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The structures populating the Universe are the result of the

growth of fluctuations of the primordial density distribution:

while the backbone of the large scale structure of the

Universe is determined by its cosmological parameters and

by the gravitational interaction of the dominant dark matter,

the assembly and the evolution of structures on scales

of galaxies and up to cluster of galaxies are mainly

driven and strongly affected by the complex physics of

baryons. The challenge of the next decade will be

understanding these processes through the comparison

of multi-wavelength observations with theoretical

models and simulations…
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DVS 2019
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How did the intergalactic medium 

and the first sources of radiation 

evolve from cosmic dawn through 

the epoch of reionization?



Cosmic Reionization
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Bosman+2022

XQR-30

D’Ododorico+

The last phase transition

Result of structure formation AND feedback on structure formation

After > 50 yr still not settled

nature of the first sources of UV radiation, how they interacted with their environment, 

back-reaction of reionization on infant galaxies, imprint on their luminosity function, gas content

impact of patchy reionization on observables, thermodynamics of primordial baryonic gas, all highly uncertain
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Cosmic reionization as a show case
Despite a considerable community effort, many key aspects of this process,

such as the very nature of the first sources of UV radiation, how they interacted

with their environment, the back-reaction of reionization on infant galaxies and

its imprint on their luminosity function and gas content, the impact of patchy

reionization on observables, and the thermodynamics of primordial baryonic

gas, all remain highly uncertain.

Even a complete knowledge of the sources and sinks of UV and X-ray

light in the early Universe, which astrophysicists by no means possess,

would not automatically translate into a detailed understanding of the

reionization process as a whole, as this ultimately requires extremely

challenging cosmological numerical simulations that self-consistently

couple all the relevant physical processes dark matter dynamics, gas

dynamics, self-gravity, star formation/feedback, radiative transfer, non-

equilibrium ionizations and recombinations, chemical enrichment, heating

and cooling over a huge range of scales.
7Gnedin & Madau 2208.02260
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Courtesy of  R.Schneider

Lynx

Athena ?
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How do supermassive black holes 

form and how is their growth 

coupled to the evolution of their host 

galaxies?



Cosmic Ecosystem - circumgalactic medium
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Link to the IGM

Measure the properties of the diffuse gas 

within, surrounding, and between galaxies. 

Sites where baryons accrete on to galaxies, 

star formation is triggered, central black holes 

accrete and grow, and the feedback processes 

regulating galaxy growth are manifested. The 

key observational probes of all of these 

processes are emission and absorption-line 

spectroscopy of the diffuse gas, which contain 

a wealth of diagnostic information on the 

physical conditions, compositions, and 

dynamics of the gas. Current telescopes are 

only capable of probing the densest regions in 

emission and occasional single sightlines 

through rare galaxies which happen to be 

superimposed in front of a bright quasar. 

JWST, ALMA, NOEMA, ELT, Euclid… 

VRO, Roman, SKA, ATHENA?
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How do gas, metals, and dust flow 

into, through, and out of galaxies?



May 2011     IGM



A comprehensive view of the Universe
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The (simple) physics of the Cosmic Web 

~90 % of the baryons at z=3 are in the IGM (Lyman-α forest)

neutral hydrogen (HI) is determined by ionization balance between 

recombination of e and p and HI ionization from UV photons

Recombination coefficient depends on T(gas) 

Neutral hydrogen traces overall gas distribution, which traces dark matter 

on large scales, with additional pressure effects on small scales

Density and temperature are correlated, modeled as a power law with slope 

γ and amplitude To



DM 

STARS 

GAS 

NEUTRAL

HYDROGEN 

Wm = 0.26 WL = 0.74 Wb=0.0463   H = 72 km/sec/Mpc - 60 Mpc/h 

COSMOS computer – DAMTP (Cambridge) 

Courtesy 

M.Viel

δ IGM ~ δ DM at

scales larger than

the Jeans length

~ 1 com Mpc

flux = exp(-τ) ~ 
exp[-(δIGM )1.6 T -0.7]
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IGM - Absorption Lines – Why?

What were the physical conditions of 

the primordial Universe?

