.—(a) The two-point correlation function for C IV redshifts in sample EA2.
As discussed in the text, velocity scales less than 200 km s~'have been excluded in the
determination. The dotted line represents the adopted background level or the mean number
of pairs per bin (N,) (excluding velocity scales less than 1000 km s~!). The correlation
amplitude for each bin is then £ = (N,/(N,)) — 1.

(b) Same as for (a), except that only those absorption redshifts in sample EA2 with
2445 < 2.2 have been used.

(c) Same as for (b), but for zg, > 2.2.

FIG 6.—Comparison of the distributions of rest equivalent widths Wy(1548) in sample
ES2. The solid histogram represents all those systems with z,,, < 2.2, and the dotted
histogram represents those with z,,, > 2.2. The distributions are different at the 93%
confidence level (see text).

FIG 7.—Theoretical C IV curve of growth for various values of the gas velocity disper-
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sion parameter b (in km s—1!).

FIG 8.—Curves showing the expected value of the C IV doublet ratio as a function of
C IV column density and gas velocity dispersion parameter b.

FIG 9.—Plot showing the mean C IV doublet ratio, Wy(1548)/W;(1550), versus ab-
sorption redshift.

FIG 10.—Plot similar to Figure 4, except that here the light crosses represent those
systems with 0.15 < Wj(1548) < 0.40 found in the spectra of the 21 QSOs in the sample
for which C IV A1550 lines with Wy(1550) = 0.075 A could have been detected at the 50
level. This sample is thus complete, regardless of the C IV doublet ratio. The heavy crosses
are the same as in Figure 4.

FIG 11.—Curves showing the predicted column densities of various ions for a model
gas cloud versus ionization parameter I'. The total hydrogen column density is 102° cm~2.
The models were calculated by assuming that the chemical abundances are 1/100 solar, and
that the cloud is being photoionized by the integrated UV spectra of QSOs (see text for

discussion).
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Figure 2
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Figure 3
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Figure 4
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Figure 5 a.
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Figure 5 ¢.

000S1

(,_s uny) sousIepIqQ AOOIA
000071
—x -

suiq s wy 007

;.S Wy 000S < °f

22 < "z ‘sma)sfs y6
S0SO 99 J0] eje(

000S

o1

GI

sIted jo Jaqump



- 136 -

14

1.2

1
W,(1548)

ILllLL[ll

14 —

IIII
o
-

L1
o ® ©
L ]

Swa)sAS Jo JaqumpN



- 137 -

Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11

19lllllITIIITITTIIIITIlIT[II

18

17

16

15

14

'lllllllTl'lllllllll]l|l||fll

13

log N(H)=20.0

v

Q
<

|

Q
(=

T

llllllllljlll

Illllllllll

Illllllll

12 — Si IV—
11 :l 1 1 | i1 1 1 LI 1 | I 1 1 1 I 1 1 | l 1 1 Ll 1 1 7]
32 -3 -28 -286 -24 -22 -2

log T



- 142 -

Chapter 4

QSO HEAVY-ELEMENT ABSORPTION SYSTEMS AND THE NATURE
OF THE METAGALACTIC IONIZING FLUX AT HIGH REDSHIFT

CHARLES C. STEIDEL and WALLACE L. W. SARGENT
Palomar Observatory, California Institute of Technology

To appear in The Astrophysical Journal (Letters), v. 343
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ABSTRACT

Given that the observed QSOs cannot account for the intensity of the metagalactic
ultraviolet flux at high redshift, the possible contribution from early-type stars in young
or forming galaxies is examined. Given the observed ionization state of heavy element
absorption systems in the spectra of QSOs, and using photoionization models, arguments
are presented that appear to rule out the possibility that early-type stars in young or
forming galaxies are dominating the metagalactic ultraviolet flux up to a redshift of at
least z ~ 4. Specifically, the stellar contribution cannot be more than comparable to the
AGN contribution, and thus it appears that unaccounted-for sources of ionizing radiation
that have spectral energy distributions similar to those of AGNs must be present at high
redshifts.

Subject headings: cosmology-intergalactic medium-galaxies—quasars



- 144 -

I. INTRODUCTION

The discovery of the absence of a significant decrement across the Lyman o emission
line in QSO spectra (Gunn and Peterson 1965) represented the first, and to this day one
of the strongest, pieces of evidence supporting the idea that the universe was somehow
highly ionized at early epochs. Recent discussions on the ionization of the intergalactic
medium and the strength of the metagalactic ionizing flux at high redshifts have raised
several important new questions (e.g., Shapiro and Giroux 1987, 1989; Bajtlik, Duncan,
and Ostriker 1988; Donahue and Shull 1987; Steidel and Sargent 1987; Bechtold et al. 1987;
Lin and Phinney 1989; Miralda-Escude and Ostriker 1989). A general conclusion of many
of the investigations is that the observed QSOs cannot possibly have produced enough
hydrogen-ionizing flux early enough to have ionized the intergalactic medium such that no
appreciable Gunn-Peterson discontinuity has been observed to the highest well-observed
redshifts. In particular, the very abrupt turnover in the QSO luminosity function at z ~ 3
(e.g., Osmer 1982; Koo, Kron, and Cudworth 1986; Schmidt, Schneider, and Gunn 1986)
would suggest that rather abrupt changes in the ionization state of the intergalactic gas
ought to be observable if indeed the QSOs are responsible for providing the bulk of the
ionizing flux. There is no evidence for such changes, based not only on Gunn-Peterson
limits, but also on observations of the Lyman a forest of absorption lines (e.g., Murdoch
et al. 1986) and the Lyman limit and heavy element absorption systems (Sargent, Steidel,
and Boksenberg 1989; Sargent, Boksenberg, and Steidel 1988; Steidel 1989a). In fact, there
are several pieces of evidence that suggest that the intensity of the metagalactic flux at
the hydrogen Lyman limit, J,, = Jo/1072! ergs s~! cm~2 Hz~! sr~!, does not change

significantly with redshift over the range 1.5 < z < 3.5.

The most direct arguments to date are provided by observations of the QSO “prox-
imity effect” (Bajtlik, Duncan, and Ostriker 1988), from which (in principle) a direct
determination of Jo may be obtained by measuring the extent to which the radiation
field of a QSO alters the state of ionization of intergalactic clouds in its vicinity. This
would be reflected in the number of observed Lyman a forest lines with z,5, near the

QSO emission redshift; the statistics would be expected to be altered only when the QSO
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makes a contribution to the radiation field which is comparable to or greater than that of
the general metagalactic ionizing background. Using this method, Bajtlik, Duncan, and
Ostriker obtained a value Jy = 1, which does not appear to change significantly with
redshift over the range 1.8 < z < 3.8. Formally, this value is really a lower limit on
Jo, as pointed out by Miralda-Escude and Ostriker (1989). By the latest estimate, the
observed QSOs can account for only about 5% of this lower limit (Lin and Phinney 1989).
Thus the question arises: What can possibly account for the bulk of the ionizing flux at
high redshift? One obvious possibility that has been considered as a source of ionizing
photons at high redshift is young star—forming galaxies where the spectra are dominated by
early-type stars (e.g., Bechtold et al. 1987); another possibility is that many QSOs exist at
high redshift, but we cannot observe them for one reason or another (e.g., because they are
extinguished by dust (Heisler and Ostriker 1988)). Both of these possibilities are explored
in a comprehensive paper by Miralda-Escude and Ostriker (1989); however, we believe that
we have a very simple and powerful argument that can be used to rule out galaxies as

dominant contributors to the metagalactic ionizing background at high redshift.

II. THE IONIZATION OF THE HEAVY ELEMENT ABSORBERS

Sargent et al. (1979) first suggested that the heavy element QSO absorption systems,
which are believed to be associated with the halos of intervening galaxies (see, e.g., Sargent,
Boksenberg, and Steidel 1988 and references therein), are probably in photoionization
equilibrium and are ionized by the integrated UV flux from QSOs. It was argued that
early type stars in the disk of the galaxy could not provide enough high-energy photons
to produce the observed ionization state in the diffuse halo gas that is seen in absorption.
Subsequent studies have also concluded that the QSO absorption line systems are most
probably photoionized by the metagalactic UV flux (e.g., Bergeron and Stasinska 1986;
Chaffee et al. 1986). Consideration of the evolution in number density with redshift of the
C IV absorption systems and of the Lyman limit systems (which to a large extent represent
the same population of absorbers) has also led to the conclusion that the value of Jy is
probably not changing significantly over the redshift range 1.5 < z < 3.5 (Steidel 1989a),

in agreement with the “proximity effect” results described above.
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During the course of a project designed to determine the chemical abundances and

ionization states of the gas in a sample of Lyman limit systems at z = 3, we have constructed
| photoionization models using the CLOUDY program (Ferland 1988). Spectroscopic observa-
tions of a number of spectral regions in each QSO have been made in order to determine the
column densities of HI and of several ionization stages of various heavy elements (C and Si
in particular) in each Lyman limit abéorption system. Details of the observations and on the
construction of the models will be given elsewhere (Steidel 1989b); briefly, the models take
as input the observed HI column density and the shape of the ionizing continuum, and the
output is a grid of models which predicts the relative column densities of the heavy—element
ionic species as a function of the ionization parameter I' = %‘-;—, where n, is the number
density of photons capable of ionizing H incident on the cloud, and npy is the density of
H atoms in the cloud. Thus, for a given value of Jp, the run of I' represents a varying
gas density. The models that we will discuss assume that log N(HI) = 17.5 cm~2, a value
which is typical for the sample of Lyman limit systems. We have found that the relative
column densities of the observed ions can best be reproduced when the UV spectrum has
approximately the shape of a power law with spectral index a = 1.5, where f, x »v~%. This
is in good agreement with the results of similar models described by Bergeron and Stasinska
(1986), and it corresponds to the typical value of a,, measured for AGNs between optical
and soft x-ray wavelengths (e.g., Zamorani et al. 1981). The a = 1.5 power law models
are indistinguishable from those constructed using the “Medium” hardness integrated QSO
spectrum calculated by Bechtold et al. (1987), and they do not differ significantly from
models using a number of other plausible AGN spectral energy distributions (Steidel 1989b).
An example of a grid of photoionization models with a power-law ionizing spectrum is given
in Figure 1a. The relative column densities, particularly of C II, C III, and C IV, usually
require that the ionization parameter be in the range —2.6 < logI' < —2.2 for systems
which are just optically thick in the Lyman continuum. For a value of Jy = 1, this suggests

particle densities in the gas of ~ 102 ¢cm™3 and sizes of 1-10 kpc for the gas clouds.

Consider, on the other hand, the possibility that the clouds are ionized by a metagalac-
tic UV spectrum which is dominated by hot stars in young or forming galaxies. We will

first examine the limiting case where all of the ionizing photons come from early-type stars
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in galaxies. We have adopted a star-forming galaxy spectral energy distribution calculated
by Bruzual (1983) based on the model stellar atmospheres of Kurucz (1979) and assuming
a Salpeter type initial mass function. Figure 1b shows the grid of photoionization models
for a cloud with log N(HI) = 17.5 and the Bruzual young galaxy UV spectral energy
distribution. We would emphasize that no initial assumption is made about the intensity
of the ionizing spectrum - only its shape is assumed. (It should also be pointed out that
the assumption that the metagalactic flux has the same spectral shape as the intrinsic
spectrum of a single contributing source is not too bad; Lin and Phinney (1989) have
shown that because of the effective opacity of the universe to ionizing photons which is due
to intervening material, the ionizing photons reaching z &~ 3 must for the most part have
originated in the range 3.0 < z < 3.17, and so it is not necessary to make large corrections for
the superposition of spectral energy distributions emitted at very different redshifts.) The
difference between the grid in Figure 1b and that shown in Figure la is striking. For LLSs
with log N(HI) = 17.5, it is always the case that N(C IV) > N(C II); given this model,
this would require that logI' > —1.1, implying a neutral fraction n(HI)/n(H) < 4 x 10~3
and thus a total hydrogen column density N(H) > 8 x 10*! cm~2. In addition, it would
predict that N(C IIT) > 100N (C IV) and N(Si IV) > 10N(C IV) (for abundances scaled

with solar), in clear contradiction with the observations.

It is no doubt more reasonable to assume that the actual metagalactic flux has con-
tributions from both power-law AGN spectral energy distributions and early-type stars in
forming galaxies. In this case, let us assume that the QSOs account for as much as ~15% of
the value of Jo, which is the absolute maximum that the observed QSOs can contribute at
z ~ 3 if Jo = 1. [This neglects absorption by high column density, intervening absorption
systems, which are likely to decrease the contribution by another factor of ~ 5. (Bechtold
et al. 1987; Lin and Phinney 1989)] Thus, in this composite model, 85% of the photons with
A = 912 A come from young galaxies, while virtually all of the photons beyond ~ 300 A
would come ffom power-law AGN spectra. The resulting grid of models is shown in Figure
lc. Here the results are much closer to being consistent with the observations; however, there
remain some problems. In order to satisfy the criterion N(C IV) > N(C II), we must have

logI' > —2. Moreover, although C III A977 falls in the Lyman a forest and is therefore
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difficult to observe, the observations suggest that, in general, N(C III) < 10N (C 1v),
requiring logT' ~ ~1.5. The composite model also requires the column densities of Si III
and Si IV to be stronger relative to N(C IV') than is observed. It is interesting to note that
if ' ~ ~1.5, the derived carbon abundance for the halo clouds at z ~ 3 would be ~ 10~3
of the solar abundance. Furthermore, if Jo = 1, then the implied size of the clouds is ~ 1
Mpc, which seems highly unlikely.

Given that we have seen that the UV radiation from hot stars in young galaxies is
probably not dominating Jy, it is of interest to find the ratio Jy(galaxies)/Jo(AGNs) at
which the photoionization models would be consistent with the observations. Figure 1d
shows the photoionization results for a final model for which it is assumed that the AGNs
and the early-type stars make equal contributions to Jy. In terms of the ionization of
C, which is better constrained by the observations than that of Si, this model is virtually
indistiﬁguishable from the power-law—only model shown in Figure 1a. The only significant
difference that would be observable at z ~ 3 is a slightly enhanced population of Si III
relative to C IV. This would be difficult to sort out observationally because the Si III
A1206 absorption line invariably falls in the Lyman o forest and thus precise column
density measurements are not usually possible. Thus we deduce on the basis of the above
considerations that early-type stars in young galaxies can contribute at most roughly the
same number of photons at the Lyman limit as AGNs with power-law spectra. Whether

such a large stellar contribution is feasible on other grounds is beyond the scope of this

Letter.

III. CONCLUSIONS

Clearly, if the estimates of the integrated contribution to Jo by the observed QSOs are
correct (i.e., roughly 5% of 10=2! or ~ 5 x 10~23), and the contribution from early-type
stars in young galaxies is at most comparable to the AGN contribution, then in order to
achieve agreement with the proximity effect results, one needs to find at least a factor of 10
more UV radiation at high redshift from some other source, and it appears that this source
must have a spectral energy distribution that resembles a power-law, AGN-like spectrum.

One possibility is that the luminosity function for QSOs and AGNs at the faint end has a
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considerably steeper slope at high redshift than is observed locally.

Assuming that unaccounted-for AGNs are providing the remainder of the metagalactic
UV flux that is inferred to be present at high redshift, a strong prediction resulting from the
above arguments would be that if there is an observable redshift at which the AGNs have
not yet turned on, or where their contribution is diminished significantly, the ionization
state of the heavy—element systems will be very different from what has been seen to the
highest currently—observed redshifts. Specifically, heavy—element absorbers ionized by a
predominantly stellar energy distribution will be dominated by low-ionization species [e.g.,
N(C II) > N(C 1IV), N(Si IV) > N(C IV)), even when they are optically thin in HIL
Such a change in the general character of the heavy—element redshifts has not been observed
so far up to a redshift of at least z ~ 4.

We are grateful to Z. Lin, S. Phinney, J. Miralda-Escude, and J. Ostriker for early
copies of their preprints and for stimulating discussions. We also thank G. Ferland for
providing a copy of his CLOUDY program, and for comments on an earlier draft of this

paper.
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FIGURE CAPTIONS

FIG 1.—Photoionization model grids for a cloud having log N(HI) = 17.5. The
ordinate is the relative column density of the various ions for abundances scaled with
the solar values, and the abscissa is the ionization parameter. The assumed forms for
the ionizing continuum are: a) Power-law, with f, « v~!%, b) Bruzual “young galaxy”
spectrum, c) Power-law (AGN) spectrum plus young galaxy spectrum, where fJ%//fAGN =
5at 912 A, d) Power-law (AGN) spectrum plus young galaxy spectrum, where f3%!/ fAGN —
1at 912 A.
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ABSTRACT

A detailed study of 8 known Lyman limit absorption systems with 2.90 < zg, < 3.23
has been undertaken in order to provide an unbiased preliminary survey of the properties
of heavy—element absorption systems at very high redshift. Selected spectral regions for
each QSO have been observed at 35-80 km s~!resolution and high S/N so that the column
densities of H I and associated ions of heavy elements might be determined. The H I column
densities are in the range 17.0 < log N(H I) < 19.3. The column density measurements
have been used in conjunction with photoionization models in order to estimate the physical
parameters of the clouds or cloud ensembles responsible for the Lyman discontinuities.
The heavy element abundances are in the range —3.0 < [M/H] < -1.5, and the relative
abundances of C, O, and Si, although uncertain, appear to be consistent with a uniform
depletion relative to the solar values. The particle density in the clouds is in the range
0.01 £ ng < 0.1, and the corresponding cloud sizes and masses are inferred to be in the
range 1 < D. < 15 kpc and 10% < M, < 10° M, respectively. Such parameters would be
expected on theoretical grounds for clouds that condensed in extended ( 2 100 kpc) gaseous
halos during the early evolution of normal galaxies. A considerable fraction of the inferred
visible mass of present-day galaxies was probably in the form of these diffuse clouds at the
epoch corresponding to 2z = 3; thus, they have probably played an important role in the
evolution of galaxies with time. The possibility that the heavy—element absorbing clouds
and the “Lyman o forest” clouds have a common origin (but evolve differently because of

their environment) is discussed.

Subject headings: cosmology-galaxies—quasars
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L. INTRODUCTION

Narrow line absorbers that have a sufficiently large column density of neutral hydrogen
(N(HI) > 10! ¢cm~?) to be optically thick to Lyman continuum photons are referred
to as Lyman limit systems (LLSs). The signature of an LLS in the spectrum of a QSO
is a marked discontinuity in the QSO continuum shortward of 912 A in the rest frame
of the absorber, often reducing the amount of observed flux to zero. Thus, LLSs may
be discovered fairly easily in relatively low-dispersion, low-S/N spectra over a very wide
range of redshifts; with I[IUE, LLSs with 0.4 < z4, < 2.2 can be discovered, and those
with 2.5 < z4ps < 4.7 are observable with ground-based telescopes. The incidence of LLSs
has been studied recently by Tytler (1982), Bechtold et al. (1984), Lanzetta (1988), and
Sargent, Steidel, and Boksenberg (1989a; hereinafter SSB), and the LLSs have been shown
to be consistent with a population of cosmologically distributed, intervening absorbers. In

addition, the comoving number of LLSs per unit redshift is found to be consistent with

non-evolving absorbers over the entire redshift range 0.4 < z < 4.1.

There is a growing body of evidence that the LLSs are associated with the halos of
intervening galaxies (at most a small percentage of LLSs can be associated with the Lyman
a forest of absorbers (SSB)); that is, the LLSs represent essentially the same population of
absorbers as the systems detected by means of absorption lines of heavy—element species, in
particular the Mg II AA2796, 2803 and C IV AA1548, 1550 doublets. However, recent large
surveys for the heavy—element systems (Tytler 1987; Lanzetta, Turnshek, and Wolfe 1987;
Sargent, Boksenberg, and Steidel 1988; SSB; Steidel 1989) have indicated that the number
of systems detected on the basis of heavy—element lines satisfying a given threshold in rest
equivalent width is not consistent with no evolution in the properties of the absorbers.
The most significant results are for the C IV absorption systems, where the comoving
number of detected systems decreases (with increasing redshift) by roughly a factor of
~ 6 — 10 (depending on the value of go) over the redshift range 1.5 < z < 3.5 (Steidel
1989). This change is interpreted as evolution in the typical C IV column density of the
clouds, suggesting either significant changes in the ionization state of the gas with redshift,

or actual chemical enrichment in the gas over time, or both.
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In any case, now that statistical results are available describing the evolution in number
of the various types of QSO absorption line systems, and because the heavy element
absorption systems are probably associated with sites where galaxies have formed or are in
the process of forming, it is a crucial next step to try to understand the physical properties
of the gas, and the processes that are controlling the observed evolution of the gas over
time. The hope is that with sufficient understanding of what factors are influencing the
evolution, the QSO absorption lines may be used to study directly the evolution of galaxies
at redshifts inaccessible to any other means of observation.

Thus, the work described in this paper has been undertaken as a preliminary effort
to determine the chemical abundances and other physical parameters of the gas clouds
giving rise to the high-redshift heavy—element absorption systems. By selecting absorption
systems for more detailed study solely on the basis of their HI column density, there is no
bias involved in undertaking an abundance study. Also, by choosing systems on the basis
of their Lyman continuum opacity, one avoids any bias involving the velocity dispersion in
the absorbing gas. The LLSs turn out to be ideal systems for detailed study because there
tend to be observable lines of several different ionization stages (necessary for an accurate
determination of the ionization state of the absorber), and many of the heavy element
lines of abundant ions are not badly saturated, as they invariably are in damped Lyman
a systems. Moreover, it is quite likely that the LLSs are providing information on quite
a different component of the gas associated with high-redshift galaxies than that of the
much-rarer damped Lyman a systems.

In addition, it is extremely important to study the nature of the LLSs in their own
right; if LLSs can be found that have very low heavy-element abundance (in which case
they may be part of the high HI column density tail of the Lyman o forest population), then
placing sensitive upper limits on the abundance would be invaluable to an understanding
of the nature of the Lyman a clouds. Also, detailed study of a sample of LLSs at a
particular redshift (in this case, zz15 & 3) can be used to place constraints on the nature
of the metagalactic ionizing UV radiation field at high redshift, which is very important to

theories of galaxy formation and the evolution of AGNs.

The observations and data reductions will be described in §II; short summaries of the
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identified absorption redshifts in the new spectra follow in §III. A description of the methods
used for measuring the HI and heavy element column densities associated with the LLSs
will be given in §IV. §V and §VI contain a detailed discussion of the use of photoionization
models in the determination of chemical abundances and ionization states for the LLSs. A
discussion of the results and their implications follow in §VII, and the principal conclusions

are summarized in §VIIL.
II. OBSERVATIONS AND DATA REDUCTION

a) Selection of Objects

Using the sample of high-redshift (2,5, > 2.5) Lyman limit absorption systems found
in the recently completed survey of SSB, QSOs were selected for observation based on the
following criteria:

1. The LLSs are in the redshift range 2.9 < z,45, < 3.2, both for the convenience of the
observations and so that the properties of the clouds at similar redshift may be compared.

2. The red continuum magnitude of the QSO is brighter than 18.5, so that spectra of
high S/N may be obtained in a reasonable amount of time.

3. The emission redshift of the QSO is not so high relative to the zy s that the C II
A1334 line falls in the Lyman o forest of absorption lines. It is important for the purposes of
constraining the jonization state of the gas that this line can be measured in an uncrowded
region of the spectrum.

4. The absorption redshift of the LLS is well separated from the emission redshift of the
QSO (cAz/(1+ z) > 5000 km s~1), in order to exclude material that is possibly associated
with the QSO or that may be influenced by the ionizing radiation from the QSO.

5. The sample is selected without regard to the apparent strength of heavy—element
lines which have been detected in the low-resolution spectra obtained as part of the LLS
survey. Once criteria 1-4 were satisfied, only the position of the QSO in the sky at the times
of the observing runs influenced whether or not a given object was actually observed. There
were 14 objects that satisfied criteria 1-4; complete data were obtained for 7 of these; some

data were obtained for another (PKS 2126-158) in order to complement already existing
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spectra (the data and analysis for this QSO will be published elsewhere (Sargent, Steidel,
and Boksenberg 1989b)), and incomplete data were obtained for Q0642+6654. Only the
complete data for the total of 8 objects will be discussed in the present paper.

The criteria outlined above result in what we believe to be an unbiased sample of

absorption systems with N(HI) > 2.4 x 10'7 cm~2.
b) Observations

All of the spectra described in this paper were obtained using the Palomar 5-meter
Hale telescope and the Double Spectrograph. The data were obtained during the course
of three observing runs, in 1988 February, 1988 October, and 1989 January. A complete
journal of observations is presented in Table 1.

In general, 4 spectral regions were observed per object, and the exact wavelength range
of each of the intervals varied from QSO to QSO, depending on the absorption redshift of
the Lyman limit system of interest. The objective was to obtain spectra that would include
the regions containing the expected positions of the following absorption lines at the redshift
of the cloud giving rise to a Lyman discontinuity:

Region I: The Lyman continuum, the lower Lyman series absorption lines (usually Ly
v and below), and C III \977.

Region II: Lyman a, Si III A1206, N V AA1238, 1242, and in some cases Si II A\1260.

Region III: C II A1334, Si IV AA1393, 1402, and in some cases O I A1302, Si II A1304.

Region IV: Si II A1526, C IV AA1548, 1550, and in some cases Fe II A1608.

Using the Double Spectrograph, it was possible to obtain spectra of two of these regions
simultaneously; i.e., Region I or II could be recorded on the blue side of the spectrograph,
while Region IIT or Region IV was recorded on the red side of the spectrograph. Thus,
for a given object, the required observations could be accomplished using two different
observational setups. Both sides of the Double Spectrograph use Texas Instruments 800 X
800 CCDs. Most of the observations were made using 1200 line/mm gratings in first order,
blazed at A5000 and A7100 for the blue and red sides, respectively. A dichroic filter was
used to divert light with A < 5200 A into the blue camera and A > 5200 A into the red

camera. In combination with the 1” slit, which was used for all of the observations, the
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spectral resolution was ~ 1.1 A for the blue camera and ~ 1.6 A for the red camera. [An
additional blue spectrum was obtained of the spectral region centered on the wavelength
of the Lyman a absorption line at the redshift of the LLS for two of the brighter objects
in the sample (Q0956+1217 and Q0636+6801). For these spectra, a 1200 line/mm grating
blazed at A9400 was used in second order, giving a spectral resolution of ~ 0.6 A FWHM ]

Individual exposure times were usually 3600 seconds, and the slit was always rotated
to the parallactic angle appropriate to the midpoint of the exposure in order to reduce light
losses caused by atmospheric dispersion. A spectrophotometric standard star was observed
at the beginning and end of each instrumental setup (usually a given set of grating angles
was used for 2 to 4 hours before being changed) so that the response function of the detectors
could be determined for each observed wavelength range. Individual exposures were also
bracketed by Fe-Ar hollow cathode + Ne comparison lamp exposures for the purposes of
wavelength calibration.

