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Standard cosmology analysis
1. Measure the summary statistics 

• e.g. 2-pt function/power spectrum 
2. Develop a theoretical prediction for that summary statistics 

• perturbation theory and/or N-body simulation 
3. Construct an analytic likelihood with covariance 

• usually assumed to be Gaussian 
4. Run MCMC to infer the posterior distribution

ℓ=0
ℓ=2

0.05 0.10 0.15 0.20 0.25

0

500

1000

1500

2000

k, h Mpc-1

k
P
ℓ(k

),
(M
pc

/h
)2

SGC, zeff=0.61

Compress MCMC

<latexit sha1_base64="crS7bnZJ+RgHQ5nBe8aiMGJlbQk="></latexit>

P(✓|d) / L(d|✓)⇡(✓)

<latexit sha1_base64="pwk1pCC1R92gFK/oJqX5QbFebNs="></latexit>

L(d|✓) / exp


�1

2
[d�m(✓)]T Cov�1 [d�m(✓)]

�



But... which summary statistics?
• The power spectrum is no longer sufficient for galaxy clustering. 

• Higher-order statistics? (or any other summary statistics?) 
‣ Hard to measure, and evaluating their covariance is challenging 

‣ In principle, there are infinite series of n-pt functions. 

• What is the optimal way to analyze non-Gaussian random field? 
‣ Field-level inference
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Field-level inference
• Cosmology inference without data compression 

• Compare the observation with theory at each voxel (or Fourier mode) 
‣ In principle, all available information can be extracted.
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The posterior of the field-level inference
• The field-level posterior of cosmological parameters    given the data     : 

• The prior of the initial conditions: Gaussian with diagonal covariance in 
Fourier space 

• Assume the likelihood form to be Gaussian 

• We need a forward-model of galaxy clustering at field level 
‣ Lagrangian EFT of LSS
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Challenge: Marginalization over the ICs
• Explicit (or numerical) marginalization over the initial conditions 

‣ We have to evaluate the extremely high dimensional integral w.r.t. the 
ICs 

‣ The dims of the integral                     

• Common practice: compress the data to summary statistics
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Hamiltonian Monte Carlo (HMC)

• The technique initially developed in the lattice QCD 
‣ use the gradient information to sample efficiently 
‣ need the gradient of likelihood w.r.t. parameters
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Field-level inference in practice
• We want to numerically evaluate 

‣ Infer the cosmological parameters and the initial conditions 
simultaneously
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Implementation details
• Lagrangian EFT of LSS: a differentiable simulator 

‣ Not so computationally expensive (accelerated by GPUs) 

‣ Easy to take a derivatives w.r.t. initial random fields as well as biases 
‣ Auto-grad library (e.g. JAX)  
‣ Possible to be extended to use differentiable N-body (Hybrid-EFT) 

• Sampling method: No-U-Turn Sampler(NUTS) 
‣ adaptive mass matrix & step sizes 

• Written in JAX (python), running on GPUs (Nvidia A100)

Modi++20e.g. FlowPM(Modi++20), pmwd(Li++22) 
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A sanity check: Gaussian random field
• Model:  

‣ parameters: 

•   

•   

• In the Gaussian case, the power spectrum 
should be lossless.

Gaussian
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Non-linear (non-Gaussian) example
• Model: Zeldovich + quadratic Lagrangian bias in redshift space 
‣   
‣ params: 

•   

• The mock is generated with the same  
model but with high resolution             . 

• Sampling takes about ~ a week. 

•               ,
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Where does the information come from?
• The mock is not “real”; The cubic and 
higher order bias params are all set to zero 

• The linear and quadratic bias params        
-> P + B 
‣ The higher order correlation functions 
can be solely used for cosmology 

• Not sure if this is the case in the “real” 
world.

Preliminary
c.f. Nguyen+ 24



Effective shot noise from large b2
• “Renormalization of the shot noise” 

• Large b2 -> apparently large shot noise 

• Two mocks: 
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Large b2 vs small b2
• The constant piece in  
‣ Power spectrum: absorbed into the shot noise (i.e. treat it as a noise) 
‣ Field level: treat it as a signal (up to       or        )

Preliminary

Preliminary
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Byproduct: the reconstruction of ICs
• The real part of the initial Gaussian field               at 

• Can be useful for cross-correlations
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Questions
• Noise property at field-level:  
‣ No successful example of the full field-level inference to the “real” N-
body (without putting a prior on the noise parameter by hand) 

• Likelihood for the field-level inference 
‣ Gaussian likelihood would not be a good approximation for realistic 
mock 

• In general, does really the field-level outperform the n-pt function 
analysis? (in the perturbative regime)
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Summary
• Galaxy clustering offers a lot of cosmological information, although 
information is diluted to the non-Gaussian part of the galaxy density field. 
‣ need to go beyond the power spectrum 

• Field-level inference is an optimal (i.e. lossless) analysis method to extract 
cosmology from non-Gaussian random field 
‣ Differentiable forward model at field-level & Hamiltonian Monte Carlo 
‣ If we can use the information in higher-order terms/correlation function 
only for cosmology, the field-level gives better results (as expected) 

‣ For the large b2 case, the field-level can be better than the power 
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Backups



Zeldovich + linear bias



Full posterior for b2 = -0.5



Full posterior for b2 = 2.0



Reconstructed ICs in position space



Equivalence of Fourier and configuration space likelihood

• Parseval’s theorem: 
‣   

• Configuration-space likelihood would 
be useful for e.g. the density-
dependent noise
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