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ABSTRACT 
Spectra of the z = 3.78 QSO 2000 — 330 have been obtained at the Anglo-Australian Telescope with a 

resolution of ~ 1.5 Â FWHM. The region covered, 4100-5900 Â, extends from blueward of a continuum 
cutoff at 4150 Â to the red wing of Lya. Structure in the profile of Lya emission suggests the presence of 
Si in 21206, the first time this line has been seen in emission in a QSO. 

280 absorption lines are listed, and identifications are made in 45 Lyman-series systems and four heavy- 
element systems, the latter systems ranging in redshift from zabs = 3.1881 to 3.5519. The zabs = 3.1881 system is 
unusual in being purely low ionization, with no detectable Si iv or C iv. For this system we estimate 
[O/H] > —1.1 dex relative to solar, indicating an oxygen abundance at this early epoch that is surprisingly 
close to values typical of neutral interstellar clouds in the Galactic disk. 

The mean density of Lya absorption lines in 2000 —330 has been compared with published values at lower 
redshift. We find a significant increase in line density (3.3 a for q0 = 0, 4.3 a for q0 = between <z> = 1.83 
and 3.41. 
Subject headings: abundances — line identifications — quasars 

I. INTRODUCTION 

The QSO 2000-330 ( = PKS 2000-330) was identified on a 
UK Schmidt IIIa-J plate as a faint stellar object (Jauncey et al. 
1982), which was subsequently found to have a redshift of 3.78 
(Peterson et al. 1982). Its redshift remains the highest yet found, 
despite intensive searches for QSOs with z > 3.5 using objec- 
tive prism techniques (e.g., Osmer 1983). The high luminosity 
of 2000 — 330 (mv = 17.3 in the continuum) makes it an ideal 
candidate for intermediate- and high-resolution studies of its 
absorption spectrum. Of particular interest in this object are 

i) the properties of the Lya clouds at the highest redshifts 
yet observed, and 

ii) the detection and properties of heavy-element absorp- 
tion systems with zabs > 3. 
We present here spectral data at ~ 1.5 Â resolution covering 

the range 4100-5900 Â, i.e., from blueward of a continuum 
absorption cutoff at 4150 Â to the red wing of Lya emission. As 
expected, the absorption spectrum of 2000 — 330 in this Lya 
forest region is extraordinarily rich. Our main goals in this 
paper have been to establish first a continuum level and line list 
and then to carry out searches for heavy-element systems and 
Lyman-series systems. Existing techniques for identifying such 

1 Affiliated to the Astrophysics Division, Space Science Department of 
ESA. 

systems had to be modified to cope with the high line density, 
on the one hand, and the limited wavelength coverage, on the 
other. Section II deals with the observing and reduction 
details, and § III covers the setting of continuum levels and the 
probable detection of Si m 21206 in emission. The absorption 
line list is given in § IV, and the identification of many of the 
280 lines is discussed in § V. A summary is given in § VI. 

A brief discussion of Lya line density evolution is included in 
§ IV. A more detailed analysis is given in a separate paper 
(Murdoch et al. 1985, hereafter Paper II), where we combine 
the present data for 2000 — 330 with the substantial body of 
published data available at comparable resolution. We also 
examine in Paper II the global distribution of Lya equivalent 
widths and the influence of spectral resolution on this distribu- 
tion. 