The data were reduced using a method similar to that described by Steidel (1989).
After each separate exposure was reduced and the wavelength solution was applied (typical
residuals in the wavelength solutions were ~ 0.05 A on the blue side and ~ 0.07 A on the red
side), observations of the same spectral region in a given QSO were rebinned to a common
wavelength scale and merged, weighting by the variance spectrum which was maintained
during the reduction process. The quality of the individual exposures varied considerably
because of seeing fluctuations during the course of the observations. The resulting spectra,

along with the 1o noise spectra, are plotted on the same axes in Figures 1-7.

c) Absorption Lines

Absorption lines were measured using a method identical to that used by SBS, except
that the actual noise spectra calculated during the reduction process were used in estimating
the significance of features, rather than estimates of the noise based on the nearby spectral
regions. For each spectrum in Figures 1-7, line lists were produced containing all lines
exceeding 50 in equivalent width. These lists are presented in Tables 2-8. Also tabulated
are the uncertainties in the wavelengths and equivalent widths for each line, as well as the

signal-to-noise ratio per channel over the range of spectrum spanned by each measured



- 160 -
line. Thus, for weak lines, S/N represents the true continuum S/N per channel. All of the
wavelengths are vacuum heliocentric values.

As usual, apparently blended lines were separated wherever possible into individual
components. The usual warnings about the uncertainties in measuring the equivalent widths
and positions of lines in the Lyman « forest apply. Although we are particularly interested in
the absorption system which gives rise to the observed Lyman discontinuity in the spectrum
of each object, in the interest of completeness we will discuss each identified absorption

system individually in §III.

IT1. DISCUSSION OF INDIVIDUAL OBJECTS

Short descriptions of the overall spectra for all 7 of the QSOs are found in SSB, as
are absorption line identifications based on the low-resolution spectra. In this section, we
discuss the redshifts identified in the new spectra, making comparisons (where applicable)

to what was found by SSB.
a) Q0029+0722

As noted by SSB, the spectrum of this object has broad features that are reminiscent of
BAL objects; however, neither of the very strong C IV complexes results in a corresponding
Lyman discontinuity (see Figure 1), indicating very highly ionized gas, as would be expected
for ejected material. The following absorption redshifts have been identified; all but the
last two we regard as being due to intervening material:

Zqabs = 1.8282: While only 3 lines from this system fall longward of the Lyman o
emission line (Fe IT A2344, Fe IT A2374, and Al III A\1862), the identification is undoubtedly
correct. This system was not identified in the low-resolution spectrum of SSB.

2gbs = 2.4063: As will be discussed in §IV, this redshift is based solely on a relatively
weak C IV doublet which happens to coincide closely with the expected positions of O I
A1302 and Si IT A1304 associated with the Lyman limit system. Thus, the identification
must be regarded as tentative. |

Zabs = 2.4375: There is some evidence for structure in the C IV doublet identified with

this redshift. In addition to C IV, identifications of lines of Si IV and Si II have been made,
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although all of these lie in the Lyman « forest. Unfortunately, none of the observed spectral
regions cover the expected wavelength of any of the H Lyman series lines for this redshift.
The C IV doublet was identified by SSB.

Zgbs = 2.6500: Doublets of C IV and Si IV are identified, although the latter is in the
Lyman o forest; in addition, possible lines of C II A1334 and Si II A1304 are found.

Zgps = 3.0488: This absorption system is the one responsible for the Lyman limit
system found by SSB (they suggested that z; ;s = 3.059 on the basis of the low-resolution
spectrum). No associated C IV doublet was found by SSB; in the new spectrum, we find a
possible identification of the doublet, although the spectral region is rather badly affected by
confusion because of poor night sky subtraction. This could explain the unphysical doublet
ratio. Several low-ionization lines are identified (C II A1334, Si II A1526, O I A1302, and
Si IT A1304), as well as C III A977, Si III A1206, and several Lyman series lines, including
a very strong Lyman « line. A detailed discussion of the system will be made in §IV. The
presence of the low—ionization species indicates that this system cannot be associated with
the QSO, and is thus a normal “intervening” system.

Zabs = 3.12: As noted by SSB, this broad complex probably has its origin in ejected
material; this hypothesis is supported by probable N V and O VI complexes in the low-
resolution SSB spectrum. Identification of individual components would be quite arbitrary;
thus, it has not been attempted. There is no evidence for strong Lyman a absorption from
this redshift.

Zabs = 3.1943, 3.1977: A strong C IV complex defines this redshift. The lack of
identified Lyman a lines and the presence of the N V doublets suggests a very high ionization
state for the system; for this reason, we consider it likely that the system arises in material

ejected from the QSO.
b) Q0256+0000

In addition to the low-resolution spectrum in SSB, this object has been studied as
part of a high-redshift survey for C IV absorption by Steidel (1989). While the spectrum
presented by Steidel (1989) is of somewhat higher resolution than the new observations,

the signal-to—noise ratio was considerably lower. It should be noted that this object was
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incorrectly called Q0256—000 by both SSB and Steidel (1989). The following absorption
redshifts were found on the basis of the spectra shown in Figure 2:

zabs = 1.1984: Along with the very strong Mg II doublet, 5 lines of Fe II are also
observed at this redshift. The system was previously identified by both SBS and Steidel
(1989).

2abs = 3.0175: Although the C IV A1550 line from this system did not qualify for the
linelist, the identification of 4 Lyman series lines as well as C III A\977 strengthens the case
for its being real.

Zgbs = 3.0843: Although this system is certainly real on the basis of the Lyman series
absorption lines and the Lyman discontinuity (it was estimated to have 2,4, = 3.090 by
SSB), the only identified feature longward of Lyman a emission is the C IV doublet, which
is probably affected by the complicated night sky features in the same spectral region. As
we shall see in §IV, this redshift may actually have structure over quite a large range of
velocities.

Zaps = 3.1976: The case for this redshift relies on a rather ambiguous looking weak
C IV doublet. The line identified at C IV A1548 was found by Steidel (1989), although
the A1550 line was not (it is too weak to have exceeded the 5¢ criterion in that spectrum).

There is a moderately strong Lyman a line that may be associated with this redshift.
c) Q0301-0035

The following absorption redshifts have been identified based on the new spectra:

Zabs = —0.0002: This is a clear case of galactic Na I absorption; the interstellar cloud
has a heliocentric velocity of ~ 60 km s~!. In the low-resolution spectrum of SSB, these
features were blended and the line remained unidentified.

Zabs = 2.4292: There is evidence for some structure in the rather weak C IV doublet.
The features were identified in the SSB spectrum, but the equivalent widths were substan-
tially overestimated because of uncertainties in the continuum level of the low resolution
spectrum. In addition to C IV, Fe II A1608, C II A1334, and a possible Si IV doublet are
identified.

Zabs = 2.7235: Although the expected wavelength of the C IV doublet for this redshift



- 163 -
is not covered by any of the new spectra, the SSB spectrum shows a very strong doublet.
Strong lines of Si IV, C II A1334, Si II A1304, Si II A\1260, and Lyman 3 are found in the
new spectra, along with a rather weak Al II A\1670.

Zaps = 2.9400: SSB suggested that this redshift is giving rise to the observed Lyman
discontinuity, which they measured to be at 245, &~ 2.947. In the new spectra, we find several
lines of the Lyman series, including a strong Lyman o, along with C IV and Si IV doublets
(the A1402 line is probably blended with a line from another redshift, as it is markedly
broader than the A1393 line), C II A1334, Si III A1206, and C III A977. This redshift will
be discussed in more detail in §IV.

Zgbs = 2.9572: The redshift agreement between the two lines identified as the C IV
doublet is not particularly good; however, there is a strong Lyman a line at z45, = 2.9571,
and possibly some lower Lyman series lines as well. Several other identifications are

suggested for this redshift, but again the wavelength agreement is not particularly good.
d) Q0636+6801

As noted by SSB, this QSO is much brighter [m(A\o1450)=16.4] than its published
magnitude of my =~ 19. It was therefore possible to obtain spectra of very high S/N. The
following redshifts are found on the basis of the new spectra:

Zabs = 0.0000: This is another case of galactic Na I absorption. From the measured
wavelengths, the gas cloud has a heliocentric velocity of < 10 km s~!. These lines were
erroneously identified as a C IV doublet in SSB; at 6 A resolution, the lines were not resolved
adequately and thus the true separation was impossible to judge.

Zabs = 2.3112: Only a C IV doublet and Al IT A1670 define this redshift; none of the
expected Lyman series lines fall in any of the observed regions. This redshift was not found
by SSB.

2abs = 2.4749: An unambiguous C IV doublet defines this system; again, no expected
lines of H I fall in the observed regions. This redshift was identified by SSB, although the
equivalent widths were overestimated (the C IV doublets are not well resolved in the spectra

with ~ 6 A resolution.)

Zgabs = 2.8683 : Although both lines of the C IV doublet did not qualify for the line list
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(only the A1548 line is stronger than 50), several Lyman series lines strengthen the case for
this redshift.

Z4ps = 2.8920: A weak C IV doublet, several Lyman series lines (including a strong
Lyman a), and C III \977 are found for this redshift. The C IV A1548 line was detected
by SSB, but remained unidentified. This redshift is separated from the system giving rise
to the Lyman discontinuity by only ~ 900 km s~!.

Zaps = 2.9040: This system, which is associated with the Lyman limit (SSB suggested
zrLs = 2.909), has obvious structure in C IV and Si IV even at ~ 80 km s~ resolution.
Many other lines are also identified; the redshift will be discussed in detail in §IV

Zabs = 3.0174: A relatively weak C IV doublet and C IIT A977 are identified for this
~ redshift. Although Lyman « falls just out of the range of our spectra, we find a probable
Lyman § line. The C IV doublet was found by SSB, with rather good agreement in measured
equivalent widths.

e) Q0956+1217

On the basis of the low-resolution data obtained by SSB, the Lyman limit system in
the spectrum of this QSO was estimated to be at z; ;s =~ 3.10. However, the new spectrum
at ~ 1.1 A resolution (see Figure 5) shows that the system resulting in the obvious Lyman
discontinuity is in fact at z; 15 = 3.22. There s clearly residual flux in the Lyman continuum
until another system with 2715 = 3.11 reduces the flux to zero at ~ 3750 A. The following
absorption redshifts have been identified in the new spectra:

Zgbs = 0.0456: If the identification is correct, the Na I doublet has a heliocentric velocity
of ~ 13,700 km s~1!, suggesting that the absorption may arise in a relatively nearby galaxy
along the line of sight to the QSO. The lines are too weak for the identification to be
certain, but they do not correspond to the expected positions of any line from another
known redshift in the spectrum. A search of the Palomar Sky Survey print in the vicinity
of Q095641217 shows no obvious bright galaxy within 1'.

Zgbs = 2.3104: The expected position of the C IV doublet for this redshift is within the
Lyman a forest; however, there is a weak Al II A1670 line longward of Lyman a emission,

and a strong Lyman a line with a measured redshift of z4, = 2.3099. The redshift cannot
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be regarded as certain.

Zabs = 2.7169: A weak C IV doublet, Al IT A1670, and possible C II A1334 define this
redshift. All of the expected Lyman series lines fall outside of the observed wavelength
range (Lyman 3 would be expected near 3810 A, which is shortward of the Lyman edge at
Zabs = 3.223); thus, we regard the system as probable, but not certain.

Zgps = 2.7261: The reality of this system is somewhat doubtful, as the redshift
agreement between the two putative C IV lines is not particularly good, and the lines
are very weak.

Zabs = 2.8320: This redshift is defined by another very weak C IV doublet, but the
redshift agreement between the two C IV lines is good, and a line has been identified as
Lyman 3 (Lyman a is outside of the observed wavelength ranges). In addition, there are
possible identifications of Si II A1260 and C II A1334, although both lines are in the Lyman
o forest and so may not be correct identifications.

Zaps = 3.1045: The A1550 line of the C IV doublet identified with this system is
probably affected by poor night sky subtraction , resulting in somewhat poor redshift
agreement between the two lines of the doublet. The strong Lyman o line (and possibly
Lyman vy and Lyman ) and C III A977 make the reality of this redshift secure.

Zgbs = 3.1142: This redshift is probably responsible for the second Lyman discontinuity
mentioned above; in addition to the C IV doublet, we identify three Lyman series lines
(including strong Lyman a), Si IIT A1206, C III A977, and Si II A1260. As for the system
at zqbs = 3.1045, the C IV doublet for this system falls in a region where the night sky is
particularly messy, so the relative strength of the two lines may be affected.

Zabs = 3.1530: The appearance of the weak C IV doublet identified with this system
suggests possible multiple structure; the same type of structure may also be present in Si IV
(the A1402 line may have been barely resolved into two — see Figure 5). In addition to C IV
and Si IV, we find several Lyman series lines, and probable identifications of C III and Si III
lines.

Zabs = 3.2228: As discussed above, it is this certain redshift that is responsible for the
obvious Lyman discontinuity near 3860 A (see Figure le). C IV and Si IV doublets are

identified, as well as Lyman series lines and several other lines which fall in the Lyman a
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forest. The redshift will be discussed in detail in §IV.
f) Q1017+1055

As for Q0029+0722, the spectrum of this QSO has some features that are likely to be
due to ejected material, based on the broad, complex appearance of the absorption and
also on the implied ionization state of the gas (e.g., strong C IV and N V absorption and
weak or absent lines of HI). However, the absorption system that gives rise to the Lyman
discontinuity (z;5s ~ 3.05) is of a very different nature (e.g., the C IV is weak and the
Lyman series lines are strong), and so it is unlikely that the gas is in any way associated
with the QSO itself. The following absorption redshifts have been identified on the basis of
the new spectra:

2gps = 0.9979 : The possible Mg II doublet for this system is weak; an additional
identification of Fe I A\2382 is suggested, but the system must be regarded as tentative.

Zabs = 1.2400 : A strong Mg II doublet, several lines of Fe II, and Al II A1670 define
this redshift. It was identified by SSB on the basis of a low—resolution spectrum.

Zabs = 2.5651: Although the identified C IV doublet is strong, the reality of this
system is not absolutely certain because the lines fall in a region of the spectrum that is
complicated by the presence of complex, broad Si IV features from one of the BAL-like
systems. Unfortunately, none of the expected Lyman series lines fall in any of the observed
spectral regions.

Zabs = 2.9400: In addition to a weak C IV doublet and several Lyman series lines of
HI, lines of C III, Si II, and Si III are identified.

Zabs =~ 2.972: This system has a broad, unresolved C IV complex and a diffuse Si IV
doublet (the A1402 feature is affected by residuals from the A5577 night sky emission
line). As noted by SSB, there is no strong H I absorption evident for this redshift.
The low-resolution spectrum also shows broad features at the expected position of the
O VI AA1031, 1037 doublet. The expected N V features, if present, are not obvious in
the low-resolution spectrum of SSB. In the new higher-resolution spectra, there is some
evidence for a depression in the continuum near ~ 4925 A, which may be a diffuse N V

feature. This corresponds closely in wavelength to the Lyman o line from the absorption
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system giving rise to the Lyman discontinuity. This diffuse, high ionization system is
probably due to material associated with the QSO.

Zabs = 2.9970: The C IV doublet identified with this redshift, if correct, shows evidence
for being diffuse, and possibly of similar origin to the diffuse system at 245, ~ 2.972. A line
at A4859 may be the associated Lyman a line. The system must be regarded as tentative,
particularly since the redshift agreement between the C IV doublet lines is not good.

Zabs = 3.0098: The narrow C IV doublet and several Lyman series lines, including a
strong Lyman «, suggest that this redshift has an intervening origin.

Zabs = 3.0542: This redshift is unusual in the sense that it is has a high H I column
density which results in the observed Lyman discontinuity (the system was estimated to
have zp s =~ 3.048 by SSB), yet there are no certain identifications of associated heavy
element lines. Although a pair of lines is identified as a N V doublet, this is not likely to be
correct, given the absence of a detectable C IV doublet and the strength of the H I lines.
This system will be analyzed in detail in §IV.

Zabs = 3.0765, 3.0793: The reality of this pair of systems is suspect because of the very
complicated nature of the spectrum near the positions of the identified C IV doublets. It is
difficult to judge which features are real and which are due to poor night sky subtraction.
Neither system has a strong Lyman « line identified with it.

Zabs = 3.1109: Although this system is not particularly broad or diffuse, the strong
C IV and N V doublets and absence of strong H I lines indicate that it is likely to be
associated with ejecta from the QSO. Si III A1206 and C III A977 are also identified,
although the former is weak, and the absence of the Si IV doublet casts some doubt on the
Si III identification.

9) Q2233+1341

With m(Ag1450) = 18.64, this QSO is the faintest of the 8 observed. No heavy element
lines were identified longward of Lyman o emission which could be associated with the
observed Lyman limit (estimated to have 2175 ~ 3.035 by SSB) on the basis of the low-
resolution spectrum obtained by SSB. However, given the new higher-resolution data, the

system giving rise to the Lyman discontinuity appears to have éLLs = 3.0618. It can be
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seen in Figure 7c and 7d that there are considerable problems with subtraction of the night
sky, particularly near A\5577 and A6300. Also, the spectrum covering the wavelength range
AA5200 — 5830 (Figure 7c) does not have a signal-to—noise ratio as high as would have been
desirable. The following redshifts have been identified:

Zgbs = 0.0101: This redshift is based on the identification of two ~ 5¢ lines as the Na I
doublet; if it is correct, then the heliocentric velocity of the system is ~ 3040 km s~1. A
casual inspection of the Palomar Sky Survey field does not show any obvious galaxy near
the line of sight to Q2233+1341.

Zgbs = 2.1668 : This redshift is identified on the basis of very strong Lyman a and Al II
A1670 lines. We also find Si ITI A1206, Si IT A1526, C IV A1548 (the A1550 line is probably

blended with another strong line, and thus remains unidentified), Fe II A1608, and Mg I
| A2026.

Zgbs = 2.8886: There appears to be some structure in the C IV doublet identified with
this redshift; also found are Si IV A1393 (the A1402 component of the doublet may be
present, but it would not satisfy the 5¢ criterion for acceptance in the line list), Lyman
a, Lyman g, Si II A1260, and C III A\977. This redshift was found in the low-resolution
spectrum of SSB.

Zaps = 2.9420: Although only the A1548 line of the C IV doublet is found (the A1550
line is just beyond the 50 threshold), several Lyman series lines make the redshift beyond
doubt.

Zabs = 2.9990: A very weak C IV doublet is found to be associated with this redshift,
as well as Lyman a, ¥, §, and € (Lyman 3 does not fall within the observed wavelength
ranges), and C III \977.

Zabs = 3.0618: Although the new high dispersion spectra show that it is this system that
causes the pronounced Lyman discontinuity, the identification is based solely on the Lyman
series lines and the Lyman limit; there are no convincing identifications of heavy-element
lines associated with the system (as will be seen, an a posteriori search will yield the C II
A1334 line), although the expected position of the C IV doublet corresponds to the spectral
region near 6300 A, which is badly confused by poor night sky subtraction. A detailed
discussion of this redshift will be given in §IV.
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IV. THE LYMAN LIMIT SYSTEMS

@) H I Column Density Measurements

The survey for Lyman limit absorption conducted by SSB was considered to be sensitive
to the detection of systems having log N(H I) > 17.32, or r11 > 1.5. However, it was only
for the relatively rare case in which 1.5 < 71z < 3 that an accurate estimate of N(H I) could
be made on the basis of the low-resolution spectra. In general, high-resolution spectra of
the Lyman a line alone are not sufficient to determine uniquely the H I column density and
b parameter for a high column density system, and such measurements result in a rather
large range of possible combinations of parameters. In order to reduce the uncertainties
~ involved, it is really necessary to observe many lines of the Lyman series, particularly the
lower lines, which are much less saturated than Lyman a. In the present work, the QSOs are
in general too faint to allow echelle-resolution spectra of the appropriate wavelength ranges
required to resolve the Lyman lines, which typically have b values in the range 10-45 km
s~!(Atwood, Baldwin, and Carswell 1985; Carswell et al. 1984). Thus, some compromise
was necessary in order to study a statistical sample of LLSs.

The method of obtaining an accurate measurement of the H I column density for
each Lyman limit system involves the ~ 1 A resolution spectra of the regions.containing
the Lyman o absorption line (Region II as described in §IIb) and convergence of the
Lyman series to the Lyman limit (Region I). Because the velocity resolution of the spectra
is generally ~ 60 — 80 km s~!(with the exception of Region II for Q0636+6801 and
Q0956+1217, which have ~ 35 km s~'resolution), profile fitting to any single member of
the Lyman series is not adequate for anything but placing limits on the H I column density
of the system; however, the observed spectral regions encompass many of the Lyman series
lin:, along with the Lyman limit. Because the observed Lyman lines span a very large
range in optical depth for a given set of parameters b and N(H I), they allow (in principle)
a standard curve of growth analysis to be performed in order to substantially reduce the
uncertainties substantially. However, in practice, the analysis cannot be accomplished by
simply measuring equivalent widths because the Lyman series lines are invariably blended

with lines from other redshifts. A more productive approach involves simultaneous profile
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fitting of the Lyman series lines until a consistent result is obtained. In addition, as
first pointed out by Tytler (1982), the observed shape of the convergence of the Lyman
series toward the Lyman limit is fairly sensitive to the gas velocity dispersion parameter, b.
That is, the overlapping lower Lyman series lines produce significantly different observed
Lyman edges depending on the b parameter. In order to make best use of the data toward
accurate H I column density measurements, an interactive computer program was devised
which calculates Voigt profiles for the first 20 Lyman series lines and includes the Lyman
limit and Lyman continuum‘. Since the lines are unresolved at ~ 60 km s~ !resolution,
the instrumental profile plays an important role in the observed shape of the line profiles.
Thus, the instrumental resolution was carefully determined for each spectrum by combining
comparison—-lamp spectra taken during the course of the observations in the same way in
which the actual data were combined; the instrumental FWHM was then measured as a
function of wavelength for each spectrum. The computer model spectra are convolved with
the instrumental profile so that a direct comparison with the data is possible. The two
parameters N(H I) and b are then varied until the line profiles and the shape of the Lyman
edge and Lyman continuum are consistent with the observations. As will be seen, it is
sometimes the case that more than one strong H I component is contributing to the observed
Lyman limit; in such cases, the situation clearly becomes more complicated. However, the
computer program allows the superposition of as many as 8 systems at different redshifts to
be calculated. The results of the H I column density determinations for each LLS are given in
Table 9. The uncertainties in the H I column densities listed in Table 9 have been estimated
based on repeated trials; they are not formal x? uncertainties. Figure 8 shows the data and
model spectra for the two most complicated Lyman limits, along with the corresponding
Lyman « line profiles. It is worth noting that considerable uncertainties in the continuum
arise near the convergence of the Lyman series; the presence of any moderately strong line
from another redshift system can have a very large effect on the apparent level of the data.
In general, the “true” continuum has been assumed to be a monotonic extrapolation from
higher wavelengths. This is reasonable unless there is a system with a significant Lyman
continuum optical depth that has a higher redshift than the LLS of interest. When this

appears to be the case, the continuum has been adjusted accordingly.
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There is no indication from the observed Lyman series absorption (recall that there is
no bias in terms of the gas velocity dispersion expected if the systems are chosen solely on the
basis of an observed Lyman discontinuity) of velocity components with substantial column
densities but very small b values. In fact, the inferred Lyman series b values (typically ~ 25
km s~1) are consistent with the range found in general for the Lyman « forest lines (Atwood,
Baldwin, and Carswell 1985; Carswell et al. 1984). This is not surprising, since both types of
clouds are thought to be photoionized, and the b values are generally interpreted as thermal

line widths.

b) The Heavy Element Ionic Column Densities

The measurement of the column densities of the heavy—element ions in QSO absorption
systems is subject to many possible difficulties which have been widely discussed in the
literature. One of the most commonly cited problems is that since the presence of fine
velocity structure appears to be the rule rather than the exception in QSO heavy element
absorption systems (e.g., Blades 1988 and references therein), there always remains the
possibility that there exist components in the absorption systems that have high column
densities but low b values and therefore are not accounted for whenever the individual
velocity components are unresolved. If this is often the case, then it may be that the
inferred column densities are substantially underestimated. High-resolution observations
of C IV have shown that typical b values for individual velocity components are 7-15 km
s™!(York et al. 1984; Pettini et al. 1983; Blades 1988), whereas the inferred “effective” b
value found from the classical doublet ratio method may be as high as ~ 50 km s~!for
moderate resolution data and strong lines. Thus there is little doubt that higher-resolution
observations of strong lines would invariably reveal finer velocity structure than is obvious
in the present spectra. However, Jenkins (1986) has shown that as long as the velocity
components comprising a heavy element absorption system are not very strongly saturated,
the value of the total column density derived on the basis of relatively low-resolution spectra
and a standard single-component curve of growth analysis will only underestimate the true
total column density by a small amount (usually less than 10%). While this is somewhat

counter—intuitive, it has been seen to be true in practice as well when moderate and high
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resolution column density measurements for the same absorption systems are compared
(e.g., Pettini et al. 1983; Carswell et al. 1984; Boksenberg, Carswell, and Sargent 1979). In
the present situation, the results of Jenkins are really applicable only to doublets, since it is
usually the case that only one transition is observed for each ion. Thus, the most accurate
column density measurements are possible for doublets such as C IV AA1548, 1550 and
Si IV AA1393, 1402, since the total column density and “effective” b values (which now bear
no relation to actual gas temperatures) can be uniquely determined from the line strength
and doublet ratio. For transitions that are not doublets, many of the lines being measured
turn out to be on the linear part of the curve of growth, in which case (when the spectral
resolution o,5s > b) the precise b value does not affect the observed line profile and is not
important in determining the column density (as long as b is not smaller than the thermal
width for a gas at ~ 10* K). However, ambiguity arises when the lines being measured
are strong; for lines that are not on the linear part of the curve of growth, or for lines
that are undetected, the column density limits are obtained by taking b to be the thermal
width implied by the H I b values obtained above from fits to the Lyman series lines. This
leads to a typical b value for C of 7-10 km s~!, in agreement with existing high-resolution
observations. If indeed there is fine velocity structure, then this procedure may in fact
lead to overestimates of the column densities for some moderately strong lines (e.g., C II)
because it requires that all of the line equivalent width be contributed by a single velocity
component on the flat part of the curve of growth, when in fact the line profile may be the
superposition of several lower column density, less saturated components. This is certainly
true in some instances, where no reasonable value of the column density will produce a
strong enough line if it is assumed to be due to a single component; in such a case, the
column density is determined by assuming that the b value is the same as the “effective”

value determined for a doublet transition of the same element (when it is available).

Another difficulty arises for lines that are expected to fall within the Lyman a forest
region, e.g., C III A977 and Si III A1206. In such cases, any measurement is really only
an upper limit on the column density, because the probability is very high that any given
spectral feature is blended with a line (usually Lyman a) from another redshift system. It

is often the case that the expected position of one of these lines coincides with a very strong
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line in the Lyman a forest, so that no useful column density limits can be set.

