
Cosmological Data 
Analysis for the


21st Century

Pedro G. Ferreira


 Prague,  2023



Planck 2015

CMB today



The 1990s



Efstathiou et al 199



Bond & Efstathiou 1987
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COBE 1992



Wright et al (COBE) 1994



Gorski et al (COBE) 1994



Models and Evidence circa 1995



Models and Evidence circa 2000

MAXIMA & BOOMERANG 2001



MCMC arrives in 2001!



The Methodological Revolution

1990s: The rise of Bayesian statistics

• Likelihoods

• Evidence

• MCMC

• Hierarchical Models

• etc …



Now
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Planck [2018]



Planck 2015



Large Scale Structure (DES)

DES 2022



Garcia-Garcia et al 2021
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But we can measure more …
• Neutrino masses

• Gravitational parameters

• Coupling constants

• Magnetic fields

• Dark matter properties

• Fifth Forces

• Halo properties

• Bias

• Star Formation

• Feedback Mechanism

• …



The new observatories

Simons Observatory

Vera Rubin Observatory

Euclid



Now + 10 years

 w(a) ≃ w0 + wa(1 − a)

Alam et al 2021



Ruiz-Zapatero et al 2021

Now + 10 years

∇2Φtotal = μ4πGN ρ



Must Do Better!



Systematics…

Garcia Garcia et al 2022



Non-linearities…

Angulo et al 2020



Chisari et al 2019

Baryons…



We need models/methods which are

• Comprehensive (include all effects)

• Precise

• Accurate

• Fast

• etc…



Methodological Revolution?
Now: The rise of machine learning …

• Neural Networks

• Gaussian Processes

• Reinforcement Learning

• Generative Adversarial Networks

• etc…

… and advanced numerical/statistical methods.
• fast PDE solvers

• GPUs

• Differentiable methods

• Samplers

• Higher order stats

• etc…



Models: the linear Universe
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10 hours on a microvax in 1987

Bond & Efstathiou 1987 seconds on a laptop

• CLASS

• CAMB

• EFTCAMB

• HiCLASS



DEFW 1985

Models: the non-linear Universe



Simulating the Universe
• GreeM 0910.0121

• HACC 1411.3396

• 2HOT 1310.4502

• Gadget 1203.3216


• Ramses astro-ph/0111367

• ENZO 1307.2265 

• Arepo 1503.00562


• PKDGRAV3 1609.08621
Springel et al 2006

Leading to …
• Aemulus

• Millenium XXL

• Illustrious TNG

• Horizon

• OWLS and Cosmo-OWLS

• CAMELS

• QUIJOTE

• BAHAMAS

• EAGLE

• Tian- 

• FLAMINGO

ν



Analytical Models

• EFT of LSS 2110.07539


• LPT bias 2012.04636


• HEFT 1910.07097

• HZPT 2104.10676 

• EHM 2004.09515

• Baryonification 1510.06034

• SP(k) 2305.09710 

• Kinetic Field Theory 1905.01179



Emulators or Surrogates

BBKS 1986

Eisenstein and Hu 1998



Emulators or Surrogates

Zennaro et al 2023



An explosion of Emulators or Surrogates
• BACCOEmulator (NN) 2004.06245

• EuclidEmu (PCE) 2010.11288

• PKEmu (GP) 2105.02256

• CosmoPower (NN) 2106.03846

• CAPSE & EFFORT (julia, NN) 2206.14208

• MiraTitan (GP) 1508.02654


• Aemulus (GP and PCE) 1804.05867

• COMET (GP) 2208.01070

• BCEmu (NN) 2108.08863

• MFEmu (GP) 2306.03144

GP   - Gaussian Processes

NN   - Neural Nets

PCE - Polynomial Chaos Expansion



Samplers

• CosmoMC astro-ph/0205436

• MontePython 1804.07261

• emcee 1202.3665


• Cosmosis 1409.3409

• Cobaya 2005.0529

• Polychord 1506.0017

• CosmoNest astro-ph/0608184

• MultiNest 0809.3437


• CosmoHammer 1206516

• NUTS 1111.4246

• HMC 1701.0243

• MCHMC 2212.08549

• Langevin-HMC 2205.14240

• Black-BOX VI 1601.00670

• VI 1603.00788

• ADVI 2108.03782


• MUSE 2112.09354

https://arxiv.org/abs/2005.05290
https://arxiv.org/abs/0809.3437


Samplers …

KIDS + DES 2023



Other Statistics

• Bispectrum

• Trispectrum

• Peaks

• Edgeworth Expansion

• Cumulants

• Minkowski functionals

• Wavelet Transform Coefficients

• etc



Other Statistics

Valogiannis & Dvorkin 2022



Non Gaussian Optimism!



Optimism tempered with pragmatism…
Example: target   fNL ∼ 𝒪(1)

History:  
• MAXIMA:  astro-ph/0107588


•    WMAP:  1005.5568


•    Planck:  1905.0569

σ( fNL) ∼ 103

σ( fNL) ∼ 102

σ( fNL) ∼ 101
CMB

but…

LSS
• WMAP:   1005.5568


• BOSS:    1905.0569

σ( fNL) ∼ 102

σ( fNL) ∼ 102

{
{



Differentiable Methods

• JAXCOSMO 2302.05163


• CosmoPower-JAX 2305.06347


• Limberjack.jl  

• CMBLensing.jl 

• Bolt.jl 

Using
• Turing (in julia)


• Stan (in C)


• NumPyro (in JAX) 



Cosmology Predicted

Observations

Field Level

Statistics Data

Bayesian forward modelling and

Field Level Inference      

Statistics pixel by pixel can access all information.

Probabilistic forward model Simulations constrained by data



Field Level Inference      

• Aquila 0911.2496


• Elucid 1407.3451 

• Almanac 2210.13260

• LEFTfield 2303.09876 

• CCA 2302.14101

• KARMMA 2105.14699

• DLPosterior 2201.05561

• FGPA 2305.10428 

• FORECAST 2305.19166  

https://arxiv.org/abs/2210.13260


Field Level Inference      



Questions for the future
Is there a limit to how deep into the non-linear/baryonic 
regime we can go? Should we cut our losses?


Schaye et al 2023



How important are field level methods versus summary

statistics?

How important are analytic methods versus emulators?

Should we all aim for differentiable methods?

Should we start using new languages (Julia) 

or architectures?

Is there a limit to how deep into the non-linear/baryonic 
regime we can go? Should we cut our losses?


Can we already see a clear winner for ML methods?

Questions for the future




