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Plan

• 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 references

Lesgourgues and Pastor 2006 review on the arXiv

Lesgourgues, Mangano, Miele, Pastor “Neutrino Cosmology” 2013
Cambridge University Press

Ma & Bertschinger https://arxiv.org/pdf/astro-ph/9506072.pdf
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Linear Perturbation theory

• 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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Facts

Boundary conditions from particle physics

We will see that cosmology will be sensitive to total neutrino mass
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The neutrino background: neutrino decoupling

Firm established prediction of the standard Big Bang model

With chemical potential ~ 0

Weak interaction rate Hubble parameter

Tdec ~ MeV  [at 1 sec]

After decoupling: f eq is preserved because T and p scale  as 1/a
No dependence on the mass

This means that momentum distribution is exact even in the epochs of structure formation!

Alpher, Follin, Herman 1953
CnB
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The neutrino background: energy densities

After neutrino decoupling photon temperature drops below electron mass, e+e- annihilation
heat the plasma [ we are at T~0.5 MeV or so ]

Two well-defined limits for matter and radiation

Note: there are small non-thermal distortions in the 
neutrino FD spectrum and a slight increase in the 
photon neutrino temperature due to relic interactions of 
e+ e- with neutrinos [e.g. Dolgov (2002)]

nn / ng = 0.68
At any time after electron
Positron annihilation
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The neutrino background: today

Extrapolating to today:

nn = 339.5 cm-3      average

Tg = 2.73 K à Tn = 1.95 K

<p> = 1.7 x 10-4 eV = 3.15 Tn

Note: Clustering will change
this number

Very small numbers à direct detection difficult

Wn > 0.5% of matter components – sub-dominant matter component
Hot DM 
5-th most abundant Universe component by energy
2nd most abundant by number density

znr =
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The neutrino background – radiation era

Extra radiation contribution

Neff= energy density of neutrinos + other light particles / energy density of 1neutrino family neglecting e+e-> n

Neff is accurately theoretically estimated to be 3.044 and also measured from cosmological observations

From CMB Planck 2018

Also BBN provides constraints
and the error bar can be reduced
by a factor 2  see Yeh+22

Convincing proof of existence of
Cosmic neutrino background
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Neff

Remarkable success of 
cosmological data in probing
particle dark matter (including
Non-standard heat injection 
in the primordial Universe)

Neff now detected at >10-20s

But there is more:
Detected anisotropies/perturbations
in the fluid and their imprint on the

CMB (especially polarization)

Everything consistent with a 
Relativistic fluid with no viscosity!
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Neff  to test particle (new) physics

Constraints on additional relativistic particles

Evolution of effective degrees of 
Freedom for SM particles vs photon
temperature

Expected DNeff today

Planck 2018

Fully thermalized relics
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Evolution of energy densities in a neutrino Universe

Normal hierarchy with m1=0 eV, m2=0.009 eV, m3= 0.05eV
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The perturbed Universe

Energy density perturbation

Longitudinal component of velocity field

dp pressure perturabtion, traceless and longitudinal component of the 3x3 tensor

Velocity divergence

Shear (anisotropic) stress

1. The metric

2. The tensor

3. New Variables
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The perturbed Universe - II

4. Perturbed Einstein equation (which imply conservation of total energy momentum-tensor )

5. Perturbed Einstein equations + change of variable + let’s move to Fourier space
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The perturbed Universe - III

6. ….but we are dealing with fluids: continuity for each fluid component

7. … and Euler for each fluid component

8. … and a perfect fluid à energy-momentum tensor is diagonal and isotropic



Matteo Viel

9. Now solve Einstein equations in a neutrinoless Univers with the perturbed energy-momentum tensor

At this point it is very important to define a Jeans length

Causal Horizon/Particle Horizon
(maximum physical
scale at which a signal can propagate)

Hubble radius/Particle Horizon
(for a ~ tn and n<1)

Acoustic perturbations cs  
Sound Horizon cs/H(t) 

The perturbed Universe - IV
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10. Evolution of perturbation in a fluid with perturbations propogating with sound speed cs

Two regimes

Large scales k<kJ pressure unimportant

Small scales Modes with k>kJ will oscillate
With frequency k x cs (competition
Between pressure and gravity)