With the above caveats in mind, all of the column density measurements and limits
have been determined by assuming that the velocity structure is no more complicated than
appears obvious in the spectra of (in most cases) 60 — 80 km s~!resolution. We have
made use of an interactive computer program that fits Voigt profiles (convolved with the
appropriate instrumental profile, which has been carefully measured as described in §IVa)
to observed spectral features. The line profiles used in determining the column densities
have been calculated using the rest wavelengths and oscillator strengths which have recently
been compiled by Morton, York, and Jenkins (1989). Table 9 contains the column densities
and column density limits for all of the observable ions for each Lyman limit system. The
parameters for the LLS in the spectrum of PKS 2126-158, determined using identical
methods, have been included in Table 9 as well; a more in—depth discussion of this system
can be found in Sargent, Steidel, and Boksenberg (1989b). A brief discussion of the 7 other
LLSs follows:

Q0029+0722 (z1s = 3.0488): This system, with log N(H I)= 19.3, has the highest H I
column density of the 8 LLSs presented in Table 9. As expected, the system is dominated
by lower ionization species. As mentioned in §III, the Si II A1304 and O I A1302 lines are
partially blended with a possible C IV system; however, the measurement of the Si II 21526
line provides a check, and the two measurement of N(Si II) agree well. As is the case for
several of the LLSs in Table 9, the limits on the C IV column density are not quite as low
as they might be because of a very complicated night sky spectrum in the vicinity of 6300
A. The non—detection of the excited fine structure line C II*11335.68 can be used to place
limits on the gas density in the cloud, as originally proposed by Bahcall and Wolf (1968).
The critical electron density at which the excited and ground states of C II are populated
equally (for T ~ 10* K) is n, &~ 100 cm~3; thus, for sufficiently high electron densities, one
would expect to observe the fine structure line if the ground state line is strong. Using the
expression given by Morris et al. (1986),

N(C IT™)

_ -2
NCID) - 3.9 x 10*n.[1 + (0.22n,/n.))

where n, and n, are the electron and proton number densities, respectively, then for n, = n,
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and n, = ny,
N(C IT™)
N(C II)

Therefore, given the measurements shown in Table 9, one finds that ng < 0.7 cm =3 for this

=48 x 10" ny.

system.

Q0256+0000 (2.5 = 3.0823): The procedure outlined in §IVa for measuring the H I
column densities indicates that there are several components making significant contribu-
tions to this Lyman limit discontinuity (the fits based on the adopted parameters are shown
in Figure 8). Table 9 shows the limits placed on the various ionic column densities for each
of the three components. The only certain detections are for C IV and Si IV in the highest
redshift component. There is evidence for the presence of C IV associated with the other
two components, but again the spectra are unfortunately not pristine near the expected
positions of the lines because of poor night sky subtraction. Because of the extremely
strong Lyman o emission line and the very steep line profile, column density limits from
the O I A1302 and Si II A1304 lines were not possible to assess. Since there are no strong
C II lines detected, no useful limits can be placed on the gas density for any of the three
components.

Q0301-0035 (zLLs = 2.9400): The upper bound for the H I column density in this
system is well determined because the Lyman a absorption line shows no evidence for the
onset of damping wings, which occurs for log N(H I) { 18.8; the lower bound is considerably
more uncertain. Although there are unambiguous detections of C II, C IV, and Si IV for this
LLS, there appear to be small redshift disagreements between the high-ionization (C IV and
Si IV) and lower-ionization (H I and C II) species of roughly 15 km s~!. It is not completely
clear whether this difference is real or is simply due to uncertainty in the line positions.
Using the arguments discussed above, the limit for N(C II*) along with the measurement
of N(C II) implies that ngy < 2 cm™3 for this system.

Q063646801 (21rs = 2.9038): Just as for Q0256+0000 above, the analysis of the H I
column density from the Lyman series lines required more than one high column density
component to produce an adequate fit (the fit is shown in Figure 8). This LLS is by
far the richest in terms of the number of detectable lines in the spectrum, and is due in

part to higher column densities and in part to higher—quality spectra. The relatively low
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b value determined from the H I Lyman series lines for the higher-redshift component
combined with the rather strong observed line made the measurement of the C II column
density ambiguous; if the b value is taken to be the thermal width suggested by the Lyman
series lines, then no value of N(C II) will produce a line strong enough to be in agreement
with the observations. The lower column density value (see Table 9) has therefore been
obtained by assuming that b ~ 25 km s~!, the “effective” b value measured from the C IV
doublet. A similar assumption has been made in order to measure the Si II lines. Given
the non—detection of the excited fine structure line C I1I*A1335.68, the resulting limit on
the particle density in the gas is ng < 0.7 if log N(C II)= 14.5; if N(C II) is as high as log
N(C II)= 15.5, then the density limit is ng < 0.07. We shall see in §VI that the density is
unlikely to be smaller than this limiting value, and thus we have given log N(C II) = 15.5
as an upper limit in Table 9.

Q0956+1217 (zrrs = 3.2228): The H I column density for this system is quite well
determined because rry, is sufficiently small that there is still residual flux shortward of the
Lyman edge (see Figure 5a). Since no C II line is detected, no useful upper limits on ng
can be set for this cloud.

Q101741055 (zLLs = 3.0540): While the H I column density is again well-determined
because of the residual flux in the Lyman continuum (see Figure 6a), only upper limits can
be set on the observable heavy—element ionic species even in a posterior: searches.

Q2233+1341 (2LLs = 3.0618): Other than the H I Lyman series with log N(H I) = 18.5,
only C I A1334 is a certain detection. The gas number density limit from the non—detection

of the C II* line is ngy < 1.3 cm™3.

V. THE PHOTOIONIZATION MODELS

a) Description of the Models

The physical properties of the heavy—element QSO absorption systems were first dis-
cussed in detail by Sargent et al. (1979), who suggested that the observed ionic species were
consistent with what would be expected in a highly photo—ionized gas, and inconsistent

with what would be expected for a gas that was collisionally ionized. Subsequent workers
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(e.g., Pettini et al. 1983; Chaffee et al. 1986) have reached the same conclusions, arguing
that the observed velocity dispersions are too small to admit the very high temperatures
required in a collisionally ionized diffuse gas, and that a gas heated by shocks could not
maintain a high temperature for significant lengths of time because it is thermally unstable
and would require constant energy input. Thus, it is appropriate to attempt to model
the gas clouds using the very comprehensive photoionization computer codes which have
become available. Several authors have recently applied such photoionization models to
the QSO absorption systems (e.g., Chaffee et al. 1986; Bechtold, Green, and York 1987;
Morris et al. 1986; Bergeron and Stasinska 1986); in this paper, we have made observations
specifically designed to constrain such models so that the physical properties of the Lyman
limit absorption systems (and by extension the heavy element systems) might be inferred.

The photoionization models which will be used have been calculated using Ferland’s
CLOUDY program (Ferland 1988); except for some recent adjustments, the program is
identical to that used by Bechtold, Green, and York (1987), Chaffee et al. (1986), and by
Morris et al. (1986). As usual, the clouds are modeled as plane—parallel slabs, illuminated on
one side by the ionizing radiation field. The clouds are assumed to have a constant density;
in the regime of interest for the LLSs, such models are indistinguishable from models in
which a constant pressure is assumed instead. Grids of models have been generated which
take as input the observed H I column density, the heavy—element abundances for He, C, N,
0, Ne, Mg, Al Si, S, Ar, Ca, and Fe, and the spectral shape of the ionizing radiation field.
Instead of assuming a value for the intensity of the ionizing radiation field and varying the
particle density in the gas, as was done by Chaffee et al. (1986), we will instead calculate

the models in terms of the ionization parameter

n.
e |
= —_—

nH

where n., is the number density of photons capable of ionizing H incident on the face of
the cloud, and ny is the number density of hydrogen atoms in the gas. Thus, the models
are similar to those calculated by Bergeron and Stasinska (1986); varying T is equivalent to
varying the particle density at a fixed value of the incident intensity of ionizing radiation,

or to varying the intensity at a fixed particle density. The models output the predicted
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relative column densities in the various ionization stages for each element considered, as a
function of T.

Most of the model grids that will be described have been run for —4 < logl' < -1
(Bergeron and Stasinska (1986) have found that the allowed domain for the ionization
parameter based on the general properties of the various classes of heavy element absorption
systems is (roughly) —3.5 < logI' < —1.5). Of the input parameters required by the models,
the only ones that significantly affect the resulting model grids are the spectral shape of the
ionizing continuum and the H I column density. As pointed out by Chaffee et al. and by
Bergeron and Stasinska, the adopted chemical abundances have only a very small influence
on the thermodynamic properties of the cloud, and thus the relative column densities of
the various ionic species of a given element depend very weakly on the assumed metallicity.
Thus, a scaling relation with chemical abundance exists for the predicted column densities;
for the purposes of the calculations, we have assumed that the metallicities are equal to 0.01
of the solar values ([M/H] = —2). Since the models are calculated in terms of T, the grids
are also unchanged by the assumed particle density, as long as ny is small enough that
collisional excitation and cooling is not important. As discussed in §IV above, the absence
of the C II excited fine-structure line implies (in the most stringent cases) that ng < 1
cm™?, and therefore, if T ~ 10*K, collisional processes are negligible. Thus, the homology
relationship will be preserved between models with different photon and gas densities but

the same ionization parameter.

b) The Ionizing Radiation Field

Since N(H I) has been determined from the observations, the most uncertain parameter
in the models is the nature of the radiation field that is ionizing the clouds. Sargent et al.
(1979) suggested that the heavy—element absorption systems are ionized by the integrated
ultraviolet radiation field from QSOs; recently, Bechtold et al. (1987) have discussed the
spectrum of such a radiation field by integrating over the empirical QSO luminosity function
and accounting for the strong redshift evolution of the QSO number counts. This is the
radiation field that has been used by both Chaffee et al. (1986) and Morris et al. (1986)

as input to their photoionization model grids. Bergeron and Stasinska (1986), on the other
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hand, have used pure power-law ionizing spectra of the form f, « »~%; most of the grids
which they discuss use a = 1.5. This is a reasonable value to use for an AGN-like spectrum,
since the mean spectral index for AGNs between optical and x-ray wavelengths is a,, = 1.5.
However, as pointed out by Bechtold et al. (1987), the EUV spectrum of AGNs is still very
uncertain, since the spectrum of all high-redshift objects is altered to some extent by
intervening absorption, and no observations have been possible for more nearby (lower-

redshift) objects in the energy range of interest (.2 KeV-10 eV).

The nature of the metagalactic ionizing flux is a subject of considerable controversy;
however, recently, a basic conclusion of many workers is that the generally accepted empir-
ical QSO luminosity functions cannot account for nearly enough ionizing photons at high
redshift to explain the absence of a Gunn—Peterson (1965) effect due to neutral material
in the intergalactic medium (e.g., Shapiro and Giroux 1987, 1989; Donahue and Shull
1987; Bechtold et al. 1987; Lin and Phinney 1989; Miralda-Escude and Ostriker 1989).
Bajtlik, Duncan, and Ostriker (1988) have used the QSO “proximity effect” to directly
determine the intensity of the metagalactic flux at the Lyman limit, J,,, at high redshift.
They found that J,, &~ 1072 ergs s~! cm~2 Hz~! sr™!, and that the value stays roughly
constant over the redshift range 1.8 < z < 3.8. The quoted value is still rather uncertain,
but, as pointed out by Miralda-Escude and Ostriker (1989), it represents a formal lower
limit. The observed QSOs can account for only about 5% of this value when the effects of
intervening absorption are completely taken into account (Lin and Phinney 1989). Because
it is important to determine the most likely ionizing radiation field in order to trust the

model results, we now turn to a discussion and comparison of the various possibilities.

Very recently, Miralda-Escude and Ostriker have discussed two possible sources of
the bulk of the ionizing radiation in detail — hot stars in young and forming galaxies and
“obscured” QSOs. For the present purposes, the important question is the shape of the
spectral energy distribution (and, for the moment, not necessarily its intensity); thus, we
must determine the most likely form for the intrinsic spectral energy distribution of the
dominant sources; i.e., are most of the ionizing photons provided by stars in galaxies, or
by AGNs? Steidel and Sargent (1989) argue (using data presented in this paper) that

the spectral shape of the EUV spectrum of hot stars cannot account for the observed
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ionization state in the heavy—element absorption systems, and thus radiation from young
galaxies cannot represent the dominant component of the metagalactic flux at high redshift
(z = 3). This conclusion has been reached by comparing photoionization models constructed
as described above. In Figure 9 we have plotted the spectral energy distributions for 6
different ionizing radiation fields: a simple power law with a = 1.5 (as used by Bergeron and
Stasinska), a power law with a = 1.0, the Bechtold et al. (1987) “Medium” integrated QSO
spectrum, the Bechtold et al. “Hard” integrated QSO spectrum, and a young galaxy spectral
energy distribution calculated by Bruzual (1983). The shape of the ionizing radiation field
at both lower and higher energies than those shown in Figure 9 makes very little difference to
the ionization structure of the cloud. All of the curves shown in Figure 9 are normalized to

the same intensity at the Lyman limit (1 Rydberg); thus the ionization parameter ' would
| be the same for each. Figure 10 shows the results of the photoionization model calculations
for a cloud with log N(H I)= 17.5 (this figure is similar to Figure 1 of Steidel and Sargent
1989) for four assumed radiation fields. It is immediately clear that the model cloud ionized
by starlight (Figure 10d) is very different from the ones ionized by AGN-like spectra (Figures
10a,b,c). As discussed by Steidel and Sargent, the model ionized by starlight is completely
at odds with the observations, particularly in the sense that not nearly enough C IV is
produced relative to C IT and Si IV. The a = 1.5 and the Bechtold et al. “Medium” model
grids are virtually indistinguishable, and the Bechtold et al. “Hard” model grid is essentially
the same in terms of the ionization of C as the @ = 1.5 model; the only differences are a
slight suppression of the Si species and a slight enhancement of N V. The range of intrinsic
EUV AGN spectra discussed by Bechtold et al. (1987) is likely to produce an integrated
spectrum with a spectral shape somewhere in between the “Medium” and “Hard” radiation
fields. We will assume, as concluded by Steidel and Sargent (1989), that the bulk of the
ionizing radiation field is produced by AGN-like spectra and that, if additional radiation
is present because of unaccounted—for AGNs, the spectral shape will be similar to that
calculated based on the AGNs which are known to be present at high redshift. Thus, in
our subsequent analysis of the LLSs, we will discuss results using both the “Medium” and
“Hard” integrated QSO ionizing continua, assuming only the shape of the spectral energy

distribution and not the intensity.
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¢) Uncertainties in the Models

Clearly, modeling the clouds as constant density, plane—parallel slabs of gas illuminated
on one side by the ionizing radiation field is an idealization of what is no doubt a much
more complicated situation. For example, as discussed above, it is well known that the QSO
heavy—element absorption systems often exhibit velocity structure on scales of ~ 150 km s~ !,
indicative of a fairly “clumpy” medium. When substantial velocity substructure is present,
it is also often the case that separate velocity components exhibit different line-strength
ratios, e.g. C II/C IV. This is possibly due to a varying particle density among the clouds
which may be in the halo of a single galaxy and which happen to lie along the line of sight
to the QSO, resulting in a varying value of I' among the components. By using spectra
with a resolution of ~ 80 km s~!, we are effectively averaging the properties of the gas
over this velocity scale; the uncertainties introduced are probably most important for the
systems with strong heavy element lines, such as the 2,5, = 2.9046 system in the spectrum
of Q0636+6801. However, if local sources of ionization are not dominating, all of the gas
clouds considered are being ionized by roughly the same radiation field (since they are all
at approximately the same redshift), and we shall see that the inferred range of particle
densities in the gas is not large among the clouds. Therefore, although clearly it is desirable
eventually to obtain very high dispersion spectra for all of the absorption systems, it is
unlikely that large systematic errors are being introduced by the assumptions and methods

used.
VI. APPLICATIONS OF THE MODELS

a) Estimates of the Heavy-Element Abundances

In order to estimate the heavy—element abundances in each Lyman limit system, pho-
toionization model grids as described above have been generated; since each measurement
of N(H I) has a significant uncertainty, several models were usually made for each LLS,
spanning the possible range of N(H I) and using both the “Medium” and “Hard” ionizing
radiation fields discussed in §V. Several examples of models using various values of N(H I)

are shown in Figure 11.
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Once a model grid has been produced, we use the values of the column densities and
column density limits for C II, C III, and C IV to locate the allowed range of T which predicts
the appropriate column density ratios. Carbon is the best element to use in constraining I’
for several reasons; first, for the whole range of I' being considered, at least 90% of the C is
expected to be in the form of C II, C III, and C IV, and lines of all 3 ions are observable. The
ratio N(C IV)/N(C II) is a particularly sensitive discriminant since it changes rapidly with
T (see Figure 11), and lines of both ions are observable longward of the Lyman a emission
line (and therefore free of the confusion present in the Lyman a forest). In principle, the
relative column densities of the silicon ions (Si II, Si ITI, and Si IV) would also be quite
useful in constraining I', but in practice there are several reasons why Si is not nearly so
useful as C. First, the cosmic abundance of Si is roughly a factor of 10 lower than for C, and
it is relatively rare to find systems with measurable Si II, Si III, and Si IV lines. Secondly,
the balance between Si III and Si IV is greatly affected by one of the largest uncertainties
remaining in the photoionization models — the correct treatment of the He II Lyman o
transport within the clouds (see, e.g., Netzer and Ferland 1984). The He II line has an
energy of 40.8 eV, which is midway between the ionization potentials of Si IIT and Si IV;in
any model where there is a significant He III zone (this will be most important for models
with log N(H I) < 18.5), the predicted Si III/Si IV ratio is very model-dependent. For
this reason, we will not use the observed Si column densities to estimate I'; however, as we
shall see, it will prove useful to use the sum of N(Si III) and N(Si IV) [versus N(Si II)] in

evaluating the heavy—element abundances.

In view of the above discussion, we have chosen to use only the ionic species of C to
constrain I'. Since the observed C III column density is always an upper limit, it is only in
the case where both C IT and C IV are detected that a fairly accurate single value of ' can
be inferred (the limits on N(C III) are useful as a consistency check). In several cases, only
one of these ions has been observed (see Table 9) so that only upper or lower limits can be
set on I' ‘rom the C ionization arguments. Once I' has been constrained, the heavy element
abundances follow immediately by examining the photoionization grid and applying the
scaling relation with metallicity. The inferred values of I' and the abundances of C, Si, and

O for each of the LLSs are summarized in Table 10; the quoted errors reflect the range
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of possible values, given the uncertainties in the H I column density determinations and
in the determination of I'. Because each LLS presents somewhat different problems to an

evaluation these quantities, we discuss each one as an individual case.

i) Q0029+0072

A comparison of the measured value of N(C II) with the upper limit on N(C IV)
implies that logI' < —2.9 for this high H I column density system. Despite the fact that
only an upper limit on T results from the photoionization grid, the abundances are fairly
well-determined from the measurements of N(C II), N(Si II), and N(O I); these column
densities do not change appreciably for a given value of N(H I) for the allowed range of
I'. The errors on the abundances therefore result mainly from the uncertainty in the H I
column density measurement. As can be seen from Table 10, the abundances of C, O, and

Si are consistent with a uniform depletion relative to the solar abundances.

it) Q025640000

i. 2aps = 3.0843: The lower limit on the the ratio N(C IV)/N(C II) suggests that
logT" > —2.5 for this system, leading to an upper limit on the abundance of C. The sum
N344(57) = N(Si III)+N(Si IV) is predicted to remain essentially constant for the allowed
range of I', and the observations provide the constraint 13.0 < log N34 < 13.4, leading to
well-defined limits on [Si/H]. These limits are listed in Table 10; the quoted errors on the
limiting values reflect the possible range of N(H I) for the cloud. The fact that the upper
limit on [C/H] agrees well with the allowed range for [Si/H] suggests that logI' probably
has a value very near the lower limit of —2.5 (assuming that the elements have roughly the
same depletion relative to solar values).

il. zqps = 3.0823: Because there are no detections for any of the ionization stages of C,
the ionization parameter cannot be constrained for this system. However, upper limits on
(C/H] result from the upper limit on N(C II), and upper limits on [Si/H] follow from the

upper limit on N34 (assuming that logT' is somewhere in the range [-3.7,—1.5]).

iii) Q0301-0035

Because measurements are available for both N(C II) and N(C IV), the value of T is
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well determined for this system. The quoted errors in the value of [C/H] result from the
uncertainties in N(H I); only upper limits on [O/H] can be set because O I A1302 is not
detected. The upper limit on N(Si II) provides the most sensitive upper limit on [Si/H],
and the iower limit on N344 provides a lower limit for [Si/H]. The resulting allowed range
for [Si/H] is in tolerable agreement with the value of [C/H], although a slight enhancement

of Si relative to C over their solar abundance ratio is suggested.

iv) Q0636+6801

i. zaps = 2.9046: As discussed in §IVb, there is considerable uncertainty in the value
of N(C II) for this system. The possible range for N(C II), along with the rather well
determined value for N(C IV), suggest a range of possible values for logT', as shown in
Table 10. Unfortunately, this leads to abundance limits which are not particularly tight,
since the allowed range for I' corresponds to a region on the model grids where the expected
column densities are changing rapidly.’ The sense of the change is that as logI' becomes
smaller, the inferred abundances become larger. It is interesting to note that the abundances
that would be inferred if I' were near the upper limit of the allowed range agree very well
in terms of an implied uniform depletion of C, O, and Si relative to the solar values (and
they would be only a few hundredths of the solar abundances), whereas, if logI' % —3.1, Si
and O are significantly depleted relative to C. In either case, the abundances in this system
are significantly higher than in any of the other LLS studied, and they may be as high as
[M/H] =~ -1.

ii. zgps = 2.9030: The lower limit on N(C IV)/N(C II) suggests that log’ > —2.3
for this system. The limit on N(C II) is likely to be a detection, since there appears to be
some asymmetry to the blue in the strong C II A1334 profile from the z = 2.9046 redshift
component. It is therefore likely that the true value of logT lies near the lower limit of -2.3.
The photoionization grids for this system show that N3,4 is increasing with increasing I for
logT > —2.3, whereas N(Si II) is decreasing; thus, the upper limits on these two quantities
constrain the value of [Si/H], as shown in Table 10. That log T’ & —2.3 is also suggested by
the limits on [C/H] and [Si/H], if one insists that the depletions relative to solar values for

C and Si be in rough agreement.
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v) Q0956+1217

The N(C IV)/N(C II) limit for this system implies that logT' > —2.2, providing an
upper limit on [C/H]. Here again, as I increases, N34 increases while N(Si II) decreases,
thereby suggesting upper and lower bounds on [Si/H]. This is yet another case where, if the
depletions of C and Si are to be in rough agreement, then I' must be close to its lower limit,

ie,logl~ —-2.2.

vi) Q101741055

As for the z = 3.0823 system in the spectrum of Q0256+0000, the absence of any
detectable heavy-element lines associated with this system prevents one from determining
I'; however, since the values of N(C II) and N(Si II) change very little with T for models

| with N(H I)~ 17.5 (see Figure 9), upper limits on [C/H] and [Si/H] can be set using the

non—detections of C II and Si II in the spectra.

vii) Q2126—158

The value of the ionization parameter for this system is well determined because of
the detections of both C II and C IV in the spectra; a detailed discussion of this system is
found in Sargent, Steidel, and Boksenberg (1989b).

viii) Q2233+1341

Since C II, but not C IV, is detected for this system, an upper limit on I' results.
The photoionization grids show that N(C II) changes little for logI' < —2.8, so that a
reasonably accurate determination of [C/H] follows. N(Si II) decreases very slowly with
T’ over the allowed range; thus, given the observational limit log N(Si II)< 13.0, [Si/H] is

listed as an upper limit, where the error reflects the uncertainty in the H I column density.

b) Additional Physical Properties of the Gas

Because the photoionization models we have discussed are uniquely determined (except
for the assumed spectral shape of the ionizing radiation field, which is discussed in §Vb)
by the ionization parameter I', and because I' is essentially just the ratic of the incident

intensity of radiation at the Lyman limit J,, to the particle density ng in the cloud, then
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ng can be determined if the value of J,, is known. As mentioned in §Vb, a recent direct
estimate of J,, at high redshift has been made by Bajtlik, Duncan, and Ostriker (1988);
they suggest that logJ,, = —21.0 + 0.5 ergs s™! cm™2 Hz™! sr~! over the redshift range
- 1.8 € 2 £ 3.8. It has been pointed out that if the QSO “proximity effect” upon which the
analysis was based was not really detected, then the value of J,, becomes a lower limit. In
any case, in order to discuss further the physical conditions in the gas clouds, we define a

1

variable Jo = J,,/1072! ergs s™! cm™2 Hz™! sr~!. The particle density ny can then be

expressed as a function of I' and Jp,
ng =63x1073J/T cm™3,

or

logng = —4.2+1logJo — logT' cm™2.

It can be seen immediately that, for the range of values of I' which are inferred to be
appropriate for the LLSs, i.e., —3.5 < logI' < -2, the gas density is in the range 0.006 <
ng < 0.2 cm™3 for Jy & 1. Thus, most of the limits on ny inferred from the absence of the
C II excited fine-structure line (typically ng < 1 cm™3; see §IVb) do not correspond to very
strong constraints, although they are consistent with the limits from the photoionization
models. In the case of the z4,, = 2.9046 system in the spectrum Q0636+6801, however,
limits as small as ng < 0.07 cm™2 were obtained in the case that log N(C II) is as large as
15.5 cm™3. Using the above expression, this means that logT' > —3.1 + log Jp; if N(C II)
were any larger, then a larger value of I' would be suggested and the photoionization models
would be inconsistent with the observations. Thus, log N(C II)=15.5 was adopted as the
upper limit for this system, assuming that Jy 2 1 (see §IVb).

Once ny has been inferred, the linear extent of the clouds, D., follows directly from
the total hydrogen column density Ny (see Table 10); i.e., D, = Ny /ng cm. In terms of

the quantities derived from the models,

Nayol' o

D.=52 A

kpc,

where Ny is the total hydrogen column density in units of 1020 cm~2, and T'_; is the

ionization parameter in units of I'/10~2. If the clouds are then assumed to be spherically
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symmetric with radius D./2, the cloud mass is

M, =44 x10'N3T2,J5t M,.

Clearly, the sizes and especially the masses are highly dependent on the parameters Ny
and T, which are derived from the photoionization models. However, for the purposes of
discussion it is interesting to calculate these quantities for the absorption systems that have

been studied. Thus, ny, D., and M, are listed in Table 11.

