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Galaxies DESI - map of galaxies – April 2024
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Galaxies Webb's First Deep Field (NIRCam Image)
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Structure Formation

LCDM model:
Ø DM required at >50s from CMB data alone 
Ø Support for hierarchical structure formation 
Ø Quantitative understanding in terms of linear (Jeans) theory
+ perturbation theories
+ hydrodynamic simulations
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Peebles 1982

DM key ingredient in cosmic structure evolution
DM perturbations can grow before decoupling
(while baryon/radiation fluid oscillates)
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Dark Matter Free Streaming
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Ø MCDM ~ 100 GeV 
      SUSY – cutoff 10-6 M⊙

Ø MWDM ~ few keV 
      sterile n – cutoff 109 M⊙

Ø MHDM ~ few eV 
       neutrinos – cutoff 1015 M⊙
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The linear matter power spectrum P(k)

Ø  Fluctuations are now measured
     from a variety of observables

Ø Spanning a wide range of 
     scales and redshifts

Ø  Important tests for fundamental
     physics and structure formation
     processes
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Crisis of (cold) dark matter at small scales?

Ø Missing satellite problem: more Milky Way subhaloes than there are observed satellites

Ø Cusp-core problem: simulations tend to predict cuspy DM profiles while in some cases cored 
      profile seemed to be preferred 

Ø Too-big-to fail problem: DM sims have ~10 massive subhaloes with Vmax > 10 km/s but only
     ~3 are observed

Ø The satellite-disk problem: a plane of corotating dwarf galaxies orbiting Andromeda
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Crisis of (cold) dark matter at small scales?

Ø Missing satellite problem: more Milky Way subhaloes than there are observed satellites
      Solution: more satellites have been observed and then most of the subhaloes do not form
      stars due to reionization

Ø Cusp-core problem: simulations tend to predict cuspy DM profiles while in some cases cored 
      profile seemed to be preferred 
      Solution: physics of star formation can alter the profile

Ø Too-big-to fail problem: DM sims have ~10 massive subhaloes with Vmax > 10 km/s but only
     ~3 are observed
      Solution: physics of galaxy formation can reduce circular velocity in subjaloes

Ø The satellite-disk problem: a plane of corotating dwarf galaxies orbiting Andromeda
      Solution: statistical ensemble of simulated Andromeda-like galaxies reduce the fine-tuning
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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

HI
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Intergalactic Medium

The Lyman-alpha forest

• Intergalactic medium: filaments 
at  low  density  (outside 
galaxies)  -  distances  spanned 
0.1-100 Mpc/h

• Lyman-alpha forest its the main 
manifestation of the IGM

• High  redshift  observable,   1D 
projected power (but also 3D)

• Tight constraints on:
  thermal warm dark matter
  sterile neutrinos
  ultralight boson dark matter

• Results:  masses  typically 
advocated  to  solve  the  small 
scale  crisis  are  at  odds  with 
Lyman-alpha  forest.  Impact  on 
structure  formation  not 
distinguishable  from  LCDM. 
Cosmic web is cold.
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Data
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The simulations - I
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The simulations - I

Ø Sherwood-Relics suite (>200 
simulations: boxes 5-160 
cMpc/h; Mgas=3.7e3-6.4e6 M⊙) 
– about 75 Million CPU hrs 
(2017-now)

Ø G3 code + ATON to perform 
radiative transfer for patchy 
reionization

Ø Focus (and model calibration)
on the high-z (z>4) forest

Bolton+17
Puchwein, Bolton+23

J. Bolton        E. Puchwein

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

z=7 (with reionization finishing at z=5.3)
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The simulations - II
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The simulations - III

Methods: hydrodynamical simulations 
Lyman-a quantitative investigation is probably the best example of the need
of hydrosims to address cosmologically relevant scales. 
Cross-talks between CGM/IGM/LSS scales is intimate. 

Rationale underneath cosmo analysis: forest is a biased tracer of the matter field
and bias parameters can be predicted and measured.

Ø Most of the flux statistics are in 
agreement with LCDM –  216,000 flux 
models fed into MCMC analysis 

Increasing z à increasing HI à more
absorption
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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.