The perturbed Universe - V

11. Jeans instability is a key ingredient for structure formation
before recombination cs~c the photon-baryon fluid oscillates on scales smaller than lambdaJ
after recombination csà0 lambdaJà0 and structure can grow
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In a neutrinoless Universe

The perturbed Universe - VI
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The perturbed Universe: adding neutrinos

At least 2 neutrinos should be matter – an extra matter component, this implies that they turned non-
relativistic during matter domination z<3000

In absence of perturbation pi will decade as 1/a while Pi will stay constant

Spatial perturbations in the metric will induce variations in neutrino phase-space density
Depending on time, space and momentum à this will impact on the energy momentum tensor

Scalar sector of the tensor  will contain now the anisotropic stress (different w.r.t. perfect fluid)
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The perturbed Universe: the energy momentum tensor
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The perturbed Universe: neutrino free streaming

As we defined the Jeans length we can now replace cs with vthermal
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The perturbed Universe: neutrino free streaming - II

These scales are physical (not comoving) and set by particle physics and have to be 
compared to cosmic expansion
Before non-relativistic transition lFS ~ t and a ~ t1/2

After non-relativistic transition free-streaming scale increases lFS ~ 1/(aH) ~ t1/3

But comoving lFS/a ~ t -1/3, because a ~ t 2/3, comoving free streaming scale decreases!

Thus, if neutrinos become relativistic during MD the comoving free-streaming scale
passes through a minimum at k=knr when m=<p>=3Tn=2000 (m/1eV)

Damping of perturbations below this scale
1- Neutrinos cannot be confined into these smaller scales
2- Metric perturbations will be damped at these scales by gravitational back-reaction
3- Modes at k<knr will evolve like in a neutrinoless universe
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The perturbed Universe: neutrino free streaming - III

Taken from Palanque-Delabrouille PONT17 talk

Comoving!
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The perturbed Universe: neutrino free streaming - IV

After decoupling neutrino free-stream

Free streaming scale is a dynamical quantity which quantifies 
which scales free-streaming can be neglected in the evolution 
equations at any given time

Free streaming horizon is the average distance travelled by 
neutrinos between the early universe and a given time, displaying 
the scales that can by affected at allç

dFS = arFS ⌘ a

Z ⌘

⌘in

c⌫(⌘)d⌘
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NOTE: Neutrinos in the keV range will become non-relativistic in the RD era 
where cn ~ 1/a ~ 1/h and H ~ h-2 Thus free streaming scale increases like h. 
While after equality it will decrease. Maximum is in this case reached between 
equality and non-relativistic transition In this case dFS can be much larger than 
1/knr (and grows logarithmically)

Free streaming horizon is the key physical quantity however this 
role is also taken in the literature by 2p/knr
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Vlasov (neutrino) equation

1. Perturb f
2. Fill with the metric
3. Go to Fourier

MetricNeutrino phase space
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Vlasov (neutrino) equation in MD regime

Neutrino phase space

Geodesic equation
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Vlasov (neutrino) equation in MD regime - II

This is for the mode k=0.1 h/Mpc
And for m=0.1 eV

Damping is clearly visible
After non-relativistic transition
a/a0=5 x 10-3
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Vlasov (neutrino) equation in MD regime - III

Well in the matter dominated regime, things get simpler

Psi and phi ~ const and a ~ t 2

This above is solution of Poisson
Equation in a MD Universe
For k>knr
Note that dn can grow faster than ~ a
For a short time due to the ln a term
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Vlasov (neutrino) equation in MD regime - III

From the above equations and neglecting neutrinos’ backreaction on cdm

From the above equations and neglecting neutrinos’ backreaction on cdm



Matteo Viel
Vlasov (neutrino) equation in MD regime - III

Well in the matter dominated regime, things get simpler

Psi and phi ~ const and a ~ t 2

This above is solution of Poisson
Equation in a MD Universe
For k>knr
Note that dn can grow faster than ~ a
For a short time due to the ln a term
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Neutrinos backreactions

1. Effects from homogenous pressure and density à Hubble expansion
2. Gravitational back-reaction on metric perturbations through modification of energy-

momentum tensor

To check for 1. we can omit the d n in Poission equation

Poisson eq.
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Matter power spectrum from massive vs massless vs