¢) Summary and Discussion

While we will postpone until §VII a discussion of the implications of the derived physical
properties of the gas clouds outlined in Tables 10 and 11, it is worth making a few general
comments at this point. First, it is clear from Table 10 that the typical heavy element
abundances for the Lyman limit absorbing clouds lie in the range —3.0 < [M/H] < —1.5,
which is at odds with the somewhat vague notion commonly cited, that the heavy—element
absorption systems have abundances of order a few tenths of the solar values. The principal
result found above is that, by and large, the abundances of the heavy-element absorption
systems which are optically thick in the Lyman continuum are quite low, at least at z = 3.

It is of interest to review briefly some of the previous abundance determinations for QSO
absorption systems from the literature (there have not been many). Sargent et al. (1979)
suggested that a typical heavy—element system, with log N(H I) = 18.3, is probably about
3% neutral, with abundances of roughly [M/H] = —1. However, if we apply the methods
used above to the column density measurements given by Sargent et al. al for the z = 2.2765
system in the spectrum of Q0453—423, we find that logT' > —-2.2, —2.2 < [S§i/H] < -1.5,
and [C/H] < —2.0, suggesting that [M/H] ~ -2, in good agreement with the high end of
the abundance distribution which we find at z =~ 3. Chaffee et al. al (1986) have briefly
discussed the z = 2.12 system in Q1225+317 (chosen to represent a “typical” heavy element
absorption system), finding that [M/H] =~ —1.5, based on consideration of photoionization
models that are very similar to the ones used in the present work; with their adopted column
densities, we find that [C/H] X —1.6%0.1 (depending on the ionizing radiation field used),

in good agreement, although a firm lower bound cannot be quoted until lines in addition to
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C IV are detected. ‘Hunstea.d et al. (1987) discussed the z = 3.1723 system in the spectrum
of PKS 2000—330, which has log N(HI) = 19.8 and detections for low—ionization species only.
They found a fairly uniform depletion of [M/H] & —2.2; this is in good agreement with the
present results for the LLSs with similarly high H I column densities (and similar redshifts;
see Table 10). Bechtold, Green, and York (1987) have used photoionization models to discuss
the very complex system with 24, = 1.79 in the spectrum of Q1225+317, concluding that
the abundances are consistent with the ISM values in the Galaxy. Very recently, Pettini and
Boksenberg (1988) have presented evidence for a depletion of [M/H] =~ —-1.5ina z = 2.3
damped Lyman o system by using absorption lines that are likely to be unsaturated even
in the very high H I column density clouds. It should be emphasized that this result may
not be directly comparable to results for the LLSs, which have much smaller H I column
densities and probably have different origins; this will be discussed further in §VII.

Thus, in general, the results of previous abundance estimates indicate somewhat higher
abundances than we find for the Lyman limit systems, although the redshifts are typically
lower than for the present study (and we shall see in §VII that there exists evidence for
chemical evolution of the absorbers with redshift). Also, it is a fundamentally different
approach to select absorption systems on the basis of detected heavy—element lines; this
may preferentially select systems having higher abundances than would be found in an
unbiased sample of absorbing clouds. In particular, the detailed studies of the very strong,
complex systems such as in the spectra of Q1225+317 and the BL Lac object 02154015,
while extremely important, do not necessarily provide information on the properties of the

absorbing clouds giving rise to the bulk of the QSO heavy element absorption systems.

VII. DISCUSSION

d) The Heavy Element Abundances

Since the original suggestion of Bahcall and Spitzer (1969), a great deal of evidence
has accumulated in favor of the hypothesis that QSO heavy—element absorption systems are
associated with gas in the halos of intervening galaxies (see, e.g., Boksenberg and Sargent

1983, Sargent, Boksenberg, and Steidel 1988, and references therein). Under this hypothesis,
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taking what is known about the halo stellar populations in our Galaxy, it would naively
be expected that the gas in galaxy halos at early epochs would have about the same heavy
element enrichment, namely, —3.5 < [M/H] < -1.5, where the lower limit corresponds
to the most metal-poor field halo stars, and the upper limit is typical for the metal-
rich globular cluster population. Therefore, it would be somewhat surprising if the QSO
heavy—element absorption systems really did turn out to have depletions of only a factor
of a few from the solar abundances, unless one invokes a mechanism for getting enriched
material from the disk out to large galactocentric radii. It is well known that if one requires
that the observed heavy element absorption systems at high redshift are associated with
galaxies analogous to the local population, then the numbers require very large galaxy cross
sections for absorption, possibly exceeding 100 Kpc for a galaxy with luminosity L. (see,
e.g., Sargent, Boksenberg, and Steidel 1988). Thus, the typical heavy—element absorption
system must be arising at very large distances from the center of a galaxy, and would

certainly qualify as “extreme halo” material.

In view of these arguments, that we find heavy—element abundances —3.0 < [M/H] <
—1.5 for the sample of Lyman limit systems is perfectly consistent with the “galaxy halo”
picture, and in fact represents an additional piece of evidence in favor of this interpretation,

since such abundances would be one of the strongest predictions of the hypothesis.

Recently, it has become clear that the heavy—element absorption systems are actually
evolving with redshift, in the sense that there are increasingly fewer systems found on the
basis of C IV absorption with increasing redshift (Sargent, Boksenberg, and Steidel 1988;
Steidel 1989) over the redshift range 1.5 < z55, < 3.5. Steidel, Sargent, and Boksenberg
(1988) and Steidel (1989) have presented arguments that favor the interpretation that the
observed evolution is caused by an actual change in the average chemical abundance of the
absorbers over time, rather than by significant changes in the UV radiation field or other
physical properties of the absorbers. This typical change in the abundances was estimated
by Steidel (1989) to be a factor of R 3, or A[M/H] R 0.5 over the redshift range 3.0 >
Zaps > 1.5. If this interpretation is correct, and if the typical heavy element abundances
of the LLSs at 2z = 3 is taken to be [M/H] = —2.5, then it would be predicted that if an

unbiased sample of absorbers at 2z ~ 1.5 could be compiled, their typical abundances would
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be [M/H] R - 2. Unfortunately, it is much more difficult to determine the abundances
for low-redshift Lyman limit systems than for the z =~ 3 systems because an accurate
measurement of the H I column density is not possible, since the Lyman series lines and the
Lyman limit are not redshifted to optical WaQelengths (and IUE not does not have a large

enough collecting area to obtain high—dispersion spectra of high redshift QSOs).

It would be interesting to be able to say something about the relative abundances of
the elements in the gas clouds, since they would provide some insight into the types of
stars and nucleosynthetic processes that were important in the early enrichment history
of the gas. For example, metal-poor stars in the halo of the Galaxy appear to have
enhanced [O/Fe] and, to a lesser extent, [C/Fe] relative to the solar values. The trend
is for these enhancements to increase with decreasing overall metallicity, possibly indicating
a changing distribution of stellar masses (and therefore the type of supernovae responsible
for enrichment of the gas) with time. Unfortunately, at present, the uncertainties in the
gas abundance determinations for the QSO absorption systems are so large that little can
be said about relative a.Bundances. For the absorption systems with the best—determined
abundance estimates (Table 10), the relative abundances appear to be consistent with the
solar values. It appears that Si is not depleted relative to C as it is in the interstellar
medium of our Galaxy (see, e.g., Jenkins 1987); this could be explained by the absence of
dust in the gas clouds, so that depletion onto grains would be unimportant. Even in the
higher H I column density damped Lyman a systems, dust grain depletion has been shown
to be well below that in the ISM (Meyer and York 1987; Pettini and Boksenberg 1988);
(Fall, Pei, and McMahon 1989 have claimed a detection of dust in the damped Lyman a
systems, at the level of ~ 1/10 that in the Milky Way); it would not be surprising if little
or no dust were present in the typical LLSs, since they are not very optically thick to UV

radiation and the grains are not likely to survive.

b) The Cloud Sizes and Masses

Whatever uncertainties exist in the photoionization models strongly affect the derived
masses and sizes for the absorbing clouds, as discussed in §VI; however, the numbers turn

out to be very important to further discussion of the galactic halo hypothesis for the origin
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of the QSO heavy—element absorption systems. It is again appropriate to caution (see
also §Vc) that what we are calling “clouds” are likely to be ensembles of clouds, and the
sizes and masses are likely to be describing the ensembles, particularly in cases where the
heavy—element lines are strong and several unresolved velocity components are probably
contributing to the observed lines. Taking Jo = 1 and adopting the suggestions given in
§VIa for “probable” values of I' for the cases in which only an upper or lower limit was
obtained (in most cases this means adopting the upper or lower limit as the actual value),
then the cloud sizes span the range 1 $ D. < 15 kpc, and the cloud masses are in the range
108 < M, £ 10° M, . This size range is consistent with the limits suggested by observations
of heavy—element absorption in the spectra of gravitationally lensed QSOs (Weymann et al.
1979; Young et al. 1981; Foltz et al. 1984), and with the range suggested by Bergeron and
Stasinska (1986) and by Chaffee et al. (1986) on the basis of photoionization models. In
addition, Brown et al. (1988) have derived properties of an intervening cloud with 2z = 0.47
along the line of sight to 3C 196 using VLBI techniques. The inferred size (> 2.25 kpc)
and estimated mass (~ 7 x 107 M) agree remarkably well with the properties we have
estimated for the Lyman limit clouds at z ~ 3. ‘

It is worth mentioning that clouds at the high end of the size range are just stable
gravitationally, since the Jeans length is given by

1/2
Djy=15 (—TA) kpc,

n-2

where n_; is the particle number density in units of 10~2 cm™3, so that typically D; =~ 15
kpc and the corresponding Jeans mass is ~ 10° M,. It has been argued on theoretical
grounds by many workers that even if galaxies formed out of gas clouds with total masses
of order ~ 1012M®, substructure must have formed quickly because of both thermal and
gravitational instabilities (e.g., Saslaw 1968; Larson 1969; Tinsley 1978; Fall and Rees 1985;
Rees 1988; Lake 1988). The masses of these “proto—fragments” have in fact been estimated
to be in the range 107 to 10° M_ because this is the expected range for the Jeans mass in
the proto-galactic material. Many theories of galactic halo formation involve clouds in this
range of masses, which over time fall into the general galactic potential from an initial radius

of ~ 100 kpc. The only currently observable remnants of this primordial substructure would
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then be the halo glqbula,r clusters (Tinsley 1978) and an occasional satellite dwarf galaxy.
Searle and Zinn (1978) have discussed evidence for the previous existence of such gas clouds
‘in the outer halo of the Galaxy based on the nature of outer halo globular clusters; they
envision a scenario in which the proto—fragments at large galactocentric distances continued
to evolve on timescales much longer than the timescale for the initial collapse of the central
regions of the galaxy. These clouds eventually collapsed because of dissipation and formed
the globular clusters, and the unprocessed gas is assumed to have been swept into the
galactic disk. The preferred mass scale of ~ 10° M, emerges because larger gas clouds
would be broken down by tidal disruption as they fall into the galactic potential, and smaller
mass clouds have evaporation timescales significantly smaller than a Hubble time (Fall and
Rees 1985; Silk and Norman 1979). An obvious possible interpretation is that the clouds we
observe in absorption are the subgalactic fragments which are thought to have ezisted during
the early evolution of the extended halos of galazies. [This interpretation is in agreement
with that of Lake (1988), who has suggested that gas clouds with properties similar to
those inferred for the absorbers would be a natural consequence under any standard galaxy
formation theory.] Under the hypothesis that the absorbing clouds are such subgalactic
fragments, it is interesting to note that the tidal radius for a satellite object in a general

galactic potential as given by the Jacobi limit is

e (3Mg) B,

where M, is the total mass of the galaxy and R, is the galactocentric radius of the cloud’s

orbit. For a cloud with mass ~ 10° M and M, ~ 10! M_, and for a radius comparable to
the typical inferred galaxy cross section of ~ 100 kpc, then r; ~ 10 kpc (the corresponding
tidal radius for a cloud with a mass of a few times 106 would be ~ 1 kpc). These simple
arguments suggest that despite the uncertainties involved, the derived cloud properties are
not physically implausible.

Thus, it may be reasonable to expect that if the high mass clouds are falling in to the
gravitational potential of a galaxy, then over time they may be tidally disrupted to produce
somewhat smaller clouds, possibly those at the lower range of the inferred masses and sizes.

Speculation of this kind is particularly interesting, given that the lower mass range, of order
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108 to 107 M, is remarkably similar to the masses of globular clusters (this coincidence has
been remarked by Chaffee et al. 1986). The implications are that the QSO heavy—element
absorption systems are providing information about galaxy formation and early galactic
halo evolution — they may be probing both clouds that are proto—globular clusters, and
clouds that have properties similar to gas-rich dwarf galaxies like the Magellanic clouds (as

has been suggested by York et al. 1986).

c¢) The Total Baryonic Content of the Heavy Element Absorbers

It can be seen from Table 10 that the typical total hydrogen column density inferred for
the Lyman limit absorbing clouds is a few times 1020 cm~2. These values are remarkably
consistent despite the rather large range of H I column density represented in the sample,
and in fact turn out to be roughly the same as the total H column density of the damped
Lyman o systems (Wolfe et al. 1986). Together with the statistics of the heavy—element and
Lyman limit absorption systems compiled from recent large surveys (Sargent, Boksenberg,
and Steidel 1988; Sargent, Steidel, and Boksenberg 1989; Steidel 1989), it is possible to
estimate the total contribution of the absorbing clouds to the mass density of the universe.

The number of LLSs per unit redshift range along a line of sight to a high redshift
QSO is N(z) = 2 at z ~ 3 (SSB); if all detected heavy—element systems, including the ones
with log N(H I)< 17, are considered, then N(z) ~ 6 (Steidel 1989). Assuming that, on
average, log N(H)=20.3 for all heavy-element absorption systems, then the total hydrogen

column in a unit redshift interval between, say, z = 2.5 and z = 3.5, is ~ 1.2 x 10?! cm™2.
| For go = 0.5, the corresponding total coordinate distance spanned by the redshift range is

~ 210h~! Mpc. The contribution to Q by the clouds, Q., is then given approximately by

Q.

_12x10%  13m, 1 \°
= Bh-Tx 10% 1.0A2 x 10-P \ 1+ (2)/

where h = Hy/100 km s~*Mpc~! and m, is the mass of a hydrogen atom. Evaluating this
at (2) = 3,

Q. ~4h~! x 1073,

which is a substantial fraction of the baryonic mass density of the universe under the

standard Big Bang nucleosynthesis scenario (g < 0.034h~2 — 0.048h‘2; Boesgaard and
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Steigman 1985) and is comparable to the mass density that is due to optically visible
galaxies (0.01 < Qg4r < 0.02; Yang et al. 1984) and somewhat greater than the mass
density contributed by gas involved in the damped Lyman a systems (Qpr4 = 2.5 x 1073;
Wolfe 1988). The implication is that at early epochs, a substantial fraction of the gas

associated with galaxies was in the form of diffuse clouds in an extended halo.

d) Comparison With the Lyman a Forest Clouds

It is interesting to compare the inferred properties of the heavy—element absorption
systems with those of the Lyman a forest clouds, which are believed to be intergalactic,
and not associated with galaxies. Sargent et al. (1980) first suggested that the clouds are
pressure—confined by a hot intergalactic medium, and that they have masses in the range
10" — 10® M, remarkably similar to the range of masses implied by the results of the
present work for the Lyman limit absorbing clouds. Limits on the sizes of the Lyman o
forest clouds have been set by observations of close QSO pairs and gravitationally lensed
objects; the lower limit on the size is ~ 8 kpc (Foltz et al. 1984) based on observations
of the gravitational lens Q23454+007A,B, and the upper limit is ~ 400 kpc, based on the
observation of the QSO pair UM 680, UM 681 (Shaver and Robertson 1983). This suggests
that the forest clouds are in general larger and more diffuse than the range inferred for
the heavy element absorbing clouds. However, the coincidence in the inferred masses of
the two types of clouds that are believed to be distinct suggests the possibility that they
actually have similar origins (cf. Tytler 1987), and the principal difference is just the gas
density, and hence the ionization level. In fact, using identical photoionization models to
those described above, a typical Lyman a forest cloud with N(H I) ~ 101‘f cm~? would have
a density of ~ 10™* cm ™3 and a size of ~ 50 kpc with an identical gas mass to the inferred

mass of the larger heavy—element clouds.

Possibly the strongest demarkation between the Lyman o forest clouds and the heavy
element systems is the difference in their clustering properties; as yet, no significant power in
the velocity 2-point correlation function has been found on scales 2 100 km s~—!, whereas
there is significant clustering of the heavy element systems on scales out to ~ 600 km

s~1(Sargent, Boksenberg, and Steidel 1989). However, one might argue that the extended,
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diffuse clouds could not exist in the vicinity of a galactic-sized potential, because, for one,
they would be tidally disrupted (see §VIIb). Thus, one might expect that the small H I
column density clouds would be to some extent anti-correlated with galaxies. A similar
anti—correlation is expected if the clouds are gi‘avita.tiona.lly confined by “dark mini—halos”
(Rees 1986), or if the pressure of the ambient medium is too high in the vicinity of galaxies
to allow the survival of the diffuse clouds (see Sargent 1987) if they are indeed pressure-

confined.

One might further suppose that the distribution of heavy element abundance in the
clouds would depend on galactocentric distance both because of changing particle densities
(and thus H I columns) within the clouds and because of increased probabilities of cloud—
cloud collisions which may induce star formation. Chaffee et al. (1986) have set an upper
limit on the chemical abundance for a possible Lyman a forest cloud of [M/H] < -3.5,
and have concluded that if the clouds really differ from the heavy—element absorbing clouds
only in density, then a very wide range of metallicity must exist at high redshift. The low
end of the metallicity distribution which we find for the higher H I column density Lyman
limit clouds is not far from this upper limit. Thus, the possibility exists that a continuum
of heavy element abundances exists, from the very diffuse “forest” clouds ( which may have
true primordial abundances) to the most metal-rich absorbing clouds with abundances

comparable to the solar values.

The differing redshift evolution of the low and high H I column density systems could
also be explained by proximity to galactic-sized potentials; the diffuse Lyman a forest
clouds may in fact be pressure confined by the intergalactic medium as has been surmised,
so that as the universe expands they quickly evaporate, whereas the more dense clouds are
presumably falling into the galactic potentials and becoming progressively more dense and
more enriched in heavy elements. Thus, at lower redshift, one might expect that most of
the observed Lyman lines would be associated with galaxies and therefore would begin to
exhibit significant clustering on velocity scales of a few hundred km s~!; in addition, low

H I column density clouds would be expected to be extremely rare.
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e) The Fate of the Halo Gas

An obvious question to ask, if one accepts the idea of a large number of gas clouds in
early galactic halos, is “Where are they now?” As discussed by York (1988, and references
~ therein), there is little evidence that most ne‘a,rby galaxies have extended gaseous halos.
However, as evidenced by the high success rate of finding galaxies associated with moderate
redshift (0.2 < z < 0.7) Mg II absorption systems (Bergeron 1988), gaseous halos seem to
have been there in the past. It is significant that a very large percentage of the galaxies
found by Bergeron and other workers appear to be bright and actively forming stars; it
is not a random sampling of field galaxies. A possible interpretation of this fact is that
the galaxies are active because they have gaseous halos, continuously supplying new gas to
~the disk. Thus, wherever there are absorbing clouds, there are gaseous halos and therefore
star-forming activity. One would then preferentially select young systems that are still
evolving by selecting on the basis of the presence of absorption. Under this hypothesis, it
would be surprising to find a low-redshift absorption system associated with an elliptical
galaxy. By the present epoch, it may be that there is little halo gas left, explaining the
many searches for absorption in nearby galaxies which have negative results (e.g., Morton,

York, and Jenkins 1986).

VIII. CONCLUSIONS

Observations have been presented for 8 high-redshift QSOs with known Lyman limit
absorption systems in the redshift range 2.90 < 24, < 3.23. The LLSs have H I column
densities in the range 17.0 < log N(H I) < 19.3. Selected spectral regions were observed
with moderate (35-80 km s™!) resolution and high S/N in order to determine both H I
and heavy—-element column densities in the gas that gives rise to the observed Lyman limit.

The column density measurements have been used to constrain photoionization models so
that physical properties of the absorbing gas might be inferred. The following principle
conclusions resulted:

1. The heavy-element abundances of the clouds at z &~ 3 arein therange —-3.0 < [M/H] £ -
1.5, with a value of [M/H] ~ —2.5 being typical. The relative abundances of C, O, and

Si are uncertain, but appear to be consistent with uniform depletions relative to the solar
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values.

2. For a reasoﬁa.ble assumed intensity of the metagalactic ionizing flux at z = 3, the
densities of the gas cloud ensembles appear to be in the range 0.01 < ng < 0.1 cm™3, the
sizes are in the range 1 $ D, S 15 kpc, and the masses are in the range 10% < M, < 10°
M, . All of the quantities are dependent on the validity of the application of the photoion-
ization models. However, the inferred chemical abundances, sizes, and masses of the clouds
responsible for the Lyman limit absorption in the spectra of high redshift QSOs are all
consistent with what would be expected for clouds that condensed in extended primordial
galactic halos. It is suggested that some of the clouds may be the progenitors of halo
globular clusters and satellite dwarf irregular galaxies.

3. The heavy—element absorbing clouds probably represent a significant fraction of the
total baryonic mass density observed to be associated with optically visible galaxies at the
present epoch, suggesting that a considerable fraction of the gas associated with galaxies
was in the form of diffuse clouds in extended halos at early epochs.

4. It is conceivable that the heavy—element absorption systems and the so—alled “Ly-
man o forest” systems have similar origins, but that their differing evolutionary properties
are dictated by their association or non-association with galactic gravitational potentials.
A continuum of heavy—element abundances may exist among the absorbing clouds, from
primordial to near solar abundances.

5. The presence of a gaseous halo is probably indicative of a galaxy that is still actively
in the process of forming or evolving. This may explain why galaxies associated with
low-redshift QSO heavy—element absorption systems appear to be unusually bright and in
the process of forming stars, and why gaseous halos appear to be relatively rare at the
present epoch.

Although the results presented are very suggestive, they are far from secure, given
the many uncertainties involved. If the association of the heavy—element absorbing clouds
with the extended gaseous halos of intervening high redshift galaxies is correct, we may be
observing a very important evolutionary era for normal galaxies in the redshift range now
accessible (0.3 < z455 < 4), and the observations of the absorption line systems will provide

crucial tests of theories of galaxy formation and evolution. Along these lines, it is clearly of
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interest to undertake new unbiased surveys of the heavy—element absorption systems over a
large range of redshifts, preferably with very high dispersion spectra. In order to obtain an
adequate unbiased sample, this will probably have to wait until 10—meter class telescopes
~ are operational.
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allowed this project to be completed, and for invaluable discussions. J. Carrasco, M. Doyle,
J. Henning, S. Staples, and D. Tennant are thanked for their help at Palomar Observatory.
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TABLE 1
OBSERVATIONS
Object Date Exposure A Range FWHM

(UT) (s) (A) (&)

Q002940722 1988 Oct 14 7200 4704-5151 1.1
1988 Oct 14 7200 6085-6739 1.6

1988 Oct 16 7200 3658-4104 1.1

1988 Oct 16 7200 6085-6739 1.6

1988 Oct 17 7200 3658-4101 1.1

1988 Oct 17 7200 5162-5819 1.6

Q025640000 1988 Feb 18 7200 5908-6563 1.6
1988 Feb 20 7200 5187-5845 1.6

1989 Jan 8 3600 4728-5175 1.1

1989 Jan 8 3600 6004-6658 1.6

1989 Jan 9 7200 3622-4067 1.1

1989 Jan 9 7200 4728-5175 1.1

1989 Jan 9 7200 5207-5864 1.6

1989 Jan 9 7200 6004-6658 1.6

1989 Jan 10 7200 3622-4067 1.1

1989 Jan 10 7200 6004-6658 1.6

Q0301-0035 1988 Oct 14 10800 4570-5017 1.1
1988 Oct 14 10800 5797-6453 1.6

1988 Oct 16 10800 3550-3995 1.1

1988 Oct 16 10800 5040-5701 1.6

1988 Oct 17 7200 3550-3995 1.1

1988 Oct 17 7200 5040-5701 1.6

Q0636+6801 1988 Feb 18 9000 4664-4876 0.5
1988 Feb 18 5400 5048-5705 1.6

1988 Feb 18 3600 5723-6380 1.6

1988 Oct 17 3600 3550-3995 1.1

1988 Oct 17 3600 5040-5701 1.6

QO0956+1217 1988 Feb 20 14400 4949-5158 0.5
1988 Feb 20 14400 6077-6731 1.6

1988 Feb 21 7200 4949-5158 0.5

1988 Feb 21 7200 5358-6014 1.6

1989 Jan 8 7200 3686-4131 1.1

1989 Jan 8 7200 5322-5980 1.6

1989 Jan 8 5600 4819-5265 1.1

1989 Jan 8 5600 6087-6741 1.6

Q101741055 1989 Jan 8 7200 36224067 1.1
1989 Jan 8 7200 5959-6614 1.6

1989 Jan 9 10800 4686~5132 1.1

1989 Jan 9 10800 5207-5864 1.6

1989 Jan 9 7200 3622-4067 1.1

1989 Jan 9 7200 5959-6614 1.6

1989 Jan 10 10800 36224067 1.1

1989 Jan 10 10800 5959-6614 1.6

Q223341341 1988 Oct 14 7200 4704-5151 1.1
1988 Oct 14 7200 5889-6544 1.6

1988 Oct 16 14400 3658—-4104 1.1

1988 Oct 16 14400 5889-6544 1.6

1988 Oct 17 7200 3658-4104 1.1

1988 Oct 17 7200 5162-5819 1.6
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TABLE 2
Absorption Lines in the Spectrum of Q002940722

No.

