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Outline

• Lyman-α forest as a cosmological probe in the WMAP era of high precision
cosmology. It probes the DM linear power spectrum:

Questions: Is there evidence for a tilt in the spectrum [P(k) = A k n   n<1] ?
Is there evidence for a running spectral index [ n = n(k) ] ?  
What is the power spectrum amplitude derived from the Lyman-α forest data  [σ 8] ?

• Observations: the LUQAS sample (high resolution view at z=2.2)
(part of LP programme by ESO)

Exploring systematics effects in the determination of the flux power 
spectrum

• Theory: High resolution large box size grid of hydro-dynamical 
simulations run on COSMOS computer in Cambridge
(GADGET2 code): re-analysis of Croft et al. (2002) data
and analysis of the LUQAS sample

• Summary



The primordial matter power spectrum - I

Tegmark & Zaldarriaga 2002

CMB physics
z = 1100
dynamics

Lyα physics
z < 6
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termodynamics

CMB + Lyman α Long lever arm

Constrain spectral index and shape



before WMAP

Croft et al. 2002, Gnedin & Hamilton 2002

WMAP

Verde et al. 2003
Seljak McDonald & Makarov 2003

The primordial matter power spectrum-II

Tilt in the spectrum n<1  ?

Running spectral index dn/dlnk < 0 ?



SDSS preliminary results

the future is SDSS  !!!!

DR1 - 980 QSOs z>2.3, low resolution spectra, shot-noise, continuum fitting errors  

Smaller scalesLower redshift

after WMAP



The LUQAS sample - I

Kim, MV, Haehnelt, Carswell, Cristiani, 2004, MNRAS, 347, 355

Large sample Uves Qso Absorption Spectra

high resolution 0.05 Angstrom, high S/N > 50
low redshift, <z>=2.25, ∆z = 13.75
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The LUQAS sample - II

• Fluctuating Gunn Peterson Approximation 

Flux=exp(-τ) ~ 1 - A β δIGM

At large scales: Flux power spectrum = Matter power spectrum

Systematic errors:
Continuum fitting
Metal lines
Strong absorption systems

• Redshift evolution of cosmic structures (growth factors? Quintessence?)

• Metal enrichment of the IGM

• Higher order flux statistics (flux bispectrum)

σ8, τeff = -ln <F>

Gas ‘eq. of state’

MV, Matarrese, Theuns, Munshi, Wang, 2003, MNRAS, 340, L47 

MV, Haehnelt, Carswell, Kim, 2004, MNRAS, in press

MV, Matarrese, Heavens, Haehnelt, Kim, Springel, Hernquist, 2004, MNRAS, 347, 26L

Schaye et al., 2004

T=T0 (1+δ)^γ



The flux power spectrum
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1D flux power spectrum 3D flux power spectrum

3D flux power spectrum z = 2 

LUQAS

CROFT (2002)

Consistent within the errors with Croft et al. 2002



DM 

STARS 

GAS 

NEUTRAL
HYDROGEN 

Ωm = 0.26 ΩΛ = 0.74 Ωb=0.0463 H = 72 km/sec/Mpc    - grid of models in n and σ8



Hydro-simulations:
resolution & box size issues



Hydro-simulations: temperature issues

Temperature density relation     Flux probability distrib function       Flux power spectrum



The power spectrum amplitude and the mean flux
3D flux power spectrum

High effective optical depth                                    Low effective optical depth



Power spectrum amplitude and primordial spectral index

LUQAS sample z=2.125                                   Croft sample z=2.75

Low res.          High res. ESTIMATE OF τEFF Low res.   High res.



The linear dark matter power spectrum at z=2.72

Cosmic variance, temperature
(T=T0 (1+δ)^γ), error on τeff

Points shift up with
a smaller τ eff



Fourier transform of the 3-points correlation function

MV, Matarrese, Heavens, Haehnelt, Kim, Springel, Hernquist, 2004, MNRAS, 347, 26L

The flux bispectrum 

n = 1, σ8 = 0.9 hydro-sims.



Summary

• Lyman-α forest as a cosmological probe: unique range of wavenumbers
and redshifts

- main uncertainties: continuum fitting errors and discrepancies 
in the effective optical depth recovered from high resolution and 
low resolution spectra

• Observations: the LUQAS sample, substantial agreement with Croft analysis
& study of continuum fitting + metal lines + strong system contrib.

