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Abstract. We have analysed a large, homogeneous sample of Lyman
alpha lines, observed at intermediate resolution, using the maximum
likelihood method. The analysis shows that the evolutionary index γ, is
a function of rest equivalent width with stronger lines evolving faster. The
mean equivalent width increases with redshift. This behaviour is similar
to that exhibited by the heavy element absorption lines in the quasar
spectra.
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1. Introduction
Lyman alpha absorption lines in the spectra of quasars provide a unique source of
information about the universe at high redshifts. The clouds producing these lines
are very likely intergalactic in nature and a study of the properties of these clouds
may also be important for the understanding of galaxy formation.
The evolutionary properties of Lyman alpha lines have been studied by several
workers (Sargent et al. 1980; Murdoch et al. 1986; Lu et al. 1991) and it is generally
accepted that the population of Lyman alpha lines does show evolution, the number
of lines being higher in the past. Atwood et al. (1985) found the rate of evolution to
depend only marginally on the chosen lower limit to the equivalent width. More
recently Giallongo (1991) has shown that the evolution of Lyman alpha lines is
differential being progressively slower for stronger lines. This behaviour is opposite
to that seen for the heavy element lines of Mg II (Caulet 1989; Petitjean & Bergeron
1990), and also of C IV (Steidel 1990). Giallongo’s sample consists of 236 lines from
4 lines of sight, with subsamples consisting of only about 80 lines.
The importance of a large sample size has been emphasized by Liu & Jones (1988)
who showed that the small size of the line sample is a major factor in the uncertainty
of the evolutionary index γ, which can only be overcome by combining data from
several lines of sight. Combining data from different lines of sight observed by different
observers suffers from inhomogeneity as different observers use different criteria for
deriving line lists. The signal-to-noise ratio (S/N) and the resolution of the different
observations also vary. It is therefore highly desirable to use observations made on
a large number of quasars by the same observers under similar conditions. Such a
large sample of lines is available in the literature. Sargent et al. (1988) have listed
observations of 52 quasars with resolution of 0.8 Å or 1.5 Å and with a uniform
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sufficiently high S/N ratio of 20:1. They have used these observations to study the
properties of C IV lines. However many of the quasars in their sample have been
observed upto sufficiently small wavelengths and cover a large portion of the Lyman
alpha forest. There are four additional quasars observed by Steidel (1990) with similar
resolution. These can be included in the above sample without degrading it’s
homogeneity. This sample therefore makes an ideal data set for studying the properties
of the Lyman alpha lines. The main drawback that the sample suffers from is that
the resolution used by these authors is not very high and line blending could play
an important role in determining the properties of this data set. However, analysis
of simulated spectra by Parnell & Carswell (1988) has shown that the line blending
effects in intermediate resolution spectra do not significantly alter the power law
estimates for the redshift dependence of the cloud numbers. A similar conclusion has
been reached by Murdoch et al. (1986). The intermediate resolution spectra are
therefore adequate for studying the line-density evolution (Hunstead 1988).
In this paper we present an analysis of the data of Sargent et al. (1988) and Steidel
(1990) for studying the evolutionary properties of Ly α clouds, in particular the
dependence of these properties on the strength of the lines. In section 2 we describe
the data sample and in section 3 we present the results of our analysis.
2. Data sample
The quasars used in this study are listed in Table 1. The minimum wavelength used
to determine z min (given in the table for each quasar) is taken to be the larger of the
Table 1. Data sample.
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minimum observed wavelength at which the line lists are complete and the wavelength
of the Lyman β emission line; this is done to avoid the contamination of the sample
of Ly α lines by higher order lines in the Lyman series. The maximum redshift for
each quasar was taken to be that at which the absorbing material will have a relative
velocity of 5000 km s–1 with respect to the quasar, so as to avoid the contamination
of the line sample by lines produced by material associated with the quasar. The
table also lists the number of lines with rest equivalent width larger than 0.1 Å in
the redshift range considered for each quasar and the resolution used to study the
relevant redshift range. Heavy element lines as well as Ly α lines associated with
heavy element systems have not been included in our sample, and the redshift range
occupied by these lines is excluded from the total redshift range considered for each
quasar if the line could be confused with Ly α line with equivalent width greater than
min
min the Wr of the sample under consideration. Some of the spectra contain blends of
lines with large equivalent widths. We have removed such portions of spectra from
our analysis. The remaining lines have rest equivalent width less than 5Å and so
the sample is free from damped Lyman alpha lines which could be representatives
of a different population of lines possibly produced by the disk material of the
intervening galaxies (Wolfe 1988). This sample is referred to as S1. We have, in our
analysis, considered subsamples of S1 as will be described in the next section.