/\obs

ID

o(A)  Wos (W) S/N Zabs
3658 — 4104 A
i 3708.84 0.17 2.71 0.46 2.4
2 3712.11 0.20 2.75 0.54 2.1
3 3714.78 0.12 0.87 0.15 5.9
4 3717.80 0.12 1.83 0.22 5.2
5 3720.60 0.12 1.61 0.26 3.5
6 3722.79 0.13 1.95 0.27 4.0
7 3725.34 0.20 0.30 0.11 7.9
8 3729.60 0.16 3.20 0.32 4.3
9 3733.40 0.17 0.68 0.15 6.6
10 3736.66 0.14 1.97 0.26 4.4
11 3738.98 0.12 1.62 0.29 3.2
12 3743.80 0.14 3.33 0.30 4.7 HI(1025) 2.6499
13 3750.01 0.13 2.62 0.22 6.3
14 3756.10 0.13 1.26 0.14 8.7
15 3761.10 0.13 4.45 0.30 5.2
16 3766.32 0.12 3.18 0.30 3.9
17 3769.32 0.09 2.04 0.18 6.1
18 3773.86 0.11 1.64 0.13 10.1 CII(1334) 1.8279
19 3778.17 0.12 0.58 0.08 11.9
20 3780.37 0.09 0.64 0.08 10.5
21 3782.98 0.10 2.16 0.18 6.2 CII(1036) 2.6503
22 3785.91 0.08 1.45 0.15 6.2
23 3787.69 0.08 1.13 0.16 4.6
24 3789.43 0.08 1.15 0.11 8.4
25 3794.30 0.08 1.36 0.11 10.2
26 3796.98 0.09 2.65 0.15 8.3 HI(937) 3.0488
27 3800.60 0.13 0.32 0.06 16.2
28 3804.28 0.09 0.60 0.06 16.2
29 3808.19 0.08 2.12 0.10 13.8
30 3813.34 0.08 2.26 0.10 13.6 CIII(977) 2.9030
31 3820.13 0.07 1.71 0.08 14.9
32 3822.69 0.07 1.20 0.07 14.7
33 3828.08 0.09 3.48 0.12 13.7
34 3837.34 0.07 0.80 0.06 16.4
35 3841.28 0.08 2.84 0.11 12.1
36 3845.25 0.10 3.09 0.26 4.4 HI(949) 3.0487
37 3849.56 0.08 4.23 0.14 11.0
38 3856.07 0.08 0.83 0.06 18.3
39 3860.28 0.07 1.97 0.09 14.7
40 3864.12 0.08 0.94 0.06 18.2
41 3887.88 0.08 1.14 0.07 17.1
42 3870.37 0.07 0.87 0.08 16.1
43 3872.74 0.08 0.59 0.05 18.2
44 3877.84 0.08 1.68 0.09 15.7
45 3882.40 0.08 3.18 0.15 9.6
46 3885.94 0.07 1.64 0.12 7.6
47 3890.21 0.07 1.93 0.12 8.3
43 3893.70 0.08 2.26 0.12 10.0
49 3896.62 0.07 0.75 0.06 14.3
50 3898.97 0.08 0.84 0.07 15.7
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No.  Aobs o)) Wors o(W) S/N ID Zabs
51 3904.38 0.08 2.70 0.12 12.6

52 3907.94 0.07 1.58 0.10 10.7

83 3910.09 0.07 0.41 0.04 17.9

54 3912.27 0.07 0.68 0.05 17.7

§5 3914.93 0.06 1.03 0.08 15.3

56 3917.70 0.07 1.68 0.08 15.1

57 3920.97 0.07 0.84 Q.05 19.2

58 3925.44 0.07 1.14 0.06 18.6

59 3928.82 0.07 1.37 0.06 19.0

60 3932.24 0.06 1.33 0.06 19.6

61 3937.72 0.08 5.62 0.15 11.1 HI(972) 3.0489
62 3942.14 0.06 1.21 0.05 18.3 SiIV(1393) 1.8284
63 3944.95 0.07 0.74 0.04 24.9

64 3947 .37 0.09 0.39 0.04 28.4

65 3951.35 0.11 0.30 0.04 29.6

66 3956.47 0.07 2.67 0.07 23.2 CIII(977) 3.0495
67 3961.82 0.08 0.46 0.04 29.5

68 3966.03 0.06 2.71 0.07 21.3 SiIv(1402) 1.8273
69 3971.67 0.07 4.20 0.09 18.9

70 3979.21 0.09 1.02 0.05 29.3

71 3983.86 0.11 0.16 0.03 32.5 HI(949) 3.1947
72 3987.93 0.07 1.79 0.06 24.5 HI(949) 3.1990
73 3995.08 0.07 1.83 0.06 26.0

74 3998.17 0.06 1.24 0.05 21.9

75 4003.35 0.07 4,37 0.11 14.1 HI(1025) 2.9030
76 4007.75 0.06 1.01 0.04 27.1

77 4014.12 0.07 0.77 0.04 30.3

78 4019.60 0.06 3.61 0.07 22.3

79 4027 .52 0.06 3.51 0.08 19.4

80 4031.18 0.05 1.06 0.04 22.5

81 4033.92 0.06 2.55 0.06 21.9

82 4039.89 0.06 1.32 0.04 28.2

83 4042.67 0.06 0.76 0.03 28.7

84 4046.72 0.086 1.47 0.06 19.5

85 4051.88 0.07 4.47 0.10 17.3

86 4056.52 0.06 1.04 0.04 25.7

87 4058.61 0.06 0.82 0.03 26.8

88 4061.80 0.06 1.42 Q.05 26.7

89 4065.66 0.06 1.09 0.04 26.2

90 4067.77 0.06 0.83 0.03 28.6

o1 4071.07 0.08 0.90 0.04 27.4

92 4074.82 0.08 1.24 0.04 27.0

93 4077.63 0.06 0.81 0.04 26.4

94 4080.60 0.06 1.68 0.06 19.0 HI(972) 3.1958
95 4085.57 0.06 2.51 0.06 22.6

96 4091.10 0.06 0.99 0.04 28.8

97 4094 .48 0.086 0.85 0.04 29.0

98 4099.52 0.06 2.09 0.06 20.0 CIII(977) 3.1959
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TABLE 2 -Continued

No.  Acbs o(A) Wobs (W) S/N ID Zabs
4704 — 5151 A
1 4715.65 0.07 3.07 0.09 18.7
2 4719.56 0.06 1.65 0.06 19.9
3 4725.08 0.06 1.65 0.06 21.8 AlII(1670) 1.8281
4 4727.94 0.08 1.52 0.06 21.4
5 4735.30 0.07 3.62 0.10 15.0
6 4738.61 0.06 1.50 0.07 15.6
7 4744.75 0.08 6.16 0.15 12.7 HI(1215) 2.9030
8 4750.29 0.07 0.83 0.05 27.4
9 4761.66 0.07 1.21 0.05 26.8
10 4765.72 0.06 1.85 0.06 21.3
11 4769.07 0.07 1.27 0.05 25.3
12  4777.69 0.07 1.31 0.06 25.9
13 4788.12 0.07 1.48 0.06 24.8
14 4792.05 0.07 1.80 0.06 22.5 SiIV(1393) 2.4382
15 4797.45 0.07 2.99 0.08 21.0
16 4804.40 0.09 0.90 0.05 27.9
17 4808.25 0.07 1.20 0.05 25.3
18 4812.67 0.07 1.04 0.05 26.5
19 4816.14 0.08 0.74 0.05 27.4
20 4820.48 0.07 1.68 0.06 23.7 SiIV(1402) 2.4364
+SiII(1190) 3.0494
21 4824.05 0.07 1.02 0.05 24.8
22 4832.3¢ 0.08 1.32 0.06 24.5 SiII(1193) 3.0496
23 4835.95 0.07 2.14 0.07 22.0
24 4841.55 0.10 0.22 0.03 28.6
25 4843.96 0.09 0.48 0.04 27.3
26 4847.51 0.07 1.13 0.06 24.3
27 4852.50 0.09 1.84 0.07 23.9
28 4861.67 0.08 1.59 0.07 22.7
29 4867.29 0.07 3.21 0.10 15.4
30 4872.55 0.08 4.00 0.14 12.4
31 4876.72 0.07 0.61 0.05 23.2
32 4883.12 0.07 1.85 0.08 17.3
33 4886.41 0.07 1.66 0.08 18.3 SiIII(1206) 3.0500
3¢ 4891.73 0.08 1.08 0.08 20.7
35 4893.99 0.06 0.78 0.05 18.5
36 4896.29 0.09 0.44 0.05 23.1
37 4900.07 0.09 0.58 0.05 22.5
38 4903.63 0.08 1.03 0.06 20.0
39 4907.19 0.10 0.69 0.06 22.0
40 4910.84 0.08 1.10 0.07 19.5
41 4914.92 0.08 3.68 0.14 12.4
42 4924.21 0.12 11.97 0.30 9.2 HI(1215) 3.0506
43 4939.93 0.09 1.38 0.08 18.9
44 4942.59 0.09 0.23 0.04 21.9
45 4945.10 0.12 0.44 0.05 22.5
46 4947.63 0.08 0.91 0.06 19.6
47 4953.68 0.08 2.08 0.09 17.5
48 4957.21 0.07 1.40 0.07 16.4
49 4960.38 0.07 1.72 0.09 14.0



- 202 -

TABLE 2 ~Continued

No.  Aobs a(A)  Wo o(W) S/N 1D Zabs
50 4963.26 0.07 2.51 0.13 10.2
51 4967.02 0.07 1.76 0.08 17.4
52 4972.74 0.12 0.39 0.05 24.2
53 4979.68 0.08 2.51 0.09 18.3
54 4983.23 0.10 0.37 0.05 24.0
55 4986.28 0.12 0.40 0.05 24.6
56 4988.79 0.11 0.34 0.05 24.8
87 4991.05 :0.08 0.44 0.04 23.2
58 4996.14 0.09 0.32 0.04 24.9
59 4998.33 0.07 0.8¢ 0.05 21.0
60 5002.76 0.08 3.05 0.10 16.8
61 5008.24 0.07 2.92 0.10 16.3
62 5015.09 0.06 0.68 0.05 21.5
63 5017.06 0.06 0.97 0.06 17.6
64 5019.05 0.06 0.87 0.05 19.1
65 5021.29 0.06 1.26 0.06 17.6
66 5027.33 0.09 3.51 0.10 20.6
67 5034.08 0.08 1.65 0.07 20.9
68 5038.88 0.07 1.89 0.08 16.9
69 5042.28 0.08 3.45 0.15 10.2
70 5048.62 0.06 1.56 0.07 17.1
71 5051.47 0.07 2.16 0.09 16.6
72 5061.99 0.08 1.55 0.07 21.2 SiIII(1206) 3.1956
73 5067.29 0.07 3.15 0.11 16.0
74 5070.84 0.06 1.64 0.09 12.5
75 5072.97 0.06 0.89 0.06 18.2
76 5076.65 0.07 2.17 0.09 17.4
77 5082.76 0.07 2.36 0.10 16.0
78 5086.64 0.06 1.56 0.09 13.2 SiIV(1393) 2.6496
79 5089.05 0.07 1.76 0.11 10.7
80 5092.74 0.08 3.46 0.17 9.1
81 5100.58 0.10 7.89 0.24 9.9 HI(1215)7? 3.1957
82 5107.14 0.07 1.97 0.10 12.9
83 5110.39 0.07 1.83 0.09 14.4
84 5113.31 0.07 2.21 0.11 11.0
85 5117.62 0.09 4.28 0.20 7.9
86 5121.56 0.10 2.78 0.28 4.5 SiIV(1402) 2.6510
87 5124.50 0.07 2.24 0.11 11.8
88 5128.46 0.06 1.14 0.06 20.5
89 5133.05 0.07 0.77 0.05 24.6
90 6137.50 0.07 i.11 0.05 23.6
91 5141.07 0.086 1.99 0.07 18.5
92 5143.89 0.06 1.54 0.06 22.7
5162 — 5819 A

1 5180.89 0.13 0.66 0.07 21.5

2 5183.67 0.11 0.45 0.06 21.9

3 5186.06 0.12 0.36 0.05 23.1

4 5197.03 0.10 2.66 0.11 17.6 NV(1238) 3.1951
5 5201.50 0.10 2.25 0.10 18.7 NV(1238) 3.1988
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TABLE 2 —-Continued

No. Aobs O'(A) Wobs O'(W) S/N ID Zabs

6 5207.14 0.15 0.34 0.05 26.6

7 5209.80 0.12 0.35 0.05 26.0 CII(1334) 2.9038
8 5215.97 0.11 4.62 0.13 19.3 NV(1242) 3.1969
9 5224.09 0.18 0.24 0.05 29.6

10 5236.64 0.09 2.88 0.09 21.9

11 5244 .21 0.10 4.51 0.11 20.7 AlITI(1854)7 1.8275
12 5252.01 0.10 2.00 0.08 26.9

13 5268.98 0.12 0.63 0.05 32.3 Al1III(1862) 1.8285
14 5273.57 0.12 0.81 0.05 31.8 CIV(1548) 2.4063

+0I(1302) 3.0498
15 5282.44 0.15 0.585 0.05 33.0 CIV(1550) 2.4063
+SiII(1304) 3.0498
16 5321.89 0.12 1.39 0.08 24.9 CIV(1548) 2.4375
17 £328.91 0.17 0.40 0.06 27.3 CIV(1550) 2.4363
18 5331.63 0.14 0.40 0.05 26.4 CIV(1550) 2.4380
19 5404 .44 0.14 1.31 0.08 23.9 CII(1334) 3.0497
20 5439.85 0.17 0.58 0.07 25.0 SiIVv(1393) 2.9030
21 5458.30 0.21 0.36 0.06 24.2 SilIv(1402) 2.9032
22 5475.29 0.18 0.31 0.06 24.8
23 5645.44 0.18 0.42 0.06 27.1 SiIv(1393) 3.0505
24 5650.93 0.10 2.20 0.09 19.9 CIV(1548) 2.6500
25 5654.28 0.10 0.33 0.04 25.7
26 5660.44 0.13 1.87 0.09 23.6 CIV(1550) 2.6501
27 5781.88 0.17 1.02 0.09 21.7
28 5788.62 0.28 0.40 0.08 22.7
6085 — 6739 A

1 6181.56 0.11 0.51 0.05 31.2 SiII(1526) 3.0489
2 6186.58 0.18 0.21 0.04 33.3

3 6233.13 0.23 0.29 0.05 35.0

4 6257.28 0.14 0.26 0.04 34.1

5 6269.25 0.21 0.23 0.05 36.0 CIV(1548) 3.0494
6 6279.96 0.13 0.54 0.05 34.6 CIV(1550) 3.0496
7 6297.67 0.18 0.38 0.05 33.8

8 6385.02 0.16 29.70 0.28 22.1 CIV COMPLEX

9 6486 .49 0.11 0.90 0.05 42.3

10 6493.47 0.06 2.80 0.07 32.6 CIV(1548) 3.1942
11 6498.75 0.06 3.49 0.09 24.0 CIV(1548) 3.1976
12 6504.53 0.06 1.90 0.06 31.8 CIV(1550) 3.1944
13 6509.79 0.07 2.95 0.07 34.6 CIV(1550) 3.1978
14 6529.55 0.14 0.21 0.03 49.0

15 6532.33 0.13 0.24 0.03 47 .1

18 6630.12 0.08 0.84 0.04 45.1 FelI(2344) 1.8283
17 6715.23 0.17 0.40 0.05 38.9 FelII(2374) 1.8281
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TABLE 3
Absorption Lines in the Spectrum of Q025640000

No.  Aobs o) Wops (W) S/N ID Zabs
3622 — 4067 A
1 3759.51 0.10 1.83 0.19 5.6
2 3762.01 0.09 1.27 0.15 6.3
3 3766.74 0.10 1.77 0.18 5.9
4 3768.70 0.07 0.78 0.15 4.5 HI(937)7? 3.0186
5 3769.97 0.07 0.87 0.13 6.0
6 3771.62 0.10 0.69 0.10 9.3
7 3774.60 0.12 0.56 0.09 9.8
8 3777.26 0.11 1.13 0.13 8.4
] 3782.08 0.14 3.72 0.24 6.6
10 3789.38 0.10 1.02 0.12 8.5
11 3792.42 0.10 0.74 0.10 9.4
12 3795.03 0.09 0.84 0.10 9.0
13 3800.32 0.12 4.38 0.26 6.1
14 3805.11 0.09 1.03 0.11 9.1
15 3807.26 0.10 0.61 0.09 10.9
16 3812.30 0.11 0.52 0.08 11.0
17 3815.17 0.11 0.86 0.10 10.3 HI(949) 3.0171
18 3824.90 0.25 1.57 0.34 9.7
19 3836.32 0.10 0.51 0.08 10.3
20 3841.56 0.12 0.52 0.09 10.7
21 3849.26 0.11 1.0 0.12 9.1
22 3851.75 0.10 0.54 0.09 9.6
23 3857.87 0.09 0.86 0.11 8.7
24 3860.06 0.09 1.06 0.12 7.7
25 3863.45 0.11 2.86 0.24 5.2
26 3866.61 0.09 1.24 0.12 8.3
27 3869.48 0.11 0.58 0.09 i1.0
28 3871.32 0.08 0.45 0.07 10.4
29 3872.84 0.08 0.54 0.08 9.7
30 3878.00 0.13 6.42 0.31 6.2 HI(949) 3.0832
31 3884 .40 0.12 0.37 0.07 12.0
32 3886.72 0.09 0.98 0.10 9.9
33 3888.90 0.09 0.57 0.08 10.7
34 3891.81 0.15 0.72 0.09 13.1
35 3888.18 0.09 1.45 0.11 11.4
36 3902.66 0.10 1.89 0.12 11.4
37 3907.16 0.09 1.69 0.12 10.3 HI(972) 3.0175
38 3912.09 0.09 0.49 0.07 12.8
39 3914.56 0.08 1.66 0.11 10.3
40 3921.19 0.09 2.97 0.14 10.5
41 3925.24 0.08 1.8 0.11 11.4 CIII(97T7) 3.0175
42 3934.50 0.11 6.06 0.19 10.7
43 3941.94 0.13 0.52 0.07 16.4
44 3946.10 0.13 0.72 0.08 15.8
45 3954.83 0.11 0.91 0.08 15.0
46 3959.68 0.09 2.70 0.14 11.4
47 3970.70 0.11 7.84 0.21 10.7 HI(972) 3.0828
48 3978.12 0.08 0.58 0.06 17.3
49 3984.62 0.07 0.71 0.06 16.5
50 3987.40 0.06 1.95 0.11 10.4 HI(949) 3.1984
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- 205 -

No.  Aobs o)) Wope o(W) S/N ID Zabs
51 3990.37 0.07 1.55 0.08 14.2 CIII(977) 3.0842
52 4001.07 0.11 0.59 0.06 19.6
53 4004.83 0.07 2.82 0.13 9.5
54 4008.23 0.07 2.86 0.15 8.6
585 4012.55 0.07 2.04 0.10 12.6
56 4017.98 0.09 5.18 0.16 11.9
87 4026.23 0.08 1.83 0.08 15.9
58 4030.50 0.10 0.59 0.06 19.2
59 4035.61 0.09 0.36 0.05 19.3
60 4039.10 0.08 1.47 0.08 16.2
61 4049.64 0.07 1.49 0.09 11.3
62 4063.44 0.08 1.43 0.08 16.0
4728 - 5175 A

1 4731.66 0.09 0.27 0.04 24.6
2 4733.98 0.07 0.93 0.06 20.1
3 4736.94 0.07 1.26 0.07 18.7
4 4741.36 0.08 1.81 0.08 19.4
5 4747.78 0.14 0.71 0.06 24.7
6 4753.94 0.12 0.47 0.05  24.3
7 4756.97 0.10 0.62 0.05 23.9
8 4761.15 0.11 0.21 0.04 25.9
9 4762.89 0.07 0.42 0.04 23.4
10 4766.42 0.08 1.10 0.06 22.0
11 4772.14 0.08 2.57 0.09 19.7
12 4782.98 0.10 0.23 0.04 25.8
13 4785.15 0.07 0.69 0.05 21.9
14 4787.80 0.07 1.22 0.06 18.2
15 4790.94 0.07 1.25 0.06 19.5
16 4797.36 0.08 2.51 0.09 19.0
17 4807.21 0.08 1.29 0.07 20.3
18 4810.31 0.08 1.07 0.08  20.6
19 4817.3¢ 0.08 1.07 0.07  21.7
20 4826.08 0.11 1.00 0.07  22.5
21 43829.43 0.08 0.50 0.05 22.4
22 4834.10 0.08 3.41 0.12 15.4
23 4841.27 0.07 1.43 0.07 17.2
24 4844 .01 0.07 0.98 0.06 19.2
25 4854.05 0.08 1.79 0.08 18.2
26 4858.49 0.07 2.17 0.10 15.3
27 4865.30 0.09 3.69 0.13 13.7
28 4871.76 0.09 2.55 0.11 16.5
29 4875.89 0.08 0.47 0.05 19.5 SiII(1193) 3.0861
30 4878.08 0.07 1.24 0.08 15.3
31 4884.87 0.10 4.09 0.14  14.0 HI(1215) 3.0183
32 4891.18 0.11 0.41 0.06 19.8
33 4894.66 0.11 0.70 0.07 18.8
34 4899.23 0.10 1.81 0.10 16.2
35 4907.00 0.10 1.94 0.10 16.2
36 4911.71 0.08 0.57 0.06 16.6
37 4913.60 0.09 0.62 0.06 17.1
38 4927 .68 0.10 1.73 0.10 16.0 SiIII(1206) 3.0842



TABLE 3 -Continued

- 206 -

No.  Aobs o)) Wos o(W) S/N ID Zabs
39 4833.67 0.14 0.22 0.05 20.0
40 4938.31 0.12 0.67 0.07 18.5
41 4951.0¢4 0.09 2.98 0.14 11.8
42 4954 .65 0.08 0.91 0.07 15.0
43 4962.52 0.13 9.80 0.35 6.9 HI(1215) 3.0821
44 4969.46 0.08 2.27 0.18 6.7
45 4972.37 0.08 2.456 0.16 8.4
46 4975.34 0.08 0.73 0.07 16.2
47 4981.20 0.09 1.41 0.10 13.3
48 4983.84 0.07 0.86 0.08 12.5
49 4985.92 0.08 1.06 0.08 13.2
50 5005.19 0.13 0.46 0.06 19.7
51 5011.46 0.10 3.37 0.14 13.6
52 5017.13 0.08 2.51 0.13 11.9
53 5023.05 0.10 1.54 0.10 15.6
54 5026.22 0.08 1.18 0.09 14.4
55 5033.87 0.09 2.13 0.12 13.8
56 5040.03 0.10 1.24 0.09 15.8 MgI(1827)7 1.1981
57 5044.37 0.10 1.97 0.11 13.9
58 5061.88 0.11 2.82 0.14 13.3
59 5066.27 0.13 0.61 0.08 15.4
60 5076.24 0.10 2.18 0.14 10.9
61 5080.85 0.11 2.09 0.13 12.0
62 5096.02 0.11 1.47 0.11 14.0
63 5099.59 0.08 0.39 0.06 15.2
64 5101.08 0.07 0.62 0.07 12.8
65 5103.87 0.09 2.33 0.13 11.7 HI(1215) 3.1984
66 5114.75 0.14 0.74 0.08 17.9
67 5123.92 0.19 0.31 0.06 20.2
68 5129.32 0.08 2.19 0.11 13.8
69 5133.50 0.10 3.64 0.24 6.5
70 5136.91 0.08 1.91 0.15 7.4
71 5139.81 0.07 1.89 0.12 10.8
72 5144 .97 0.10 5.71 0.19 11.4
73 5153.24 0.14 0.56 0.07 20.3
74 5164.59 0.11 0.59 0.06 20.6
75 5168.40 0.12 0.89 0.07 20.7
5187 — 5864 A
1 5196.52 0.18 1.20 0.22 6.1
2 5205.90 0.10 0.21 0.15 19.7 FelI(2367)7 1.1988
3 5219.16 0.14 1.85 0.12 16.4 FelI(2374) 1.1980
4 £228.61 0.16 1.31 0.09 21.6
5 5236.55 0.12 3.11 0.11 19.4
6 5243.25 0.15 0.97 0.07 27.9
7 5256.07 0.10 2.69 0.08 26.1
8 5269.90 0.10 0.72 0.04 35.7
9 5264.84 0.13 0.40 0.04 41.0
10 5268.34 0.14 0.33 0.03 43.5
11 5282.87 0.09 1.56 0.04 41.7
12 5287.46 0.09 1.45 0.04 47.5
13 5298.42 0.16 0.10 0.02 65.6
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TABLE 3 -Continued

No.  Aobs o(A)  Wobs (W) S/N ID Zabs
14 5424.92 0.22 0.20 0.04 41.0
15 5521.31 0.24 0.60 0.07 28.1

16 5716.03 0.19 0.30 0.05 28.9 FeII(2600) 1.1983

6004 — 6658 A

1  6147.46 0.12 2.42 0.11 22.6 MgII(2796) 1.1984
2 6162.90 0.12 1.70 0.10 21.2 MgII(2803) 1.1983
3  6220.41 0.21 0.44 0.07 24.7 CIV(1548) 3.0178
4 6324.09 0.13 0.63 0.08 21.7 CIV(1548) 3.0848
5 6333.72 0.13 0.47 0.07 22.1 CIV(1550) 3.0842
6 6498.36 0.21 0.48 0.08 24.1 CIV(1548) 3.1974
7 6509.79 0.20 0.36 0.06 27.0 CIV(1550) 3.1978
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‘ TABLE 4
Absorption Lines in the Spectrum of Q0301—-0035

No.  Aops a(d)  Wes (W) S/N ID Zabs
3550 — 3995 A
i 3648.58 0.14 3.47 0.30 4.5
2 3651.70 0.11 1.23 0.22 3.7
3 3653.50 0.12 1.46 0.31 2.6
4 3656.39 0.11 3.51 0.23 5.9
5 3665.50 0.12 4,28 0.23 7.1
6 3672.30 0.12 0.32 0.06 12.9
7 3676.61 0.10 0.65 0.08 12.2
8 3682.03 0.09 1.02 0.09 11.3
9 3685.67 0.09 1.58 0.12 9.4
10 3689.22 0.10 2.88 0.19 6.6
11 3694.51 0.11 3.71 0.20 7.3 HI(937) 2.93956
12 3698.83 0.08 0.99 0.09 10.7
13 3702.67 0.10 3.02 0.16 9.3
14 3707.06 0.09 0.56 0.07 13.2
156 3710.22 0.10 1.32 0.10 12.7 HI(937) 2.9563
16 3716.24 0.10 0.47 0.06 14.9
17 3718.15 0.08 0.74 0.07 13.0
18 3720.85 0.09 0.48 0.06 15.3
19 3724.16 0.11 1.02 0.08 15.0
20 3734.77 0.12 4.62 0.33 4.4
21 3738.94 0.07 1.23 0.12 6.8
22 3741.83 0.10 3.19 0.24 5.2 HI(949) 2.9560
23 3746.04 0.08 1.53 0.10 10.7
24 3751.80 0.08 0.70 0.07 13.1
25 3757.15 0.09 1.41 0.10 12.1
26 3768.54 0.09 1.70 0.12 10.0
27 3771.40 0.09 0.73 0.08 11.5
28 3775.59 0.10 2.13 0.14 9.2
29 3788.80 0.11 0.47 0.07 12.7
30 3794.71 0.14 6.59 0.36 4.8
31 3799.36 0.08 1.54 0.14 6.8
32 3805.31 0.07 1.02 0.09 10.8
33 3807 .37 0.07 1.25 0.10 9.3
34 3811.81 0.08 1.65 0.11 10.1
35 3817.89 0.11 6.97 0.26 7.3 HI(1025) 2.7221
36 3826.50 0.08 0.56 0.06 16.8
37 3828.72 0.07 1.81 0.12 8.2
38 3832.59 0.09 4.63 0.19 7.9 HI(972) 2.9408
39 3838.44 0.09 0.66 0.06 16.8
40 3842.04 0.08 2.60 0.12 10.9 0VI(1031)7? 2.7231
41 3848.92 0.09 5.15 0.17 9.8 HI(972) 2.9576
42 3855.45 0.11 0.28 0.04 21.5
43 3858.35 0.07 1.44 0.07 15.2 CII(1036)7 2.7231
44 3861.19 0.07 2.11 0.11 10.1
45 3864.65 0.07 2.51 0.08 17.6 0VI(1037)7? 2.7245
+CIII(977) 2.9555
46 3871.49 0.10 0.55 0.05 25.1
47 3876.77 0.13 0.46 0.05 25.1
48 3883.64 0.08 3.18 0.09 17.9
49 3887.78 0.07 0.55 0.04 20.4
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No.  Aobs c(A)  Wobs (W) S/N ID Zabs
50 3889.98 0.07 0.91 0.05 20.0
51 3893.35 0.07 0.83 0.05 21.2
52 3897.38 0.07 3.41 0.11 12.9
83 3902.02 0.07 2.99 0.09 15.6
54 3908.56 0.11 0.38 0.04 25.9
55 3919.33 0.08 0.89 0.05 25.5
56 3922.85 0.06 1.07 0.05 23.0
57 3925.39 .0.07 0.78 0.04 25.0
58 3934.15 0.08 0.74 0.04 27.6
59 3938.71 0.13 0.35 0.04 29.6
60 3942.93 0.08 1.08 0.05 24.9
61 3947.99 0.07 1.54 0.06 22.9
62 3951.08 0.09 0.41 0.04 28.6
63 3955.81 0.08 1.99 0.06 19.5
64 3958.27 0.06 0.90 0.04 20.6
65 3961.51 0.06 2.36 0.07 18.4
66 3966.71 0.07 0.68 0.04 28.1
67 3975.77 0.07 1.61 0.06 23.9
68 3980.58 0.07 1.53 0.06 23.5
69 3984.53 0.09 0.31 0.03 29.8
70 3986.62 0.08 0.27 0.03 30.3
71 3988.38 0.07 0.28 0.03 29.3
72 3991.03 0.07 1.02 0.04 26.7
4570 — 5017 A

