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Exploring the Lyman Forest at z = 2 with UVES
S. CRISTIANI, S. D’ODORICO, T.-S. KIM, ESO
1. The Signature of Neutral HI in
the High-Redshift Universe
The Lyman-α resonance line of neutral hydrogen provides a sensitive
probe to study the cosmological distri-

bution of the baryonic matter and the
conditions in the intergalactic medium
(IGM) over a wide range of redshifts, up
to z ~ 6. Observations of the “forest” of
Lyman-α absorptions along the lines of
sight to quasars, the most luminous ob-

jects known, reveal a wealth of structures, ranging from fluctuations of the
diffuse IGM to the interstellar medium
in protogalactic objects. The properties
of the Lyman-α forest at different redshifts constrain the cosmological parameters, such as the density of
baryons and the density parameter Ω,
and are the key to issues like the formation of galaxies and large-scale
structure, the origin and properties of
the ionising radiation background. In
particular, it was early recognised by
Gunn & Peterson (1965) that, to avoid
producing a very large HI opacity at
wavelengths just below that of the
quasar’s Lyman-α emission line, a
strong photoionisation by the metagalactic UV background is necessary,
which at high redshift is produced by
the first generation of stars, which also
enrich the IGM with metals (also observed in the form of absorptions).
Unlike most of the other astronomical
objects, Lyman-α absorbing “clouds”
Figure 1: An artistic view (thanks to Ed
Janssen) of how absorbing “clouds” distrib uted in the Universe leave their imprint in the
spectrum of a distant, background quasar,
which acts as a light beacon.

8

were first discovered at great distances
> 2) due to cosmological redshift and
(z ~
the near-UV atmospheric absorption.
Only in relatively recent times and with
the advent of the Hubble Space
Telescope (HST) has it been possible
to gain a limited (in sensitivity and resolution) access to the ultraviolet and
study nearby examples. The epoch
corresponding to redshifts between 1.5
and 2.5 is one of the most interesting,
characterised by an intense universal
star formation, though one of the most
difficult to study because the “signatures” of luminous matter at these
reshifts (both stars and emitting gas)
fall mainly in the less accessible IR region. The key resonance absorption
lines like Lyman-α lie at these redshifts
in the UV region where, before UVES,
no efficient high-resolution spectrograph was in operation at very large telescopes.

2. A First Look at the IGM
at z = 2 with the New Echelle
Spectrograph at the VLT,
UVES
UVES (Dekker et al. 2000) is the twoarm echelle spectrograph, mounted on
one of the Nasmyth platforms of the
Kueyen telescope (UT2) of the VLT. In
the instrument design phase it was decided to go for a two-arm configuration
(UV-Blue and Visual-Red channels, to
be operated in parallel with a dichroic
beam splitter) to optimise the efficiency
especially in the extreme UV (close to
the atmospheric cut-off) and in the
Near-Infrared (where IR array-based
instruments start to become competitive with CCD-based ones). CCD devices, gratings and coatings of optical
materials for a variety of reasons cannot be manufactured with a flat, maximised efficiency curve over the 300–
1100 nm range. By splitting the range in
two, remarkable gains can be achieved
at the extreme wavelengths. The current efficiency curve of UVES is shown
in Figure 2. The efficiencies below 400
nm and above 800 nm are considerably
higher than in the powerful echelle
spectrograph HIRES which has been
successfully in operation for a few
years now at Keck.
This advantage immediately offers
the possibility of obtaining new results.
The observations of the Lyman alpha
forest in the spectra of quasars at z =
1.5–2 is a good example of the pay-off
of the higher UV efficiency. Already during commissioning and science verification, QSOs at redshift around 2 were
extensively observed and the data are
now available from the ESO archive.
The analysis on the forest (Kim,
Cristiani & D’Odorico 2000) gives the
first detailed information on the IGM in
this redshift range.
To illustrate the extraordinary possibilities offered by UVES in terms of sensitivity and resolution, a small portion of

Figure 2: The overall detection efficiency of UVES including the three reflections in the tele scope. No atmospheric absorption and no slit losses. The values have been derived from ob servations of spectrophotometric standards. The overall range is covered by two UVES ex posures in dichroic mode. The different symbols correspond to the spectral ranges covered
by the 4 different cross-disperser gratings (CD). The Blue arm of the spectrograph was used
till 470 nm. Status as of November 2000, after the installation of the final CD4.

the spectrum of the QSO HE 0515-44
is shown in Figure 3, in the range
310–326 nm.
The data have been reduced with
the UVES pipeline (Ballester et al.
2000) and analysed with the package
VPFIT
(Carswell
et
al.:
http://www.ast.cam.ac.uk/~rfc/vpfit.html).
Voigt profiles are fitted to the absorption
lines (isolated and in groups) to derive
the redshifts z, the Doppler parameters
b, and the column densities N.

