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Traditional cosmology uses 2-pt information
but this is no longer optimal as we probe smaller scales
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Can we find all th
e information?
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Field-Level Inference

Given field data 𝑑 and forward model 𝑓 infer
initial modes 𝑠 and cosmological parameters 𝜆

−2 log𝑃(𝑠, 𝜆|𝑑) =/
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posterior likelihood prior
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CHALLENGE: Multimillion dimensional parameter space!

1. Need fast forward model 2. Need differentiable forward model 3. Need fast sampler



Li+2022

1. Fast forward model 2. Differentiable forward model 3. Need fast sampler
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Robnik+2022



Canonical HMC requires 
momentum resampling and 
accept-reject step to change 
energy levels and converge
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Canonical HMC requires 
momentum resampling and 
accept-reject step to change 
energy levels and converge

Microcanonical HMC converges 
while conserving energy

Robnik+2022



Microcanonical Hamiltonian Monte Carlo

MCHMC

Robnik+2022



Microcanonical Langevin Monte Carlo

MCHMC MCLMC

Improve ergodicity by including Langevin-like stochastic term

Robnik+2022
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Experiments

• Nonlinear dark matter 
• 1LPT, 2LPT, 5-step PM

• Dimensionality
• 163, 323, 643

• Voxel size 4 Mpc/h
• Inject noise

Bayer, Seljak, Modi (2023)
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Samples of Initial Modes
d = 323 + 2 = 32,770
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Samples of Initial Modes

MCLMC is 22 times faster!
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Samples of Cosmological Parameters
d = 323 + 2 = 32,770
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Samples of Cosmological Parameters
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Dependence on dimensionality

Bayer, Seljak, Modi (2023)



2023 2024 2025 2026 2027 2028 2029 2030

Simons Observatory 

Euclid Space Mission

CMB-S4

LiteBIRD

Vera Rubin Observatory LSST

Nancy G. Roman Space Telescope

SPHEREx

Subaru Prime Focus Spectrograph (PFS)

Dark Energy Spec. Instrument (DESI)

The South Pole Telescope (SPT)

𝑑~512!





Combine multiple probes
e.g. galaxy density + peculiar velocities 

(Bayer, Modi, Ferraro (2022))



Correlated Simulation of the Universe

Half     Dome

“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

Zhong, Bayer, Liu, et al. 
out soon
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Many other applications

• Lattice Field Theory (Robnik+2023)
• CMB (Bonici+2023)
• CMB lensing (Ruiz-Zapatero+, in prep)
• …

• Have an application? Let’s chat!

NUTS  MCLMC