II. OBSERVATIONS AND PRELIMINARY REDUCTION 

The observations of 2000 — 330 were obtained with the 
Image Photon Counting System (IPCS) mounted on the RGO 
spectrograph at the f/8 Cassegrain focus of the Anglo- 
Australian Telescope (AAT). The range 4100-5900 Â was 
covered in three spectra, which we label for convenience A, B 
and C; full details of the observations are listed in Table 1. The 
object was regularly beam-switched between two IPCS photo- 
cathode positions with the same total integration time in each 
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TABLE 1 
Journal of Observations of 2000 — 330 

Parameter Spectrum Aa Spectrum Bb Spectrum Cb 

UT date   
Spectrograph camera focal length (cm). 
Grating (grooves mm-1)    
Nominal dispersion (Á mm - ^   
Wavelength range (Á)  
Slit width  
Seeing   
Measured resolution (Â, FWHM)  
Integration time (minutes)  
Mean continuum countd    

1982 Sep 15 
25 

1200 
33 

4070-5010° 
1'.'0 
T.T 
1.6 
130 
140 

1982 Sep 24 
82 

600 
20 

4825-5470 
0"7 
1'.'0 
1.3 
140 
150 

1982 Jul 15 
82 

600 
20 

5365-5925 
0"7 
r:5 
1.3 
170 
65 

a Observers Peterson, Jauncey, Wright, and Savage. 
b Observers Hunstead, Murdoch, Blades, and Pettini. 
c A short exposure made blueward of this region showed no measurable signal down to 3550 Â. 
d Derived from the fitted continuum. Note that the instrumental response is comfortably oversampled by 

the detector. At the Nyquist sampling rate the mean counts become 200, 300 and 150 respectively. 

position; individual integrations were typically 1000 s. The 
wavelength calibrations were established by frequent compari- 
son spectra from a Cu-Ar hollow-cathode lamp. The data were 
flat-fielded using long tungsten-lamp exposures, and spectra B 
and C were flux-corrected using observations of the white 
dwarf standard L930-80 (Oke 1974). 

The wavelength calibration of each spectrum was based on 
seventh-order polynomial fits to unblended argon lines giving 
rms residuals of typically 0.05 Â. The individual comparison 
spectra were then rebinned onto a linear wavelength scale and 
combined and smoothed in the same way as the object spectra. 
This composite arc spectrum was used to confirm the overall 
accuracy of the wavelength calibration and determine the 
variation in instrumental resolution along each spectrum. In 
each spectrum we found small systematic variations in 
resolution with wavelength, but these were confined to a range 
+ 10% about the mean values quoted in Table 1. 

In order to reduce the noise added to the object spectra by 
sky subtraction, the sky signal for each beam position was 
formed by using a much larger data window than that used for 
the object signal. By choosing a symmetrically expanded sky 
window and simple scaling, we retain good sky subtraction, 
provided the sensitivity variation along the slit is roughly 
linear. In practice, cancellation of the [O i] 25577 night sky 
line in spectrum C is clearly adequate (see Fig. 4), considering 
that the peak line height is ~ 20 times the estimated continuum 
level in 2000-330. 

All data reduction was carried out at the AAO Epping 
laboratory using the SDRSYS reduction package. 

III. CONTINUUM LEVELS 

Before an absorption line list can be prepared, it is necessary 
to establish the level of the underlying continuum throughout 
the spectrum. The well-known problem in fitting a continuum 
to the region blueward of Lya emission is particularly severe in 
2000 — 330. The direct method of continuum estimation 
(Carswell et al 1982) defines as continuum those regions where 
the local variance in the data is consistent with photon sta- 
tistics. This method simply fails to locate enough line-free 
regions. The alternative one-sided method (Young et al. 1979) is 
also based on the local variance, but in this case the lowest 
points (which are presumed to occur in absorption lines) are 
progressively excluded until the variance is consistent with 

photon statistics. This method clearly relies on the local region 
containing some genuine continuum noise. Since there are so 
few regions in 2000 — 330 where the true continuum can be 
confidently recognized, the derived continuum levels would 
always be biased systematically low. 

