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ABSTRACT 
The results of echelle spectrometry with resolution <9 km s_1 of the Lya forest region of Q1100 — 264 are 

described. The Lya forest systems show a range of Doppler parameters from 12 km s_1 to about 80 km s-1, 
with rather large uncertainties for the low H i column density systems particularly. Few of these systems have 
low Doppler parameters, and there is no significant trend of Doppler parameter with H i column density, in 
contrast with the results of Pettini et al. from the study of a different quasar. The six heavy element systems 
with lines in the observed spectral region are all foi 
from < 10 km s-1 to ~ 150 km s-1. 
Subject headings: cosmology — quasars 

1. INTRODUCTION 

There has been intense observational and theoretical interest 
in the properties of the absorption systems seen in QSO 
spectra, and their relation to galaxies and the intergalactic 
medium. The systems which show heavy elements have the 
potential for revealing abundances and clustering properties of 
material at high redshifts, and those for which only H i lines 
are seen may arise in proto-galaxies or material in the inter- 
galactic medium. In either case the primary requirements for 
further analysis are the redshifts, Doppler widths and column 
densities for the ions seen in each cloud, and the reliable deter- 
mination of these quantities involves obtaining spectra of high- 
redshift quasars at resolutions of order 10 km s_ 1 or better. 

For the Lya forest systems it is possible to determine the 
Doppler parameter and H i column density distribution for 
systems for which the component structure is adequately 
resolved. Estimates for the Doppler widths based on work at 
resolutions ~20-30 km s-1 (FWHM) yield average b = y/l a 
values of order 30 km s_1 (Carswell et al. 1984, from an earlier 
study of Q1100 — 264; Atwood, Baldwin, & Carswell 1985), 
corresponding to temperatures of order 5 x 104 K if they are 
thermal. Model calculations (e.g., Baron et al. 1989) lead to 
temperatures of ~2 x 104 K, and size and ionization argu- 
ments lead to temperatures of ~ 3 x 104 K or more (Chaffee et 
al. 1986). Thus the minimum Doppler width is of critical 
importance as a model discriminator, and observations at high 
resolution and relatively high signal-to-noise ratios (S/N) are 
required to establish this quantity. 

Results of such observations have been published in two 
cases. Chaffee et al. (1983) obtained 12 km s_1 resolution 
spectra of PHL 957 in a small number of wavelength regions, 
and report one Lya system with a Doppler parameter 12 < 
b < \1 km s-1, and so a cloud temperature <17,000 K. 
Results by Pettini et al. (1990) from 6 km s'1 resolution spectra 
place tighter constraints on the minimum Doppler parameters, 
and the temperatures of the clouds are in some cases below 
5000-10,000 K for a sight line towards the quasar Q2206— 199. 

to have complex velocity structure, on scales ranging 

These low temperatures are difficult to reconcile with any cur- 
rently popular model. 

For the heavy element systems it is of interest to obtain a 
sufficiently large sample of such systems at the highest possible 
resolution to see if there is component structure with widths on 
scales of 1 or 2 km s_1 corresponding to possible thermal 
broadening. By determining Doppler parameters for a number 
of heavy element lines with a range of atomic masses, e.g., from 
C12 to Fe56, it may be possible to separate the thermal velocity 
widths from any component due to bulk motions using the fact 
that only the thermal widths depend on the atomic mass. 

Here we present 9 km s~1 resolution echelle spectra of the 
bright zem = 2.14 quasar Q1100 — 264, covering the region 
from a strong Lya absorption at z = 1.839 to the Lya emission 
line, and results from Voigt profile fits to all the observed 
features in this wavelength range. 