Physical Scales

Large scales                                                             Small scales

REFERENCE MODEL

LARGE SCALES with
IM (Rel. effects or Non-
Gaussianities)

NEUTRINOS

WARM DARK MATTER
            (thermal)

BARYON FEEDBACK and
STAR FORMATION

Matter radiation
equality

BAO scales Onset of
non-linearities

DARK MATTER
         Interacting with baryons    

HI measures density perturbations in a matter dominated regime!

z=3
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Simulated 1D flux power @ z=4.6

Impact on 1D flux power

Boera+19
measurement

More power

Less power

Large scales Small scales
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Patchy Reionization  

Molaro, Bolton, Irsic,… MV 2021&2023

Molaro+23
“Detected” this
increase of power at 2.7s
from KODIAQ, SQUAD,
XQ100 sample of 538 QSOs
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Patchy Reionization - II

Puchwein+23

During reionization

After reionization is complete

Note: 
Reionization ends
at z =5.4



Matteo Viel
Galactic Feedback

Temperature density
low density relation for the IGM
is largely unaffected by feedback,
while the amount of hot collisionaly
Ionized gas changes

Viel+12
Bolton+17
Chabanier+23
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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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A warm cosmic web?

Viel et al 2005
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The smoothing scales

H  is heating rate

WDM free streaming Thermal broadening Gas pressure

Vid Irsic
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H  is heating rate

WDM free streaming Thermal broadening Gas pressure

Vid Irsic
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Different physical scales
(on top of instrumental
resolution) affect the power
spectrum cutoff:

Ø thermal: instataneous
temperature at that
redshift;

Ø filtering scale: depends
on all the past thermal
history – related to Jeans
scale;

Ø WDM cutoffs are
basically redshift
independent

The smoothing scales - II

Viel+2018
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The IGM thermal state

Ø Constraints obtained with 
a variety of data and 
methods

Ø Sensitive to lines rather 
than the lines’ clustering

Ø HeII bump quite well
detected

HeII reionization

This talk 
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Status in 2013

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

Ø 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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The data

Boera+19, Irsic+23
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Thermal WDM 

Irsic+23
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Thermal WDM 

Irsic, MV +23

Boera+19
measurement

Light
WDM

Heavy
WDM or
LCDM

Injected heat 
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Thermal WDM - II

Irsic, MV +23

Boera+19
measurement

Light
WDM

Heavy
WDM or
LCDM

IGM temperature

Range of  physical 
models (priors)
u0~T01.7

Injected heat 
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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 

Irsic+23

Tests made: 
Cut small scales
Marginalize over data noise
Assume/Remove T0 priors
Correct for a model dependent resolution
Patchy reionization models
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Scalar Dark Matter
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Scalar Dark Matter - II
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Scalar Dark Matter - III

Irsic, Viel+ 2022 PRL
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The IGM as a thermometer

Ø Dark Photon Dark Matter: simple extension of the SM of particle physics

Ø Dark photon converts into standard photon when a resonance condition is met

Bolton, Caputo, Liu, MV, PRL, 2022
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The IGM as a thermometer

Ø Dark photon Dark Matter: simple extension of the SM of particle physics

Ø Dark photon converts into standard photon when a resonance condition is met

Bolton, Caputo, Liu, MV, PRL, 2022
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The IGM as a thermometer - II

Ø Effect is small but can be used to place
constraints on extra-heating

Ø At z=0.1 COS/HST lines are broader than
expected (feedback, turbulence?)
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The IGM as a thermometer - II

Ø Effect is small but can be used to place
constraints on extra-heating

Ø At z=0.1 COS/HST lines are broader than
expected (feedback, turbulence?)
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Baryon-DM or Dark radiation-DM interactions

Vogelsberger+16 Ø Dark Acoustic Oscillations are impacted by: 1) non-
linearities; 2) projection in 1D power; 3) non-linear
density-flux transformation

Ø … but still the forest can provide competitive
constraints (Archidiacono+19, Hooper+22, Iliev’s
talk….)

Strength
of interaction

Amount of 
of Dark Radiation
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Baryon-DM or Dark radiation-DM interactions

Vogelsberger+16 Ø Dark Acoustic Oscillations are impacted by: 1) non-
linearities; 2) projection in 1D power; 3) non-linear
density-flux transformation

Ø … but still the forest can provide competitive
constraints (Archidiacono+19, Hooper+22, Iliev’s
talk….)
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Summary

Ø New data with new analysis: 5.7 keV 2s C.L. on WDM thermal mass

Ø 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

Ø New features: patchy reionization, resolution corrections,
      new set of physical models. Warning: our results are prior driven. 

Ø  Pushing to small scales is double and hitting the regime > 6keV is likely
        to depend a lot on noise modelling….. But…. ESPRESSO, ANDES… 

Ø Application to: inject heat in the IGM à Dark Photon

Ø Application to: non standard DM-b and DM-DR interactions 

 


