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• Lecture 1: Cosmological effects of neutrinos
in linear perturbation theory 

• Lecture 2: Non-linear regime

• Lecture 3: Neutrinos in Intergalactic space

• Lecture 4: New ways of probing neutrino masses
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Some thoughts

• Neutrinos do not cluster much
• Non-linearities produce features in the massive neutrino

Matter power spectrum but… non-linear scales are difficult
to model (expensive N-body) and on top of that affected by
baryonic processes (lecture #4)

• Maybe we should look at them in the high-z Universe, after 
CMB but before structures become too non-linear

IDEAL place:              the  intergalactic medium
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Intergalactic Medium

Post-reionization Universe

• Complementary to Cosmic Microwave Background
(CMB) and local probes

• More linear Universe (simpler physics?)

• High-z galaxies are cold gas (HI) dominated

• Large uncharted volume: JWST, LSST, Euclid,
DESI, Intensity Mapping (IM) experiments
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Intergalactic Medium
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High-z (2<z<6) cosmic web

Physics of the Lya forest 

Shape of the lines
determined by HI
abundance, IGM
thermal state, etc.
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Physics of the Lyman-a forest
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Intergalactic Medium
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Modelling the observables
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Data
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Movie nr. 1

Bolton+17, Sherwood simulation suite (PRACE call: 15 CPU Mhrs)
Puchwen+19,+22, Sherwood relics (PRACE+Dirac call: 60 CPU Mhrs
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Movie nr. 2
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Long lever arm of the linear power spectrum

Chabanier+19

Two reasons for why
Lya is so constraining:

1) 1D is projected power.
2) We are at high-z

possibly closer
to linear regime.
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Neutrino impact - I
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Neutrino impact - II
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Neutrino impact - III
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Neutrino impact - IV
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Neutrino impact - IV
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IGM and neutrinos
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Neutrinos and BAOs

Aubourg+14
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Neutrinos and BAOs

Aubourg+14
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Neutrinos and BAOs

CMB 
Constraints 
Wcb independently
Of Wn

But late time expansion
And distances are
Affected by total
matter
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eBOSS data

Palanque-Delabrouille+20
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What to expect from DESI?
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Matter power spectrum and WDM

2 well studied examples: 
Particles becoming NR in RD era à free streaming scale is constant between zNR and zEQ but 
Free streaming horizon grows!
1) thermal WDM with FD distribution and unknown Tx temperature
2) non-thermal relic with rescaled FD distribution and Tx=Tn and some unkonw rescaling factor c
Like Dodelson&Widrow (94) sterile non-resonantly produced neutrinos

(mth, Tth) = (�1/4mX ,�1/4T⌫)
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Sterile neutrinos                        Early decoupled thermal relics
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Matter power spectrum and WDM

T (k) ⌘ [1 + (k/kbreak)
p]�10/p with p = 2.24
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Important: unlike active neutrinos this depends on both DM density and X
Because free streaming horizon depends on those

Viel+05; 
Vogel&Abazajian https://arxiv.org/abs/2210.10753
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Sherwood-Relics Collaboration



Matteo VielPhysics of the Lya forest - I
High-z (2<z<6) cosmic web

Sherwood simulation suite – Bolton+17

• Gravity
• Cooling/Heating processes
• Few runs with feedback (winds/AGN)
• Radiative transfers due to patchy

reionization included

Gadget-III + ATON code
About 400 simulations
Post-process to provide >60,000 flux 1D power models
(varying also cosmology trough slope and amplitude
of linear matter power)
About 75 Million CPU hrs
Boxes 5-160 Mpc/h
Resolutions 103-106 Msun/h per gas
Reference sims have 40 Mpc/h
and 105 Msun/h per gas

Relatively “simple” physics 
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Physics of the Lya forest - III

IGM thermal state

Constraints obtained with 
a huge variety of data and 
methods

Sensitive to lines
rather than the clustering
of the lines

HeII bump quite well
detected
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Simulated 1D flux power @ z=4.6

Puchwein+23 – Sherwood-Relics simulations

• Large scale increase
due to patchy
reionization

• Small scale
increase/decrease
due to
WDM/temperature

• Intermediate
regime also quite
constraining

Physics of the Lya forest - IV
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H is heating rate

WDM free streaming Thermal broadening Gas pressure
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• Different physical scales
(on top of instrumental
resolution) affect the power
spectrum cutoff:

• thermal: instataneous
temperature at that
redshift;

• Jeans: scale due to gas
pressure;

• filtering scale: depends on
all the past thermal history;

•WDM cutoffs are basically
redshift independent

• Constraints are obtained
from a full shape of the 1D
fux power.

Physics of the Lya forest - VI
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Status in 2013

• Test of structure
formation for a LCDM
Universe in a unique “pre-
galactic” environment

• mWDM > 3.3 keV (2s C.L.)

Note: 10 yrs later only a
factor 2 more high-z QSOs

Viel+13
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”New” non-cold Dark Matter models

Murgia+17 Archidiacono+19

Features to be constrained: shape (before and after k1/2) - plateau -
Oscillations/bumps in power
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Patchy Reionization - I

Molaro, Irsic+21, +23

z =5.4
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Patchy Reionization - II

Puchwein+23

During reionization

After reionization is complete

Note: 
Reionization ends
at z =5.4
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Patchy Reionization - III

Molaro, Irsic+21, +23
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Thermal WDM - III

Irsic+23
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Thermal WDM - III

Irsic+23



Matteo Viel
Thermal WDM – the effect of thermal priors

Irsic+23

No thermal priors

T0(z) prior
Reference prior
along the envelope
of physically 
motivated models
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Thermal WDM – inclusion of patchy correction

Irsic+23
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Thermal WDM – noise correction

Irsic+23
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Thermal WDM - III

Irsic+23