2. OBSERVATIONS AND ANALYSIS 

Spectra of Q1100 — 264 were obtained on the nights of 1990 
January 31 and February 1 and 3 using the UCL echelle spec- 
trograph at the Coudé focus of the Anglo Australian Tele- 
scope. The system is described by Walker & Diego (1985) and 
Walker et al. (1986). The instrument setup was very similar to 
that described by Pettini et al. (1990), with the only significant 
differences being that the wavelength range covered by the 
IPCS detector was 3434—3906 Â, and the slit width used here 
was 1'.'25. As with the Pettini et al. observations, the slit was 
maintained at the parallactic angle throughout the observa- 
tions to minimize light losses through atmospheric refraction, 
and for wavelength calibration and determination of the 
instrument resolution exposures of a Th-Ar lamp were 
obtained every hour. The slit width was somewhat less than 
that of the seeing profile, and guiding was done off the spec- 
trograph slit, so the resolution element is properly defined by 
the slit width and not the seeing profile of the object. Table 1 
summarizes the integration times and observing conditions. 

The data were extracted using a variant of the optimal tech- 
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TABLE 1 
Observations 

Start (UT) Exposure (s) Comments 

1990 Feb 1.59  3600 
1.63  3600 Light cloud 
1.68  3600 Light cloud 
1.73   3600 

Feb 2.68  3600 Cloud clearing 
2.73   3765 

Feb 4.60  3600 Mountain cloud 
4.65  3600 all night 
4.70  2426 

nique described by Robertson (1986), modified to allow for the 
fact that the echelle orders are not parallel. An array of 
variances was determined at the same time and retained for 
later use in assessing the reality of any features and the accu- 
racy of the parameters determined from the absorption lines. 

Th-Ar spectra were obtained before and after each object 
observation. These two wavelength comparison runs were 
extracted using the same spatial weights as were used for the 
object, and then summed after checking that no unacceptably 
large shifts had occurred. The wavelength scale was then deter- 
mined for each object integration, and the individual object 
and comparison arcs were summed on to a uniform wave- 
length scale using weights chosen to maximize the S/N in the 
object spectrum. In fact the echelle system is so stable that this 
rebinning is not strictly necessary for a single night’s observa- 
tions, but after changing the spectrograph settings for different 
objects we could not guarantee returning to exactly the same 
wavelength calibration, so for the final summed data some 
rebinning was needed. In each order of the summed data the 
spectral resolution as a function of wavelength was determined 
by fitting quadratic polynomials in wavelength to the mea- 
sured full width at half-maxima (FWHM) of the unblended 
Th-Ar lines. There was a small amount of variation with the 
wavelength, but the resolution is typically 8.5-9 km s-1 

(FWHM). 
First estimates of the continua were made for each order by 

using spline fits to spectral regions which are apparently line 
free, and deviations from this continuum in these regions were 
compared with the variance array to isolate any significantly 
low values. These were then removed and a new continuum 
estimate formed. This process was repeated until the scatter in 
the remaining continuum points was consistent with that 
expected on the basis of the variance estimates. The final 
spectra normalized by this continuum are shown in Figure 1. 

An absorption line list was generated using the technique 
described by Young et al. (1979). The absorption lines selected 
have a probability of < 10“5 of being due to chance against the 
fitted continuum. The heliocentric vacuum wavelengths and 
equivalent widths are given in Table 2. Where clear component 
structure was seen then the parameters for the components are 
given, but since these were found by seeking local maxima 
within a profile the results will not necessarily correspond to 
the components found by profile fitting. Similarly, the equiva- 
lent widths were determined by summing contributions from 
each pixel directly, and profile fitting may give somewhat dif- 
ferent results. 

For each significant feature Voigt profiles convolved with 
the instrument profile were fitted to derive the redshift z, 