1 4575.75 0.12 1.01 0.08 17.5 CII(1334) 2.4287
2 4593.76 0.09 1.57 0.09 15.6
3 4602.40 0.12 0.89 0.08 18.4
4 4608.03 0.07 0.88 0.07 15.1
5 4610.35 0.07 2.01 0.12 10.3
6 4621.79 0.10 0.87 0.07 18.1
7 4628.00 0.13 0.29 0.05 20.1
8 4631.37 0.15 0.50 0.07 20.0
9 4636.96 0.10 0.86 0.07 18.1
i0 4640.85 0.11 0.74 0.07 18.8
11 4657.07 0.09 1.10 0.08 16.9
12 4659 .57 0.08 0.79 0.07 15.4
13 4662.38 0.08 1.17 0.08 15.2
14 4667 .84 0.11 0.83 0.07 18.0
15 4672.25 0.11 1.00 0.08 17.5
16 4680.35 0.10 2.31 0.11 15.9
17 4688.60 0.11 0.67 0.07 18.7
i8 4691.96 0.10 1.46 0.09 17.5
19 4700.85 0.09 2.68 0.11 15.0
20 4705.14 0.12 0.58 0.06 19.6
21 4708.21 0.18 0.33 0.06 20.8
22 4713.49 0.16 0.31 0.06 20.5
23 4721.62 0.09 0.82 0.07 18.0 SiII(1193) 2.9568
24 4725.79 0.10 1.25 0.08 17.8
25 4740.48 0.09 3.21 0.13 13.4
26 4744 .23 0.08 2.00 0.10 12.9
27 4750.05 0.08 1.37 0.08 16.2
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No.  Aobs a(A)  Wepe (W) S/N ID Zabs

28 4754 .48 0.09 3.83 0.14 12.3 SiIII(1206) 2.9407

29 4766 .45 0.10 4.16 0.14 14.3

30 4771.48 0.09 1.67 0.09 16.4

31 4778.80 0.13 0.41 0.06 20.2 SiIv(1393) 2.4287

32 4785.59 0.08 3.04 0.13 11.3

33 4790.27 0.12 5.02 0.34 4.9 HI(1215) 2.9404

34 4794 .24 0.07 1.03 0.08 11.8

35 4796.34 0.07 0.94 0.07 14.8

36 4799.45 0.16 0.32 0.06 19.9

37 4810.47 0.11 4.79 0.16 13.4 SiIv(1402)7 2.4293
+HI(1215) 2.9571

38 4817.20 0.11 0.58 0.06 18.3

39 4820.47 0.10 0.46 0.06 18.4

40 4827.15 0.12 0.79 0.08 18.0

41 4830.32 0.13 0.44 0.06 18.9

42 4833.09 0.14 0.31 0.06 19.2

43 4838.90 0.12 2.85 0.13 15.3

44 4846 .27 0.15 1.83 0.11 17.9

45 4856.11 0.09 3.50 0.16 10.2

46 4859.80 0.07 1.71 0.11 10.7

47 4862.59 0.08 0.75 0.07 15.6

438 4865.00 0.07 1.00 0.08 13.8

49 4868.89 0.09 1.99 0.11 13.7

50 4875.10 0.11 2.62 0.13 14.0

51 4879.40 0.08 1.04 0.08 14.2

52 4881.80 0.08 0.64 0.07 14.6

83 4885 .57 0.12 2.85 0.14 13.6

54 4893.15 0.11 1.86 0.12 14.1

556 4893.15 0.11 1.86 0.12 14.1

56 4897.56 0.09 1.96 0.12 12.1

57 4901 .42 0.09 0.73 0.08 14.5

58 4903.36 0.08 0.77 0.08 12.7

59 4910.85 0.18 0.36 0.07 16.9

60 4914.62 0.11 1.69 0.11 13.7

61 4919.27 0.16 0.61 0.08 17.2

62 4923.96 0.14 0.58 0.08 17.2

63 4930.59 0.09 1.77 0.11 13.8

64 4934 .67 0.09 2.66 0.15 10.2

65 4939.10 0.09 0.27 0.05 18.3

66 4942.03 0.08 1.83 0.11 13.2

67 4946.10 0.09 3.13 0.13 13.1

68 4955.72 0.09 1.61 0.09 i16.4

69 4959.44 0.08 0.77 0.06 17.7

70 4961.79 0.09 0.53 0.06 19.5

71 4969.45 0.10 5.88 0.16 14.0 CII(1334) 2.7237

72 4984 .32 0.08 2.68 0.11 14.6

73 4988.95 0.08 3.28 0.16 9.4

74 4992 .26 0.07 1.41 0.09 12.8

75 4995.05 0.07 1.76 0.10 12.5

76 4997.60 0.08 0.56 0.05 20.9

77 5002.61 0.10 2.58 0.10 18.9

78 5012.00 0.08 1.80 0.08 18.8
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No. /\obs 0'(/\) Wobs U(W) S/N ID Zabs
5040 — 5701 A
1 5083.87 0.15 1.59 0.13 13.2
2 B057.51 0.12 0.56 0.08 156.86
3 5059.89 0.13 0.46 0.07 17.2
4 5062.88 0.16 0.56 0.08 19.1
5 5072.15 0.15 0.95 0.08 21.7
6 5080.19 0.13 2.64 0.11 21.2
7 5088.51 0.11 3.70 0.11 20.9
8 5098.57 0.12 3.95 0.10 25.8
9 5108.58 0.19 0.29 0.04 37.9
10 5114.26 0.19 0.40 0.04 40.3
11 5120.23 0.12 0.30 0.03 41.7
12 5123.42 0.15 0.27 0.03 43.7
i3 5136.13 0.13 0.33 0.03 44.8
14 5143.60 0.25 0.17 0.03 47.1
15 £5189.87 0.12 2.91 0.08 31.4 SiIV(1393) 2.7237
16 5209.41 0.13 0.30 0.04 37.6
17 5224.18 0.12 1.55 0.06 34.6 SiIv(1402) 2.7242
18 5258.54 0.16 0.69 0.05 36.0 CII(1334) 2.9404
19 5289.49 0.21 0.32 0.05 32.4
20 5308.91 0.12 0.78 0.06 28.3 CIV(1548) 2.4291
21 £315.89 0.18 0.26 0.08 30.4
22 5318.10 0.12 0.21 0.04 29.7 CIV(1550) 2.4293
23 5330.43 0.24 0.44 0.06 30.0
24 5339.65 0.23 0.32 0.08 29.7
25 5491.99 0.14 1.58 0.09 24.7 SiIv(1393) 2.9404
26 5515.97 0.17 0.90 0.07 28.7 FelI(1608) 2.4294
+SiIV(1393)7 2.9576
27 5527.23 0.14 1.59 0.08 26.7 SiIV(1402) 2.9402
28 5631.99 0.18 0.29 0.05 29.6
29 5635.13 0.17 0.22 0.04 30.0
5797 — 6453 A
1 £889.89 0.17 0.71 0.12 12.9 NaI(5891i) -0.0003
2 £5896.52 0.30 0.65 0.14 13.1 NaI(5897) -0.0002
3 6100.81 0.12 1.65 0.13 14.1 CIV(1548) 2.9406
4 6111.01 0.18 0.93 0.11 16.7 CIV(1550) 2.9406
5 6125.42 0.186 0.63 0.09 17.1 CIv(1548)7 2.9563
8 6137.62 0.29 0.40 0.09 19.0 CIV(1550)7 2.9578
7 6184.79 0.25 0.71 0.11 19.4
8 6221.22 0.20 0.45 0.08 19.5 A1II(1670) 2.7235
9 6233.98 0.35 0.72 0.12 19.2
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TABLE 5
Absorption Lines in the Spectrum of Q063646801

No.  Aobs c(d) Wos o(W) S/N ID Zabs
3550 — 3995 A
1 3595.12 0.07 3.67 0.14 10.5
2 3600.81 0.06 2.3¢ 0.12 8.7
3 3604.59 0.07 3.62 0.12 11.9
4 3615.88 0.08 4.33 0.14 11.9
5 3623.13 0.10 0.59 0.06 16.9
6 3627.90 0.07 1.01 0.07 14.7 HI(937) 2.8685
7 3633.256 0.08 3.36 0.14 9.9
8 3637.99 0.10 0.36 0.05 16.9
9 3643.86 0.08 4.53 0.16 10.4
10 3649.47 0.07 2.57 0.11 11.9 HI(937) 2.9031
11 3655.04 0.10 0.48 0.05 19.3
12 3660.37 0.07 4.1i7 0.12 13.6
13 3673.91 0.06 1.24 0.06 17.6 HI(949) 2.8683
14 3677.85 0.10 0.19 0.03 23.7
15 3681.22 0.10 0.28 0.04 23.7
16 3685.21 0.07 0.8 0.05 21.0
17 3689.08 0.08 0.93 0.06 21.8
18 3696.64 0.07 1.46 0.06 19.1 HI(949) 2.8923
19 3700.24 0.06 1.05 0.06 17.6
20 3702.40 0.05 1.41 0.07 14.6
21 3707.76 0.07 5.19 0.13 12.9 HI(949) 2.9040
22 3714.40 0.06 1.80 0.07 18.0
23 3717.29 0.06 0.83 0.05 20.4
24 3721.22 0.14 0.22 0.04 25.4
25 3725.32 0.08 1.31 0.08 22.3
26 3731.03 0.06 1.72 0.07 19.4
27 3735.77 0.07 0.90 0.05 21.5
28 3738.97 0.07 0.81 0.05 21.0
29 3743.06 0.10 0.64 0.05 22.9
30 3746.38 0.07 0.68 0.05 22.1
31 3749.50 0.10 0.34 0.04 24.0
32 3754.68 0.07 0.80 0.05 22.0
33 3762.59 0.06 2.8 0.09 15.8 HI(972) 2.8688
34 3770.56 0.07 3.61 O0.11 14.3
35 3776.17 0.07 3.42 0.12 12.6
36 3781.41 0.06 0.96 0.06 17.1 CIII(977)7 2.8703
37 3785.21 0.07 3.23 0.11 13.2 HI(972) 2.8921
38 3791.55 0.06 0.62 0.05 19.6
39 3796.55 0.07 4.19 0.12 13.9 HI(972) 2.9038
40 3802.02 0.07 1.05 0.06 21.4 CIII(977) 2.8914
41 3808.27 0.06 3.45 0.09 16.3 HI(949) 3.0098
42 3813.68 0.07 4.79 0.13 11.8 CIII(977) 2.9035
43 3818.00 0.06 0.45 0.04 24.0
44 3820.03 0.09 0.23 0.03 26.5
45 3821.80 0.06 0.25 0.03 27.4
46 3823.21 0.08 0.25 0.03 28.7
47 3827.20 0.12 0.29 0.04 30.1
48 3831.57 0.07 1.29 0.05 25.2
49 3838.08 0.07 1.71 0.06 25.3
50 3842.93 0.07 0.45 0.03 29.2
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Aobs o)) Wops o(W) S/N ID Zabs
51 3845.03 0.06 0.70 0.04 26.6

52 3851.40 0.06 1.50 0.05 26.0

53 3856.02 0.05 3.91 0.09 17.2
54 3860.93 0.05 1.55 0.05 24.6
55 3864.19 0.05 1.13 0.04 27.4
56 3867.34 0.09 0.17 0.02 34.6
57 3872.49 0.07 0.85 0.04 31.0

68 3879.00 0.05 0.97 0.04 28.0

59 3881.93 0.05 1.90 0.05 22.9
80 3885.23 0.06 0.55 0.03 28.6
61 3889.76 0.05 2.12 0.06 19.4
62 3893.09 0.05 2.46 0.06 21.4
63 3897.31 0.05 1.78 0.05 24.3
64 3899.92 0.06 0.48 0.03 32.9 HI(972) 3.0098
65 3903.60 0.05 1.81 0.05 26.1
66 3907.45 0.05 1.04 0.04 30.9 HI(972) 3.0178
67 3910.25 0.06 0.37 0.03 34.7
68 3915.72 0.06 0.67 0.03 34.0
69 3921.34 0.05 0.64 0.03 34.9
70 3924.69 0.05 0.78 0.03 34.9 CIII(977) 3.1070
71 3928.19 0.05 2.47 0.05 25.4
72 3931.87 0.05 0.87 0.03 34.7
73 3934.47 0.06 0.37 0.03 38.3
74 3938.99 0.07 0.32 0.02 38.7
75 3940.84 0.07 0.18 0.02 38.7
76 3943.03 0.06 0.43 0.03 37.0
77 3945.40 0.05 0.88 0.03 34.4
78 3950.82 0.06 0.47 0.03 37.9
79 3953.13 0.05 0.68 0.03 34.6
80 3956.35 0.05 1.13 0.03 34.0
81 3965.12 0.06 0.43 0.03 38.1
82 3968.23 0.05 2.40 0.05 28.6 HI(1025) 2.8687
83 3973.13 0.06 1.06 0.04 36.3
84 3978.30 0.05 2.27 0.05 29.3
85 3982.28 0.07 0.34 0.03 39.8
86 3986.85 0.05 2.87 0.05 27.2

4664 — 4876 A

1 4668.83 0.04 1.29 0.03 27.4 SiIII(1206) 2.8697
2 4671.10 0.04 0.20 0.02 32.9

3 4673.36 0.04 1.5¢ 0.04 25.8

4 4877.89 0.05 0.78 0.03 31.7

5 4680.38 0.04 0.26 0.02 34.3

6 4682.28 0.04 0.91 0.03 29.5

7 4690.46 0.04 0.38 0.02 33.4

8 4699.05 0.04 1.40 0.03 26.7

9 4702.84 0.04 3.49 0.05 21.4 HI(1215) 2.8685
10 4709.13 0.03 0.92 0.03 26.4

11 4711.38 0.04 2.31 0.05 19.6 SiIII(1206) 2.9050
12 4719.56 0.05 0.20 0.02 36.3

13 4725.54 0.05 0.31 0.02 35.1

14 4731.55 0.04 6.45 0.08 20.0 HI(1215) 2.8921
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TABLE 5-Continued

Aobs

a(W)

Zabs
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No.  dobs o(A)  Woe (W) S/N ID Zabs
11 £388.92 0.10 0.76 0.03 75.2 CIV(1550) 2.4750
12 5441.70 0.07 1.95 0.03 71.8 SiIVv(1393) 2.9043
13 5459.85 0.17 0.28 0.02 82.8

14 5476.87 0.07 1.43 0.02 81.0 SiIV(1402) 2.9043
15 5531.85 0.12 0.39 0.02 91.4 Al1II(1670) 2.3109

5723 — 6380 A

1 5891.81 0.07 0.45 0.03 40.7 NaI(5891) 0.0000
2 5897.61 0.07 0.33 0.03 40.3 NaI(5897) 0.0000
3 5961.10 0.06 0.66 0.03 48.9 SiII(1526) 2.9045
4 5988.98 0.16 0.31 0.03 54.0 CIV(1548) 2.8683
5 6025.70 0.09 0.51 0.03 §2.0 CIV(1548) 2.8921
6 6035.61 0.14 0.22 0.03 54.4 CIV(1550) 2.8920
7 6044.22 0.06 2.80 0.06 44.2 CIV(1548) 2.9040
8 6054.13 0.07 1.86 0.05 48.0 CIV(1550) 2.9039
9 6207.99 0.21 0.14 0.03 60.1 CIV(1548)7 3.0098
10 6214.06 0.10 0.21 0.02 58.7 CIV(1548) 3.0174
11 6219.81 0.08 0.55 0.03 57.0

12 6224.62 0.22 0.17 0.03 60.2 CIV(1550) 3.0174
13 6230.07 0.11 0.36 0.03 £9.0

14 6280.42 0.16 0.83 0.04 £9.3 FelI(1608)7 2.9046
156 6286.75 0.17 0.18 0.03 59.3




- 216 -

TABLE 6
Absorption Lines in the Spectrum of Q0956+1217

No.  Aobs a(A)  Weps (W) S/N ID Zabs
3685 — 4131 A
1 3869.78 0.05 1.11 0.06 14.3
2 3873.09 0.06 1.59 0.07  16.2
3 3876.60 0.06 1.93 0.07 18.5
4 3881.97 0.06 2.29 0.09 14.4
5 3884.66 0.05 1.43 0.07 15.8
6 3889.97 0.07 4.16 0.13  11.4
7 3894.80 0.07 3.66 0.17 8.1 HI(937) 3.1531
8 3898.95 0.08 2.99 0.21 5.7 HI(949) 3.1053
9 3902.55 0.06 2.80 0.1t 11.6
10 3907.09 0.05 1.26 0.07 13.8 HI(949) 3.1138
11 3910.37 0.07 3.49 0.13 10.6
12  3914.30 0.07 0.65 0.05 18.9
13 3916.84 0.06 1.18 0.07  14.0
14 3918.78 0.06 0.96 0.06  16.6
16 3925.09 0.10 0.74 0.06 21.5
16 3929.85 0.06 2.05 0.08  15.9 HI(1025) 2.8313
17 3932.96 0.06 1.29 0.06  16.1
18 3938.30 0.07 3.96 0.14  10.7
19 3943.10 0.07 4.06 0.17 8.5 HI(949) 3.1518
20 3948.35 0.06 0.67 0.05  20.8
21 3950.35 0.06 0.48 0.04 21.9
22 3953.62 0.06 2.31 0.08 18.4
23 3960.19 0.07 1.61 0.06 22.7 HI(937) 3.2228
24 3965.03 0.06 1.78 0.06  20.8
25 3968.67 0.06 3.18 0.08  17.9
26 3977.12 0.05 1.72 0.06 19.5
27 3980.12 0.05 1.43 0.06 18.4
28 3983.59 0.06 2.56 0.08 14.9
29 3987.42 0.05 1.61 0.06 19.3
30  3992.77 0.06 4.40 0.1t 14.4 HI(972) 3.1055
31 3997.27 0.06 0.87 0.04 25.0
32 4001.71 0.086 2.42 0.07  22.0 HI(972) 3.1170
33 4010.15 0.06 3.01 0.08 21.8 CIII(977) 3.1044
+HI (949) 3.2224
34 4015.77 0.06 1.79 0.06 21.0
35 4019.16 0.05 1.53 0.06  19.4 CIII(977) 3.1137
36 4023.70 0.08 4.71 0.10 17.0 HI(1215)7 2.3099
37 4033.05 0.07 1.61 0.06 25.8
38 4038.54 0.08 3.68 0.10 15.1 HI(972) 3.1526
39 4043.73 0.06 3.85 0.10 15.7
40 4055.14 0.05 3.04 0.08  16.2
41 4059.00 0.05 2.56 0.07  17.3
42 4063.38 0.05 2.30 0.06 21.8
43 4070.40 0.06 0.75 0.04 29.5
44 4073.59 0.05 0.96 0.04  27.8
45 4075.90 0.06 0.29 0.03  31.9
46 4077.55 0.06 0.41 0.03  30.2
47 4082.65 0.08 2.81 0.06 25.5
48 4093.37 0.07 0.27 0.03  34.6
49 4095.36 0.07 0.36 0.03  34.1



- 217 -

TABLE 6 -Continued

No.  Agps o(A)  Wepe (W) S/N ID Zabs
50 4097 .66 0.09 0.20 0.03 35.6
51 4102.13 0.07 0.26 0.03 35.0
52 4107 .40 0.06 2.90 0.06 26.6 HI(972) 3.2234
53 4113.52 0.06 2.10 0.05 27.5
54 4118.06 0.08 0.31 0.03 35.2
55 4124.87 0.05 3.22 0.07 22.3 CIII(977) 3.2219
4949 - 5158 A
1 4953.52 0.05 1.14 0.07 10.6 SiII(1193) 3.1531
2 4955.77 0.05 1.27 0.08 10.0
3 4958.46 0.04 0.57 0.05 12.2
4 4959.91 0.05 0.63 0.05 12.7 CII(1334) 2.7166
5 4961.90 0.07 0.41 0.05 16.2
6 4968.83 0.07 0.26 0.04 16.4
7 4970.48 0.07 0.26 0.04 16.2
8 4973.02 0.05 1.59 0.08 11.1
9 4977 .41 0.06 3.20 0.13 8.7
10 4981 .47 0.06 3.24 0.15 7.1
11 4984 .65 0.05 0.47 0.04 14.7
12 4989.62 0.07 5.11 0.17 7.9 HI(1215) 3.1044
13 4994.06 0.09 0.23 0.04 17.2
14 5000.62 0.07 5.58 0.17 8.6 HI(1215) 3.1135
15 5004.97 0.05 1.61 0.10 7.4
16 5006.90 0.04 0.52 0.04 13.7
17 5009.54 0.05 0.60 0.05 14.6 SiIII(1206) 3.1521
18 5011.27 0.03 0.42 0.04 12.5
19 5012.14 0.03 0.35 0.04 11.7
20 5013.01 0.04 0.32 0.04 14.2
21 5014.64 0.04 1.0t 0.06 12.1
22 5017.16 0.06 0.60 0.05 14.9
23 5020.74 0.05 1.30 0.07 10.9
24 5022.17 0.03 0.53 0.06 6.9
25 5023.63 0.06 1.79 0.14 5.3
26 5025.94 0.05 1.43 0.08 9.8
27 5028.12 0.06 0.40 0.04 156.7
28 5032.15 0.06 1.70 0.08 12.9
29 5035.12 0.05 0.46 0.04 14.4
30 5036.49 0.06 0.31 0.04 15.9
31 5041.38 0.06 1.79 0.08 12.1
32 5047.74 0.08 5.51 0.17 8.6 HI(1215) 3.1522
33 5053.41 0.05 1.86 0.10 8.2
34 5055.04 0.04 0.72 0.08 6.4
35 5056.65 0.05 1.50 0.09 8.9
36 5058.74 0.07 0.25 0.04 156.3
37 5064 .58 0.06 0.38 0.08 13.6
38 5068.11 0.07 0.93 0.07 12.7
39 5070.44 0.07 0.28 0.04 14.4
40 5071.91 0.05 0.14 0.03 14.4
41 5073.21 0.05 0.68 0.06 11.4
42 5076.44 0.05 1.30 0.08 9.8
43 5079.35 0.07 3.82 0.16 6.8
44 5094.74 0.07 0.67 0.06 13.2 SiIII(1206) 3.2227
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No.  Aobs o(A) W (W) S/N ID Zabs
45 5096.77 0.07 0.30 0.04 14.3
46 5098.04 0.06 0.26 0.04 14.3
47 5101.63 0.05 1.59 0.089 9.0
48 5103.86 0.08 1.30 0.09 8.9
49 5106.26 0.05 0.86 0.086 12.2

50 5110.79 0.09 0.32 0.05 15.5

51 5114.66 0.05 1.15 0.07 10.5
52 5116.36 0.06 2.14 0.15 5.8
53 5118.88 0.06 2.02 0.15 5.4
54 5121.91 0.05 1.91 0.10 9.1
556 5125.08 0.04 0.64 0.05 13.9 CIV(1548)7 2.3103
56 5126.55 0.04 0.65 0.05 13.0
87 5133.80 0.07 5.30 0.16 8.8 HI(1215) 3.2230
58 5139.50 0.05 1.23 0.06 15.5

4819 — 5265 A

1 4824 .39 0.07 1.70 0.05 31.6

2 4830.01 0.06 0.75 0.04 32.4 SiII(1260) 2.8321
3 4832.61 0.07 1.02 0.04 32.1

4 4840.50 0.07 2.92 0.07 27.5

5 4845.28 0.09 0.21 0.03 36.0

6 4848.90 0.12 0.19 0.03 36.8

7 4852.45 0.08 0.38 0.03 34.5

8 4854.66 0.07 0.46 0.03 33.6

9 4856.83 0.13 0.18 0.03 37.0

10 4862.05 0.09 1.21 0.05 33.1

11 4876.01 0.08 4.28 0.09 25.2

12 4884 .16 0.11 0.39 0.04 32.9

13 4895.33 0.07 1.92 0.06 24.5

14 4900.57 0.11 0.27 0.04 30.4

15 4905.83 0.12 0.40 0.04 30.6

16 4913.55 0.09 1.27 0.06 27.2

17 4921.96 0.07 3.06 0.08 21.0

18 4926.64 0.07 2.91 0.08 19.5

19 4943.96 0.12 1.06 0.06 29.5 SiII(1190) 3.1531
20 4949 .41 0.08 0.53 0.04 29.1
21  4954.60 0.07 3.48 0.09 21.5 SiII(1193) 3.1521
22 4960.19 0.07 1.66 0.06 25.4
23 4967 .56 0.07 0.36 0.03 29.5
24 4969.45 0.07 0.40 0.03 28.9
25 4973.39 0.07 2.09 0.07 21.4
26 4976.47 0.06 1.04 0.05 19.2
27 4981.05 0.08 5.80 0.14 16.0
28 4990.03 0.07 5.26 0.12 16.9 HI(1215) 3.1048
29 5002.02 0.08 8.02 0.14 18.2 HI(1215) 3.1146
30 5009.73 0.06 0.74 0.04 26.9 SiIII(1206) 3.1522
31 5012.07 0.06 0.91 0.04 25.0

32 5014.86 0.06 1.36 0.05 22.5
33 5017.60 0.07 0.57 0.04 28.7
34 5020.77 0.06 1.42 0.06 21.8

35 5023.69 0.07 2.60 0.11 12.4

36 5026.53 0.086 1.86 0.06 22.4
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TABLE 6 -Continued

No.  Aobs o(A) Wees o(W) S/N ID Zabs

37 5032.39 0.07 2.00 0.07 25.0

38 5036.25 0.07 0.58 0.04 28.2

39 5041.84 0.07 1.99 0.07 23.9

40 5048.21 0.07 5.62 0.13 15.1 HI(1215) 3.1526

41 5055.31 0.07 4.29 0.11 16.6

42 5064.98 0.09 0.53 0.05 27.2

43 5068.89 0.08 1.08 0.06 24.6

44 5073.26 0.07 1.16 0.06 22.7

45 5078.80 0.08 5.05 0.13 16.4

46 5095.06 0.11 0.79 0.06 25.8 SiIII(1206) 3.2230

47 5098.14 0.12 0.29 0.04 27.4

48 5102.63 0.07 3.10 0.10 17.0

49 5106.26 0.07 1.04 0.06 22.7

50 5110.78 0.09 0.61 0.05 26.3

51 5117.04 0.08 5.19 0.13 15.8

52 5122.08 0.06 2.18 0.08 16.6

53 5125.78 0.06 1.52 0.06 22.4

54 5133.48 0.08 6.09 0.12 18.2 HI(1215) 3.2228
55 5139.58 0.06 1.39 0.05 25.7

56 5144.12 0.11 0.44 0.04 33.2

57 5149.45 0.18 0.24 0.04 35.2

58 5156.71 0.08 0.66 0.04 32.7

59 5161.84 0.06 3.12 0.07 22.9

60 5165.50 0.06 1.38 0.05 28.8

61 5172.30 0.06 1.11 0.04 31.4 SiII(1260) 3.1036

62 5175.94 0.06 2.00 0.06 25.9

63 5181.87 0.09 0.32 0.03 36.7

64 5186.17 0.07 1.00 0.04 32.1 SiII(1260) 3.1146

65 5189.41 0.06 1.11 0.04 28.9

66 5194.97 0.07 2.92 0.07 25.0

67 5200.09 0.06 2.95 0.09 18.2

68 5205.08 0.07 0.68 0.04 31.2

69 5208.10 0.09 0.51 0.04 32.3

70 5214.27 0.08 1.47 0.06 28.2

71 5217.50 0.06 1.52 0.06 23.6

72 5222.95 0.07 0.85 0.05 25.9

5322 — 6014 A

1 §530.96 0.12 0.38 0.03 62.1 AlII(1670) 2.3104
2 56€1.78 0.15 0.32 0.03 65.6

3 6754.48 0.15 0.28 0.03 66.7 CIV(1548) 2.7169
4 5764.07 0.13 0.20 0.02 66.1 CIV(1550) 2.7169
5 5768.81 0.18 0.30 0.03 60.7 CIV(1548)7? 2.7261
6 58777.24 0.16 0.11 0.02 67.5 CIV(1550)? 2.7254
7 5§780.44 0.12 0.10 0.02 67.4

8 5788.26 0.12 0.83 0.04 60.5 SiIV(1393) 3.1530
9 5824.14 0.13 0.16 0.02 65.7 SiIV(1402) 3.1519
10 5826.80 0.16 0.11 0.02 66.6

11 5862.90 0.16 0.21 0.03 66.5

12 5886.18 0.09 0.51 0.03 63.4 SiIVv(1393) 3.2233
13 5891.09 0.13 0.20 0.03 48.3

14 5923.91 0.12 0.31 0.03 66.5 SiIV(1402) 3.2230
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No.

