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Observing and simulating the 
Lyman-alpha forest

•Introduction
•Current observations
•Simulating the forest
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We present a method for measuring the cosmic matter budget without assumptions about spec-
ulative Early Universe physics, and for measuring the primordial power spectrum P∗(k) non-
parametrically, either by combining CMB and LSS information or by using CMB polarization. Our
method complements currently fashionable “black box” cosmological parameter analysis, constrain-
ing cosmological models in a more physically intuitive fashion by mapping measurements of CMB,
weak lensing and cluster abundance into k-space, where they can be directly compared with each
other and with galaxy and Lyα forest clustering. Including the new CBI results, we find that CMB
measurements of P (k) overlap with those from 2dF galaxy clustering by over an order of magnitude
in scale, and even overlap with weak lensing measurements. We describe how our approach can
be used to raise the ambition level beyond cosmological parameter fitting as data improves, testing
rather than assuming the underlying physics.

I. INTRODUCTION

What next? An avalanche of measurements have
now lent support to a cosmological “concordance model”
whose free parameters have been approximately mea-
sured, tentatively answering many of the key questions
posed in past papers. Yet the data avalanche is showing
no sign of abating, with spectacular new measurements
of the cosmic microwave background (CMB), galaxy clus-
tering, Lyman α forest (LyαF) clustering and weak lens-
ing expected in coming years. It is evident that many
scientists, despite putting on a brave face, wonder why
they should care about all this new data if they already
know the basic answer. The awesome statistical power of
this new data can be used in two ways:

1. To measure the cosmological parameters of the con-
cordance model (or a replacement model if it fails)
to additional decimal places

2. To test rather than assume the underlying physics

This paper is focused on the second approach, which has
received less attention than the first in recent years. As
we all know, cosmology is littered with “precision” mea-
surements that came and went. David Schramm used to
hail Bishop Ussher’s calculation that the Universe was
created 4003 b.c.e. as a fine example — small statistical
errors but potentially large systematic errors. A strik-
ing conclusion from comparing recent parameter estima-
tion papers (say [1–4] by the authors for methodologically
uniform sample) is that the quoted error bars have not
really become smaller, merely more believable. For in-
stance, a confidence interval for the dark energy density
that would be quoted three years ago by assuming that
four disparate data sets were all correct [1] can now be
derived from CMB + LSS power spectra alone [4–7] and
independently from CMB + SN 1a as a cross-check.

FIG. 1. Measurements of the linear matter power spectrum

P (k) computed as described in the text, using the concordance

model of [5] (solid curve) to compute window functions. The loca-

tions of the CMB points depend on the matter budget and scales

with the reionization optical depth as e2τ for k ∼
> 0.002. Correcting

for bias shifts the 2dF galaxy points [8] vertically (b = 1.3 assumed

here) and should perhaps blue-tilt them slightly. The cluster point

scales vertically as (Ωm/0.3)−1.2, and its error bars reflects the

spread in the literature. The lensing points are based on [9]. The

LyαF points are from a reanalysis [10] of [11] and have an overall

calibration uncertainty around 17%.

This paper aims to extend this trend, showing how
measurements can be combined to raise the ambition
level beyond simple parameter fitting, testing rather than
assuming the underlying physics. Many of the dozen or
so currently fashionable cosmological parameters merely
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Simulated absorption spectrum
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Ionization rate from galaxies & QSOs as 
computed by Haardt & Madau 2001

The IGM is highly ionized
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High-resolution
(Keck, VLT)

Low-resolution
(SDSS)

1180 Å) be detected in the SDSS spectrum of an object sets a
lower limit of z ! 2.75 on the redshift of the QSOs we will
analyze. In turn, this sets a limit of about z! " 2.5 on the
redshift range in which we can study the Ly! forest. In prac-
tice, there is a problem with the flux calibration of the SDSS
spectra at the blue end of the spectrograph (wavelengths
shorter than 4400 Å; see Appendix B2). Therefore, we only
show results at slightly higher redshifts, which are not
affected by this. Of the #20,000 QSO candidate objects
above, about 1400 are at z " 2.75. About 250 of these had
spectra with unusually broad absorption lines, or strong
damped Ly! systems, and/or had low-quality spectra, so
we removed them from our sample.