Doppler parameter b(= a), and column density N for each 
component, with the best fit determined by minimizing /2. 
Oscillator strengths were taken from the compilation by 
Morton, York, & Jenkins (1988). The number of components 
assigned to any profile is the minimum number for which the 
X2 value has > 1 % probability of being due to chance. While 
this limit appears generous, in practise the addition of a single 
component almost invariably changed a very poor fit 
(probability <0.01) to a good one (probability ~0.5). A check 
was made (using a K-S test) after fitting all profiles that the 
probability distribution overall was consistent with a uniform 
one. For the Lya forest systems only a single line is available in 
the observed range, but for some of the heavy element systems 
in this object there are a number of lines available. Under these 
circumstances we have fitted all lines simultaneously, allowing 
the column densities for differing ions to vary freely, but con- 
straining the redshifts to be the same for all and imposing a 
relationship on the Doppler parameters. It is the Doppler 
parameter constraint which involves an element of choice, 
since the velocity widths for all ions could be roughly the same 
if bulk motions are the dominant cause, or inversely pro- 
portional to the square root of the atomic mass if the widths 
are thermal. In general we found that the bulk motion approx- 
imation provided marginally better fits, suggesting tem- 
peratures < 104 K. The results of the profile fits are contained 
in Table 2. 

Note that because the data is rebinned the values in neigh- 
boring channels are not statistically independent. To allow for 
this we determined a x2 scale factor from continuum regions in 
the summed data, and applied this to the values obtained for 
the trial profile fits. Simulated data showed that this should 
give correct answers for the parameter values and (from the 
Hessian matrix) their error estimates. However, the correlation 
between neighbors in the rebinned data will depend on how 
the bins in the raw data map into the final sum, and this will 
usually depend on the position in the spectrum. Thus a x2 

correction which we have derived on the basis of the global 
continuum properties may not apply accurately for an individ- 
ual absorption feature, though on average /2/v, the value 
normalized to the number of degrees of freedom, should be 
~1. For our data (j2/v} = 1.016 ± 0.024, so on average we 
have not significantly under- or overfitted the data. It is diffi- 
cult to be as confident in individual cases, but we are unlikely 
to be badly wrong. When there are too few components fitted 
to a complex the /2 value tends to be very high, while as 
components are added to a complex which is adequately fitted 
with fewer there is a relatively slow reduction in the normalized 
X2 when the profiles are well oversampled as is usually the case 
here. 

Comparison of the results obtained here with those of a 
previous study by Carswell et al. (1984) shows good general 
agreement in the line equivalent widths (allowing for the diffi- 
culties in setting the continuum level), and for the Lya lines, the 
inferred velocity structure, H i column densities and Doppler 
parameters. More complex structure is found in the heavy 
element systems from the higher resolution spectra described 
here. There is a discrepancy in wavelengths, and hence red- 
shifts, which is removed if we apply a heliocentric correction 
(—11.3 km s~A) to their data. 

3. Lya SYSTEMS 

As usual, most of the absorption lines shortward of the Lya 
emission are likely to be Lya in absorption, though we cannot 
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HIGH-RESOLUTION SPECTROSCOPY OF Q1100 - 264 

Fig. 2.—Region of the spectrum of Q1100 - 264 showing the raw data (solid) and fitted Voigt profiles convolved with the instrument profile (dots) for Lya lines at 
z = 2.077207,2.077747,2.078564, and 2.082448. The tick marks indicate the line centers. 

be absolutely sure that any individual line must be Lya without 
some further information such as the presence of higher order 
Lyman lines at the same redshift. Examples of the Lya profile 
fits are shown in Figure 2. 

There are 71 Lya lines in the redshift range z = 1.84 to 2.15, 
with a total H i column density per unit redshift of 1016 2 cm-2 

at mean redshift <z> = 1.99. This total column density should 
not be taken too seriously, since it is dominated by a single 
system at io151±11 cm-2, but the more reliable determi- 
nations [the 50 systems with log N(H i) error <0.1] yield a 
total column density per unit redshift of 1016 0 cm-2. This 
figure probably provides a realistic lower limit. The data 
sample is limited, but the column density probability distribu- 
tion for log N (H i) > 13.0 is consistent with a power law 
dp(N) oc N'ßdN where/? = 1.7 ± 0.1. 