What fraction of the matter was in a 

diffuse medium and how early did it 

condense in clouds?

Where are most of the baryons at the 

various redshifts?

How early and in what amount have 

metals been produced?

Which constraints on cosmology & 

types of DM (e.g. ν) are derived 

from the IGM LSS?

What was the typical radiation field, 

how homogenous, and what was 

producing it?

When and how, after the Dark Ages 

following recombination, did the 

Universe get reionized?

Does the SBBN correctly predict 

primordial element abundances 

and CMB T evolution?

Do fundamental constants of 

physics (e.g. , μ) vary with time?



The primordial dark matter power spectrum

Tegmark & Zaldarriaga 2002

CMB physics

z = 1100

dynamics

Ly physics

z < 6

dynamics

+

termodynamics

CMB + Lyman  Long lever arm

Constrain spectral index and shape

Relation: PFLUX (k) - PMATTER (k)?

Continuum fitting

Temperature, metals, noise



Credit: Vid Iršič



Lya forest robust cosmological probe to probe dynamics and geometry of

the Universe

Parameter contraints on several non-CDM scenarios: thermal warm dark

matter, ultra-light axions, DM-interacting with radiation etc.

Mainly a small/medium scale physics probe, best exploited with ”anchors”

at larger scales (e.g. CMB).

In plain LCDM models, constraints on neutrinos, shape/curvature of matter

power spectrum, inflation, etc.

Ly-forest as a calorimeter, thermal history of the IGM as a dark matter

detector (e.g. constraints on the dark photon models).

cf. M.Viel
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Redshift space 

distortions

Growth of structure

Redshift space

power-spectrum 

Local bias

(deterministic) RSD

(depends on σ8)

Kaiser 1987



The matter power spectrum

• Dynamical growth of perturbations - but also geometry via BAOs

• P(k) it is a physical quantity linked to parameters of the models

• Different scales probed by different observables, beat down systematics

LARGE SCALES SMALL SCALES

Kuhlen+08
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What are the properties of dark 

matter and the dark sector? 

What physics drives the cosmic 

expansion and the large-scale 

evolution of the universe?



29https://www.desi.lbl.gov/

The DESI Survey 

2.4 million QSOs 

17 million ELGs 

6 million LRGs

10 million 

brightest galaxies



SDSS            vs             DESI  (first 7 months)

30Credit:D.Schlegel/Berkeley Lab

20x faster



Learning (many) lessons about ML
Beware of:

- Black box syndrome

- Overfitting (complementary methods)

- Fancy interpretation of unphysical features

- Amazing success rates and completeness

Consider that:

- Good for classification may be less good for regression

- On a well defined class, fitting a model may be fine

Need for:

• Large and balanced training sets (synthetic data)

• Proper error treatment

• Physical insight Remember Minority Report (Dick, 1956)
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Fundamentalist physics - Simon D.M. White  (2007)

By uncritically adopting the values of an alien system, astronomers risk undermining the 

foundations of their own current success and endangering the future vitality of their field.

…. Large projects require large teams and long time-scales. The negative effects of this on 

young scientists’ opportunities for creativity can be drastic and must be mitigated by 

promoting a diverse set of science goals for exploration by young team members.

'big science' vs 'little science'  ?  (R. Ekers 2010)

• Institutional Facilities are built to enable research on a scale which no individual can afford.

• National Facilities are built to enable research on a scale which no single institute can afford.

• International Facilities are built to enable research on a scale which no single nation can afford.

big science facilities are expensive so they need to be common-user facilities to justify their cost.
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1) A new program to support specifically

Theoretical Astrophysics.

Every participation to a new project or facility
should involve a commensurate number of
theorists and interpretative astrophysicists to
ensure an adequate scientific return for the
Italian community.

DVS recommendation (2019)
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We need spectroscopy
wide, deep, ground-based and space born

e.g. PFS, MOONS…

Dedicated 10m class telescope:
MSE, DESI2, Post–LSST, WST, ESO Spec Tel
(Pasquini+2017, Ellis+2017)

See Dark Energy and Cosmic Acceleration in the
Modern Universe, arxiv-2209.08049

A final thought

SPACE was 

not a bad idea!