• Theory: .....but higher amplitude and higher values of n are inferred
with a value of the effective optical depth 10% lower than Croft et al. (2002)

.... With a re-analysis of the Croft sample + LUQAS sample there is no
evidence for a tilt nor for a running spectral index and somewhat
“higher” value of σ8 are supported 



Flux statistics and the temperature-density relation

Flux probability distribution function 1D flux power spectrum





Density

Temperature

No Feedback Feedback

Feedback effects: Galactic winds 



Theuns T.,  MV, Kay S.,  Schaye J., Carswell R., Tzanavaris P., 2002,  ApJL, 578,  5

Feedback vs No Feedback

Feedback effects: Galactic winds-II 

Density feedback       Density no feedback     Temperature feedback  Temperature no feedback

(See Adelberger et al. 2003, Kollmeier et al. 2003, Bruscoli et al. 2003)

Flux

Temperature

Density



Metal enrichment CIV systems at z=3 
Strong Feedback ε=1 ---- Role of the UV background

Soft background ---- Role of different feedback

ε=1 

ε=0 

ε=0.1

Mori, Ferrara, Madau 2000; Rauch, Haehnelt, Steinmetz 1996; 
Schaye et al. 2003



Random shift in 
the position of 
the fitted line

J2233-606

MV, Haehnelt, Carswell, Kim, 2004, MNRAS, in press

Random lines along the spectrum: where is the cosmological signal?

Clustering of ‘strong’ systems

1D 3D

Strong absorption systems contribute to 30-50% !!!!



MV, Haehnelt, Carswell, Kim, 2004, MNRAS, in press

Different absorbers Different b parameters

Effect of strong absorption systems

High column density systems
“cosmological” part of the power spectrum

density Temperature b = sqrt(2kT/m)

Low column density systems



Metal lines power spectrum Evolution of cosmic structure

Metals & Evolution with redshift
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mean flux decrement D = 1 - <F>

Effect of strong absorption systems-II

Saturated systems: Are they properly simulated in hydro-simulations ?



MV, Matarrese, Theuns, Munshi, Wang, 2003, MNRAS, 340, L47 

Transfer function Hubble parameter Growth factors

Flux

p = w ρ

w = -1      ΛCDM

Dark energy effects on the Lyman-α forest 



Number of OVII OVIII  lines per unit redshift Simulated spectra of AGN pairs

Estimate of the characteristic size 

Detectability of the filamentary network
GOALS

WHIM detectability-I



Number of sources

Number of pairs with 
given separation 

ROSAT catalogue

Fluxes

Number of sources per unit solid angle

WHIM detectability-II



‘Simple’ physics in which baryons trace the underlying dark matter density field

It probes a range of scales and redshifts not probed by other observations such as galaxies or CMB
( 0 < z  < 6.3,   0.1 < k < 1 h/Mpc)

New data set coming out 

High resolution spectroscopy with VLT/UVES (Kim et al. 2002)  

Continuum fluctuations from distant QSOs or ‘real’ fluctuations of the matter distribution?
(see Hui et al. 2001)

Modelling of the IGM still needs high resolution hydro-dynamical simulations
or other kind of simulations to explore the wide parameter space (e.g. McDonald et al. 2003)

Understanding of the systematic errors has recently led to controversial results 
(see Seljak et al. 2003, Verde et al. 2003)

Lyman-α: Pros & Cons 



•Semi-analytical models can offer insights to model the forest and are reliable at large scales
(correlation length, transverse extent, QCDM model, Warm Hot Intergalactic Medium)

•To investigate smaller scales hydro-simulations are needed: 
feedback in the form of galactic winds has small impact on the forest, but it has
strong impact on the metal distribution and stellar mass function

Small volume filling factor for these regions (intersection of filaments)

EVIDENCE for inhomogenuous metal enrichment and soft UV background

•Detectability of baryons at low redshift: statistical & ‘geometrical’
study of the WHIM structures: AGN pairs can help to detect OVII and OVIII

…..some ‘conclusions’ & future work 
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•‘Good’ sample of spectra at low redshift and at small scales not accessible by SDSS:
- agreement with previous studies, evolution of cosmic structures

•Accurate estimate of errors introduced by: 
- continuum fitting: at k<0.003 s/km dominate the flux power spectrum
- metal lines: <10% at large scales but 50% at k>0.1 s/km
- strong absorption systems:power at large scales (k<0.03 s/km) is dominated by 

strong systems (log NHI> 14.5 cm^-2)

•Investigation of higher order statistics:
- seems to be robust, but errors are too large!

•Plan for the future:
Entering the era of high precision cosmology  with high precision simulations
and observations……. Dark energy? Ionization background? Metal enrichment?