The mean Doppler parameter is <h> = 34 km s-1, similar 
to that found by Carswell et al. (1984), but the main differ- 
ence between the results here and the earlier work is that the 
higher S/N and resolution results in much more precise 
determinations of this parameter for each line. The quantity 

_ <b»2/öf> = 3.4, where (rb is the error estimate for h, 
so the spread in h-values of ± 14 km s_1 (1 a) is mostly intrin- 
sic rather than due to measurement errors. As a result we find 
that there are a few Lya systems where the Doppler parameters 
are significantly less than 18 km s- ^ Thus at least those clouds 
must be cooler than the 2 x 104 K found in the Baron et al. 
(1990) model calculations. However, of the nine systems with 
h < 18 km s-1, there are only three which are more than 1 a 
below this value. One of these, at z = 1.867592 arises in a 
messy region centered on 3486 Â, with b = 3.9 ± 7.5. The two 
narrow lines which are relatively clear are at 3618.62 Â and 
3637.99 Â, corresponding to redshifted Lya at z = 1.976647 
and 1.992581. These have Doppler parameters 10.5 ± 2.2 and 
11.7 ± 3.0, respectively. The lower redshift one is over 3 a 
below 18 km s_1, so, if it is a Lya line, it must arise in a cool 
cloud. 

However, we must verify that the few narrow candidate Lya 

lines are not in fact heavy element lines. They are certainly not 
known lines from the list by Morton et al. (1988) in the known 
redshift systems listed here. It is tempting to ask if the line pair 
is a doublet, since the inferred column densities assuming they 
are due to H i are in the ratio 2:1, the Doppler parameters are 
similar, and they both occur in the same region of the spec- 
trum. However the wavelength ratio would have to be 
1.005353, which does not correspond to anything we are aware 
of. Candidate identifications with heavy element transitions fail 
because other expected lines are not seen in either our spectra 
or those published by Petitjean & Bergeron (1990), so there is 
no evidence to support the notion that these could be heavy 
element lines. 

A further point which may be investigated is the correlation 
between the Doppler parameter b and the H i column density. 
Figure 3 shows all the Lya systems we have found, apart from 
those associated with the z = 1.839 heavy element system, in 
the fr-log N plane. There is little sign of a correlation between 
b and log N; the correlation coefficient is 0.11, and the prob- 
ability that this value will be exceeded with uncorrelated data 
is 0.37. 

However, the Doppler parameters are particularly uncertain 
at low column densities, and the values derived tend to depend 
on how one establishes the full-width zero intensity of a line. In 
general we have chosen to include a reasonable amount of 
continuum an either side of the line center in the profile fits, 
and this results in most cases in a broad rather than a narrow 
fitted line. Line 70 (Lya at z = 2.095960) looks sharper than 
most of the weak features in the data, and has a best fit 
b = 15 ± 5 km s"1 and log N = 12.65 ± 0.10. However, even 
here an acceptable fit was obtained with a Doppler parameter 
6 = 70 + 20 km s-1 and log N = 12.99 + 0.11 simply by 
choosing a slightly larger wavelength range to fit over. This 
sort of uncertainty affects many of the lines with b > 30 km s 1 

and log N < 13.2. Unfortunately we know of no way of com- 
pensating for this uncertainty, other than by obtaining better 
S/N data. 
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Fig. 3.—Doppler parameter b vs. log N(H i) for the Lya forest systems at z = 0.010-9.990. The error bars at each point are 1 a estimates. 

If we try to allow for this uncertainty by excluding systems 
with log N < 13.0 and ab > 0.25b, then 43 Lya lines remain in 
the sample and give a correlation coefficient 0.22, with a 
chance probability of 0.16. Thus there is no real case for a 
h-log N correlation even for the subsample, even though the Gb 
restriction has the potential for introducing a spurious one. 