3. The Evolutionary Properties
of the Lyman Forest
3.1 The opacity of the IGM and
the number density of
Lyman- lines
Figure 4 shows the Lyman-forest
normalised spectra of two QSOs: the

high-z Q0000-263 with an emission
redshift zem = 4.127 and the HDF-S
QSO, J2233-606, with an emission redshift zem = 2.238. The resolution of the
two echelle spectra has been degraded
to cover the full range between the
Lyman-α and Lyman-β emissions. It is
impressive to see how fast the number
of absorptions (and the average opacity) increases with increasing redshift.
The HI opacity, HI , can be defined as
ƒλ = ƒc exp–τHI(λ), where ƒλ is the observed flux at a wavelength λ and ƒc is
the unabsorbed continuum level. We
can compute then the effective opacity
–τ
–τ
eff as exp eff = < exp >, where < >
indicates the mean value averaged
over λ.
The new UVES results, together with
data from the literature, show that the
evolution of the effective opacity follows
pretty well an exponential law from z =

Figure 3: The spectrum of HE0515-44 superposed with the Voigt profile fitted spectrum. The
residuals (the differences between the observed and the fitted flux) shown in the bottom part
of each panel are shifted by –0.25.
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1.8 that now appears too high. This
suggests that the UV background implemented in the simulations is not the
correct one: it was thought that at low
redshift QSOs are the main source of
ionising photons, and, since their space
density drops below z ~ 2, so does the
UV background. However, galaxies can
produce a conspicuous ionising flux
too, perhaps more significant than it
was thought, as shown by recent measurements by Steidel et al. (2000). The
galaxy contribution, then, can keep the
UV background relatively high until at z
~ 1 the global star formation rate in the
Universe quickly decreases, determining the qualitative change in the number density of lines.

3.2 The temperature of the IGM

Figure 4: Comparison between the Lyman- forest of two QSOs: J2233-606 with an zem =
2.238 and Q0000-263 with an z em = 4.127. The exponential increase of the number of lines
with increasing redshift is apparent.

1.6 up to z ~ 5: eff (z) = 0.0034 ±
0.0009 ( 1 + z) 3.35±0.17.
The number density of lines per unit
redshift is defined as Ν(z) = Ν0(1+z)γ,
where Ν0 is the local comoving number
density of the forest. For a non-evolving
population, γ = 1 and 0.5 for q0 = 0 and
0.5, respectively. Figure 5 shows the
number density evolution of the
Lyman-α forest in the interval NHI =
1013.64–16 cm–2. This range has been
chosen to allow a comparison with the
HST sample at z < 1.5 of Weymann et
al. (1998), for which a threshold in
equivalent width of 0.24 Å was adopted. The long-dashed line is the maximum-likelihood fit to the UVES and the
HIRES data at z > 1.5: d /dz = (6.7 ±
3.8) (1 + z)2.38±0.15. Interestingly, the
HST data point at < z > = 1.6 (the open
triangle at the boundary of the shaded
area), which has been measured in the
line-of-sight to the QSO UM 18 and
suggested to be an outlier, is now in excellent agreement with the extrapolated
fit from higher z. The UVES observations imply that the turn-off in the evolution does occur at z ~ 1.2, not at z ~
1.7 as previously suggested. Down to z
~ 1.5, the number density of the forest
evolves as at higher z.
The evolution of the Ν(z) is governed
by two main factors: the Hubble expansion and the metagalactic UV background. At high redshift, the expansion,
which tends to increase the ionisation
of the matter (the rate of recombination is quadratically dependent on
the density), and the UV background,
increasing or non-decreasing with decreasing redshift, work in the same direction and cause a steep evolution of
the number of lines with z. At low redshift, the UV background starts to de-
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crease with decreasing redshift, due
to the reduced number of ionising
sources, and this effect counteracts the
Hubble expansion. As a result, the evolution of the number of lines slows
down. Up to date, numerical simulations have been remarkably successful
in reproducing the observed evolution
(see, for example Davé et al. 2000,
Machaceck et al. 2000), leaving little
doubt about the general interpretation
of the phenomenon. However, the
same simulations predicted the break
in the d /dz power law at a redshift z ~

If the Lyman-α forest is in thermal
equilibrium with the metagalactic UV
background, the line width of the absorption lines, described by the b parameter of the Voigt profile, is directly
related to the gas temperature of the
absorbing medium determined by the
balance between adiabatic cooling and
photoheating: b = 2kT/mion. In practice, additional sources of broadening
exist, such as the differential Hubble
flow across the absorbers, peculiar motions, Jeans smoothing. However, a
lower limit to the line widths exists, set
by the temperature of the gas. Hence
we can measure this cutoff and get the
temperature of the IGM. The situation is
slightly more complex because for a
photoionised gas, there is a temperature-density relation, i.e. the equation of
state: T = T0 (1 + δb)γT –1, where T is the
gas temperature, T0 is the gas temperature at the mean gas density, b is the

