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The Lya forest

λLyα= 1215.67  (1+z) Å



x10

x10

High resolution – High S/N!

A treasure trove of information!



The Lya forest
evolves rapidly

from Xiaohui Fan’s  Sao Paolo lectures



There are now large numbers of QSOs at z>6.

from Xiaohui Fan’s  Sao Paolo lectures





The Lya forest
evolves rapidly

from Xiaohui Fan’s  Sao Paolo lectures



A bit of history and connection to the cosmic web

z=2.0

22.22 cMpc/h

Cen et al. 1994
Hernquist et al. 1996
Miralda-Escude et al. 1996
Rauch et al. 1997

Weinberg et al.  1996 Bolton et al. 2022

z=0.1

cf Ikeuchi & Ostriker 1986
Rees 1986
Bond, Szalay & Silk 1988
Bi, Boerner & Chu 1992

643 particles

Lyα forest clouds



Velocity “shear” consistent with randomly orientated pancakes at z=2 expanding with 0.8 ⨉ vHubble



Lyman-alpha forest tomography of the cosmic web

Lee et al 2018

“Inverting” the flux distribution to 
obtain the density distribution using
the  fluctuating Gunn-Peterson  approximation. 
Cross-correlating  with galaxies. 

Major science case for WEAVE , DESI, Subaru,
ELT’s ….

Nusser & Haehnelt 1999
Pichon et al 2001
Caucci et al. 2008
Stark et al. 2015
…..
Kraljic, Laigle, Pichon et al. 2022
cf talk by Nick Gnedin in this program 



Probing dark matter with the Lyα forest 



courtesy of 
Carlos Frenk

Cut-off in the matter power spectrum on astrophysically
interesting scales  due to free-streaming or FDM.

• early decoupling
thermal relics

• sterile neutrinos

• ultralight axions

• gravitinos

• ….



Free-streaming erases structure

LCDM

30 comoving Mpc/h  z=3

WDM  0.5 keV



Viel, Becker, Bolton, Haehnelt 2013

The effects of temperature and free streaming are not degenerate 

For fixed comoving free-streaming
length  the cut-off  in velocity space
is at  larger scales/smaller k  
at higher redshift , and thus in
principle easier to detect.

I will focus  on constraints from high-resolution data. All limits are quoted
as masses of a thermal relic. 



Mwdm> 4 keV

Viel et al. 2006,2007,2008

55 Keck spectra

M wdm= 2.5 keV

z=2.2

z=4.2

small scaleslarge scales 

Seljak et al. 2006

M wdm=1.25 keV

Mwdm>2.4 keV

These are the limits for thermal relics. For sterile neutrinos 
the story is more complicated. 

Observational results 

redshift

SDSS flux power 
spectrum



Our “best” WDM results in 2013

Ø more and better data
Ø more and better simulations
Ø extensive scrutiny for 

systematic errors
Ø improved and conservative

analysis

Mwdm > 3.3 keV (2σ C.L)

2 keV WDM disfavoured
at about 4σ!

Viel, Becker, Bolton, Haehnelt 2013



• New intermediadiate resolution 
X-Shooter data( XQ 100 sample)

• Improved analysis

For reasonable prior on thermal history:

This leaves very little/no room for resolving
the “small scale crisis” of CDM 
à baryonic solution is favoured

mFDM>37.5 x  10-22   eV (2 σ C.L.)

mWDM>5.3 keV (2σ C.L.)



Sherwood Simulation Suite
Bolton et al. 2017 

2 x 8.5 billion particles
5 runs to z=2, 40 - 160 Mpc/h boxes
15,000,000 core-hours from PRACE

(25 million core-hour follow -up
project under way: PI Ewald Puchwein)

www.nottingham.ac.uk/astronomy/sherwood/



Nuisance effects /parameters

• instrumental resolution
• instrumental noise
• “continuum” fitting
• strong absorbers
• metal absorbers

• mean flux has to be measured/assumed
alternatively photoionization rate has to be measured/assumed

• thermal broadening  (instantaneous temperature)
• Jeans smoothing        (integrated energy input)
• spatial variations of the above 

• anchoring at large scales
• cosmological parameters 
• shape of cut-off in DM transfer function is not generic

• corrections for  box size and resolution 
• missing physics in the simulations 
• interpolation errors in sparsely sampled parameter space



Reionization – later than thought  



The large fluctuations of the optical depth 
extend to surprisingly large scales. 

