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Abstract. The title of this article could of course encompass an entire meeting. I will
focus my comments on reviewing of what we know about the most numerous absorption
lines, the neutral hydrogen absorbers, and their evolution with redshift. This field of
study has undergone a renaissance in last few years driven by observations with the
Hubble Space Telescope of low redshift quasar absorption lines, observations of high
redshift absorbers with the HIRES instrument on Keck, and cosmologicalmodeling that
allows us to make detailed comparisons of lines of sight through simulated universes.

INTRODUCTION
Bright high redshift quasars are particularly valuable as probes of the intervening
gas clouds and galaxies superimposed on their spectra in absorption. The galaxies
that intercept their lines of sight provide samples selected by gas cross-section, without respect to their surface brightness, luminosity, or star formation rate. Though
direct studies of high redshift galaxies are now possible, those selected by the absorption lines they produce in QSO spectra still provide the only means to study
in detail their kinematic properties at high resolution. Optical spectroscopy from
ground-based telescopes and ultraviolet spectroscopy from space have provided us
with a wealth of information about the ionized intergalactic medium and neutral
gas and metals in galaxies from very low redshifts out to nearly z=5. Recent advances in cosmological hydrodynamic simulations have provided us real insight into
the physical properties of the structures that produce the Lyc~ forest lines.
In the following sections I briefly review the definitions of the different classes of
HI absorption systems, and discuss their evolution in number density with redshift,
determinations of their metal abundances, and the interpretations of these results.
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T A X O N O M Y OF N E U T R A L H Y D R O G E N A B S O R B E R S
Neutral hydrogen absorption can be detected over a staggering 10 orders of magnitude from the Lya forest region with the weakest detectable lines having a column
density Nm "~ 1012 atoms cm -2, up to the damped Lya absorbers with Nm ", 1021.
The rich zoo of these absorbers, in addition to those produced by heavier elements
such as carbon, silicon, oxygen, and magnesium, are illuminated along a quasar
line-of-sight, leaving their imprint as absorption in the quasar continuum. HI absorbers are typically divided into three classes based on their column density.
• L y a Forest: (NHI = 1012 to 1016 atoms cm -2) Figure 1 shows a high redshift
quasar spectrum. We see the ultraviolet emission lines Lya (1216/~) and CIV
(1549/~) redshifted to ,,~ 6600/~ and 8300/~ respectively. All of the absorption
structure blueward of the Lya emission is real, and almost all the lines in
this "forest" are neutral hydrogen. Studies of the forest yield a wealth of
information about the intergalactic medium, and the background ionizing flux,
and structures at high redshifts (see [1] for a complete review of the Lya forest
absorbers). These absorbers are characterized by low metal content, some have
been shown to be associated with galaxies, and their number density increases
rapidly with increasing redshift.
• L y m a n - L i m i t Systems:
(NHI _> 1.6 x 1017 atoms cm -2) As we move to
higher column densities, neutral hydrogen becomes optically thick to Lyman
continuum radiation at wavelengths below 912/~. The Lyman limit at z -- 4.37
can be seen in figure 1 at 4900/~ where the flux sharply drops to zero. Lymanlimit systems provide a means of directly studying the evolution of galaxies
over the redshift range 0.1 < z < 5 [2-5]. They have been shown to be
associated with normal galaxies for z < 1.6 [6,7].
• D a m p e d L y a Systems:
(NHI _> 2 x 1020 atoms cm -2) The absorbers
detected via the damped Lya lines they produce show features consistent
with an early phase of galactic evolution [8-11]. They are called "damped"
because at these high column densities we see radiation damping wings in the
line profile. A damped absorber can be seen at 5910/~ in figure 1 at a redshift
of z = 3.86 [12]. The column densities of damped absorbers are comparable to
what we see along a typical line of sight through our own galaxy. Though the
lower column density forest lines are far more numerous, damped absorbers
contain most of the neutral hydrogen in the Universe.

