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Traditional cosmology uses 2-pt information
but this is no longer optimal as we probe small, non-linear, scales



Higher-order statistics
can provide information beyond the 2-pt
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Field-Level Inference
INITIAL

Kitaura & Ensslin (2007), Jasche & Wandelt (2012), Jasche & Lavaux (2017), Seljak et al. (2017), Schmidt et al. (2020), …
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Field-Level Inference
INITIAL FINAL

Field-Level Inference Examples
Galaxy field (3d)
Weak lensing (2d) (Porqueres+21,22,23)

CMB lensing (2d) (Millea+20,21)
https://www.aquila-consortium.org/publications/

Kitaura & Ensslin (2007), Jasche & Wandelt (2012), Jasche & Lavaux (2017), Seljak et al. (2017), Schmidt et al. (2020), …

CHALLENGE: Multimillion dimensional parameter space!

https://www.aquila-consortium.org/publications/
https://www.aquila-consortium.org/publications/
https://www.aquila-consortium.org/publications/


Field-Level Inference

Given field data 𝑑 and forward model 𝑓 infer
initial modes 𝑠 and cosmological parameters 𝜆
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Explicit Field-Level Inference
• Optimization
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???



• Optimization

• Monte Carlo Sampling

Box Size: 400 Mpc/h

Number Density: 10-4 (h/Mpc)3

Velocity Noise: 100 km/s

Bayer, Seljak, Modi (2023)

Explicit Field-Level Inference

Microcanonical Langevin Monte Carlo     
orders of magnitude faster than HMC

Curved Sky CMB Crespi, …, Bayer + (2025)
Biased Tracers Simon-Onfroy + (2025)

CHALLENGE: What’s the likelihood?
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Explicit Field-Level Inference
• Optimization

• Monte Carlo Sampling

• Diffusion Models / Stochastic Interpolants

Implicit Field-Level Inference

Legin+ (2023)
Cuesta-Lazaro, Bayer, Albergo+ (2024)



Explicit Field-Level Inference
• Optimization

• Monte Carlo Sampling

• Diffusion Models / Stochastic Interpolants

• CNN as point estimator

Box Size: 400 Mpc/h

Number Density: 10-4 (h/Mpc)3

Velocity Noise: 100 km/s

Implicit Field-Level Inference

Parker, Bayer, Seljak (2025)

Liam Parker
Graduate Student

(UC Berkeley)



Baryon Acoustic Oscillations (BAO)

DESI DR2 (2025)



Padmanabhan+ (2012)

BAO Reconstruction
undo the non-linear evolution
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BAO Reconstruction
undo the non-linear evolution



Parker, Bayer, Seljak (2025)

Use CNN to improve reconstruction

Galaxies                            Perturbation Theory                              CNN                                  True Linear Field                   

Perturbation theory gets large scales correct -> use sub-grid approach to scale up

Liam Parker
Graduate Student

(UC Berkeley)



Bayer+ (2026)

Field-Level with DESI
2.4x improvement in BAO measurement forecasted



2024 2025 2026 2027 2028 2029 2030 2030s

Simons Observatory 

Euclid Space Mission

LiteBIRD

Vera Rubin Observatory Legacy Survey of Space and Time (LSST)

Nancy G. Roman Space Telescope

SPHEREx

Subaru Prime Focus Spectrograph (PFS)

SubaruRubin LSST Simons Observatory LiteBIRDEuclid SPHEREx

Dark Energy Spectroscopic Instrument

DESI

MULTI-PROBE ANALYSIS

1. Increases signal-to-noise to detect otherwise undetectable signals 

2. Breaks degeneracies with astrophysical parameters

3. Mitigates systematics



Credit: NAOJ

CMB photon.



Credit: NAOJ

CMB photon.

CMB Lensing
Photon’s path bent by curved 
spacetime

Credit: Emmanuel Schaan



Credit: NAOJ

kinetic SZ 
thermal SZ
Interaction with high energy 
electrons

e

ee eCMB photon.



Credit: NAOJ

Credit: HST

CMB photon.

Cosmic Infrared Background
Emission from dusty galaxies



Correlated Simulation of the Universe

H a l f      D o m e

“Half Dome” at Yosemite National Park (Chuck Kuhn)

Quick overview:

fsky full

ellmax ~ 5,000

Mmin ~ 1012

Msun

Healpix maps of:

tSZ, kSZ,

CIB, radio,

CMB lensing,

galaxies, shear, 

clusters

Correlated Simulations of the Universe

HalfDome
Bayer+2024



https://halfdomesims.github.io/

https://halfdomesims.github.io/


https://halfdomesims.github.io/Lensed CMB

https://halfdomesims.github.io/


https://halfdomesims.github.io/Matter integrated along line of sight (κ)

https://halfdomesims.github.io/


https://halfdomesims.github.io/Thermal SZ (y)

https://halfdomesims.github.io/


https://halfdomesims.github.io/Kinetic SZ

https://halfdomesims.github.io/


https://halfdomesims.github.io/Cosmic Infrared Background

https://halfdomesims.github.io/


HalfDome Team

https://halfdomesims.github.io/Sky Modelling Working Group

https://halfdomesims.github.io/




Bayer+ (2025)

Field-Level Robustness of N-body Simulations



Train on Gadget, test on Everything

Bayer+ (2025)



Arnab Lahiry

Graduate Student
(FORTH)

Lahiry, Bayer, Villaescusa-Navarro (2025)

Interpretability

Golshan & Bayer (2024)

Malika Golshan

Undergraduate
(Berkeley)

Density Field Integrated Gradient

Measure response of network output with respect to input



Resolution is the Resolution

Bayer+ (2025)



Assessing robustness at data-vector level 

Bayer+ (2025)
PQMASS: Lemos+ (2024)

Gadget
Other



Transfer learning

low fidelity -> high fidelity                       beyond the standard model

Thiele, Bayer, Takeishi (2025) Krishnaraj, Bayer, Kraph-Jesperson + (2025)

`

Veena Krishnaraj

Undergraduate Student
(Princeton)

Transfer learning



Negative learning
Veena Krishnaraj

Undergraduate Student
(Princeton)
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Negative learning
Veena Krishnaraj

Undergraduate Student
(Princeton)



OPTIMALITY ROBUSTNESS

EFFICIENCYINTERPRETABILITY

Correlated Simulation of the Universe

H a l f      D o m e

“Half Dome” at Yosemite National Park (Chuck Kuhn)

Quick overview:

fsky full

ellmax ~ 5,000

Mmin ~ 1012

Msun

Healpix maps of:

tSZ, kSZ,

CIB, radio,

CMB lensing,

galaxies, shear, 

clusters



THANK YOU!
http://adrianbayer.github.io

http://adrianbayer.github.io/
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