Unique view on our Universe on scales and redshifts not probed by other observables!

…..some ‘conclusions’ & future work 
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From a Large sample of 27 high resolution, high S/N, UVES Quasar Absorption Spectra (LUQAS) we:

- analysed flux statistics (1D -3D flux power spectrum) 
- compared to Croft et al.  results
- systematic errors (metal lines, continuum fitting, resolution, presence of DLAs….)
- evolution of cosmic structures

# spectra

redshift

<z>=2.25

Effect of continuum fitting

Kim, MV, Haehnelt, Carswell, Cristiani, astro-ph/0308103



Q0122    z=2.19  observed with VLT/UVES
Kim T.-S. et al. 2003

Not fitted

Continuum fitted

Hydro-simulation Theuns et al. 2002



dark matter - baryons

MV, Matarrese S., Mo HJ., Theuns T., Haehnelt M., 2002b, MNRAS, 336, 685

Dynamics: Power spectrum(n, amplitude), smoothing scale 
of baryons and their oscillations

Thermodynamics: T = T0 ρ ^ α, Α has information on the UV
background and on Ωb

In addition since the redshift range is large:
evolution of cosmic structure and signatures of thermical processes
(Helium and Hydrogen reionization, metal enrichment)

In the simplest approx.

τ =  A  ρ ^ (2 -0.7α)

MV, Matarrese S., Mo HJ.,  Haehnelt M., Theuns T., 2002a, MNRAS, 329, 848

IGM

DM



SUMMARY

1) Lyman-α forest probe of the high redshift Universe at scales not probed 
by other observations

2) It seems to be unaffected by galactic winds

3) Growth factors of density perturbations and  different Hubble parameters 
have impact on its evolution

4) Higher order statistics such as the bispectrum can be computed in order to break 
degeneracies between the parameters 



Semi-analytical models for the Ly-α forest 

MV, Matarrese S., Mo HJ.,  Haehnelt M., Theuns T., 2002a, MNRAS, 329, 848

Jeans length 

Filtering of linear DM 
density field

Peculiar velocity

Non linear density field

'Equation-of-state'

Neutral hydrogen
ionization equilibrium equation

Optical depth

Linear fields:
density, velocity

Non linear fields

Temperature

Spectra:
Flux=exp(-τ)

+

TemperatureVelocityDensity

( Bi 1993, Bi & Davidsen 1997, Hui & Gnedin 1998,
Matarrese & Mohayaee 2002)



Simulated spectra of QSO pairs Flux auto power-spectra and cross-spectra

Recovery of  DM power spectrum 
at large scales

Differentiation of 1D flux power spectrumIntegration of 1D flux cross spectra at different separations

Testing transverse extent of the absorbers Testing the FGPA        (flux-DM relation)

Testing the 1D 3D





MV, Branchini E.,  Cen R., Matarrese S., Mazzotta P., Ostriker J.P., 2003, MNRAS, 341, 792

Hydro-dynamical simulations + analytical modelling

OVII distribution  tracing the WARM HOT 
INTERGALACTIC MEDIUM WHIM

LCDM model, z=0, 25 com. Mpc/h
768^3 dark-matter particles
feedback, metals, metal cooling, winds ...  

Gas density pdf

Gas temperature

Gas metallicity

Detecting X-ray filaments in the low redshift 
Universe with XEUS and Constellation-X 

Gas density



Optical depth
prob. distrib. funct

Number of underdense
regions

Optical depth
power spectrum

Cross correlation
coefficient between  

QSO pairs 

Dark energy effects on the Lyman-α forest-II 



Metal enrichment CIV-HI systems at z=3 
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Column density distribution of Hydrogen lines without associated Carbon



Feedback effects: Galactic winds-III 

Line widths distribution

Column density distribution function



Semi-analytical modelling of the Ly-α forest

MV, Matarrese S., Mo HJ.,  Haehnelt M., Theuns T., 2002, MNRAS, 329, 848
MV, Matarrese S., Mo HJ., Theuns T., Haehnelt M., 2002,  MNRAS, 336, 685

Testing the transverse direction

Simulated spectra of QSO pairs 

LINEAR FIELDS (DENSITY & VELOCITY) MILDLY NON LINEAR FIELDS 

GAS TEMPERATUREPHOTOIONIZATON EQUILIBRIUM

SIMULATED FLUX

Voigt profile

Alcock-Paczinski test ??? 



Brief historical overview

‘ISOLATED’ CLOUDS

NETWORK OF FILAMENTS

PROBES OF THE 
JEANS SCALE

COSMOLOGICAL
PROBES


