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Tensions between the low-z universe and CMB expectations

Verde et al 2019, Vagnozzi et al 2021
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2019-2030:

The era of precision cosmology for 
Large-scale structure data
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Cosmology from weak gravitational lensing
Current analyses are restricted by nonlinearities and gas physics

- Non linear matter 
power spectrum

- Galaxy Bias

- Baryonic effects

- Intrinsic Alignments

Chen+ 2022



How do we unlock the full power
of late-universe measurements?
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The Vlassov-Poisson (aka collsionless Boltzmann) 
Simplest case:DM is initially smooth, cold, classical, and collisionless



Solving Vlassov-Poisson via MC sampling 
Currently, the most accurate solution is discretizing the distribution function

REA et al 2020



How to sample the cosmo-parameter space?

Ωmatter

σ8

Rescaling modifies the outputs of simulation to mimic other cosmologies

Angulo & White (2010)
Angulo & Hilbert (2015)
Ruiz et al (2011)
Renneby, Hilbert, Angulo (2018)
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- real/redshift-space
- correlation function/power spectra
- 3-point correlation functions
- (sub)halo mass function
- abundance of voids
- different redshifts/cosmologies

Validated for:



Accuracy in predicting the nonlinear distribution 
of matter and collapsed objects

Contreras, Angulo, et al (2020) Ondaro, Angulo, et al (2021)

Nonlinear Power Spectrum Abundance of halos

Region of ~10-sigma around Planck’s best fit values, 
including massive neutrinos and dynamical dark energy





Constraining Cosmology and Astrophysics
Feed-forward neural networks trained on 10,000 combinations of 
cosmology and astrophysics

STATISTICS

- (Non) linear matter power spectrum
- Baryonic effects
- Galaxy correlation functions
- Halo Mass function
- Perturbative bias in real & redshift space
- Linear theory



Gas and 
hydro
forces 



Hydrodynamical forces and galaxy formation is 
important to predict the large-scale structure of a 

given cosmology

Chisari et al (2019)



Modelling the baryonic effects on 
the matter clustering
Arico, REA+ (2020,2021); Schneider+(2017, 2019)

The idea is to parametrise these 
physical processes, and then tag 

and apply a differential 
displacement to mass particles in 

gravity-only simulations

DM + Adiabatic Contraction

Bound gas in equilibrium

Stars/Gas in galaxies

Gas ejected or inhibited from
being accreted

Scale [Mpc/h]
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Modelling the baryonic effects on the 
matter clustering

Arico, Angulo, et al (2019, 2020, 2021); 

The impact of baryons can be reproduced to ~1% accuracy on 7 
different state-of-the-art hydrodynamical simulations

1. Fast & flexible 3D predictions

2. It can be calibrated with 
observations

3. It does not depend on any specific 
simulation

4. Also validated for WL peaks and 
bispectrum and at high redshift



GALAXIES



How to efficiently model galaxies in DM sims?

- Halo Occupation Distribution Models

- (Extended) Subhalo Abundance Matching

- Empirical Modelling

- Semi-Analytic Galaxy Formation 

Star Formation Rate 
Selection

Stellar Mass 
Selection

Contreras, REA, Zennaro (2020)
Contreras, REA, et al (2021)
Contreras, REA, MTNG (2022)



SHAMe: Subhalo Abundance Matching 
Extended

Subhalo Abundance Matching

Goal: Flexible and efficient model to fit all available sims

1. Describes the Mhalo-Mstar and clustering of 
galaxies in observational and simulated data

2. Fails in redshift space

3. Incorrect environmental dependence

4. Incorrect stripping and disruption

extended Subhalo Abundance Matching 
(alla Emerge/UniverseMachine)

1. Model for the stripping of stars 

2. Predictions for Star Formation Rates

3. Model for dynamical friction (orphan tracking)

4. Flexible degree of assembly bias

Sergio 
Contreras



 Tidal stripping of stars Stellar-DM Mass scatterMerger Timescale

The impact of astrophysics in the 
spatial distribution of galaxies

Contreras, Angulo, et al (2021)
- redshift space multipoles
- 3-point correlation functions
- Amount of assembly bias
- k-Nearest neighbours
- Stellar Mass and SFR galaxy selections

Validated for:



SHAMe meets Millennium-TNG hydro simulation
SHAMe is able to describe the redshift-space clustering of MTNG galaxies

L = 740 Mpc 
(similar volume to SDSS main)
Same resolution as TNG300
4 additional SAM catalogues
4 number densities

Contreras, REA+ (2022)
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“Lensing is low” tension
HOD modelling lead to artificial tensions in clustering and gg-lensing

Chavez-Montero, REA, et al (2023)



However, perturbative approaches break at ~0.1 
h/Mpc – potentially neglecting 100x modes

The galaxy overdensity field, can be written as a function of matter (and velocity) statistics 

Additionally, the displacement field can be computed perturbatively 

Which can then be written perturbatively up to a given order. Specifically, in Lagrangian coordinates:

BACCO’s Hybrid bias expansion
A rigorous model that is agnostic to selection effects and gas-physics



Alternative approach: Hybrid bias expansion

Lagrangian space Eulerian space

Combining numerical and perturbative worlds (M. Pellejero & M. Zennaro)

The uncertain galaxy formation physics can be treated perturbatively up to a given order

The transformation from Lagrangian to Eulerian (and eventually from real to redshift space), 
can be provided by numerical simulations



BACCO’s Hybrid bias expansion in z-space
Fits to the 300 official BOSS mock catalogues

Zennaro, REA,+ (2021,2022)
Pellejero-Ibañez, RA+ (2021,2022)



Describing galaxies at the “field level”
Galaxy field is built by combining all 8 terms that appear at 3rd order

Francisco Maion



Describing galaxies at the “field level”
In the most extreme test – fixed phases and cosmology – every single 
pixel is compatible with stochastic noise up to k=0.25 h/Mpc

1. Extension to redshift space
2. Quantification in constraining power
3. Combination with ML techniques

2nd order bias
3rd order bias



Exploring the S8 tension
Constraints on cosmology and baryons from small scales 

Arico, REA+ (2023)



Exploring the S8 tension
Constraints on cosmology and baryons from small scales 

- Independent pipeline 
written from scratch (0.4s 
in a laptop)

-More accurate Pnl – 
BACCOemu

- Explicit baryon model 
via baryonification

- All scales in shear
- No shear ratios
- NLA intrinsic alignment
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Exploring the S8 tension
Results on baryons. Halo mass for which half og the gas is lost 
due to feedback

Arico, REA + (2023)



Exploring the S8 tension
0.9 sigma tension with Planck for our fiducial case



Exploring the S8 tension
Differences with respect to the DES collaboration results