Are there  still large completely neutral regions 
even at z~5.5?

Becker et al. 2015
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Chardin et al. 17
Opacity fluctuation on large scales àQSOs?
Are there enough QSOs? Helium reionization too early?



Adiabatic cooling following
very high initial temperatures  

+  
extended reionization with wide
spread of reionization redshifts

=
large opacity fluctuations

nHI∞ T-0.7

Temperature 
dependence of 
recombinations

Keating et al. 2018

For realistic assumptions temperature 
fluctuations are not large enough 
for this to work.



Later than thought

The end of reionization in our new simulation is significantly later than   z~6, with 
large islands of neutral hydrogen persisting until  z≤ 5.5.

HM2012
delayed
end

New Very 
Late Model

HM2012



The new simulation agrees with the Lyα forest opacity data very well.



XQR30:248h VLT X-Shooter observing program  

PI: Valentina D’Odorico
co-led by Sarah BosmanI

30 high-S/N QSO  spectra at 5.8 ≤ z ≤ 6.6 





XQR30:  a new measurement of the Lyman-alpha opacity  

Bosman et al 2022

Good agreement with data from Bosman et al. 2018 
and modelling from Keating et al. 2020

Improved data quality 
and analysis



Good agreement with late-end reionization models

Zhu et al 2021,2022

XQR30:  a new measurement of the dark gap statistics  





Full hydro-simulations incorporating reionization:

Puchwein et al. 2023

Post-processed  RT with ATON Full Hydro with Inhomogeneous Reionization

The Sherwood-Relics simulations suite



Fluctuations of the temperature 
density relation on rather large scales
à increased  flux power on large scales

Jeans smoothing on small scales due to 
integrated energy input which depends on 
reionization history. Complex interplay with
thermal broadening which depends on
instantaneous temperature. 

Puchwein et al. 2023, Molaro et al. 2022

The Sherwood-Relics simulation suite

c.f. Keating et al. 2018
Wu et al. 2020



Pressure smoothing in action

Puchwein et al. submitted

Overdense regions become overpressured and expand  when they become ionized.



IGM Temperature measurements are getting accurate (and consistent)

Gaikwad et al. 2020:

new consistent measurement
of IGM temperature  at 5.3<z<5.9
by characterising width of 
transmission spikes in high S/N high
resolution spectra with novel
technique 

Gaikwad et al. 2021:

- 4 different flux statistics agree well
- based on 103/296 Keck/HIRES spectra from the 

KODIAQ sample
- careful modeling of the observed 

sample for finely spaced parameter
grid in T0 and γ



A new measurement of the high-redshift flux power spectrum 

Boera et al. 2019

A piece of art

15 high-quality spectra

extends to higher redshift
and to smaller scales

z=5.0
z=4.6
z=4.2



Spatial variations of the temperature-density relation 

Noticable effect on the flux power spectrum, but well within the errors. 





Visualising the free-streaming of dark matter 

Villasenor et al. 2022 



Villasenor et al. 2022 

An intriguing peak in the likelihood for the WDM mass 
if the smallest scales are included.  

Signature of gas peculiar 
velocities?



Villasenor et al. 2022 

The data prefers a reasonable thermal history



The axion limit corresponds to about 10keV  for a thermal relic,
but shape of transfer function is different and that matters.



Nuisance effects /parameters

• instrumental resolution
• instrumental noise
• “continuum” fitting
• strong absorbers
• metal absorbers

• mean flux has to be measured/assumed
alternatively photoionization rate has to be measured/assumed

• thermal broadening  (instantaneous temperature)
• Jeans smoothing        (integrated energy input)
• spatial variations of the above 

• anchoring at large scales
• cosmological parameters 
• shape of cut-off in DM transfer function is not generic

• corrections for  box size and resolution 
• missing physics in the simulations 
• interpolation errors in sparsely sampled parameter space



Summary 

• Good progress with characterising thermal evolution of IGM.
Quantitative modelling of the effect of helium reionization
still on to do list. 

• Evidence is building for  rather late reionization
à spatial fluctuations of temperature-density 

relation and photoionization rate more pronounced. 
• Exciting new data and more to come.  Lyman-alpha forest data

and its analysis is (rapidly) improving.
• Modeling of systematic uncertainties is lagging behind 

improvement of the data.



ANDES @ ELT



Gaikwad et al. in preparation