In view of the deficiencies inherent in these conventional 
methods for establishing continuum levels, we have adopted a 
more pragmatic approach based on reasonable assumptions 
about the form of the underlying continuum and taking advan- 
tage of the few regions of apparent continuum. The following 
constraints were imposed : 

i) For spectra B and C, which had been flux-corrected, the 
underlying continuum was set to be a power law with con- 
stant exponent. 

ii) In each spectrum the continuum fit was judged inde- 
pendently by three of us (R. W. H., H. S. M., B. A. P.), based 
on the requirement that positive excursions should be con- 
sistent with photon statistics. In the case of spectrum C, we 
took into account a higher resolution spectrum covering 
Lya emission. The three continuum fits were very similar, 
and the adopted fit is a smoothed average. Of course, agree- 
ment among subjective estimates does not necessarily estab- 
lish the estimates as correct. 

iii) The preliminary continuum levels were examined in 
the regions of overlap between spectra A and B and between 
B and C, and minor adjustments were made to ensure con- 
sistency. 
In regions of very high line density, placement of the contin- 

uum can be affected systematically by the amount of smooth- 
ing applied to the spectrum. Consequently, the trial fits were 
made on very lightly smoothed data. Despite this precaution, 
there remains the possibility that the sparse regions of appar- 
ent continuum are depressed by blends of weak lines or dis- 
placed by nonrandom fluctuations. 

The adopted continuum levels in each spectrum are shown 
in Figure 1 superposed on the reduced spectra. Due to the 
cutoff in spectrum A, which corresponds to the Lyman limit in 
a heavy-element system at zabs = 3.5519 (see § V), the true con- 
tinuum cannot be defined below 4190 Â, and the adopted level 
was set arbitrarily to a constant value. In general, the contin- 
uum in spectrum A is more uncertain than the other two as a 
result of slightly lower resolution combined with an enhanced 
line density arising from higher order Lyman lines. 
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TABLE 2 
Emission Line Parameters 

2 bs FWHM 
Line (À) zem (Â) 

Lya 21215   5814 3.783 45 
Si in 21206   5773 3.785 35: 

Recent data at higher resolution (obtained by R. W. H., 
H. S. M., J. C. B., and M. P.), covering selected portions of the 
Lyman forest region, have generally supported the levels 
shown in Figure 1. 

Emission lines.—In attempting to define the continuum 
around the Lya emission line, it was noticed that the line 
appeared markedly asymmetric. This was initially thought to 
be due to Lya absorption in the blue wing, as suggested by 
Peterson et al. (1982). However, the high-resolution A AT spec- 
trum referred to above showed no sign of narrow clustered 
absorption lines, such as would have been required to explain 
the observed asymmetry. We therefore explored the possibility 
that an additional emission line was contributing to the 
observed profile. 

After defining regions in the emission profile which appeared 
free of absorption, we fitted a smooth (but otherwise 
unconstrained) curve through the data. The red wing of the line 
(after compensation for slight contamination by the well- 
separated N v 21240 emission) was reflected about the peak 
and subtracted from the blue wing. The residue could plausibly 
be explained by an additional emission line, and its rest wave- 
length immediately identified it as Si m 21206. The deconvolu- 
tion of the Lya profile is shown as an inset in the bottom panel 
of Figure 1. The emission line parameters are listed in Table 2. 

If this interpretation is correct, this would be the first detec- 
tion of Si in emission in a QSO. The narrowness of Lya 
(FWHM æ 2300 km s-1) has clearly facilitated the detection 
in 2000 — 330, and we would encourage a search for Si in in 
other narrow-line QSOs. 

The N v 21240 line is only partly included in spectrum C; 
although no useful quantitative measures are possible, it 
appears to be roughly of the same strength as the newly dis- 
covered Si in line. Using the improved redshift estimates 
obtained above, we were able to confirm that both Lyß and 
O vi 21034 contribute to the low-profile emission line near 
4935 Â. 