)\obs

o)) Wobs (W) S/N 1D Zabs
i5 £932.71 0.11 0.28 0.02 65.2 CIV(1548) 2.8320
16 5936.81 0.15 0.18 0.02 67.6
17 5942.53 0.14 0.19 0.02 68.4 CIV(41550) 2.8320
6077 — 6741 A

1 6160.33 0.14 0.18 0.03 49.4 NaI(5891)7 0.0456
2 6165.70 0.21 0.07 0.02 5§1.8 NaI(5897)7 0.04558
3 6209.02 0.16 0.21 0.03 §3.2 AlII(1670) 2.7162
4 6274.90 0.14 0.17 0.03 £3.6

1Y 6354.91 0.16 0.46 Q.04 61.9 CIV(1548) 3.10471
6 6363.11 0.17 0.29 0.04 50.3 CIV(1550)7 3.1032
7 6369.62 0.09 0.45 0.03 50.8 CIV(1548) 3.1142
8 6380.16 0.11 0.38 0.03 51.3 CIV(1550) 3.1142
9 6400.23 0.20 0.17 0.03 54.3
10 6429.27 0.16 0.46 0.04 54.3 CIV(1548) 3.1527
11 6440.71 0.31 0.26 0.04 §6.8 CIV(1550) 3.1532
12 6497.50 0.17 0.34 0.03 57.4
13 6538.02 0.07 0.95 0.03 85.7 CIV(1548) 3.2230
14 6548.95 0.09 0.55 0.03 60.9 CIV(1550) 3.2230
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TABLE 7
Absorption Lines in the Spectrum of Q101741055

No.  Aobs o(0) Wops o(W) S/N ID Zabs
3622 — 4067 A
1 3713.86 0.11 2.82 0.28 3.9
2 3718.25 0.08 2.75 0.16 7.8
3 3721.71 0.07 1.51 0.10 10.1
4 3726.54 0.08 2.01 0.11 11.5
5 3732.67 0.10 4.29 0.15 11.1
6 3742.52 0.09 2.58 0.11 12.9 AlII(1670) 1.2400
+HI(949) 2.9406
7 3746.44 0.07 1.62 0.10 9.6
8 3749.32 0.08 2.34 0.14 8.1
9 3753.68 0.09 3.74 0.20 6.7
10 3756.84 0.07 1.38 0.12 7.1
11 3759.53 0.08 1.97 0.15 6.7 HI(937) 3.0089
12 3763.45 0.09 4.23 0.20 7.2
13 3768.38 0.07 1.50 0.08 12.6
14 3770.83 0.06 0.89 0.06 13.0
15 3773.47 0.07 2.19 0.11 10.8
16 3777.80 0.08 1.09 0.07 156.2
17 3780.45 0.07 1.03 0.07 13.4
18 3782.87 0.07 0.88 0.06 16.1
19 3786.21 0.08 0.77 0.06 17.9
20 3790.27 0.08 1.11 0.07 16.7
21 3793.05 0.07 0.94 0.06 16.1
22 3795.82 0.09 0.33 0.04 20.0
23 3797.52 0.07 0.33 0.04 19.6
24 3799.76 0.07 1.43 0.08 12.8
25 3802.23 0.08 2.12 0.16 6.4 HI(972) 3.0544
26 3806.99 0.09 5.31 0.19 8.8 HI(949) 3.0084
27 3812.31 0.10 0.43 0.05 21.6
28 3820.82 0.10 0.90 0.086 20.6
29 3824.26 0.15 0.18 0.04 23.3
30 3827.40 0.11 0.27 0.04 22.7
31 3831.51 0.10 1.53 0.08 19.6 HI(972) 2.9397
32 3840.50 0.09 2.07 0.09 18.4
33 3847.51 0.10 0.25 0.04 21.5
34 3850.48 0.07 2.37 0.10 12.7 CIII(977) 2.9410
+HI(949) 3.0542
35 3853.62 0.08 0.54 0.05 19.1
36 3856.46 0.08 0.43 0.05 19.1 HI(937) 3.1122
37 3858.08 0.07 0.51 0.05 18.4
38 3861.26 0.10 0.27 0.04 20.9
39 3864.28 0.10 0.58 0.05 20.1
40 3871.22 0.14 0.21 0.04 23.0
41 3874.63 0.09 1.05 0.06 20.0
42 3877.62 0.07 0.54 0.04 19.5
43 3880.05 0.06 1.34 0.07 14.7
44 3883.71 0.08 3.71 0.13 11.9
45 3891.92 0.07 0.78 0.05 20.1
46 3895.11 0.10 0.39 0.04 23.5
47 3899.06 0.07 2.22 0.08 17.1 HI(972) 3.0092
48 3904.15 0.07 2.15 0.08 19.3 HI(949) 3.1107
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No.  Aobs o(\) Wos of(W) S/N ID Zabs
49 3907.69 0.08 0.22 0.03  25.0
50 3911.19 0.07 1.16 0.06  20.7

51 3915.22 0.07 0.76 0.05 21.8

52 3917.35 0.07 0.48 0.04 24.5 CIII(977) 3.00956
83 3919.76 0.08 0.37 0.04 27.1

54 3924.67 0.07 2.94 0.08 20.3
55 3932.26 0.07 2.93 0.08 20.4

56 3936.85 0.07 1.78 0.06 21.7
57 3942.68 0.06 2.34 0.07 19.3 HI(972) 3.0540
58 3948.65 0.08 0.43 0.04 26.7
59 3951.21 0.08 0.565 0.04 26.4
60 3958.31 0.06 1.87 0.06 19.7
61 3961.11 0.08 1.33 0.06 19.7 CIII(977) 3.05643
62 3968.73 0.08 2.17 0.07 23.7
63 3976.14 0.07 1.12 0.05  24.9
64 3979.13 0.06 0.70 0.04 24.9
65 3982.12 0.06 1.02 0.05  21.4
66 3984.45 0.06 1.80 0.07  14.9 CIII(977) 3.0781
67 3987.21 0.06 0.88 0.04 25.7
68 3993.56 0.06 0.61 0.04  27.9
69 3996.47 0.06 0.73 0.04  26.6 HI(972)7 3.1093
70 4000.28 0.07 3.95 0.11 14.0
71 4004 .46 0.06 1.41 0.05 20.9
72 4007.33 0.06 0.77 0.04 24.9
73 4009.29 0.06 0.60 0.03 27.2
74 4014.18 0.06 0.70 0.03 26.4
75 4017.00 0.06 1.50 0.05 24.9 CIII(977) 3.11145
76 4021.22 0.07 0.38 0.03 32.9
77 4026.13 0.06 1.60 0.05 24.7
78 4029.06 0.06 1.65 0.05 22.9
79 4033.58 0.07 0.61 0.03 34.6
80 4041.18 0.06 2.16 0.05 27.9 HI(1025) 2.9398
81 4054 .21 0.08 0.39 0.03 39.2
82 4056.95 0.08 0.22 0.02 41.1
4686 — 5132 A

1 4690.83 0.07 0.51 0.04 29.6

2 4693.40 0.07 0.89 0.04 28.4

3 4697 .48 0.12 0.43 0.04 32.8

4 4704 .81 0.12 0.39 0.04 33.2

13 4712.84 0.086 2.17 0.07 21.6

6 4716.12 0.06 1.87 0.086 19.4

7 4721.24 0.07 4.18 0.09 21.0

8 4733.70 0.07 1.88 0.086 27.5

9 4748.51 0.09 0.20 0.03 33.5

10 4752.04 0.08 0.57 0.04 31.6 SiIII(1206) 2.9387
11 4755.46 0.08 0.35 0.03 32.3

12 4759.07 0.07 0.93 0.05 29.7

13 4762.46 0.07 0.67 0.04 30.2

14 4766.92 0.07 3.03 0.08 23.7

15 4772.42 0.06 0.61 0.03 27.7

16 4775.70 0.07 2.51 0.07 23.0
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No.  Aobs o) Wos o(W) S/N ID Zabs

17 4780.90 0.07 0.97 0.05 29.9

18 4789.5¢ 0.07 4.04 0.08 24.2 HI(1215) 2.9398

19 4800.35 0.07 1.52 0.05 27.7

20 4804.66 0.06 1.55 0.05 26.0

21 4808.27 0.07 1.37 0.05 28.9

22 4813.03 0.09 0.52 0.04 33.6

23 4829.55 0.06 0.90 0.04 23.1

24 4838.68 0.07 1.61 0.06 27.2 SiIII(1206) 3.0105
+SiII(1193) 3.0549

25 4842.79 0.10 0.55 0.04 32.6

26 4853.56 0.07 1.33 0.05 27.5

27 4859.08 0.07 2.16 0.07 25.7 HI(1215)7 2.9970

28 4873.17 0.07 5.44 0.11 19.3 HI(1215) 3.0086

29 4880.42 0.07 3.31 0.09 21.4

30 4885.55 0.11 0.42 0.04 30.7

31 4891.78 0.07 1.16 0.05 25.2 SiIII(1206) 3.0761

32 4894.82 0.06 1.39 0.06 21.2

33 4898.27 0.06 2.13 0.07 21.4

34 4908.19 0.06 1.35 0.05 24.2

35 4912.33 0.06 1.27 0.05 24.9

36 4917.82 0.07 5.18 0.11 17.8

37 4929.20 0.07 6.37 0.12 18.3 HI(1215) 3.0547

38 4941.01 0.06 1.79 0.06 24.9

39 4946.29 0.07 2.35 0.06 28.4

40 4951.60 0.06 1.87 0.05 27.3

41 4955.69 0.06 1.25 0.04 29.6 HI(1215) 3.0765

42 4958.81 0.098 0.21 0.03 38.0 HI(1215) 3.0792
+SiITI(1206) 3.1101

43 4964.69 0.06 2.23 0.06 29.1 SiII(1260) 2.9390

44 4968.70 0.08 0.65 0.04 36.3

45 4972.49 0.07 0.55 0.03 36.4

46 4977.12 0.06 1.84 0.05 27.4

47 4980.72 0.06 1.50 0.05 30.0

48 4987.41 0.06 1.02 0.04 32.8

49 4990.16 0.06 1.03 0.04 31.6

50 4993.24 0.06 0.95 0.04 33.2

51 4999.15 0.06 4.34 0.08 23.1

52 5004.57 0.06 2.63 0.06 27.4

§3 5010.3¢ 0.06 1.55 0.04 32.3

54 5014.39 0.06 1.64 0.05 33.3

55 5020.46 -0.07 0.56 0.03 39.0

56 5023.15 0.06 1.42 0.04 31.7 NV(1238) 3.0548

57 5027.44 0.07 0.43 0.03 39.3

58 5032.51 0.06 3.80 0.07 25.5

69 5038.45 0.06 0.90 0.03 35.9 NV(1242) 3.0541

60 5041.63 0.06 2.24 0.06 22.9

61 5044.92 0.06 1.30 0.04 31.2

62 5049.28 0.06 1.66 0.04 29.8

63 5054.81 0.06 1.56 0.04 30.8 SiII(1260)7 3.0104
+NV(1238) 3.0803
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Aobs o(A)  Wops (W) S/N 1D Zabs
64 5058.00 0.06 1.06 0.04 34.1
65 5069.52 0.09 0.70 0.04 40.6 NV(1242) 3.0791
66 5078.09 0.06 0.93 0.04 37.5
67 5092.20 0.06 3.50 0.06 31.0 NV(1238) 3.1105
68 5102.30 0.06 0.97 0.03 36.5
69 5107.89 0.08 3.01 0.06 37.3 NV(1242) 3.1100
5207 — 5864 A
1 5302.96 0.23 0.56 0.08 20.7 FellI(2367) 1.2398
+CII(1334) 2.9736
+0I(1302) 3.0769
2 8308.77 0.22 0.37 0.07 21.0
3 5337.75 0.27 0.36 0.08 21.9 FelI(2382) 1.2402
4 £342.08 0.16 0.30 0.06 21.0
5 5481.88 0.15 0.96 0.08 25.0 CIV(1548) 2.5408
8 5490.98 0.23 0.46 0.07 27.2 CIV(1550) 2.5408
+SiIV(1393) 2.9397
7 5513.1¢ 0.15 0.27 0.05 27.2
8 5519.33 0.11 1.12 0.07 23.8 CIV(1548) 2.5650
9 5528.94 0.13 1.17 0.08 25.1 CIV(1550) 2.5653
10 §837.74 0.18 2.37 0.11 25.6 SiIVv(1393) 2.9733
i1 £563.05 0.23 0.53 0.07 28.6
12 5571.70 0.14 1.68 0.09 25.3 SiIv(1402) 2.9719
13 5584.69 0.10 0.35 0.04 27.1
14 5587.03 0.10 0.69 0.06 26.3 HgII(2796) 0.9980
i85 5600.91 0.19 0.27 0.05 29.4 HgII(2803) 0.9978
i6 5681.59 0.23 0.47 0.07 27.2 SiIv(1393) 3.0765
17 5688.56 0.21 0.38 0.07 24.7
18 5731.84 0.15 0.38 0.05 29.2
19 5788.07 0.27 0.62 0.08 29.9
20 £824.37 0.14 0.41 0.05 30.0 FelII(2600) 1.2400
5959 — 6614 A
1 £976.60 0.15 0.17 0.04 30.1
2 6013.81 0.13 0.16 0.03 37.4 SilII(1526) 2.9390
3 6099.71 0.14 0.34 0.04 45.6 CIV(1548) 2.9399
4 6110.53 0.19 0.24 0.04 47.4 CIV(1550) 2.9403
5 6152.03 0.15 3.26 0.15 39.0 CIV(1549) 2.9720
8 6188.01 0.13 1.17 0.05 48.7 CIV(1548) 2.9969
7 6199.47 0.13 1.02 0.05 49.8 CIV(1550) 2.9978
8 6207.86 0.07 0.60 0.03 49.0 CIV(1548) 3.0097
9 6218.42 0.09 0.38 0.03 §2.8 CIV(1550) 3.0099
10 6263.98 0.06 1.69 0.05 43.5 HgII(2796) 1.2401
i1 6279.73 0.07 1.19 0.04 48.6 HgII(2803) 1.2399
12 6312.30 0.08 0.45 0.03 54.1 CIV(1548) 3.0772
13 6315.62 0.08 0.50 0.03 54.2 CIV(1548) 3.0793
14 6321.80 0.12 0.29 0.03 556.5 CIV(1550) 3.0765
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No.  Acbs o(A) W (W) S/N ID Zabs
15 6326.17 0.09 0.41 0.03 55.9 CIV(1550) 3.0794
16 6345.73 0.09 0.25 0.02 59.8

17 6348.84 0.10 0.22 0.02 59.7

18 6355.45 0.10 0.85 0.04 57.8

19 6364.32 0.06 3.32 0.06 45.6 CIV(1548) 3.1108
20 6375.29 0.07 2.34 0.05 56.0 CIV(1550) 3.1110
21 6495.27 0.11 0.78 0.04 587.6

22 6597.14 0.17 0.36 0.04 53.1

23 6602.38 0.07 1.38 0.05 42.9

24 6606.38 0.10 0.23 0.03 41.7
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TABLE 8

Absorption Lines in the Spectrum of Q2233+1341

No.  Aobs o)) Wops (W) S/N ID Zabs
3658 — 4104 A
1 3729.61 0.06 1.89 0.10 10.5
2 3734.51 0.07 2.27 0.11 10.7
3 3741.36 0.08 5.30 0.17 9.9
4 3749.70 0.07 3.14 0.13 10.5 HI(937) 2.9984
5 3754.02 0.06 1.66 0.08 12.7
6 3756.83 0.05 0.93 0.06 14.4
7 3758.50 0.05 0.69 0.05 15.4
8 3762.22 0.07 3.07 0.12 11.7
9 3769.13 0.07 4.04 0.13 11.8 SiII(1190)7? 2.1662
10 3779.76 0.09 6.83 0.17 11.9 SiII(1193) 2.1675
11 3787.87 0.06 1.87 0.08 14.0
12 3791.14 0.06 1.98 0.08 14.8
13 3798.48 0.08 4.93 0.13 13.5 CIII(977) 2.8878
+HI(949) 2.9995
14 3810.22 0.07 4,65 0.16 10.0 HI(937) 3.0629
15 3816.28 0.06 2.36 0.10 12.3
16 3820.50 0.12 4.48 0.36 3.8 SiIII(1206) 2.1666
17 3825.32 0.06 2.94 0.11 12.4
18 3830.70 0.06 1.39 0.07 15.4
19 3833.58 0.086 1.45 0.07 13.7 HI(972) 2.9418
20 3836.67 0.06 2.24 0.10 11.4
21 3840.28 0.06 1.76 0.08 13.8
22 3848.09 0.15 0.73 0.47 4.5
23 3857.05 0.11 5.14 0.31 4.8 HI(949) 3.0612
24 3862.14 0.08 3.22 0.19 6.5
25 3866.22 0.06 2.65 0.09 16.2
26 3872.87 0.06 1.46 0.06 18.7
27 3876.85 0.06 0.93 0.05 19.9
28 3879.32 0.06 0.97 0.05 19.1
29 3883.48 0.06 2.13 0.08 14.6
30 3886.24 0.06 1.66 0.10 9.1
31 3889.40 0.07 2.48 0.10 12.5 HI(972) 2.9992
32 3898.71 0.07 0.56 0.05 20.2
33 3904.54 0.06 1.14 0.06 16.5
34 3907.35 0.06 1.70 0.08 16.1 CIII(977) 2.9992
35 3915.53 0.08 4. .21 0.11 16.9
36 3922.40 0.07 1.49 0.06 21.8
37 3928.25 0.06 1.08 0.05 21.6
38 3931.14 0.05 0.88 0.04 21.9
39 3935.04 0.05 1.92 0.07 17.8
40 3937.50 0.05 0.78 0.04 19.8
41 3939.51 0.08 0.97 0.04 23.8
42 3946.80 0.05 2.76 0.08 16.1
43 3950.61 0.06 3.30 0.10 14.1 HI(972) 3.0622
44 3955.61 0.05 1.07 0.04 23.7
45 3958.67 0.05 1.91 0.06 21.0
46 3963.55 0.06 0.50 0.03 29.9
47 3968.67 0.07 1.74 0.06 28.6 CIII(977) 3.0620
48 3972.58 0.06 0.44 0.03 30.8
49 3982.36 0.06 1.24 0.05 26.7
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TABLE 8 —-Continued

No.  Aobs o(d)  Weps (W) S/N ID Zabs
50 3989.05 0.07 6.12 0.13 14.7 HI(1025) 2.8890
51 3995.06 0.05 1.32 0.05 18.4
52 3997.59 0.05 1.14 0.05 23.2
53 4000.80 0.05 0.93 0.04 26.0
54 4005.36 0.05 0.68 0.03 26.7
65 4009.51 0.06 4.10 0.10 15.6
56 4017.52 0.06 4.95 0.10 17.3
57 4022.25 0.05 0.81 0.03 28.7
58 4027.31 0.05 1.00 0.04 30.2
59 4030.20 0.05 1.18 0.04 26.6 CII(1036) 2.8889
60 4034.59 0.05 3.80 0.10 14.1
61 4038.14 0.05 1.49 0.05 22.7
62 4044.58 0.06 3.80 0.10 15.1
63 4053.02 0.05 1.22 0.04 27.8
64 4058.74 0.05 2.01 0.05 24.3
65 4065.09 0.05 1.75 0.05 23.4
66 4069.04 0.05 1.30 0.04 28.1
67 4072.97 0.05 0.64 0.03 31.8
68 4075.59 0.06 0.43 0.03 32.4
69 4077.55 0.06 0.37 0.03 31.4
70 4080.55 0.06 0.44 0.03 32.0
71 4082.97 0.056 0.85 0.04 29.6
72 4086.90 0.05 1.93 0.05 24.1
73  4091.52 0.05 0.65 0.03 29.0
74 4094.01 0.05 0.83 0.04 28.5
4704 - 5151 A

1  4720.65 0.09 1.19 0.08 17.6

2 4727.51 0.08 4.50 0.17 10.4 HI(1215) 2.8888
3 4734.29 0.09 3.69 0.13 14.1

4 4746.35 0.08 0.68 0.06 18.8

5 4756.14 0.13 0.36 0.08 21.1 SiIII(1206) 2.9421
6 4761.36 0.08 1.08 0.07 17.4 SiIT(1190)7 2.9997
7 4767.01 0.09 0.81 0.07 18.9

8 4775.10 0.11 0.37 0.05 20.5

9 4782.84 0.07 1.56 0.09 15.8

10 4792.51 0.09 3.81 0.13 14.3 HI(1215) 2.9423
11 4797.55 0.08 0.44 0.05 18.8

12  4799.88 0.086 0.68 0.06 16.4

13  4802.3¢ 0.08 1.14 0.08 16.7

14 4807.32 0.10 0.44 0.06 19.5

15 4816.21 0.08 1.56 0.09 15.1

16 4820.44 0.09 0.35 0.05 19.0

17 4828.06 0.08 0.56 0.06 17.9

18 4833.96 0.08 2.18 0.11 13.9 SiII(1526) 2.1662
19 4842.83 0.19 0.35 0.07 19.6
20 4846.47 0.11 0.38 0.06 18.6
21 4849.19 0.08 1.40 0.09 14.0
22 4856.15 0.10 0.80 0.08 16.9
23 4862.48 0.10 5.08 0.18 11.7 HI(1215) 2.9998
24 4870.15 0.12 1.27 0.10 15.6
25 4874.88 0.10 0.71 0.08 15.8