Figure 5: The num ber density evolu tion of the Ly for est. The column
density range NHI
= 10 13.64–16 cm –2
has been chosen
to allow the com parison with the
HST data of Wey mann et al. (1998),
which are shown
as open triangles.
The filled symbols
are derived from
HE 0515–44
at
< z > = 1.61, from
J2233–606 at < z >
= 1.98 and from
HE 2217–2818 at
< z > = 2.13. The
open circles, the
star, and the dia mond are taken
from the HIRES data at similar resolutions by Kim et al. (1997), Lu et al. (1996), and Kirkman
& Tytler (1997), respectively. The horizontal error bars represent the z interval over which the
number density was estimated. The vertical error bars represent the Poisson 1 error. The
shaded area is the z range where UVES is extremely sensitive. The long-dashed line is the
maximum likelihood fit to the UVES and the HIRES data at z > 1.5. The UVES observations
indicate that the slope of the number density evolution of the Ly forest at z > 2.4 continues
at least down to z ~ 1.5 and that a change occurs at z ~ 1.2.

Figure 6: The b distribution of the Ly forest as a function of z. The
horizontal dashed line indicates a 20 km/sec bc value. The circles,
the pluses, the diamonds, the stars, the triangles and the squares are
from HE0515–44, J2233–606, HE2217–2818, HS1946+7658,
Q0302–003 and Q0000–263, respectively. There is an indication of
increasing bc with decreasing z at z ~ 3.7. At lower z, bc is not clear ly defined.

Figure 7: Evolution of the two-point correlation function with redshift
for Ly lines with column densities above NHI = 1012.7 cm–2. The
short-dashed and long-dashed lines represent the 1 and 2 confi dence limits for a Poissonian process.

baryon overdensity, ( b – b) / b and γT
is a constant which depends on the ionisation history (Hui & Gnedin, 1997).
The equation of state translates into a
lower cut-off bc(NHI) in the NHI–b distribution.
In Figure 6, the b distribution of the
Lyα forest as a function of z is shown.
The cut-off Doppler (b) parameter
seems to be approximately constant
with bc ~ 18 km s –1 at 1.5 < z < 4, corresponding to a reference temperature
of 2 · 104 K. Two possible features are
observed: a systematic increase of the
b values from z ~ 4 to z ~ 3.5 – due to
the HeII reionisation? (Schaye et al.
2000) and a region of higher-thanaverage Doppler widths at 2.2 < z < 2.4
that will be further discussed in the last
subsection.

3.3 The clustering properties of
the Lyman forest

Studies of the correlation function of
the Lyα forest have generally led to
conflicting results even at similar z.
Some studies find a lack of clustering
(Sargent et al. 1980 at 1.7 < z < 3.3;
Rauch et al. 1992 at z ~ 3; Williger et
al. 1994 at z ~ 4), while others find clustering at scales ∆v ≤ 350 km s–1
(Cristiani et al. 1995, 1997 at z ~ 3; Hu
et al. 1995 at z ~ 2.8; Kulkarni et al.
1996 at z ~ 1.9; Lu et al. 1996 at z ~
3.7). Figure 7 shows the velocity correlation strength at ∆v < 4000 km s–1.
Clustering is clearly detected at low
redshift: at 1.5 < z < 2.4 in the 100 km
s–1 bin we measure ξ = 0.4 ± 0.1 for
lines with logNHI M 12.7 cm–2. The amplitude of the correlation at 100 km s–1
decreases significantly with increasing
redshift from 0.4 ± 0.1 at 1.5 < z < 2.4,
to 0.14 ± 0.06 at 2.5 < z < 3.1 and 0.09
± 0.07 at 3.5 < z < 4.0. A pattern of this
type is predicted by the models of hierarchical formation of structures, in the

The Lyman-α forest contains information on the large-scale distribution of
the matter and the simplest way to
study it is to compute the two-point velocity correlation function, ξ(∆v). The
correlation function compares the observed number of pairs (Nobs) and the
expected number of pairs (Nexp) from a
random distribution in a given velocity
bin (∆v): ξ(∆v) = N obs(∆v)/ Nexp (∆v) – 1,
where ∆v = c (z2 – z1)/ [1 + (z2 + z1)/ 2],
z1 and z2 are the redshifts of two lines
and c is the speed of light (Cristiani et
al. 1997; Kim et al. 1997).