IV. ABSORPTION LINE LIST 

After continuum fitting, each spectrum was normalized by 
dividing by the fitted continuum. Due to the extreme blending 
problems over the entire spectral range, it was not practicable 
to use an automated procedure for selecting absorption lines. 
For some lines the boundaries could be defined by continuum 
crossings. Otherwise, the boundaries between lines were set at 

Fig. 1.—Adopted continuum fits for the three spectra of 2000 — 330. The 
ordinate is net photon counts for the top panel (spectrum A) and flux density/,, 
on an arbitrary scale for the lower two panels. The expected positions of Lyß 
21025 and O vi 21034 emission are indicated. Differences in appearance 
between the red end of spectrum A and the blue end of B are a consequence of 
the lower dispersion and lack of flux calibration for the former. At the blue end 
of A, where the true continuum level cannot be defined, we adopt a constant 
level solely for the purpose of continuum division, (inset) Deconvolution of the 
Lya emission profile showing the presence of Si m 21206. The underlying 
continuum has been subtracted. 

local maxima, following the method used by Carswell et al. 
(1982). For measuring line centroids and equivalent widths, the 
boundaries were assumed to extend up to the adopted contin- 
uum level. 

In setting line boundaries we have looked for clear evidence 
of separate lines based on Poisson noise statistics. In general, 
features with broad or asymmetric profiles have been counted 
as single lines. Noise fluctuations below the zero level in strong, 
saturated lines were a useful guide to the plausibility of small 
fluctuations above the zero level. Positive fluctuations in the 
rare sections of true continuum were also helpful in gauging 
the reality of weak absorption lines. The line assignments 
could be made with greater confidence in the regions of overlap 
between adjacent spectra. 

These methods for selecting lines and measuring their 
parameters are well defined and repeatable. We believe that 
they yield a Lya sample which is directly comparable with 
existing samples at lower redshift (e.g., Young, Sargent, and 
Boksenberg 1982). More sophisticated methods, such as Voigt 
profile fitting, are not justified and have not generally been 
used at this resolution. 

The full line list is given in Table 3. The centroid wave- 
lengths and equivalent widths have been rounded to 0.1 Â to 
reflect the uncertainties in the placement of line boundaries 
and continuum. A comparison between lines in the overlap- 
ping regions indicates that rms uncertainties are ~0.2 Â in 
both 2obs and J4^bs for narrow, unsaturated lines. Some of the 
lines with II^bs < 0.6 Â may therefore be spurious, and the list 
will not be complete at this level due to blending. On the other 
hand, we expect the line list to be highly reliable and essentially 
complete for Wohs > 1.0 Â. For stronger lines the continuum 
uncertainties ( > 10%) will dominate the error in Wohs. 

The line identifications listed in Table 3 were made after a 
thorough search for Lyman-series and heavy-element absorp- 
tion systems. Further details are given in the footnotes, and the 
techniques are described in § V. The final column of the table 
indicates the spectrum from which the quoted measures were 
obtained. In the case of overlapping spectra, the choice was 
based on the best combination of signal-to-noise ratio and 
spectral resolution. 

Expanded plots of spectra A, B, and C are given in Figures 2, 
3, and 4 respectively. These spectra have been divided by the 
adopted continuum levels shown in Figure 1, and the absorp- 
tion lines listed in Table 3 are marked. 

It is interesting to compare the mean density of Lya absorp- 
tion lines in 2000 — 330 with the corresponding values obtained 
by Young, Sargent, and Boksenberg (1982) at lower redshift. 
Adopting their selection criteria, we find a total of 76 Lya lines 
between Lyß and Lya emission with rest equivalent width 0.32 
Â or greater; these lines are marked with an asterisk in the 
final column of Table 3. The corresponding density of lines per 
unit redshift is 102 ± 12 at a mean redshift <z> = 3.41. Nor- 
malized for cosmological effects, the density becomes 
23.1 ± 2.6 for q0 = 0 or 48.4 + 5.6 for q0 = j. Young et al. 
obtained normalized densities of 11.7 ± 2.2 (q0 = 0) and 
19.6 ± 3.7 (q0 — for a sample with <z> = 1.83. The difference 
between these line densities is 3.3 a for q0 = 0 and 4.3 a for 
q0 = showing clear evidence for evolution in the Lya line 
density over this redshift interval. Peterson (1983a, h) reached 
a similar conclusion based on a larger sample of QSOs which 
included the data from spectrum C of 2000 — 330. 