The instrumental resolution of the SDSS spectrograph is
about 150 km s$1. Studies of higher resolution QSO spectra
show that most lines in the Ly! forest are substantially nar-
rower than this. Therefore, a typical line in the Ly! forest is
unresolved in our data. In addition, the SDSS QSO spectra
have a median signal-to-noise ratio (S/N) per pixel of #10,
and this ratio drops to #3 in the Ly! forest. Therefore, for
the SDSS sample, measuring the parameters of individual
Ly! lines as a function of redshift is not the best way to esti-
mate the temperature evolution of the IGM.

A better approach is to measure the mean transmission of
the flux in the Ly! forest, !FF , as a function of redshift. Equa-
tion (2) shows that the crucial step is to determine the QSO
continuum precisely. To do so, we must have a reasonably
long rest-frame wavelength range, which is common to all
the objects in our sample—we require that the rest-frame
range 1250–1665 Å be detected in all the spectra we will
include in our sample. This sets an upper limit z ! 4.3 on
the redshifts of the objects we will include in our analysis.
This requirement removed an additional #100 objects,
leaving 1061 QSO spectra in our sample; two examples are
shown in Figure 1.

3. ESTIMATING THE CONTINUUM AND
THE MEAN TRANSMISSION

In what follows, it will be useful to think of the observed
flux in the spectrum of the ith QSO (shifted to the rest frame

of the QSO and normalized in some standard fashion, which
we will discuss shortly) as

fið"restÞ ¼ ½Cð"restjziÞ þ cið"restÞ*½Tðz!Þ þ tiðz!Þ* þ nið"obsÞ ;

where 1 + z! + "obs/"! = "rest(1 + zi)/1215.67, zi is the
redshift of the QSO and "! + 1215.67 Å. Here C represents
the mean continuum at fixed rest wavelength, which we
think of as being representative of the QSO population at zi
as a whole (if QSOs evolve, then the mean continuum of the
population may depend on redshift), and ci represents the
fact that the continuum of the ith QSO might be different
from the mean at that redshift. (It is also possible for ci to
differ from one QSO to another if relativistic outflows from
QSOs are common. See Richards et al. 1999 and references
therein for evidence of such relativistic velocities.) Similarly,
T(z!) + exp [$#eff(z!)] is the mean transmission through the
Ly! forest at z!, averaged over all the z! pixels in the forest
(note that # eff is a function of z! and hence of the observed
rather than rest-frame wavelength), and ti represents the
fact that the transmission through the forest along the ith
line of sight might be different from the mean value. The
final term ni represents the noise in the observation. By defi-
nition hcii + 0 and htii + 0, where the average over ci is over
fixed "rest, and the average of ti is over fixed z! and hence
over fixed "obs. We will assume that, at fixed "obs, hnii = 0
also. We have written the observed flux in this way to
emphasize the fact that the mean continuum C is a function
of "rest, whereas the mean transmission T = exp ($# eff) is a
function of "obs. It is this fact which makes it possible, at
least in principle, to disentangle the two unknown functions
C andT from the single observed quantity, f.

All work to date first estimates C + ci and then averages
all the fi/(C + ci) that have the same z! to estimate the mean
transmission. That is, the shape of the continuum is deter-
mined separately for each QSO. This is easier to do at low
redshifts, z , 1, where absorption by the forest is smaller,
but it is considerably more difficult at higher redshifts. Fur-
thermore, if the resolution of the spectrograph is low and/
or the S/N is poor, then systematic errors in the estimated
continuum can arise (Steidel & Sargent 1987). Biases can
also arise if some fraction of the absorption is not due to H i
but to other elements. This extra absorption becomes
increasingly important at lower redshifts, as the Ly! opacity
decreases more rapidly than the opacity of the metals. For
example, at z # 2.5, approximately 20% of the total absorp-
tion in the Ly! forest is not due to H i (Kulkarni et al. 1996;
Rauch 1998). Our sample is confined to high enough red-
shifts that this should not be a significant concern, although,
as we discuss later, absorption by elements other than H i
may be important when comparing our measurements with
results from higher resolution spectra.