Our Doppler parameter distribution and results of searching 
for a correlation between b and N seem to contrast with those 
of Pettini et al. (1990), who find several Lya systems have 
h < 18 km s-1 and who find a strong correlation between b 
and log N. The two objects were observed with the same 
instrument, and the spectra have roughly the same resolution 
and S/N ratio, so we cannot appeal to instrumental differences 
as an explanation for the different results. Since they chose not 
to fit saturated or badly blended lines because of the uncer- 
tainties in the results, their column density upper limit will be a 
little lower than iV(H i) ~ 1014 cm-2, so it is not surprising 
that they do not have as large a range of log N as we have 
found. It is not clear why they should find few high h-low 
log N systems if they are present (or we so many if they are 
generally absent), though some differences may arise because of 
selection and fitting procedures. 

Because Pettini et al. (1990) fitted Voigt profiles to only a 
selected subset of their Lya lines, it is difficult to compare the 
results directly. If we take their total sample to be the 89 lines 
which are not identified with heavy elements and restrict our- 
selves to the low b lines, then we can make some comparisons. 
For example, we find that nine of the 71 Lya systems towards 
Q1100 — 264 have h < 18 km s_1 (corresponding to a tem- 
perature of 20,000 K for thermal broadening), while towards 
2206—199 the number is 21 out of 89, a difference at only 
about the 10% significance level. For b < 13 km s-1 the 
numbers are 3/71 and 15/89, respectively, with significance 
level a little over 1%. In fact if we choose to exclude blended 
features because of the uncertainties, as was done by Pettini et 
al. (1990), then there are only two such narrow lines, and the 
two samples are different at the 0.5% level. Thus it is very likely 
that there is an excess of low b systems toward 2206 — 199 
compared with Q1100 — 264 (though the different line selection 

criteria for the two objects make us slightly wary of advancing 
this claim strongly), and so we conclude that either the paths to 
the two quasars have Lya clouds with somewhat different char- 
acteristics, or that there are a number of unidentified heavy 
element lines in the spectrum of 2206 —199. 

It is hard to defend this second possibility on the available 
data, as Pettini et al. (1990) point out. However, 2206—199 is 
unusual in that it has two damped Lya systems, and while one, 
at z = 2.076 has apparently low heavy element abundances 
(Rauch et al. 1990), the other, at z = 1.9203, has strong heavy 
element lines. Indeed, the z = 1.9203 system is unusual in that 
Si ii 1808, which has an oscillator strength / = 0.0055, is 
detected (Bergeron & Petitjean 1990). Thus it is possible that 
elements with abundances ~ 10-3 that of silicon will be detect- 
able in this system, so we have searched the available line lists 
for lines of neutral and singly ionized F, Ne, Na, P, Cl, Ar, K, 
Ca, Ti, Cr, Mn, Co and Ni, as well as the more usual ones at 
that redshift, but found no reasonable identifications. It is also 
notable at z = 1.9203 none of the Pettini et al. (1990) narrow 
features correspond to lines found in £ Oph (Morton 1975) or £ 
Pup (Morton 1978), so the Lya identifications remain the most 
plausible possibility. 

There are two observational tests which could confirm the 
Lya identification for these narrow lines. One is to obtain high 
S/N spectra of 2206—199 in the Ly/? region and beyond. The 
Ly/? lines will be weaker, since the oscillator strength is about j 
that of Lya, but in the stronger narrow systems it should be 
detectable. An alternative approach is to observe the wave- 
length region just longward of the Lya emission in the expecta- 
tion that the unidentified heavy element line density, if that is 
the cause, will not change very much over such a short wave- 
length range, and so a number of unidentified heavy element 
lines would be found. 

The redshift ranges for the Lya lines in the two studies has a 
very small overlap (1.845 < z < 2.105 for Q1100 —264, 
2.087 < z < 2.587 for 2206—199), so it is just conceivable that 
there is an extremely strong redshift dependence in the widths 
of the weak lines. However, until further objects observed and 
analyzed to determine the general pattern for the Lya line 
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widths we have no idea if extreme redshift dependence is 
needed, or which sight line should be regarded as typical, so we 
hesitate to draw conclusions about different conditions in Lya 
clouds over quite large redshift ranges towards the two 
quasars. Despite this, we have no doubt that the possibilities 
will provide endless entertainment for others in the meantime. 

