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In this talk I will review the role of high-resolution (UVES and Keck) and low resolution (Sloan
Digital Sky Survey – SDSS) quasar (QSO) Lyman-α absorption spectra as cosmological probes.
I will focus on the recovery of cosmological parameters and discuss consistency with the
parameters derived from other large scale structure observable such as the Cosmic Microwave
Background (CMB) and weak lensing surveys. When the Lyman-α forest data are combined
with CMB data (WMAP year threes) and the weak lensing results of the z-COSMOS survey
the constraints are: σ8 = 0.800 ± 0.023, ns = 0.971 ± 0.011 Ωm = 0.247 ± 0.016 (1-σ error
bars), in perfect agreement with the recent results of WMAP year five alone. Furthermore,
I will present constraints on the mass of warm dark matter (WDM) particles derived from
the Lyman-α flux power spectrum of 55 high- resolution HIRES Lyman-α forest spectra at
2.0 < z < 6.4. From the HIRES spectra alone, we obtain a lower limit of mWDM ∼

> 1.2 keV
(2σ) if the WDM consists of early decoupled thermal relics and mWDM ∼

> 5.6 keV (2σ) for
sterile neutrinos. Adding the SDSS Lyman-α flux power spectrum at 2.2 < z < 4.2, we get
mWDM ∼

> 4 keV and mWDM ∼
> 28 keV (2σ) for thermal relics and sterile neutrinos. These

results improve previous findings by a factor two and are currently the tightest constraints on
the coldness of cold dark matter.

1 Introduction

The Lyman-α forest, the absorption of neutral hydrogen along the line-of-sight to distant
quasars, is a powerful cosmological tool. Measurements of the matter power spectrum from
Lyman-α forest data extend to smaller scales (∼ 1 − 80 comoving Mpc) and probe a redshift
range (z = 2 − 4) complementary to estimates of the matter power spectrum from Cosmic Mi-
crowave Background (CMB), galaxy surveys or weak gravitational lensing observations. Here, I
will review some of the (recent) most important results that have been achieved when combining
the Lyman-α forest data sets available with larger scale measurements in order to constraint
cosmological parameters and the mass of a warm dark matter particle. In particular, I will
focus on the inferred amplitude of the matter power spectrum, σ8, and I will exploit the capa-
bilities of the SDSS quasar (QSO) data set in constraining the mass of the sterile neutrino, a
putative (warm) dark matter candidate. For a recent review on astrophysical and cosmological
aspect of the Intergalactic Medium (IGM) we refer to the review of Meiksin 1, while for a simple
semi-analytical model able to reproduce many observational properties of the Lyman-α forest
we refer to Bi & Davidsen 2. In Figure 1 we show the median fluctuating IGM which gives rise
to Lyman-α absorption.
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Figure 1: Cosmic web from a hydro-dynamical simulation. The gas density is shown. The size is 60 com. Mpc/h.

2 The data sets

We rely on three different QSO data sets: i) the high resolution HIRES data set presented
in Becker et al. 3 which consists of 55 QSOs spanning the range 2.0 < z < 6.4; ii) the SDSS
Lyman-α forest data of McDonald et al. 4, which consists of 3035 quasar spectra at low resolution
(R ∼ 2000) and low signal-to-noise spanning a wide range of redshifts (z = 2.2 − 4.2); iii) the
high resolution sample of Kim et al. 5 and Croft et al. 6 called the LUQAS sample and analysed
in Viel, Haehnelt & Springel 7 which consists of roughly 30 QSO UVES spectra at z = 2.1 and
a comparable number at z = 2.7. We have calculated the flux power spectrum from the HIRES
data for 4 redshift bins with median redshifts z = 2.5, 3.5, 4.5, 5.5 and 20 logarithmically spaced
bins in wavenumber spanning 0.002 < k (s/km)< 0.287. We use only 12 bins in the range
0.003 < k (s/km)< 0.077 for our present analysis (48 points in total). The total redshift path of
the HIRES sample is ∆z = 29.1. The redshift path of the lowest redshift bin is comparable to
that of the LUQAS sample of high-resolution spectra (∆z = 13), while the other three redshift
bins have smaller redshift paths of approximately equal length. Note that our previous work
based on the LUQAS sample used only the range 0.003 < k (s/km)< 0.03. For the SDSS data
set we use 132 flux power spectrum measurements PF (k, z) that span 11 redshift bins and 12
k−wavenumbers in the range 0.00141 < k (s/km)< 0.01778 (roughly corresponding to scales of
5-50 comoving Mpc). Since the HIRES spectra have higher resolution than the SDSS spectra
we can use the flux power spectrum obtained from the HIRES data to extend our analysis to
smaller scales. However, we stress that the constraining power of SDSS spectra is much larger for
almost all the cosmological parameters given the wide redshift bin that is spanned by this data
set. Concerning the HIRES data set it is worth stressing the importance of having a high redshift
sample, since at high redshift the structures are more linear and better reflect the underlying
matter power spectrum (see Seljak et al. 8). Moreover, we will combine the Lyman-α forest
data with the CMB data set of WMAP3 (see Spergel et al. 9) and the Hubbble Space Telescope
COSMOS survey which covers a contiguous area of 1.64 square degrees on the sky. In this
high resolution, space-based data, the shapes of 234,370 distant galaxies were measured, with