3. Analysis and results
We have analysed the sample S1 to study the evolutionary properties as well as the
equivalent width distribution of the Ly α lines by using the maximum likelihood
method described by Murdoch et al. (1986). The number of lines per unit redshift per
unit equivalent width interval is given by
(1)
Here the evolutionary index γ is assumed to be a constant, independent of the equivalent
width, and similarly the mean equivalent width W* is assumed to be independent of
Table 2. Results of maximum likelihood analysis.
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the redshift. This assumption is supported by the results of rank correlation test
between W and z for a particular sample (Murdoch et al. 1986). Any dependence of
γ on W can be investigated by using the maximum likelihood method for line samples
with different lower limiting rest equivalent widths. If γ indeed varies with W then
these samples will result in different values for γ. The results of such an analysis for
sample S1 are shown in Table 2. A clear increase in γ with the minimum rest equivalent
width, W min
, is evident. The sample size becomes small for large values of W min
and
r
r
the uncertainty in the value of γ becomes large.
The trend of increasing γ with increasing W min
r indicates that γ is higher for lines
with higher equivalent width, the stronger lines evolving faster. Such an apparent
min
rise in the evolutionary index with W r is predicted by Liu & Jones (1988) as a
result of finite resolution and the crowding of lines. If the observed effect is indeed
due to the crowding of lines, the effect should be higher for the sample of high redshift
lines compared to the sample of low redshift lines, as the number of lines per unit
redshift interval increases with redshift. In order to check this we divided the sample
S1 into two subsamples. Subsample S1a containing lines with Z 2.9 and the
subsample S1b containing lines with Z > 2.9. The dividing redshift, (i.e. z = 2.9) was
chosen so as to have roughly an equal number of lines in both subsamples.
The results of the maximum likelihood analysis for the two subsamples are given in
Table 2. The rate of increase of γ with Wrmin is somewhat higher for S1a compared
to that for S1b. As the quasars in sample S1 are observed at two different resolutions
it is possible that the effective resolution of the two subsamples are different. This
can happen if the quasars in either of the subsamples were observed preferentially at
one value of resolution. In order to check this we have plotted in Fig. 1 the redshift
֓

Figure 1. Redshift path for quasars in sample S1. The solid, dotted and dashed lines indicate
resolution of 1.5, 1.0 and 0.8 Å respectively.
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path observed for different quasars, indicating the resolution used for each
observation. A larger fraction of quasars in the subsample S1a appear to have been
observed at higher resolution compared to the quasars in the subsample S1b. The
total redshift path is 1.937, 0.0 and 2.577 for S1a and 1.014, 1.893 and 0.807 for S1b,
observed with resolutions of 1.5, 1.0 and 0.8 Å respectively. However this should
enhance the effect mentioned above i.e. the trend of increase in γ with Wmin
should
r
be even higher in the sample S1b compared to that in Sla. As no such difference is
evident and as the trend of increasing γ with W min
r persists to sufficiently high values
of Wmin
r , the trend possibly reflects a real increase in γ with W.
Our sample still suffers from one drawback and that is the difference in the resolution
used for observing different quasars. To remove this inhomogeneity we have
constructed a sample S2 of the quasars in S1 which have been observed at the resolution
of 0.8 Å. The results of the maximum likelihood analysis for this sample is also included in Table 2. The sample size for S2 is small and we have not subdivided it
further. The increase in γ is evident atleast upto W min
r = 0.4 and possibly upto 0.6 Å
From all the above discussion we conclude that the increase of γ with increasing
W is probably real and not an artifact of crowding of the lines or the small size of
the sample. Such an increase in γ with equivalent width will also be reflected in the
increase of W* with redshift. In order to confirm this, we have performed the maximum
likelihood analysis for redshift limited subsamples of S1. The results of the analysis
are given in Table 3 where we have also included the mean observed equivalent width
for each redshift bin. Both the mean equivalent width W* as well as the mean observed
equivalent width increase with redshift.
In the above analysis we have taken the maximum redshift for each quasar to be
that giving a relative velocity of the absorbing material of 5000 km s–1 with respect
to the quasar. If the proximity effect is indeed present, we should take the maximum
redshift to be that corresponding to a distance of 8 Mpc from the quasar (Lu et al.
1991). We have repeated our analysis for this case and find that there is no appreciable
difference between values of γ found for this case and the values presented in Table 2.
The conclusions presented above therefore remain unchanged.
Faster rate of evolution of Lyman alpha lines with higher equivalent width is
similar to that observed for heavy element lines in the quasar spectra. Our results
are however completely opposite to those of Giallongo (1991) whose sample though
small is observed at higher resolution. However it seems highly unlikely that the
difference in trend in the variation of γ found for the two samples can be caused by
the difference in resolution used for observing the two samples, in view of the results
of Parnell & Carsewell (1988). Analysis of a larger, homogeneous sample at high
resolution may help to resolve this controversy.
Table 3. Variation of mean equivalent width with
redshift.
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