4. HEAVY ELEMENT ABSORPTION SYSTEMS 

4.1. Individual Systems 
A number of heavy element redshift systems are known 

(Carswell et al. 1982,1984; Petitjean & Bergeron 1990), and the 
data described here revealed no new ones. However the higher 
spectral resolution did reveal more complex velocity structure 
in a number of the known systems. Details are given for each 
complex below : 

z = 0.356. The lines at 3792.68 and 3802.44 Â are identified 
with Mg ii A2796.352 and 2803.531. The equivalent width ratio 
is 1.09, so on a simple curve-of-growth analysis it is clear that 
the line centers should be optically thick. However, even at the 
resolution of these spectra (FWHM = 0.11 Â in this region), 
the residual intensity at the minimum is about half of the con- 
tinuum intensity, so there must be several unresolved optically 
thick components in the line. The short-wavelength wing of the 
Mg ii 22803 profile is shallower than that for Mg n 22796, 
while in the longer wavelength portions the depths of the two 
lines are comparable. This suggests that the short-wavelength 
components are likely to be optically thin, while there must be 
a number of higher redshift components which are optically 
thick. The decomposition of the profile into six components 
with redshifts from z = 0.356160 to 0.356413, with Doppler 
parameters ranging from 0.65 to 19.5 km s"1, is given in Table 
2 and shown in Figure 4. This decomposition is not unique, of 
course, but is a minimum component model which is consis- 
tent with the data. 

Unfortunately there are no other lines in the observed wave- 
length region to check on the velocity structure. Fe n 2600 may 
be partly blended with a broad weak Lya at 3527 Â, but there 
are no sharp features in this region, and the broad feature is at 
a wavelength larger than that expected for a Fe n blend. 
Neither Fe ii 22586 nor Mg 122582 are detected. 

This system provides an example where a curve-of-growth 
analysis could be misleading. If the same data were to be 
obtained at 200 km s-1 resolution then the inferred single 
component column density for Mg n is log N = 13.4, with a 
Doppler parameter of 8 km s~ \ while the total column density 
for the decomposition of the blend we have used is 
log AT = 14.1. Thus the Mg n column density derived on the 
assumption of a single system could be an underestimate by a 
factor of ~ 5. 

z = 0.359. A galaxy has been found at this redshift 12" 
from the quasar, corresponding to a distance of 50 kpc (for 
H0 = 100 km s-1 Mpc-1) at the distance of the galaxy 
(Bergeron & Boissé 1991, in preparation, reported by Petitjean 
& Bergeron 1990). The Mg n lines in this system were found to 
be split into two components by Carswell et al. (1984), and with 
the improved resolution and signal-to-noise ratio of the data 
here we find seven components with Doppler parameters in the 
range ~ 1-6 km s -1 spread in velocity over about 110 km s-1. 
The total Mg ii column density in this system inferred from 
these data is an uncertain 101442 cm-2, compared with the 
value 1013-56 cm-2 inferred by Carswell et al. (1984). This 
serves to further highlight a point which is already widely 

Fig. 4.—Mg n A2796 and 2803 lines (solid) and fitted profiles (dots) on a 
velocity scale relative to the system at z = 0.35628. The other components in 
the complex are at velocities indicated by the tick marks. Each component has 
been normalized to unit continuum intensity, and a bias added to separate the 
different lines. Thus the zero level is one unit below the continuum for each 
individual line. 

known but often ignored, that unresolved velocity structure 
gives an additional unquantified uncertainty in the column 
densities. Here the effect is about one order of magnitude, and 
there is, of course, no guarantee that the spectral resolution 
used here is high enough to yield the correct values. 