a median F814WAB-band magnitude of 24.6 (see Massey et al. 10). Basically, the weak lensing
data (imaging + photometry) effectively probe the 3D dark matter skeleton at high redshift. We
model the systematics errors of the lensing data described in detail in Ref. 10 by three nuisance
parameters, over which our final results are marginalized.

3 Theoretical framework

Modeling the flux power spectrum of the Lyman-α forest for given cosmological parameters
down to the required small scales is not straightforward and accurate numerical supercomputer
simulations are required. So far (mainly) three methods have been used to recover the matter
power spectrum from the flux power: i) the effective bias method pioneered by Croft6 that allows
to recover the matter power in band powers by modelling the flux-matter relation with a biasing
function PF (k) = b2(k)P (k); ii) a “forward” fitting of the flux power that assumes as input a set
of cosmological and astrophysical parameters to predict a flux power in the multi-dimensional
parameter space (given the time consuming procedure a set of approximate hydro simulations
has been used): this approach is adopted by McDonald and collaborators 4,11; iii) the flux
derivative methods that expands the flux power using full hydro-dynamical simulations around
a best fit model 12. These three methods have advantages and drawbacks. The bias method,
given the large error bars is now not very constraining any more, while a forward modelling
is preferred either in the form of a full exploration of the parameter space with approximate
hydro simulations or using the flux derivative method described in more detailed below. Here,
we model the flux power spectrum with full hydro-dynamical simulations using a second order
Taylor expansion around a best fitting model. This allows us to obtain a reasonably accurate
prediction of the flux power spectrum for a large range of parameters, based on a moderate
number of simulations 13. The method has been first introduced in Ref. 12 where the prediction
for the flux power were made using a first order Taylor expansion, here instead the expansion
is made to second order: i.e. the parameter dependence of the flux power spectrum PF (k, z,p)
is locally described by a 2nd order polynomial function for any redshift z, set of wavenumbers
k and cosmological or astrophysical parameters p.

4 Results: cosmological parameters

In Table I we present constraints on the four different data sets alone. There is a tension between
the WL, VHS and SDSS-d data sets and WMAP3 on the σ8 value that tend to be somewhat
larger in WMAP3 compared to the other observables (note however that WMAP5 of Komatsu
et al. 14 measures a slightly larger σ8 value). Note that the VHS data set is not constraining
any more, while SDSS-d alone can get reasonably good constraints on ns and Ωm.

Results in terms of derived cosmological parameters are presented in Table 2 and 3, with and
without the running spectral index (see Lesgourgues et al. 15 for more details). For the Lyman-
α forest data sets we use in this case only the VHS and the SDSS-d where “d” stands for the
derivative method (see constraints discussed and obtained by Viel et al. 16). One can see that the
two measurements are in agreement with each other and the error bars obtained with the SDSS-d
data sets are a factor ∼ 1.5 smaller than with the VHS Adding the smaller scale data sets reduces
the uncertainty on the running of the spectral index by a factor of two with respect to WMAP
alone. A modified COSMOMC module able to combine the above data sets and reproduce these
results is public available here: http://www.astro.caltech.edu/∼rjm/cosmos/cosmomc/. The
above numbers are in surprisingly good agreement with the recent measurements of WMAP5
14. Note that in Seljak et al. 11 very constraining results in terms of cosmological parameters,
neutrino masses (2σ upper limit of 0.17 eV) and inflationary parameters are presented using the
SDSS data set and the method ii) of the previous section.



Table 1: Summary of the constraints on σ8, ns, Ωm, h and τ , for the minimal 6-parameter ΛCDM model and
each data sets. Since this is a Bayesian analysis, the bounds depend on our choice of priors; our top-hat priors
are described in Lesgourgues et al. 2007 (in particular, we impose a weak h prior: 0.4 < h < 1.0). The quoted
values are either the mean and 68% C.L. error, or only the 68% C.L. upper/lower limit when a parameter is not

bounded on both sides within the prior range.

WL Lyman-α VHS Lyman-α SDSS-d WMAP3

σ8 0.85 ± 0.22 1.04 ± 0.16 0.926 ± 0.066 0.762 ± 0.046
ns < 0.94 0.80 ± 0.10 0.982 ± 0.028 0.955 ± 0.016
Ωm 0.34 ± 0.19 0.55 ± 0.26 0.238 ± 0.030 0.243 ± 0.032
h > 0.71 > 0.63 0.710 ± 0.071 0.729 ± 0.030
τ – – – < 0.104

Table 2: The quoted values are the marginalized mean and 68% confidence limits. The data sets are z-Cosmos
(WL), WMAP3 and Lyman-α SDSS and high-res (VHS) spectra (see text).