- 228 -

TABLE 8 -Continued

No. /\obs 0’(/\) Wobs O’(W) S/N ID Zabs

26 4880.64 0.10 2.56 0.14 11.2

27 4884.71 0.08 1.32 0.11 11.3

28 4887.07 0.07 0.98 0.10 10.3

29 4889.82 0.09 1.8¢ 0.13 10.9

30 4896.49 0.11 2.20 0.14 12.4

31 4900.74 0.07 1.20 0.11 10.3 SiII(1260) 2.8882
+S1iIII(1206) 3.0619

32 4903.00 0.11 2.01 0.28 4.0 CIV(1548)7 2.1669

33 4905.38 0.08 1.83 0.12 9.8

34 4909.16 0.09 2.39 0.18 7.2

36 4912.11 0.09 -2.47 0.15 9.7

36 4920.60 0.15 0.63 0.09 14.1

37 4930.37 0.12 0.36 0.07 13.9

38 4932.54 0.09 0.94 0.10 11.1

39 4936.95 0.12 4.06 0.31 5.0 HI(1215) 3.0611

40 4940.60 0.10 2.36 0.26 4.6

41 4944.71 0.11 2.44 0.29 4.2

42 4947.54¢ 0.09 2.19 0.14 10.8

43 4960.27 0.18 0.28 0.07 16.0

44 4963.02 0.11 0.40 0.07 14.8

45 4964.51 0.11 0.24 0.06 15.5

46 4971.06 0.10 0.59 0.08 14.5

47 4976.93 0.10 2.01 0.13 12.5

48 4983.00 0.08 2.12 0.14 10.4

49 4986.15 0.09 0.68 0.08 14.7

50 4988.98 0.08 1.20 0.09 12.9

51 4992.39 0.09 1.12  0.09 14.5

52 4997.65 0.11 1.03 0.09 15.9

83 5001.80 0.08 1.50 0.10 13.2

54 5005.39 0.08 1.15 0.09 14.2

55 5012.07 0.10 6.63 0.24 8.9

56 5020.44 0.09 2.58 0.12 14.9

57 5037.33 0.09 2.35 0.11 14.7

58 5044.14 0.13 0.46 0.07 18.7

59 5049.79 0.07 1.19 0.08 14.7

60 5056.20 0.08 3.75 0.15 12.5

61 5065.94 0.07 2.49 0.12 13.0

62 5069.15 0.06 1.44 0.09 12.0

63 5071.82 0.07 1.64 0.09 14.7

64 5076.66 0.09 0.35 0.05 20.3

65 5078.60 0.12 0.34 0.05 21.3

66 5083.81 0.16 0.41 0.06 22.3

67 5092.85 0.06 1.29 0.07 18.5 FeII(1608) 2.1663

68 5096.52 0.06 1.41 0.07 20.0

69 5100.64 0.07 0.91 0.06 24.4

70 5113.42 0.06 1.05 0.05 26.5

71 5117.17 0.06 3.02 0.08 20.6

72 5121.91 0.07 0.31 0.03 33.8

73 5125.59 0.07 0.32 0.03 32.4

74 5127.39 0.07 0.37 0.03 30.9
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TABLE 8 —-Continued

No.  Aobs c(d) W o(W) S/N ID Zabs
5162 — 5819 A
1 5291.05 0.13 2.68 0.16 12.0 Al1II(1670) 2.1668
2 5420.86 0.22 0.56 0.1t 14.4 CII(1334) 3.0620
3 5515.38 0.20 0.40 0.08 17.9
5889 — 6544 A
1 5951.11 0.28 0.47 0.09 19.7 NaI(5891) 0.0101
2 5957.51 0.29 0.46 0.09 19.7 NaI(5897) 0.0102
3 6020.2¢4 0.12 0.54 0.07 20.2 CIV(1548) 2.8885
4 6023.56 0.19 0.27 0.06 22.4
5 6030.48 0.30 0.69 0.10 22.3 CIV(1550) 2.8887
6 6103.05 0.16 0.31 0.06 24.6 CIV(1548) 2.9430
7 6191.76 0.19 0.45 0.07 26.8 CIV(1548) 2.9993
8 6201.11 0.22 0.28 0.06 27.8 CIV(1550) 2.9987
+SiII(1526) 3.0617
9 6417.99 0.23 0.26 0.05 31.0 MgI(2026) 2.1671
10 6470.07 0.19 0.30 0.05 32.9 NaI(5891)? 0.0982
11  6476.56 0.19 0.37 0.05 35.9 NaI(5897)7 0.0982
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TABLE 9

COLUMN DENSITIES MEASURED FOR THE LYMAN LIMIT ABSORPTION SYSTEMS

Ion Ao log N b Zabs Comments

(A) (em=%)  (kms71)

Q0029+0722
HI  LySeries 19.3%)1 28+ 4 3.0488
CII  1334.53 14501 (9) 3.0488 ae
CII* 133568  <13.0 (9) (3.0488) b
CII  977.03 . (9) (3.0488) d
CIV 154820  <13.2 (9) (3.0488) b
NV 123882 <140 (8) (3.0488) b
ol 1302.17 140 £0.1 (6) 3.0488 ae
SiIl  1304.37 13.7%0.1 (6) 3.0488 ae
SiIl 152672 13.7+0.1 (6) 3.0488 a
SiIIl  1206.50 .. (6) (3.0488) d
SiIV  1393.72 <13.0 (6) (3.0488) b
Fell  1608.45 . . (3.0488) d

Q02560000

HI Ly Series 17.0+0.3 25+ 4 3.0843
18.0+ 0.3 21+4 3.0823
16.5+ 0.2 25+ 4 3.0801

ol 1334.53 <132 (8) (3.0843) b
<131 (8) (3.0823) b
<13.0 (8) (3.0801) b
C I 977.03 <15.0 (8) (3.0843) b,d
<15.0 (8) (3.0823) b,d
<15.0 (8) (3.0801) b,d
CIV 154820 13.6+0.1 (8) 3.0843 ac
<132 (8) (3.0823) b,c
<13.0 (8) (3.0801) b,c
NV 1238.82 <141 (7) (3.0843) b,c
<131 (7) (3.0823) b,c
<131 (7) (3.0801) b,c
o1 1302.17 .. .. (3.0823) d
Sill 1526.72 < 13.0 (6) (3.0843) b
<13.0 (6) (3.0823) b
<128 (6) (3.0801) b
Silll  1206.50 <145 (6) (3.0843) b,d
<127 (6) (3.0823) b
<123 (6) (3.0801) b
SiIV 139372 13.0+0.1 (6) 3.0845 a,c

12.8 (8) (3.0823) b,c
12.8 (6) (3.0801) b,c
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TABLE 9
(Continued)
Ion Ao log N b Zgbs Comments
(&) (cm~—2) (km s~1)
Q0301-0035
HI Ly Series  18.8%51 25+3 2.9400
CII 1334.53  13.9+0.1 (7) (2.9400) ae
CII*  1335.68 <12.9 (7) (2.9400) b
C III 977.03 ... (1) (2.9400) d
CIlv 1548.20 14.210.1 30 2.9402 a,c
NV 1238.82 <14.2 (6) (2.9402) b,c
o1 1302.17 <135 (6) (2.9400) b
SiIl 130437 <13.2 (6) (2.9400) b
Si Il 1526.72 <13.3 (6) (2.9400) b
SiIll  1206.50 .. (6) (2.9402) d
SiIv 1393.72 13.94+0.1 25 2.9403 a,e
Fell  1608.45 <135 (3) (2.9400) b
Q0636+6801
HI Ly Series 18.5+0.2 17+ 2 2.9046
18.0%9% 24+3 2.9030
cII 1334.53  15.5+0.1 (10) 2.9046 a
14.54 0.1 (25) 2.9046 a
<134 ) (2.9030) b
CII*  1335.68 <13.0 (5) (2.9046) b
C III 977.03 .. e (2.9046) d
. (2.9030) d
CIlv 1548.20 14.3+0.1 25 2.9046 a,c
14.0+ 0.1 30 2.9030 a,c
NV 1238.82 <13.9 (5) (2.9046) b,c
<131 (7 (2.9030) b,c
Ol 1302.17 14.1+£0.1 (4) 2.9046 a
<135 (6) (2.9030) b
Sill 1304.37 <13.9 (15) (2.9044) be
<132 (4) (2.9030) b
Sill 1526.72 13.8+0.1 (15) 2.9045 a
<127 (4) (2.9030) b
SiIIl  1206.50 <145 (15) (2.9046) b
<131 (4) (2.9030) b
Silv 1393.72 14.1+01 15 2.9046 a,c
13.5+0.1 20 2.9030 a,c
Q0956+1217
HI Ly Series 17.50+0.1 21+3 3.2228
cII 1334.53 <13.0 (6) 3.2228 b
C III 977.03 .. (8) (3.2228) d
Clv 1548.20 13.85£0.1 20 3.2228 a,c
NV 1238.82 <133 (5) (3.2228) b,c
o1 1302.17 <135 (5) (3.2228) b
SiIl  1304.37 <129 (5) (3.2228) b
Sill  1526.72 <128 (5) (3.2228) b
SiIll  1206.50 <13.2 (5) (3.2228) b
Si IV 1393.72 13.20£0.1 20 3.2229 a,c
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TABLE 9
(Continued)
Ion Ao log N b Zabes Comments
(&) (cm=?) (km s~1)

Q101741055
HI Ly Series 175+ 0.1 21+4 3.0540
CII 1334.53 <131 (6) (3.0540) b
C III 977.03 - (6) (3.0540) b
CcClv 1548.20 <13.0 (6) (3.0540) b,c
NV 1238.82 <15.0 (5) (3.0540) b,d
Ol 1302.17 <138 (5) (3.0540) b
Sill 1304.37 <131 (5) (3.0540) b
Sill 1526.72 <134 (5) (3.0540) b
Silll  1206.50 <13.4 (5) (3.0540) b
SilVv 1393.72 <13.0 (5) 3.0540 b,c

Q2126—1551
HI Ly Series 17.35+0.1 42+7 2.9676
cu 1334.53  13.40 £0.1 (12) 2.9676 a
CIII 977.03 < 15.3 (12) (2.9676) b,d
Clv 1548.20 13.40+0.1 35 2.9676 a,c
NV 1238.82 < 14.0 (30) (2.9676) b
O VI 1031.93 <143 (30) (2.9676) b,c
Sill 1526.72 <13.0 9) (2.9676) b
Si I 1206.50 <133 (9) (2.9676) b
Silv 1393.72 <128 9) (2.9676) b,c

Q2233+1341
HI Ly Series 18.5+£0.2 21+4 3.0618
CcII 1334.53  14.2+0.1 (6) 3.0618 a
CII* 1335.68 <13.0 (6) (3.0618) b
C III 977.03 e (6) (3.0618) d
CIlv 1548.20 <135 (6) (3.0618) b,c
NV 1238.82 <131 (5) (3.0618) b,c
Ol 1302.17 (5) (3.0618) d
Sill 1260.42 <13.6 (5) (3.0618) b
Sill 1526.72 <134 (5) (3.0618) b
Si I 1206.50 < 14.0 (5) (3.0618) b
Silv 1393.72 <128 (5) (3.0618) b,c

a) Probable or certain detection.

b) Column density is an upper limit for the given velocity dispersion

parameter b.

c) Line is a doublet, and therefore measurements or limits are some-
what more significant.
d) Although the line falls within one of the observed wavelength
ranges, no useful limits can be set because of blending or coincidence
with a very strong line from another system.
e) Line appears to be involved in a blend, so that the measurement
is slightly more uncertain.
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TABLE 11

INFERRED CLoUD SiZES AND MASSES

QSO

Zabs Ny D M

(o4 C
(Joem™)  (Jg" kpe) (Jg° M,)
Q0029+0722 3.04%8  [0.04,0.20] [0.07,1.1] [3 x 10%,6 x 10%)
Q025640000  3.05-:3 <0.025 2 2.0 29 x 108
Q0301-0035 2.9400 ~ 0.014 ~ 13 ~ 2 x 10°
Q0636+6801 2.9046 [0.025,0.080] [0.04,5.0] [3 x 10%,2 x 10%]
2.9030 < 0.010 28 2 3x 108
Q0956+1217  3.2228 <0.013 213 2 1x10°
Q2126—158  2.9676 ~ 0.035 ~ 1.3 ~ 4 x 108
Q2233+1341 3.0618  [0.04,0.20] [0.04,2.6] [3 x 10,3 x 107]
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FIGURE CAPTIONS

FIG 1.—The spectra of Q0029+0722, along with the 1o noise array: a) Region I b)
Region II ¢) Region III d) Region IV (see text for discussion of the spectral regions).

FIG 2.—Same as Figure 1, for Q0256+0000.

FIG 3.—Same as Figure 1, for Q0301-0035.

FIG 4.—Same as Figure 1, for Q0636+6801. The spectrum of Region II (b) has a
resolution of ~ 35 km s~1!.

FIG 5.—Same as Figure 1, except that spectra were obtained of Region II at 2 different
dispersions: b) ~ 35 km s~!, and c) ~ 60 km s~!.

FIG 6.—Same as Figure 1, for Q10174 1055.

FIG 7.—Same as Figure 1, for Q2233+1341.

FIG 8.—Plots showing the model Lyman series and Lyman limits (dotted curve) using
the parameters listed in Table 9, and the actual data (solid curve) and 1o noise spectrum
(light hatched curve) for the most complicated Lyman limit systems, a) Q0256+0000, and b)
Q0636+6801. The continuum has been normalized to 1. Also shown are the corresponding
Lyman a line profiles using the same parameters. The data points are represented by the
square boxes, and the 1o noise spectrum is shown with a light hatched curve.

FIG 9.—Plot illustrating several different spectral energy distributions used to repre-
sent the ionizing radiation field in the photoionization models. The solid curve is a Bruzual
“young galaxy” spectral energy distribution; the short dashed line is a simple power law
with f, o v~1-%; the long dashed line is a power law x v~1; the light dotted line is the
Bechtold et al. (1987) “Medium” spectrum (at z = 3); the dot-dash curve is the Bechtold
et al. (1987) “Hard” spectrum (at z = 3). All of the curves have been normalized at the
Lyman limit (1 Rydberg). The nature of the spectral energy distributions outside the range
shown does not significantly affect the model results.

FIG 10.—A comparison of the photoionization model grids for several different ionizing
radiation fields. All of the grids were run for log N(HI)=17.5: a) simple power law with
fu < v=15,b) Bechtold et al. (1987) “Medium” integrated QSO radiation field, c) Bechtold
et al. (1987) “Hard” QSO radiation field, d) Bruzual (1983) “young galaxy” stellar radiation
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field.

FIG 11.—Some examples of photoionization model grids for various values of log N(HI).
The radiation field used for all of these examples was one having the shape of the Bechtold
et al. (1987) “Medium” integrated QSO field.
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Figure 5 c.
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Figure 8 b.
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Figure 9
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Figure 10 a.
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Figure 10 b.
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Figure 10 d.
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Figure 11 6.
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Appendix 1

QSO ABSORPTION LINES AND THE TIMESCALE FOR
INITIAL HEAVY ELEMENT ENRICHMENT IN GALAXIES

Reprinted from The Astrophysical Journal (Letters) (1988, 333, pp. L5-L8)
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ABSTRACT

Recent statistical studies of the incidence of C rv, Mg 0, and Lyman limit absorption in QSO spectra reveal
that the ratio of the number density of heavy element absorbers to that of H 1 absorbers is declining rapidly
with increasing redshift beyond z ~ 1. We assume that this trend is due to the effects of initial heavy element
enrichment in the outer parts of galaxies. We then find that the heavy element abundance increases linearly
with time from ¢ = 1.5 billion years to ¢t = 4 billion years (g, = %, Ho = 50), roughly on the dynamical time
scale at these large radii. On a simple “closed box " model, the rate of gas consumption is roughly constant.
Subject headings: cosmology — galaxies: general — quasars

I. INTRODUCTION

Since the classic papers by Hoyle (1946) and Burbidge et al.
(1957) it is believed that the heavy elements in the interstellar
gas in galaxies are produced by stellar nucleosynthesis.
However, so far it has only proved possible to explore the
evolution of composition in time in our own Galaxy. Thus, the
gradual rise, by about a factor of 3 from an initially enriched
state, in the heavy element abundance of the local Galactic
disk has been measured via the study of stars of different ages
(Twarog 1980). The evolution of the Galactic halo population
has been more controversial. Eggen, Lynden-Bell, and Sandage
(1962) argued in their seminal paper that the halo was pro-
duced in a rapid initial radial collapse on a time scale of
2 x 10® yr which formed a radial gradient in the composition
of the halo stars and which culminated in the formation of the
disk. Some later workers argued for a large dispersion in the
ages of the globular clusters and suggested that the halo was
formed over a time scale of billions of years. The differences of
interpretation are related to difficuities in fitting the results of
stellar model evolutionary calculations for different assumed
heavy element compositions to the observed color-magnitude
diagrams. In any case, for a variety of reasons, our knowledge
of the history of the chemical evolution of our own Galaxy is
far from secure.

QSO absorption lines in principle offer a direct way of
studying galactic chemical evolution by e¢xamining the com-
position of particular classes of absorbers as a function of red-
shift and hence as a function of time. Such an approach is
clearly compietely different to the ones used heretofore which
involve the study of local stars cr clusters of known age. In the
course of recent work on the statistics of QSO absorption lines
we have obtained the first results which are applicable to this
kind of analysis. We present them in the present Letter as an
indication of what might be possible and to encourage further
observations.

LS

1. EVOLUTION OF QSO ABSORPTION REDSHIFTS

In a Friedmann universe, the number density of absorbers is
expected to vary with redshift according to the expression

N(2) = No(l + 2)1 + 2902)™ "2, (n

where Ng = Oy ary’c/H,. Here @, is the local comoving
density of absorbers whose mean effective cross section is nry.
This expression describes how the number of interceptions per
unit redshift range should increase with increasing redshift as
the absorbers get closer together. Equation (1) holds as long as
the product ®, nry? remains constant; if this is not the case, we
must take into account the explicit redshift dependence and
substitute Nq(2) = ®@y(2)nry2(zXc/H,) for N,o. Sargent er al.
(1980) made the first quantitative application of equation (1) to
the absorption lines in the Lya forest, and introduced the
custom of representing it as a power law, N(z)x (1 + 2,
where y = | for go = 0 and y = 0.5 for g, = . Until recently
our knowledge of the evolution of absorbers other than the
Lya forest clouds (Murdoch et al. 1986) was extremely uncer-
tain. Recently, however, we have completed three large surveys
which have vastly improved the situation.

Sargent, Boksenberg, and Steidel (1988; hercafter SBS)
studied the absorption redshifts defined by the C v 141548,
1550 doublet in uniform spectra of a sample of 55 QSOs with
1.8 < z,, < 3.6. A total of 229 C v absorption redshifts with
1.2 £ z,,, < 3.5 were found. Several unbiased subsamples were
formed, and various analyses all lead to the result that the
comoving density of absorbers is decreasing with increasing
redshift, and therefore that the C 1v absorbers are evolving in
cosmic time. This is illustrated for different subsamples in
Figures S, 6, and 7 of SBS. Quantitatively, for sample S2,
y = —1.18 + 0.72; the N{(z) curve is reproduced in Figure 1.
(There is some suggestion in the data for a precipitous drop in
N(z) between z ~ 2.7 and z ~ 3.1, but this cannot be supported
with the available data, and we shall continue the discussion
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FiG. 1.—Plot showing the evolutionary curves for three types of QSO absorption systems. All of the distributions were arbitrarily binned for display purposes,
but the curves represent maximum likelihood fits to the unbinned data. The error bars in the horizontal direction represent the extent of each bin. The data for C v
(triangles: long-dashed curve) are from SBS (their Fig. 6); the LLS curve (circles; short-dashed curve) is reproduced from Fig. 4 of SSB2, while the curve for Mg u
(squares: dot-dashed curve) is reproduced from Fig. 7 of SSB2. Note that different criteria were used in compiling unbiased sampies for the three types of absorbers, so

that the zero point in N(z) for each curve is somewhat arbitrary.

assuming that the decrease is gradual as represented by the
power-law fit.) SBS also found that there is statistically signifi-
cant evidence that the C rv(1548)/C v{1550) doublet ratio
increases (toward the optically thin limit) with redshift over the
above range. Both trends are consistent with an actual
decrease in the abundance of C 1v in the absorbing gas with
increasing redshift.

At the same time, there has been a considerable improve-
ment in our knowledge of the behavior with redshift of absorp-
tion systems containing the Mg n 142796, 2803 doublet.
Sargent, Steidel, and Boksenberg (1988a; hereafter SSBI1)
found 40 Mg i redshifts in the range 0.2 < z,,, < 1.46 in the
spectra of the 55 QSOs observed in the C 1v study by SBS. A
further 62 Mg o systems in the redshift range 0.72 < z,,, < 1.45
were found by Sargent, Steidel, and Boksenberg (1988b; here-
after SSB2) in the spectra of 58 QSOs which were observed in
order to determine the incidence of Lyman limit absorption in
high-redshift QSOs. Adding these new data to samples recently
published by Boulade et al. (1988), Lanzetta, Turnshek, and
Wolfe (1987), and Tytler et al. (1987), SSB2 assembled a com-
plete sample of 60 Mg 11 redshifts with W,(2796) > 0.6 A, and
covering the range 0.16 < z,,, < 2.12 Qualitatively confirming
the results of earlier work, the density of Mg 11 systems is found
to increase with increasing redshift, with y = 1.55 + 0.52. This
is completely at variance with the behavior of C 1v. However,
while certainly showing a steep rise up to z ~ 1, there is a
suggestion in Figure 7 of SSB2 (reproduced in Fig 1 of this
paper) that the Mg n evolution curve flattens off at higher
redshift. One thus has an impression, which cannot be sup-
ported statisticaily by the available data, that the decrease in
C v number density at high redshift is a natural extension of
the Mg 11 behavior above z ~ 1. It could be that there is a
systematic change in the state of ionization of the absorbing

gas as a function of redshift. However, the existing analyses of
QSO absorption systems (¢.g., using the ratio C 1v/C 1) give no
hint of such an effect. We shall therefore assume for the remain-
ing discussion that the evolutionary trends evidenced by the
Mg i absorbers at low redshift and by the C v absorbers at
high redshift are due only to the combined effects of the expan-
sion of the universe and systematic changes in heavy element
abundance. If this hypothesis is correct, then the heavy element
abundance increased in the absorbing material from high red-
shift down to z ~ 1, while for z < | the expansion of the uni-
verse became the dominant factor in determining the shape of
the N{(z) curve.

Various lines of evidence, particularly their clustering and
evolutionary properties, suggest that the Lya forest clouds are
unrelated to galaxies (see SBS, for example). The best available
information on the evolution of the H 1 compounent of galaxies
is afforded by the Lyman limit absorbers, which have N(H 1)
> 10'" cm~? and which can be observed over the whole
redshift range 0.37 < z,,, < 4.5 (Tytler 1982). SSB2 recently
surveyed 59 QSOs with z, > 275 at low resolution for
Lyman limits. Combining their data oa 33 LLSs with other
published data, SSB2 found N(z) cc (1 + 2)°-58%%-5¢ over the
redshift range 0.67 < z, ¢ < 3.58; the data are shown in Figure
1. This value for y is consistent within the errors with both
qo = 0 and g, = 4 with no evolution of the absorbing objects.
For these absorbers, the evolutionary curve continues to rise at
the highest redshifts observed (see Fig. 1). Moreover, most of
the high-redshift LLSs have accompanying heavy element lines
and are therefore not associated with the Lya forest of
absorbers. The behavior of the LLSs, which we take to be
representative of the H 1 component in galaxies, is in marked
contrast to that of the C tv absorbers. Thus we infer that the
decrease in C 1v number density with increasing redshift is not
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due to a decrease in the number of absorbers per se, but is due
to either a systematic change in ionization state with redshift,
or, as we have suggested above, to a systematic change in
heavy element abundance. If this hypothesis is correct, we have
a way to determine the time scale for initial heavy element
enrichment in the outer parts of galaxies.

Observations of H 1 regions in nearby galaxies show evi-
dence for systematic radial gradients in composition (Searle
1971). Thus, in M101, the outer H n regions have [O/H] =
—0.7 at R = 23 kpc, while [O/H] = +0.3 at R = 6 kpc. The
form of the oxygen gradient can be described by a power
law O/H o R~ '%. Presumably, the effective cross section
deduced from the C 1v statistics refers to the radius at which
the composition of the interstellar gas reaches a particular
value set by the rest equivalent width cutoff used. This radius
will move outward as nucleosynthesis proceeds. We shall
assume that the heavy element ratio Ryg(z) = N v(2)/Nysl2)
represents the ratio of the effective cross section for C 1v
absorption to that for the H 1 component of galaxies. The
behavior of Ry with redshift then yields a time scale for heavy
element enrichment. We shall assume that the above ratio is
directly proportional to the chemical abundance, iec., the
absorption is on the linear part of the curve of growth. (Since it
is the weak lines closest to the rest equivalent width threshold
which contribute most to the observed evolution, the assump-
tion that the lines are on the linear part of the curve of growth
is reasonable. At the highest redshifts, the doublet ratio shows
directly that the weakest C 1v doublets in the samples used are
not saturated.) For definiteness, we shall use g, = 4, close to
the nominal value obtained from the LLS evolution. In this
case, redshift and time are related by

t=1(1 +2)7 %, v}

where t, = 2/(3H,) = 13.67 x 10° years for H, = 50 km s~!
Mpc~!. For comparison, the redshift dependence of the heavy
element ratio is

R,,E(z)uc(l +z)—1.3620.9. S (3)

which translates into a time scale for changes in the typical
heavy element abundance

R_ns o -L34z0.81
tuele) = B 18 (14 ) @

Comparing equations (2) and (4), we see that, aithough there is
a large uncertainty, the heavy element abundance as measured
by Ry increases linearly with time. This obtains roughly over
the redshift interval 3.3 >z 2 1.3, which corresponds (for
qo = 4) to the time interval from ¢ = 1.5 billion years to t = 4
billion years. For t > 4 billion years (z < 1) the heavy element
abundance appears to have leveled off so that expansion effects
dominate the N(z) curve. For both the C 1v and LLS absorbers,
the typical line of sight passes ~ 50 kpc (~4 Holmberg radii)

INITIAL HEAVY ELEMENT ENRICHMENT L7

from the center of a galaxy of fiducial luminosity [* in the
Schechter (1976) luminosity function (see, e.g., SBS). For gal-
axies with flat rotation curves, the dynamical time scale ¢,
scales linearly with radius so that t, ~ 1 billion years at 50 kpc.
Thus, we find that the time scale for early heavy element
enrichment in galaxies is of order ¢,

On the simplest “closed box™ mode! for galactic heavy
element enrichment, the heavy element abundance varies with
the proportion of hydrogen consumed according to the expres-
sion

Z =(y) In(M/Mg), &)

where (y) is the average * yield " of heavy elements from stars
and M; = M; + M is the total mass, gas plus stars (Searie
and Sargent 1972). In a galaxy initially dominated by gas, this
expression takes the form

Z = {yyM /M) . 6)

Thus, the result obtained above implies that gas is being trans-
formed into stars at a constant rate with time during the initial
heavy element enrichment.

These results are at first sight at variance with prevailing
modeis of galactic evolution, which universally envisage an
initial burst of star formation lasting ~ 1 billion years. It was
by this means that the present, fairly static, composition of the
local galactic disk reached its value early in the life of the
galaxy. However, we must recall that the QSO absorption lines
are produced predominantly in the outer parts of galaxies,
where the dynamical time scales are much longer. Consequent-
ly, our results probably shed light on the evolution of Popu-
lation I1 abundances rather than those of Population L.

M. CONCLUSIONS

The arguments presented above are necessarily crude, but,
taken literaily, they imply that the heavy element composition
in the outer parts of galaxies reached a saturation value at a
redshift of ~ 1, i.e, relatively recently, and that before this the
enrichment proceeded roughly linearly with time for 2.5 billion
years, comparable to the dynamical time scale. During this
period, the rate of gas consumption was approximately con-
stant. Beyond these resuits, which are still uncertain, the main
point of this exercise is to show that QSO absorption lines are
capable of providing information on gaiactic chemical evolu-
tion which is not obtainable by other means. Future work
must stress the determination of actual abundances as a func-
tion of redshift for the main elements found in QSO absorption

spectra.
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