NUMBER DENSITY EVOLUTION WITH REDSHIFT
OF HI A B S O R B E R S
Observations have long shown that as we move to higher redshifts, the number
density of lower column density HI absorbers increase at a much faster rate than
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FIGURE 1. The spectrum of the quasar BRI0951-0450. The ultraviolet emission lines Lya
(1216.~) and CIV (1549/k) are redshifted to -~ 6600A and 8300/~ respectively. All of the absorption
structure blueward of the Lya emission is real, and almost all the lines in this "forest" are neutral
hydrogen. The sharp drop in flux at 4900/k is due to a Lyman-limit system at z = 4.37. A damped
Lye absorber at z = 3.86 appears at 5910/~ as the strong absorption trough. (Storrie-Lombardi
et al. 1996)
for the higher column density systems, and it is clear that the L y a forest as a whole
evolves quite strongly with redshift.
In a standard Friedmann Universe for absorbers with cross-section rR02 and
number density (I)0 per unit comoving volume

N(z)

= ¢0~Ro2cHol(1 + z)(1 +

2qoz)-1/2.

(1)

It is customary to represent the number density as a power law of the form

N(z)

= N 0 ( l + z ) ~,

(2)

where No = ~orRo2cHo 1. This yields • = 1 for q0 = 0 and 7 = 1/2 for q0 = 1/2
for the case of no evolution with redshift in the product of the number density and
cross-section of the absorbers [13,14].
For the L y a forest lines (log Nm < 16) N(z) is calculated by either counting individual absorption lines [15-19] or by measuring the mean absorption, DA, caused
by the L y a forest shortward of the QSO Ly~ emission line [20-22]. Though there
is a large scatter in the values of the exponent 7 determined by these different authors, ranging from 1.89 to 2.9 for 2 < z < 4 and with values of ~/> 5 for redshifts
z > 4, it is clear that for z > 2 the slope of the power law is steeper than would
be expected for a non-evolving population, and probably steepens even further at
redshifts z > 4. This is in contrast to the very flat slope (7 = 0.16 ± 0.16) of
the power law measured for redshifts z < 1.5 [4] from the HST QSO Absorption
Line Key Project data. With their complete data set they detect the steepening
of the power law at z ~ l . 7 , which matches well onto the data points determined
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FIGURE 2. The number density per unit redshift, N(z), for damped Lya absorbers is plotted
versus redshift. Differential evolution with column density is evident. The higher column density
absorbers (log NHI > 21, plotted as solid lines) disappear at a faster rate from z~3 to z=0 than the
lower column density damped systems (log NH[ < 21, plotted as dashed lines). A paucity of very
high column density absorbers is evident at z > 4 (Storrie-Lombardi & Wolfe, in preparation).

from ground-based observations. Recent many-body simulations tracing collisionless particles in cold dark matter scenarios ( [24], and references therein) reproduce
the observations well. By modeling the evolution of the UV background radiation,
as well as allowing for shock heating, the simulations indicate that the unshocked
material is found primarily in underdense regions while the shocked material is
found in condensing regions. The unshocked population evolves more rapidly with
increasing redshift, and dominates the absorbers at high redshift. Conversely, the
shocked population has a fiat evolution and dominates at low redshift.
The Lyman Limit systems (log Nui > 17 ), on the other hand, are consistent
with no evolution with redshift in the product of their number density and crosssection [2,4,5] or mild evolution (for an g~ = 1, A = 0 universe), with ~/= 1.55 + 0.3
for redshifts 0.008 < z < 4.7 [4]. A two power law fit, with "7 ~ 1 for z < I and
~/~ 2.8 for z > 1 is also consistent with the data but is not required. The damped
absorbers (log Nnl > 20.2) yield a similar value for the exponent "7 (1.11 + 0.40)
but show differential evolution with column density [8,25,26]. The highest column
density damped systems (log NH[ > 21) disappear at a faster rate from z~3 to z=0
than the lower column density subset and there is a paucity of very high column
density absorbers at z > 4 (figure 2).
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FIGURE 3. The Zn/H abundance for a large sample of damped Lya absorbers is plotted versus
redshift. The damped Lya systems are metal poor at all redshifts, with a mean abundance of
(Zn/H) = -1.13 + 0.38, about 1/13 of solar. There is a large scatter in metallicity at a given
redshift and the measured metallicities are lower at higher redshifts (Pettini et al. 1999).