Mg i 22852 and Fe n 22600 are both present in the 
z = 0.358972 component, and a weak Fe n 22600 component is 
seen at z = 0.359136. We have chosen to derive column den- 
sities for these ions by assuming that the cloud temperatures 
are 103 K, corresponding roughly to the minimum Doppler 
parameter for a Mg n component seen is this system, with the 
rest of the velocity width arising from bulk motion. We could 
instead have assumed that bulk motion accounts almost 
entirely for the line widths, in which case the Fe n column 
density will be slightly smaller, or wholly thermal, where the 
column density will be slightly larger to compensate for its 
lower Doppler parameter (by a factor of ^/24/56 = 0.65 from 
the mass ratio). Since only a single narrow Fe n component is 
seen in each case, we cannot differentiate between any of these 
possibilities. 

The line profiles for this complex are shown in Figure 5. 
z = 1.187. This system was found by Petitjean & Bergeron 

(1990) to have two Mg n components at z = 1.18691 
and z = 1.18746, and they also detect Fe n at the lower 
redshift. We find A1 n 21670 in both components, at 
z = 1.186824 ± 0.000008 andz = 1.187449 ± 0.000017. 

z = 1.203. This complex was discovered by Petitjean & 
Bergeron (1990), who reported Mg n components at 
z = 1.20231, 1.20284, and 1.20324, with the highest Mg n 
column density in the middle component. Only Fe n 21608 and 
A1 ii 21670 fall in the observed range here. The Fe n line is 
blended with a strong Lya feature near the end of a spectral 
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Fig. 5.—Mg n, Mg i, and Fe n lines in the z = 0.359 complex, shown on a 
velocity scale relative to the z = 0.359059 component. Other details are as for 
Fig. 4. 

order and is consequently not measurable if it is present. The 
A1 ii line is found to have component structure, with a strong 
component at z = 1.202843 and a weak one at z = 1.203204. 

z = 1.268. Petitjean & Bergeron (1990) found a weak Mg n 
doublet at redshift z = 1.26771. A1 n 21670 in this system lies in 
the C ii 21334 complex at z = 1.839, so is not detected, and 
there is no sign of Fe n 21608 at 3467.5 À. 

z = 1.476. A C iv double was noted at this redshift by 
Carswell et al. (1982). There is clear component structure in the 
C iv lines here, with three components seen. The Si n 21526 line 
would fall in a gap in the spectral coverage, but Si iv 21393 and 
1402 fall in the shortest wavelength region. The 21393 line is 
lost in the damped Lya line at 3450 A, but there is a sharp 
feature corresponding to Si iv 21402 at 3474.28 Â. The column 
density for Si iv in this system has been derived assuming that 
the b = 8.8 km s-1 found for C iv applies also for Si iv. The 
C iv 21548, 1550, and Si iv 21402 line profiles are shown in 
Figure 6. 

z = 1.839. The C n 21334, O i 21302, and Si n 21260, 1304, 
and 1526 lines were found by Carswell et al. (1984) to belong to 
a system with five velocity components with redshifts 
z = 1.83786 to 1.83938. Our analysis of the line profiles here 
reveals seven components with redshifts z = 1.837720 to 
1.839372. These are shown in Figure 7. In this case the total 
column densities over the complex are in reasonable agreement 
with the earlier estimates; the C n column density is 1014-86 

cm"2 (see 1014,79 by Carswell et al. 1984), O 121014-6O(1014-66), 
and Si n 21014 O5(1014-21). Each of the components will have an 
associated Lya making up the damped profile at 3450 Â. We 
have fitted this profile by fixing the redshifts for each of the 
component Lya lines and allowing the H i column densities 
and Doppler parameters to vary to find a best fit. This results 
in huge (and unrealistic) error estimates for column densities 
for the individual components, but the best-fit total H i column 
density should be reasonably reliable. The individual results 
are given in Table 2, and the summed H i column density is 
1019'42 cm"2. If it is assumed that the Lya line is single, then 
the best fit redshift is z = 1.83857 and H i column density 
1019 40 cm-2 jhe redshift is close to the z = 1.838557 found 

Fig. 6.—C iv and Si iv lines in the z = 1.476 complex, relative to the 
component at z = 1.476725. The Lya lines blended with Si iv 21402 have not 
been included in model profile, though they were used in determining the 
parameters for the line. Other details are as for Fig. 4. 
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Fig. 7.—C n, O i, and Si n ÀÀ1260, 1304 lines in the z = 1.838 complex, 
relative to the component at z = 1.838732. The Lya lines blended with Si n 
21304 have been omitted from the displayed model profile, though they were 
included in the fitting procedure when the line parameters were determined. 
Other details are as for Fig. 4. 

for one of the heavy element components, so it may be that this 
single cloud dominates the Lya profile. 