WL+WMAP3+Lyman-α VHS WL+WMAP3+Lyman-α SDSS-d

σ8 0.822 ± 0.032 0.800 ± 0.023
ns 0.960 ± 0.016 0.971 ± 0.011
Ωm 0.282 ± 0.026 0.247 ± 0.016
h 0.700 ± 0.022 0.730 ± 0.016
τ 0.094 ± 0.028 0.109 ± 0.026

Table 3: Cosmological parameters derived in a model with a running spectral index. The quoted values are the
marginalized mean and 68% confidence limits. The data sets are z-Cosmos (WL), WMAP3 and Lyman-α SDSS

and high-res (VHS) spectra (see text).

WL+WMAP3+Lyman-α VHS WL+WMAP3+Lyman-α SDSS-d

σ8 0.809 ± 0.041 0.818 ± 0.024
ns 0.965 ± 0.018 0.971 ± 0.015
Ωm 0.304 ± 0.032 0.255 ± 0.018
h 0.679 ± 0.026 0.719 ± 0.018
τ 0.085 ± 0.037 0.135 ± 0.026

nrun − 0.028 ± 0.018 − 0.007 ± 0.021
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Figure 2: Flux power spectrum of the HIRES data set at different redshifts and best fit models (solid curve) with
mWDM = 8 keV and a model with mWDM = 2.5 keV (dashed curve).

4.1 Results: Warm dark matter

In Figure 2 we show the best fit model for the HIRES data set (continuous curve, mWDM = 8
keV) and a model with a smaller mass for the thermal WDM particle (dashed line, mWDM = 2.5
keV ). The constraining power of the small scales at high redshift is immediately evident. The χ2

value of the best fit model is ∼ 40 for 36 d.o.f. and with a probability of 16% this is a reasonable
fit. The 2σ lower limits for the mass of the warm dark matter particle are: 1.2 keV, 2.3 keV
and 4 keV, for the HIRES, SDSS and SDSS+HIRES data sets, respectively. The corresponding
limits for Dodelson-Widrow sterile neutrino are: 5.6, 13, and 28 keV (see Ref. 17 for how the
masses are related for the two cases). The χ2 of the best fit model of the joint analysis ∼ 198 for
170 d.o.f. which should occur in 7% of the cases. The sample of HIRES spectra improves our
previous constraint from high-resolution spectra obtained from the LUQAS sample by a factor
two. Dropping the highest redshift bin (z = 5.5) weakens the limit to 0.8 keV (3.3 keV) for the
mass of a thermal (sterile) neutrino. The SDSS data alone is still more constraining than the
HIRES data alone, due to the smaller statistical errors of the SDSS flux power spectrum and the
finer coverage of a large redshift range which helps to break some of the degeneracies between
astrophysical and cosmological parameters. Combining the SDSS data and the HIRES results
in an overall improvement of a factor ∼ 2 and gives the strongest limits on the mass of WDM
particles from Lyman-α forest data to date.

5 Perspectives for improving things

It has been recently shown by Bolton et al. 20 that fitting the flux probability distribution
function (pdf) at z = 2 − 3 (a quantity that is now measured with very high precision and
taking into account the systematic uncertainties) requires a power-law index for the so-called
temperature-density “equation-of-state” T = T0(1 + δ)γ−1 much smaller than one. Usually this
is a range of values that is not taken into account by simulators that vary this parameter between
1–1.6. However, such a value would arise naturally if radiative transfer effects play a role (due
for example at HeII reionization). This lower value of γ will probably lower the derived value
of σ8 from Lyman-α forest data, making it more consistent with the CMB values, once the pdf



measurements are combined with those of the power spectrum. Preliminary investigations of the
constraints on the cosmological parameters obtained from the flux pdf only, fitting the flux in the
range F=[0.1–0.8], give the following constraints: σ8 = 0.78± 0.04 and a γ(z = 3) = 0.40± 0.13.
Ideally, one would like to fit at once all the possible IGM statistics (flux pdf, flux power and
bispectrum or the fractions of voids as in Viel et al. 21) in order to have a consistent model
of the IGM at z = 2 − 5.5 and in order to be able to constrain both the cosmological and the
astrophysical parameters. At present, the limitations to improve our current understanding of
the IGM as a cosmological tool are on the theoretical side and more refined hydro-dynamical
simulations that incorporate the relevant pieces of physics (e.g. radiative transfer) are needed.
On the observational side an accurate determination of continuum fitting errors (especially for
the high redshift QSOs) will in principle allow to get constraints at scales larger than 80-100
comoving Mpc.
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