MEASUREMENTS

OF M E T A L A B U N D A N C E S
ABSORBERS

IN HI

One of the paradigm shifts that has occurred in QSO absorption studies in recent
years is the detection of metals associated with the Lyc~ forest lines, which were
initially thought to be primordial HI clouds. The high resolution/high signal-tonoise spectra that can be obtained with the HIRES instrument [27] on the Keck
telescope have made this possible. For HI absorbers with column densities log NHI
~, 15, most show associated CIV absorption, and for those with NHI > 3 × 1014,
about 50 percent show associated CIV lines, with a typical metallicity Z/Z o = 10 -2
[28,29].
Substantial progress has also been made in measuring metal abundances in the
damped L y a absorbers. A large amount of time on 4m telescopes [30,11,31] and
the Keck 1 telescope [32,10] has been applied to this project. The picture that
emerges is:
1. Damped L y a systems are metal poor at all redshifts, with a mean abundance
of ( Z n / H ) -- -1.13 + 0.38, about 1/13 of solar.
2. There is a large scatter in metallicity at a given redshift.
3. The measured metallicities are lower at higher redshifts.
4. The damped system abundances don't match the disk star abundances.
5. The velocity profiles from high resolution spectra of low ionization metal lines
have multiple, narrow components and are asymmetric in that the component
with the strongest absorption tends to lie at one edge of the profile.
Points 1-3 are illustrated in figure 3 from Pettini et al. (1999) [31]. There is still
considerable controversy though about exactly how to interpret the results from
observations of damped absorbers.
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Prochaska & Wolfe (1997a, 1997b) [33,34] have argued that the observationally determined velocity profiles are reflective of rapidly rotating, cold disks. The
low ionization metal lines observed in damped systems accurately trace the velocity fields of the neutral gas dominating the baryonic content of the absorbers.
Haehnelt, Steinmetz & Rauch (1998) [35] propose a model that reproduces the observed velocity profiles that is consistent with smaller clumps or galactic building
blocks, not large disks. Pettini et al. (1997) [11] suggest that damped Lya systems
are drawn from a varied population of galaxies of different morphological types and
at different stages of chemical evolution, supporting the idea of a protracted epoch
of galaxy formation. When our Galaxy's metal enrichment was at levels typical of
damped systems, its kinematics were closer to those of the halo and bulge than a
rotationally supported disk. Lu et al. (1996) [10] also found that the chemical evolution history of damped systems is more consistent with the spheroidal component
of galaxies or dwarf galaxies.
The interpretation of the elemental ratios measured in damped systems is also
the subject of debate. They have been interpreted to be consistent with mild
dust depletion, dust depletion combined with supernovae type II enrichment, or
supernovae type II enrichment alone. We also do not have definitive evidence
regarding what effect dust in foreground damped systems might have on removing
these lines of sight from magnitude limited quasar samples [36,9] Though the effect
at high redshift is not expected to be large, it could have an important impact in
the redshift range 1 < z < 2. The final word on the nature of damped systems still
remains to be determined.

FUTURE WORK
The future holds the potential for substantial new advances in our understanding of the evolution of galaxies using quasar absorption lines due to a number of
advances. Large sky surveys, the Sloan Digital Sky Survey (e.g. [37]) and the Two
Degree Field (2dF, e.g. [38]), will find substantial numbers of new quasars at low
redshifts, as well as the first with redshifts z > 5. New surveys for bright quasars
(R < 19.5) with redshifts 4 < z < 5 are finding many new objects for detailed
follow-up of absorption systems [39,40]. More realistic star formation scenarios and
ever faster computer will allow us to do more detailed an realistic simulations of
galaxy formation to compare with observations (see [41] for a review of simulations of cosmic structure formation.) Identifying directly .the galaxies responsible
for damped Ly(~ absorbers has proved difficult (e.g. [42]) though progress is now
being made (e.g. [43-45]. Narrow band H(~ searches tuned for a damped absorber
redshift may also help answer these questions (Bechtold et al. 1998).
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