A detailed discussion of the line density evolution is given in 
Paper II. 
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506 HUNSTEAD ET AL. 

V. ABSORPTION LINE SYSTEMS 

a) Lyman-Series Systems 
The very high density of lines in 2000 — 330 makes it difficult 

to conduct a reliable automated search for Lyman-line 
systems. Instead, our search method made use of superposed 
spectrum plots prepared according to the scheme outlined 
below: 

We first note that the Lyman continuum cutoff at ~4190 
Â defines the lower limit for Lyß (and therefore for a claim- 
able Lyman system) at zabs = 3.08. The corresponding lower 
limit for Lyy is at zabs = 3.31, for Ly^ is at zabs = 3.41, and so 
on. 

Over the range 3.10 < zabs < 3.78, the normalized spectra 
were rebinned onto logarithmic wavelength scales with 
15 km s'1 per channel and origins set to correspond with 
Lyoc, Lyß, etc. These spectra were plotted directly on top of 
one another, using different colors. 

Correspondences between Lyoc, Ly/?, etc., were easy to 
locate on the superposed plots and alignments between 
putative Lyman-series lines could be examined in detail. In 
particular, we looked for both a plausible decrement in 
equivalent width and a plausible profile match. These 
requirements were relaxed only when there was clear evi- 
dence of blending. 
Using this method we have identified 45 Lyman systems, 

which are listed in Table 4. Individual line redshifts and rest 
equivalent widths are given. In general, our emphasis has been 
on reliability rather than completeness. The reliability of the 
systems is clearly a function of the number of Lyman lines 
actually identified. This in turn depends on the column density 
of neutral hydrogen and on the redshift. Conflicts in the assign- 
ment of individual lines could generally be resolved by the 
superposed plots. 

The majority of Lyman absorption systems seem to have 
decrements in equivalent width (from Lyoc to higher order lines) 
which place the absorbing clouds on the saturated part of the 
curve of growth. Nevertheless,' for many systems we were able 
to obtain useful values of velocity dispersion b and column 
density N, based on the unblended lines in Table 4 and 
assuming a single cloud model. In cases where all the lines fall 
on the saturated part of the curve of growth a considerable 
range of solutions is possible, and we have opted for the larger 
b/lower N solution. 

Values of log Af(cm~2) range from 14.3 to 16.5, with b from 
30 to 70 km s - L Our instrumental resolution corresponds to a 
b value of ~40 km s"1. At higher resolution (fr æ 12 km s-1), 
Carswell et al. (1984) found that Lyoc lines in 1101—264 had b 
values in the range 10-45 km s~ ^ It therefore seems likely that 
some of the Lyoc lines in Table 4 will turn out to be multiple. 

b) Heavy-Element Systems 
Searches for heavy-element absorption systems usually rely 

heavily on lines redward of Lyoc emission, where the spectrum 
is relatively uncrowded. The present data for 2000 — 330 
extended only up to the Lyoc emission line, so we were faced 
with extreme problems arising from blending. However, even 
within the Lyoc forest alone we have identified four definite 
heavy-element systems using the stringent procedures 
described below. These systems have subsequently been con- 
firmed by more recent spectra obtained redward of Lyoc 
(Hunstead ef a/. 1986). 

