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Reionization and the IGM 
at z=2-4

• Measuring the power spectrum on    
small   scales 

• Metal enrichment

• Temperature

• Amplitude of  UV background

• Helium reionization
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P(k) =  kn T2 (k)

The Lya forest measures 
the power spectrum 
on scales of 1-20h-1 Mpc.
It is an important anchor 
point for extrapolations 
to the smaller scales 
relevant for the EoR.
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>1 km/s

>10kms

>100kms

observed UV backround at z=3                         
30-50 ionizing photons per baryon
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>106 Msun

>108 Msun

>1010 Msun
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To Earth
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gasdark matter
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• probes matter distribution on small scales
• covers wide, complementary redshift range
• density field is only mildly non-linear
• in principle straight forward physics (if   

galactic winds are not important)
• lots of data

Disadvantages: • some observational biases (continuum,  metals, 
instrumental artefacts)

• mapping from density to flux is highly non-
linear with strongly  compressed dynamic 
range of the flux distribution 

• numerical capabilities not quite up to the job 
(dynamic range, speed, agreement  between 
different codes)

Advantages:

The Lya forest as probe of the matter distribution
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Need to know mean flux level, temperature and slope 
of density temperature relation
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Methods
1) Forward modelling of the flux distribution

• applied extensively to high and low-resolution 
1D data (Croft et al., Kim et al, McDonald et al.) 

• potential explored for 3D data (McDonald et al., 
Viel et al., Rollindeet al, Lidz & Hui) 

• first application to single high –resolution spectrum 
(Nusser & Haehnelt) 

• potential explored for 3D data (Pichon et al.) 

2)  Reconstruction of the density distribution  
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The inferred linear Pmat(k)

Croft et al. 2002

)()()( linmatter,
2

Flux kPkbkP =

Assume

Numerical 
simulations
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The WMAP analysis

0.93 ± 0.03
-0.031 ± 0.016

0.93 ± 0.05
-0.031 ± 0.026

0.91 ± 0.06
-0.055 ± 0.038

0.93 ± 0.04
-0.047 ± 0.04

running
ns

dns/dlnk

0.96 ± 0.020.97 ± 0.030.97 ± 0.030.99 ± 0.04

No running
ns

WMAP
+CBI+ACBAR
+2dfGRS

+Lya

WMAP
+CBI+ACBAR
+2dfGRS

WMAP
+CBI+ACBAR

WMAP
Parameter
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LUQAS

• Large sample of UVES QSO 
Absorption Spectra

• 27 spectra/40 nights

• high  S/N  (50-80)

• high resolution (6 km/s)

Kim et al. 2004
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Error budget

statistical error                                            4% 

systematic errors

t eff(z=2.125)  = 0.17 ±0.02                   8%

t eff(z=2.72)  = 0.305 ±0.030                 7%

g= 1.3 ±0.3                                            4%

T0= 15000K ±10000K                           3%

method                                                   5%

numerical simulations                            8% (?)

further systematic errors                        5% (?)
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Measurements of the mean effective optical depth

efft-= eF

low resolution There are systematic differences
between measurements of low 
and high resolution spectra
� Continuum fitting

Viel, Haehnelt & Springel 2004
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Fluctuation amplitude and mean
flux level are degenerate!

t eff fixed, s8 

s8 fixed, t eff  
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high t eff low t eff

no run

Viel, Weller & Haehnelt 2004
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Viel et al. 2005

WDM light gravitino

No indication for warm dark matter
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McDonald et al. 2004

The Lya forest in SDSS QSO spectra

• 3035 spectra

• low S/N (~5-15)

• low resolution  (~100 km/s)
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Low resolution – Low S/N

x10

x10

High resolution – High S/N
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Comparison of SDSS with LUQAS

Good agreement!

Viel et al. 2004
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SDSS

SDSS results

Seljak et al. 2005 Viel, Weller & Haehnelt 2004

s8 also agrees well!
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Hydro HPM
SDSS analysis depends on mock hydrosimulations. 

Don’ t believe their small error bars!

Box size of 
SDSS HPM 
simulations

box size of SDSS
hydro simulations
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Solving the inverse problem - Reconstruction of density 

Nusser & Haehnelt 2000
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0.99 ±0.03n

0.94 ±0.08s8
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>106 Msun

>108 Msun

>1010 Msun
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Measuring  the metagalactic hydrogen ionization 
rate from the Ly-alpha forest opacity

Rauch et al. 1997
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but also depends on rms fluctuation amplitude of gas 
density on Jeans scale
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Bolton et al. 2004

proximity effect

QSOs contribute less than 50% of the metagalactic hydrogen 
ionization rate at all redshifts. 

(updated HM)

QSOs only
2-3 times less
than HM96
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Summary
• Can measure fluctuation amplitude of matter distribution

on Mpc scales but need to know effective optical depth.
• Different data sets and analysis agree reasonably well
• With effective optical depth as determined from high 

resolution spectra 
s8 = 0.94 ±0.08  and n=0.99 ±0.03
No evidence for running spectral index!

• A variety of systematic uncertainties contribute
equally to the error budget � progress will be slow.

• QSOs contribute less than 50% of themetagalactic
hydrogen ionization rate at 2<z<4.