1. Large scales k < knr

2. k>> knr and k >> keq for a< anr

Small few % effect? Yes! 
But ”integrated” through structure formation era i.e. P(k) is P(k,z)

But… is it really small ---> see Enzo Branchini!
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Matter power spectrum from massive vs massless vs

In practice: numerical solutions à popular Boltzmann solvers like CMBFAST and CLASS

Massless neutrino universe                Massive neutrino universe: fn=0.1

Equality takes place
a bit later
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Matter power spectrum from massive vs massless vs
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Matter power spectrum from massive vs massless vs

Neutrino free streaming effect

From 0.15 eV to 
1.5eV total
neutrino mass



Matteo Viel
Matter power spectrum from massive vs massless vs

Neutirino free streaming
effect
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Matter power spectrum from massive vs massless vs
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Matter power spectrum from massive vs massless vs
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Matter power spectrum from massive vs massless vs
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Matter power spectrum from massive vs massless vs
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Recap  - key moments

1. Relativistic neutrino contribution to cosmic expansion

2. Neutrino free 
streaming slows down
CMB photon clustering

3. Metric fluctuations
During non-relativistic
neutrino transition
(early ISW)

4. Neutrino free 
streaming slows down 
ordinary matter 
clustering

5. Non-relativistic 
neutrino contribution 
to late expansion rate

BBN                    CMB                 LSS
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Recap  - key take home messages

1. Neutrino number density is large, like photons, in terms of number density
is the second most abundant species
n g ~ n n ~ 10 10 n atoms, e-

2.    Unlike other particles they become non-relativistic after decoupling and
do not annihilate

3.    Looking at the whole Universe from large to small scales they can be probed
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Plan

• 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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Regimes

Linear theory: use public codes like CAMB/CLASS or your own solver
analytical neutrino calculations also valid in some regimes

Perturbation theories: Standard Perturbation theory or other methods, Effective field theory of
the LSS

Non-linear regime: A) analytical models for non-linear power like the halo model (or some
log-normal approximation for the density field)
B) N-body simulations

� ⌧ 1
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N-body sims in the context of neutrino cosmologies
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N-body sims in the context of neutrino cosmologies

Brodbeck+98
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Numerical methods for structure formations

Vogelsberger+20
Nature Review
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Physics implemented
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Setting Initial conditions

It is wise to start the simulations in the MD era, to set up initial conditions we will use the
Results of Lecutre 1: i.e. linear theory

Zel’dovich approximation is used

However: note that for neutrinos
the initial FD thermal velocities are large
Note also: Poissonian shot noise
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Setting ICs: Zel’dovich approximation
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N-body sims primer
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N-body sims: the Particle Mesh method

Direct summation is unfeasible
One can rely on approximations
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N-body sims: force calculation in the PM method
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N-body sims: method

PM methods are fast and simple they are good for species which do not cluster much (neutrinos?)
However, DM will cluster more, PM is not good (limited by force resolution on the mesh).

Tree algorithm: group distant particles together and use their multipole expansion only log(N) force
Terms per particle
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N-body sims: Tree-PM

DM small scale: Tree
DM large scale: PM
Neutrinos (all over): PM
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Key results of N-body simulations

1) Large/Medium/small scale distribution of matter

2) Halo mass function

3) Structure of dark matter haloes

4) Halo substructure

Till 2008 all the above points were tackled without considering neutrinos as a
Separate fluid but implementing the matter power spectrum of a massive neutrino
cosmology 
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Key results of N-body simulations

Monte Carlo method to sample (integrate geodesic equation)
the neutrino phase space-density from z=109 to z=0 First they use linear 
theory to z=13, then they switch to N-body
However, resolution rather poor

z=10,000 z=13.5
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Neutrino simulation with particles
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Neutrino simulations: role of thermal velocities
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N0n-linear matter power
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N0n-linear matter power
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N0n-linear matter power
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N0n-linear matter power
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First hydro sim
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Total matter power suppression
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Neutrino fluid clustering

Villaescus-Navarro, Bird, Pena-Garay, Viel 2013
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Neutrino peculiar velocity evolution