Our basic search method followed that used previously by 

Bahcall (1968), Young et al. (1979), and others. A search list of 
metal lines was redshifted and cross-correlated with the line list 
in Table 3. The fraction of successful matches in wavelength 
was then plotted as a function of redshift; the acceptance 
window for a wavelength match was set to ± 1 Â, and the 
redshift step size was Az = 0.0005. The following additional 
constraints were found necessary : 

1. In order to reduce the rate of spurious correlations we 
restricted the initial search list to the 11 lines listed in Table 
5A. H i was not included at this stage, because it was found 
that the large number of Lyman-only systems adds noise to 
the cross-correlation. 

2. Following tests, the range of redshift searched was set 
at zabs = 3.1-3.78. In this range, Lyoc in a potential heavy- 
element system cannot be confused with other Lyman series 
lines, and Lyß is accessible above the continuum cutoff. 
Cross-correlation peaks which appeared significant in com- 

parison with the noise were examined more closely after calling 
on the additional lines listed in Table 5B. The line assignments 
were then checked for plausibility. This filtering process was 
effective in rejecting most of the “ systems,” usually because of 
implausible relative strengths among transitions in a particular 
ion or the absence of Lyoc. 

This procedure led to the detection of four well-defined 
heavy-element systems. In Table 6 we present the line identifi- 
cations in these systems and include mention of key lines which 
were not detected. Rest wavelengths 20 and oscillator strengths 
/are taken from Morton (1978). 

A final check of the line identifications was made using 
superposed plots, as described in § Va for the Lyman-series 
systems. This direct profile comparison among different species 
(or different transitions in the one species) allows a more reli- 
able assessment of identifications and blends than is possible in 
conventional cross-correlation searches based solely on line 
centroids. Discussion of specific identifications and of the 
overall properties of the systems is given below. 

i) zabs = 3.1881 aná 3.1914 
These systems are analyzed together because they are very 

close in redshift and are blended in Lya and Lyß. The Lya lines 
lie near the red edge of the broad Lya trough spanning 
5060-5105 Â (Fig. 3, line 146). The redshift difference, inter- 
preted as a velocity difference, is 240 km s~ Z If the two systems 
arise in intervening galaxies, such a velocity difference is plaus- 
ible for two galaxies in a group or cluster. 

Both systems show strong low-ionization lines typical of 
sightlines through the interstellar medium in the disk of our 
Galaxy, but only the zabs = 3.1914 system shows Si iv (and also 
C iv ; Hunstead et al. 1986), which in our Galaxy occurs pre- 
dominantly in the halo. Even Si m 21206 is weak at zabs = 
3.1881, and its identification is by no means secure. This system 
is, therefore, unusual among QSO absorption systems in being 
exclusively a low-ionization system. Moreover, a search strat- 
egy which was weighted toward the C iv and Si iv doublets 
would probably have missed this system altogether. 

Practically all the neutrals and single ions in Table 5 are 
detected in these systems. There is uncertainty, however, 
regarding N i 221134, 1199, since each “line” is in fact triple 
and there is some overlap between the two systems. Higher 
resolution data are needed to confirm the tentative identifica- 
tions in Table 6. 

A superposed plot of several species in these systems is 
shown in Figure 5 to illustrate the need for examining line 
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TABLE 5 
Line Search Lists for Heavy-Element 

Systems in 2000 —330 

/L 
Species (A) 

A. Initial Search List 

1036.34 
1144.95 
1190.42 
1193.29 
1206.51 
1260.42 
1302.17 
1304.37 
1334.53 
1393.76 
1402.77 

B. Supplementary Search List 

H i 920.96 
Hi 923.15 
H i 926.23 
Hi    930.75 
H i 937.80 
H i 949.74 
hi 972.54 
Cm  977.03 
Si n   989.87 
H i 1025.72 
Ovi 1031.93 
O vi 1037.62 
O i 1039.23 
N ii   1083.99 
Fem  1122.53 
Ni 1134.66(bl) 
Ni 1199.97(bl) 
Hi   1215.67 
N v 1238.81 
Nv 1242.80 

profiles directly; the plot scales are the same for all species, and 
the plot widths have been restricted to maintain clarity. The 
presence of confusing lines shows up clearly in the case of 
Siii>U1190, 1193 at zabs = 3.1881, although the numerical 
entries in Table 6 are highly consistent. The Si m 21206 profile 
at zabs = 3.1914 appears also to be a blend. There is obvious 
misalignment of Si m 21206 at zabs = 3.1881 compared with 
the other species, and this is why its identification remains 
uncertain. 