Figure 8: The spec trum of HE2217–
2818 with two voids
regions. The voids
are indicated as A
at z = 1.912 and B
at z = 2.218.

interpretation, however, it should not be
forgotten that a given column density
corresponds to different overdensities
at the various redshifts. In particular an
absorber at z = 2 is dynamically analogous to an absorber that has column
density several times higher at z = 3.

3.4 Voids and protoclusters
Voids, i.e. regions with a significant
underdensity of absorption lines, are
occasionally observed in QSO spectra
(Dobrzycki & Bechtold 1991, Cristiani
et al. 1997). The typical sizes observed
so far are of the order of few tens comoving Mpc. Figure 8 shows two voids
(of 54 and 43 Mpc) observed in the
spectrum of the object HE2217-2818.
The joint probability of finding two voids
with a size larger than 40 comoving
Mpc in a random distribution of lines at
z ~ 2 is of the order of 2 × 10–4. A third
void of 61 Mpc is observed in the spec-
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trum of HE0515-44. There are different
ways to produce a void in the forest: a
large fluctuation in the gas density of
the absorbers, an enhanced UV ionising radiation from nearby QSOs, feedback from forming galaxies or AGN
heating the proto-cluster gas. In particular Theuns et al. (2000) have shown
how a typical quasar sight-line intersects one protocluster per unit redshift.
It is interesting to note that the void B in
the spectrum of HE2217-2818 corresponds to a region of above-than-average Doppler parameter (see above), indicating that the gas in the void has
been heated. To give a definitive answer about the nature of these voids,
deep imaging and follow-up spectroscopy are needed, in order to identify possible AGN and/or galaxies at the
redshift of the voids. This is a challenging programme but well within the possibilities of the VLT.
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The La Silla New Page
2p2 Team News
H. JONES
Personnel Movements
In September we welcomed new
team member Lisa Germany from
Australia. Lisa is a new ESO Fellow
and has interests in supernovae and
their use in cosmological distance determinations.
September, however, was also a
month for departures when we said
goodbye to long-time team member
James Brewer. James was a pivotal
member of the 2p2 Team since his arrival at ESO in 1996. He has returned
to Canada to take up a position at the
University of British Columbia, in
Vancouver, Canada. We wish him all
the best under northern skies.
At the start of November, Rene Mendez formally took charge as Team
Leader, replacing Patrick François,
who will continue working with the
team into early 2001.

First Stage of BOB-P2PP
Software Installation
at the ESO/MPG 2.2-m
The first commissioning period for
the Broker for Observation Block (BOB)
software at the ESO/MPG 2.2-m took
place during October 7 to 16. This software will allow the 2.2-m to be controlled through observation blocks
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(OBs) in the same way as the VLT, 3.6m and NTT telescopes. Thanks to the
hard efforts of Tatiana Paz, Cristian
Urrutia and Eduardo Robledo (of the La
Silla Software and Communications
Team), the several months of software
writing in the lead-up to its first-test at
the telescope paid off. During the
October test nights it was possible to
move the telescope around the sky and
execute sequences of short test exposures, using OBs.
Much work is needed to refine and
test the code in the coming months,
particularly in the way it communicates
between the telescope, CCD controller
and image acquisition software. Thus,
part of the challenge lies in coordinating
the separate tasks of these systems,
which may be called upon many times
during a single sequence.
Additional technical time in November and December will be used to complete the development and testing. In
the meantime, a new Instrument Package containing WFI-specific templates
for use in P2PP is undergoing revision
and testing.

Sub-Arcsecond Images with the
Wide-Field Imager
On the night of October 19–20, the
Wide-Field Imager (WFI) was produc-

ing 20-minute B-band exposures of 0.6
arcsec seeing. This impressive result
demonstrates the significant gains that
the recent work of Alain Gilliotte and
Gerardo Ihle on the 2.2-m image quality have made. In the past, the 2.2-m
has exhibited occasional astigmatism
under certain pointing conditions (2p2
Team Report, The Messenger No.
100). However, recent improvements to
the fixed points on which the M1 mirror
sits by the opto-mechanical teams on
La Silla, have diminished these effects.
However, careful focus control is essential to take full advantage of these
improvements.
On the same night, the WFI delivered
1.2-arcsec images at an airmass of 1.8,
and closely followed the seeing measured by the DIMM seeing monitor.

Telescope
Information
Remember to consult the 2p2 Team
Web pages when you require any information about the ESO 1.52-m, Danish
1.54-m or ESO/MPG 2.2-m telescopes.
These are regularly updated with recent news postings and information for
new observers. They can be visited at
http://www.ls.eso.org/lasilla/Telescopes
/2p2T/ .