Villaescus-Navarro, Bird, Pena-Garay, Viel 2013
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Neutrino peculiar velocity evolution – II 

Villaescus-Navarro, Bird, Pena-Garay, Viel 2013

This is by selecting neutrino particles around haloes
of a given mass

Neutrino slow down and cluster in a “selective” way
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The neutrino halo

Villaescus-Navarro, Bird, Pena-Garay, Viel 2013
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The neutrino halo

Villaescus-Navarro, Bird, Pena-Garay, Viel 2013
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Mass functions - I
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Mass functions - II

The physical picture: 

the free streaming length is much larger than 
Lagrangian size of halos, neutrino perturbations do not 
play any role in the collapse. 

Ichiki&Takada(2012) studied the spherical collapse with 
massive neturinos, finding sub % effect on the collapse 
threshold. 

They can be treaded as a background cosmology effect, 
like a Cosmological Constant, and we can and should use 
the CDM power spectrum. 
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Mass functions - III

Castorina+14
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Halo bias?

Castorina+14
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Main conclusions (so far)

Villaescus-Navarro, Bird, Pena-Garay, Viel 2013

Ø N-body simulations recover linear growth at large scale

Ø Non-linear regime presents an overall suppression of power which is about 25% larger
than in linear theory

Ø There is a distinctive spoon-shape feature at small scales, however, this is not due to
neutrinos, but it is due to the different growth of small vs. large scales and their relative
coupling à it can be used to constrain neutrinos once amplitude at larger scales is fixed

Ø Neutrino halo is characterized and it is cored for haloes > 1013.5 Msun/h

Ø FD distribution of neutrinos is perturbed inside virialized haloes

Ø Momentum distribution is also perturbed over large cosmological volumes (the more 
massive they are the closer they are to CDM)
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Are numerical effects under control?
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Are numerical effects under control?



Matteo Viel
Halo model

Mo, Van den Bosch & White
”Galaxy formation and evolution”
book
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Halo model



Matteo Viel
A neutrino halo model
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Perturbation theory
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Summary of Lecture 2

Neutrino non-linear clustering is selective: depends on halo mass, redshift, scales

This is good: quantitative predictions in a variety of environments, 
mass functions, Bias of haloes/galaxis, neutrino haloes

All the effects are somewhat at the percent or sub-percent level

Precision post-Planck cosmology will address this
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• Lecture 1: Cosmological effects of neutrinos
in linear perturbation theory 
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• Lecture 3: Neutrinos in Intergalactic space
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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 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.

⌧HI / �b xHI / �2

b T
�0.7/�HI
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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. 2

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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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



Matteo Viel
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?



Matteo Viel
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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Matter power spectrum and WDM

T (k) ⌘ [1 + (k/kbreak)
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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
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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
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Plan

• 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 historical background (a successful story!)
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New probes/new issues

• Baryons?

• Cosmic Voids

• 21cm cosmology

• Environmental effects

• Higher order?
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Weak lensing
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Baryon feedback - I
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Baryon feedback - II
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Baryon feedback - III
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Baryon feedback - IV

Maximum shift in the total neutrino mass is  0.5s

No obvious degeneracies

Apart from one: between neutrino mass and 
intrinsic alignment (important term in 

weak lensing modelling)

In general: neutrino free streaming is more 
gentle, and with different z-dependence

compared to baryon feedback
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Voids: the void size function

Voids in massive neutrino cosmologies are less evolved (i.e. younger) than those in the
corresponding massless neutrinos case: there is a larger number of small voids and a smaller
number of large ones, their profiles are less evacuated, and they present a lower wall at the edge.

VOIDS evolve by evacuating particles (very different from haloes)!