The Lyß profile in Figure 5 identifies three main regions of 
high column density which contribute to the trough at zabs = 
3.18. No low-ionization heavy-element species can be identified 
with confidence in the two blueward components from the 
present Lya forest data. There is a possibility, however, that 
they may contain weak C iv (Hunstead et al. 1986). 

It is of considerable interest to obtain an estimate of the 
oxygen abundance at such high redshifts. The only O i lines 
accessible in these systems are 221039, 1302. Unfortunately, 
each 21302 line is blended with Lya in a well-established 
Lyman-series system (see Table 3); this is not apparent from 
Figure 5, where the profile match is excellent. Furthermore, 
only the zabs = 3.1881 system shows a 21039 line without 
obvious blending. For this system we assume O i to be opti- 
cally thin and therefore obtain a lower limit of 
N(0 i) = 2.4 x 1015 cm-2. In Lya the two systems are com- 
pletely blended, so we can only determine an upper limit for 

iV(H i) in the 3.1881 system. We do this by assuming Lya to be 
fully radiation-damped with equivalent width equal to half 
that of the broad trough, giving AT(H i) < 4.2 x 1019 cm-2. If 
we assume further that all oxygen exists as O i, we obtain a 
relative abundance [O/H] > 5.7 x 10~5. This should be com- 
pared with the solar value of 6.92 x 10-4 (Withbroe 1971). We 
are led, therefore, to the surprising conclusion that the oxygen 
abundance at this early epoch is within a factor of 12 of the 
solar abundance. Indeed, with higher resolution and more rea- 
listic estimates of the O and H column densities, it may well be 
that the oxygen abundance is not substantially different from 
the solar values seen in the Galactic interstellar medium 
(York et a/. 1983). 

ii) zabs = 3.3332 
This system is distinct from the others in 2000-330 in 

having comparatively weak Lyman lines and possible O vi. 
The absence of N v, however, and the likely detection of O i 
may make the O vi detection less plausible. 

RELATIVE VELOCITY km s’1 

Fig. 5.—Comparison on a common velocity scale of Lya (heavier trace) and 
Lyß in the region of the broad trough at zabs = 3.18, together with several 
species detected in the two heavy-element systems. Since these data all fall in 
the Lya forest, it is important to recognize the likelihood of blends. The data 
have been rebinned to 15 km s'"1 per channel, and the velocity origin is arbi- 
trary. The vertical scale is the same for all species. For the sake of clarity, zero 
levels have not been shown for the Si lines, and the velocity extent of the 
regions displayed has been curtailed. 

C ii . 
Fe ii 
Si ii 
Si ii 
Si in 
Si ii 
Oi . 
Si ii 
Cu. 
Si iv 
Si iv 
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iii) 2abs = 3-5519 

This is the highest redshift heavy-element system seen to 
date in any QSO, and it is the system responsible for the con- 
tinuum cutoff below 4200 Â. The Lyman limit in this system 
falls at 4150 Â, but the crowding of higher order Lyman lines 
causes the apparent cutoff to be shifted redward. It is evident 
from the redshifts in Table 6 and from superposed plots of the 
Lyman lines that the high column density cloud producing the 
continuum cutoff is offset from the centroid of the Lya profile; 
a similar situation was noticed for the systems near zabs = 3.19. 
This suggests a local aggregation of clouds or maybe a cluster, 
the total span in velocity here being ~900 km s~l. 