Our spectra have low resolution and S/N, so an object-
by-object estimate of the continuum is difficult. On the other
hand, our sample is very large, so we can take a statistical
approach. Consider QSOs in a small redshift range. The
QSOs have a range of luminosities, and so the set of spectra
in any one redshift bin can differ considerably from each
other. When suitably normalized, however, the differences
between spectra are reduced significantly. Therefore, fol-
lowing Press et al. (1993) and Zheng et al. (1997), we nor-
malize each spectrum by the flux in the rest-wavelength
range 1450–1470 Å. (This wavelength range lies in front of
the C iv emission line and is free of obvious emission and

Fig. 1.—Examples of QSO spectra in our sample, shown here as a
function of wavelength in the rest frame. The dashed line shows a power
law in wavelength of slope !" = $1.56, normalized to have the same flux as
the observed spectra in the rest-wavelength range 1450–1470 Å. The solid
line shows the continuum obtained as described in x 3. We analyze the Ly!
forest in the wavelength region 1060–1180 Å.

34 BERNARDI ET AL. Vol. 125
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Some Issues:

•Continuum fitting
•Noise properties
•Are all lines Hydrogen?
•Are all lines cosmological?
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Continuum fitting:
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Fig. 13.— Comparison of measurements of the evolution of the effective optical depth in the Lyα forest.
Stars, diamonds, squares and small filled circles show measurements from 42 low resolution spectra by
Sargent, Steidel & Bocksenberg (1989), 33 from Schneider, Schmidt & Gunn (1991), 42 from Zuo & Lu
(1993), and the subset of 796 QSOs in the SDSS sample which had S/N > 4 and were studied in this paper.
Triangles and large filled circles show measurements in ∼ 10 higher resolution spectra by McDonald et al.
(2000) and Schaye et al. (2000). Dotted line shows the evolution reported by Press, Rybicki & Schneider
(1993), and dashed line shows the evolution given in Table 1.

Bernardi et al 02

Mean amount 
of absorption?
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Are all lines Hydrogen lines? Are they cosmological?
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Schaye et al 03

Redshift

Density

z=3

Delta =3 
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Measurements of the flux power-spectrum

exp(−τ) ≡ Observed counts

Emitted counts

dλ

λ
=

dv

c

log(
λ

λ0
) = exp(v/c)

k =
2π

v
has dimensions of s km−1

P (k) = power spectrum of exp(−τ)

kP (k) = ∆2(k) is dimensionless

1

•Current observations
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Observations: Mcdonald HiRes / Viel / McDonald SDSS
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Observations: Mcdonald HiRes / Viel / McDonald SDSS
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Observations: Mcdonald HiRes / Viel / McDonald SDSS
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Observations: Mcdonald HiRes / Viel / McDonald SDSS
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Observations: Mcdonald HiRes / Viel / McDonald SDSS



Tom Theuns22

•Simulating the forest

Leiden:
Claudio Dalla Vecchia
Joop Schaye

Trieste: 
Luca Tornatore

MPA: 
Volker Springel •Gadget 3

•Star formation guarantees Schmidt law
•Stellar evolution
•Winds
•Metal-dependent cooling

Aims:
•simulate IGM and galaxies together
•investigate numerical/physical uncertainties



Schmidt law
ΣSFR ∝ Σn

gas (n = 1.4 ± 0.15)

(Kennicutt 1989)

Observed star formation:



Npart = 100

this is not a fit

Simulated star formation:



Npart = 100

Npart = 12

Simulated star formation:

“resolution independent”
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Suite of simulations varying:
        
•Star formation parameters
•Wind implementation
•Resolution
•Box size
•Cosmology
•Reionization history
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Star formation history

Redshift

St
ar

 fo
rm

at
io

n 
ra

te
 d

en
si

ty



Tom Theuns31

Density Temperature Metallicity
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Resolution: low / medium / high / very high
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Resolution: low / medium / high / very high
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Resolution: low / medium / high / very high
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Resolution: low / medium / high / very high
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Resolution: low / medium / high / very high
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Resolution: low / medium / high / very high
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Feedback / Feedback2 / No-Feedback
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cosmology: 
WMAP3/WMAP1
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Z_reion=6/
Z_reion=9/
Z_reion=12

Epoch of HI reionization:



Tom Theuns44

WDM

temperature

metallicity

7 keV 1 keV

Redshift = 4
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dark matter: 1keV / 3 keV / 5keV / 7keV / CDM
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dark matter: 1keV / 3 keV / 5keV / 7keV / CDM
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dark matter: 1keV / 1keV including WDM velocities