Comprehensive numerical effort
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Voids – II: ellipticities and correlation function

Ellipticity Voids Correlation Functions

Exclusion effects

Non-linear ”wall”
effects
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Voids – III: density profiles and degeneracies

D
en

si
ty

 p
ro

fil
es

Notice
The wall
For small voids
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Voids – IV: populating with galaxies

So far: used the matter or halo distributions … but….real universe is different
We need galaxies --> HOD simple model

You can build simple HOD models 
By asking to reproduce observed
Correlation functions or luminosity
properties of galaxies

Once you build such a model you can then run your voidfinder on top of the galaxy distribution
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Voids – V: populating with galaxies
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Voids – VI: combining with other probes
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Voids – VI: combining with other probes

Without CMB priors to “fix” the large
Scales

Volume 1 (Gpc/h)3, kmax=0.5 h/Mpc
From sims

But real surveys will have 100 more volume

Bayer+22 arXiv: 2102.05049
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21cm – atomic processes & hydro sims
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21cm – A simple model
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21cm – Cross correlations?
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21cm and neutrinos
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21cm and forecasts

Obuljen+18
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21cm and forecasts

Obuljen+18
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21cm and forecasts

Berti, Viel, Spinelli 23 [to appear]
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Environmental effects

Clustering of haloes in a massive Mn=0.1eV which 
are below and above the median CDM density

Clustering of haloes in a massive Mn=0.1eV which 
are below and above the median neutrino density

Banerjee, Castorina, Villaesusa-Navarro, Court, MV, 2019

Strong scale dependence found à need a way to probe environment

From galaxies to halo to cdm….. 
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Bispectrum

Hahn+19
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Minimum Spanning Tree 

Statistics which is extra-sensitive to 
topology of clustering

Naidoo+19
Naidoo+22
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Summary

• Neutrino background detected from CMB through Neff

• In the structure formation epoch, neutrino perturbations not detected yet

• Effect is small but not incredibly small: whitin reach of planned and ongoing
experiments (like Euclid) 

• Neutrino free streaming is scale and z depdendent à should be tested/seen by
different experiments subjected to different systematics/statistical errors

• Neutrino non-linearities are very interesting. Neutrino fluid reacts differently
When considering different environments (galaxies, voids, etc.)

• Neutrino constraints from cosmology – so far a success story! [Could have been
wrong.. But so far.. All predictions were correct]

• Suprises still possible: modification/new physics beyons standard models
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Dark Matter – baryon scattering nb=0

Momentum transfer cross-section
v: relative DM-b velocity 
nb=0 contact interactions, nb=-2 in DM models with dipole moments

Hooper+22

Hint of a detection
Slight overall tilt in the power
spectrum
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Dark Matter – baryon scattering nb=-2



Matteo Viel
Cold+Warm Dark Matter
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s8 tension – I
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s8 tension – II

Esposito, Irsic, Costanzi, Saro, Borgani, Viel 2022

SPT GCs number counts
Lyman-alpha 



Matteo Viel
Lya forest and LCDM

Goldstein+23
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Discussion - Summary

• New data with new analysis: 5.72 keV 2s C.L. on WDM thermal mass
• Small scale regime of flux power is not easy to fit

if you stop at k<0.1 s/km then 4 keV is a robust and conservative limit
• This includes new features: patchy reionization, 

resolution corrections depending on physical models.
new unprecedented set of physical models for the simulations which
fits several other statistics at once.

• This means: our results are prior driven!
• Pushing to small scales is double and hitting the regime > 6keV is likely

to depend a lot on noise modelling….. But…. ESPRESSO, ANDES… 
• New physical scale identified in 1D flux power (produced by pec.vel. Structure)
• Application to: dumping heating in the IGM à Dark Photon
• Application to: non standard DM-b and DM-DR interactions 
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Numerical convergence does depend on physics
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Lya forest and EDE

Chabanier+19 eBOSS analysis

Assumes prior
H0=67.3 \pm 1 km/s/Mpc
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New physical effects on the forest

Pressure smoothing puffs up or
evaporates small IGM structures
such as filaments and small halos.

This often results in shell-like
features in the IGM density field
and can leave characteristic
imprints in the Lyman-α forest,
such as flat-bottom or double-dip
absorption profiles.

Puchwein+23
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Extra heating in the IGM

Upton-Sanderbaeck+15
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WDM and high-z galaxies

Maio & Viel 2023
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𝛬CDM model: core/cusps with feedback
Bullock&Boylan-Kolchin+17

Hydro simulation in LCDM with feedabck predict
cored profile
for bright dwarfs 107-109 M★, and cuspy for
classical (105-107 M★) and ultra-faint Dwarfs
(102-105 M★)

non-CDM region