The Si ii identifications in this system (Table 6) appear 
plausible based on their wavelength match, while the similar 
line strengths are consistent with the Si n lines falling on the 
flat portion of the curve of growth. However, line 267, which is 
identified here as Si n 21260, has an alternative identification 
as Lya in a clear Lyman-series system at zabs = 3.7203 (Table 
4). Since 21260 is the strongest Si n transition, this implies that 
the other three Si n lines must also be blends and that the good 
wavelength match is probably fortuitous. A superposed plot 
confirms this interpretation, although it is difficult to quantify 
the amount of blending in each case. The lesson is clear : when 
seeking line identifications in the Lya forest, it is not sufficient 
to rely on wavelength matching alone—it is essential to 
examine line profiles as well. 

Additional information about this system comes from recent 
spectra obtained redward of Lya emission. In particular, 
Si iv 221393, 1402 is strong with good evidence for velocity 
structure (Hunstead et al 1986). Preliminary measures for the 
dominant Si iv component are given in Table 7. The redshift of 
this component is slightly greater than the adopted system 
redshift, which we attribute to blending with the blueward 
components (Hunstead et al. 1986, Fig. 1), notably in H i (see 
Table 6). A more detailed investigation of the velocity structure 
of Si ii, Si iv, C ii, and C iv in this system is currently in 
progress. 

VI. SUMMARY 

1. The absorption spectrum of 2000 — 330 is characterized 
by an extremely high density of lines blueward of Lya emission. 
This created difficulties first in setting continuum levels and 
thereafter in defining suitable boundaries between partially 
blended lines. In general we have counted features with broad 
or slightly asymmetric profiles as single. 

2. Asymmetry in the observed profile of Lya emission can 
plausibly be explained by Si m 21206 emission. This line has 
not previously been seen in emission in a QSO. 

TABLE 7 
Preliminary Measures for Si iv in the zabs = 3.55 System 

Line (Á) zabs (A) 

Si iv 11393.755  6344.80 3.55230 1.00 
Si iv 21402.770  6385.84 3.55230 0.57 

a Wavelengths are vacuum, heliocentric values. 

3. The mean density of Lya absorption lines in 2000 — 330 
has been compared with the corresponding values obtained by 
Young, Sargent, and Boksenberg (1982) at lower redshift. 
Adopting their selection criteria we find an increase in line 
density of 3.3 a for q0 = 0 and 4.3 a for q0 = j between 
<z> = 1.83 and 3.41. This provides very firm evidence for evol- 
ution in the number density of hydrogen clouds responsible for 
the Lya absorption forest. 

4. A thorough search has been made for Lyman-series and 
heavy-element absorption systems. This search covered the 
range 3.10 < zabs < 3.78 and yielded 45 Lyman systems and 
four heavy-element systems. The plausibility of these systems 
was assessed using superposed plots of the various transitions/ 
species on logarithmic wavelength scales. This technique 
allowed both alignments and relative strengths to be readily 
examined and drew attention to deficiencies in conventional 
methods based solely on wavelength matching. 

5. The system at zabs = 3.5519 is the highest redshift heavy- 
element system seen to date in any QSO and is responsible for 
the continuum cutoff below 4200 Â. The ionization structure is 
similar to that seen in other QSO absorption systems at lower 
redshift. On the other hand, the system at zabs = 3.1881 is 
unusual in being exclusively a low-ionization system with 
no detectable Si iv or C iv. In this system we estimate 
[O/H] > —1.1 dex relative to solar, based on weak O i 21039 
and blended Lya. With higher resolution and more realistic 
estimates of N(0 i) and N(H i), it may well be that the 
oxygen abundance at this early epoch is not substantially dif- 
ferent from the solar abundance seen in the Galactic inter- 
stellar medium. 

We thank John Straede for assistance with the AAO 
reduction software and the AAT mountain staff for assistance 
with the observations. R. W. H. and H. S. M. acknowledge 
support from the Australian Research Grants Scheme. 
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