We cannot reliably convert these column densities to rela- 
tive abundances because the H i column density is sufficiently 
low that ionization corrections can be important, a point noted 

47 

in another context by Steigman, Strittmatter, & Williams 
(1975). If, despite this, we wish to interpret ion ratios as 
abundance ratios, then [Si/H] ~ —1.0, [C/H] ~ —1.2, and 
[O/H] ~ —1.7, so the complex may have abundances of order 
1/10 solar. We have attempted to model the total column den- 
sities using the photoionization program CLOUDY (Ferland 
1989), rather than for each component since the component-to- 
component shielding of any ionizing radiation will add to the 
uncertainties, and we do not really know what the H i column 
density is in each component. We find that a consistent photo- 
ionization model using an integrated quasar background spec- 
trum gives the total column densities listed above, and 
N(C iv) = 1014 21 from Carswell et al. (1984), with an ioniza- 
tion parameter log U = — 2.9 and heavy element abundances 
10-0-7 solar. 

4.2. General Properties of the Heavy Element Systems 
The five heavy element systems which show lines in our 

observed wavelength range show complex velocity structure. 
For four of these systems earlier investigations had revealed at 
least some of this structure; we have not added to the velocity 
information on the z = 1.187 and 1.203 systems known from 
the work of Petitjean & Bergeron (1990), but have found six 
components to a Mg n system at z = 0.356 where previously 
only two had been suspected from quite high-resolution data 
(Carswell et al. 1984), and seven at z = 0.359 where two were 
found previously. The system at z = 1.476 has three com- 
ponents in C iv. The velocity splittings within the complexes 
are less than about 200 km s ~1 in all cases, apart from the 600 
km s-1 separation between the Mg n complexes at z = 0.356 
and 0.359. Thus the velocities are more typical of separations 
for gas clouds within a galaxy rather than between galaxies in a 
cluster, with the exception of this lowest redshift pair of com- 
plexes. The distribution of velocity separations for the heavy 
element systems given in Table 2 is shown in Figure 8. 

5. CONCLUSIONS 

The high-resolution spectra of Q1100 —264 in the Lya forest 
region have revealed that : 

1. The Lya forest lines have a wide range of Doppler param- 
eters, and there are no cases where the inferred cloud tem- 
peratures must be less than 104 K. This absence of systems 
with low Doppler widths contrasts with the results obtained by 
Pettini et al. (1990) for a sight line towards 2206—199. We have 

Fig. 8.—Velocity separation distribution for the heavy element systems. 
The peak at 600 km s_1 is due to the presence of multiple Mg n doublets at 
z = 0.356 and 0.359. 

HIGH-RESOLUTION SPECTROSCOPY OF Q1100-264 
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\—I 
S no plausible explanation for these differences, and do not know 

• which of the two sight lines is typical. 
^ 2. There is little evidence for a correlation between Doppler 
^ parameter and H i column density for the Lya systems. Such a 
gi trend is evident if we select only those systems with small errors 
^ in the measured quantities, but this arises because the largest 

errors are associated with high Doppler width, low column 
density systems. 

3. Complex velocity structure in three of the known heavy 

element systems, and in none of the six heavy element systems 
for which lines fall in the observed wavelength region is only a 
single component found. 

We wish to thank the AAO mountain staff for their usual 
excellent support during the observing run, Andrew Cooke for 
clarifying some points concerning the estimation of errors, and 
Max Pettini for extensive discussions of the results. 
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