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Simulation-based methods for cosmology
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Galaxy clusters
z < 2
X-ray detected
Catalogues

21cm signal from EoR
7<z<9

Low radio frequencies
Power spectrumSRG/eROSITA

Forward model everything (…if you can)
All known physics + instrumental effects
à Simulation-based modeling

Inference at an observable level
Intractable likelihood ?
à Simulation-based inference

Cosmo & Astro 
parameters Simulations Predictions

(summary stats)
Observed 

dataFit
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Galaxy clusters
z < 2
X-ray detected
Catalogues

Simulation-based Cosmology with Galaxy Clusters 
PhD work, under the supervision of Marguerite Pierre and François Lanusse @ CEA Paris-Saclay
Cerardi+25

SRG/eROSITA



Galaxy Clusters and Cosmology
Ω! = 0.3
Ω" = 0.7

Ω! = 1
Ω" = 0 Borgani+00

time

• Probe for the growth of structure and the 
geometry of the universe

• Population studies: abundancy, angular 
correlation…

• Standard candels: gas fraction…
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Mass composition

5% Galaxies - 
hikers 

15 % Hot gas 
glaciers

80% DM rocks

Coma cluster / NASA

=



• Scaling relations have a theoretical explanation and 
prediction

• Empirical fit : log𝑋 = 𝛼 + 𝛽 log𝑀 + 𝛾 log𝐸 𝑧 ± σ.
• Nuisance parameters do not directly trace cluster 

physics,  and are degenerate with the cosmology.

Liu+2021

HMF
Fitted on simulations

Scaling relations
Fitted on observed samples

Sample of observed clusters
Certain level of purity and completeness

Lovisari+2020

Cosmology with clusters
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Campitiello+22

Cluster dynamics AGN & SN feedback



From explicit to implicit inference
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Selection 
function

Scaling relations
HMF

• Poisson likelihood:

• Predicted number counts:
<latexit sha1_base64="dn+Sq4YlFXdCxP6NxdiThestE8Y="></latexit>

N(✓) =

Z
p(S | O)p(O | M, z, ✓)

dN(✓)

dMdzdV
dV

Credits to J. Zeghal

• Sample the joint distribution:

• Train a density estimator:

Explicit Implicit / Likelihood-free / Simulation-based



Cluster cosmology with SBI
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1. Compress the summary statistics before inference
<latexit sha1_base64="OzVCs+xXMFAdhf55/WRJFkUvOT4=">AAACLHicbVDLSgMxFM34rPVVdekmWIQWpMyIr02h2I3LCrYVOmXIpJk2mJmJyZ3iUPpBbvwVQVxYxK3fYfpYqO2BwOGcc7m5x5eCa7DtkbW0vLK6tp7ZyG5ube/s5vb2GzpOFGV1GotY3ftEM8EjVgcOgt1LxUjoC9b0H6pjv9lnSvM4uoNUsnZIuhEPOCVgJC9XTctB4al4gl0sCy70GBDshryD03Lq2UXsShVLiPGj5/aJkj2+IOTl8nbJngDPE2dG8miGmpd7czsxTUIWARVE65ZjS2gPiAJOBRtm3UQzSegD6bKWoREJmW4PJscO8bFROjiIlXkR4In6e2JAQq3T0DfJkEBP//fG4iKvlUBw1R7wSCbAIjpdFCQCm+vHzeEOV4yCSA0hVHHzV0x7RBEKpt+sKcH5f/I8aZyWnIvS+e1ZvnI9qyODDtERKiAHXaIKukE1VEcUPaNX9IFG1ov1bn1aX9PokjWbOUB/YH3/AKHmphQ=</latexit>

y = f(x), p(✓ | y = y0) / q'(✓ | y = y0)

2. Neural posterior estimation & 
comparison with Fisher analysis

𝑦 = )𝜃

Kosiba, Cerardi+24:
SBI on cluster cosmology, still using scaling relations in 
the modeling

<latexit sha1_base64="OzVCs+xXMFAdhf55/WRJFkUvOT4=">AAACLHicbVDLSgMxFM34rPVVdekmWIQWpMyIr02h2I3LCrYVOmXIpJk2mJmJyZ3iUPpBbvwVQVxYxK3fYfpYqO2BwOGcc7m5x5eCa7DtkbW0vLK6tp7ZyG5ube/s5vb2GzpOFGV1GotY3ftEM8EjVgcOgt1LxUjoC9b0H6pjv9lnSvM4uoNUsnZIuhEPOCVgJC9XTctB4al4gl0sCy70GBDshryD03Lq2UXsShVLiPGj5/aJkj2+IOTl8nbJngDPE2dG8miGmpd7czsxTUIWARVE65ZjS2gPiAJOBRtm3UQzSegD6bKWoREJmW4PJscO8bFROjiIlXkR4In6e2JAQq3T0DfJkEBP//fG4iKvlUBw1R7wSCbAIjpdFCQCm+vHzeEOV4yCSA0hVHHzV0x7RBEKpt+sKcH5f/I8aZyWnIvS+e1ZvnI9qyODDtERKiAHXaIKukE1VEcUPaNX9IFG1ov1bn1aX9PokjWbOUB/YH3/AKHmphQ=</latexit>

y = f(x), p(✓ | y = y0) / q'(✓ | y = y0)



Fast simulation-based modelling

11/07/25 Les Houches - Dark Universe 8

Lagrangian Deep Learning (LDL, Dai+21): Baryon pasting on DMO simulations

Dai+21

Potential
Corrected
Potential

(Fourier Space)

1D Fourier filter

Displacement field

Updated field

Advantages
• Adopts physical principles.
• Lighter model than deep generative models.
Extension : conditioning

<latexit sha1_base64="bZ0FZB+Z9p+EqN6YlktoRV41VmU=">AAACEHicbVDLSsNQEL2pr1pfUZdugkVaEUoivpZFNy4r2Ac0pdzcTNpLbx7cO5GW0E9w46+4caGIW5fu/BuTtqBWDwwczplhZo4TCa7QND+13MLi0vJKfrWwtr6xuaVv7zRUGEsGdRaKULYcqkDwAOrIUUArkkB9R0DTGVxlfvMOpOJhcIujCDo+7QXc44xiKnX1ku2CQFoq2z7FvuMlw/GRjTDExB1/S4eFrl40K+YExl9izUiRzFDr6h+2G7LYhwCZoEq1LTPCTkIlciZgXLBjBRFlA9qDdkoD6oPqJJOHxsZBqriGF8q0AjQm6s+JhPpKjXwn7cxuVPNeJv7ntWP0LjoJD6IYIWDTRV4sDAyNLB3D5RIYilFKKJM8vdVgfSopwzTDLARr/uW/pHFcsc4qpzcnxerlLI482SP7pEwsck6q5JrUSJ0wck8eyTN50R60J+1Ve5u25rTZzC75Be39CxtXnUc=</latexit>

�0(x+ dx)

<latexit sha1_base64="dasf5QzN237RWZiN+UItoDGYkUc=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRnxtSy6cVnBPrAtJZPeaUMzmSHJiGXoX7hxoYhb/8adf2OmnYW2HggczrmXnHv8WHBtXPfbWVpeWV1bL2wUN7e2d3ZLe/sNHSWKYZ1FIlItn2oUXGLdcCOwFSukoS+w6Y9uMr/5iErzSN6bcYzdkA4kDzijxkoPnZCaoR+kT5NeqexW3CnIIvFyUoYctV7pq9OPWBKiNExQrdueG5tuSpXhTOCk2Ek0xpSN6ADblkoaou6m08QTcmyVPgkiZZ80ZKr+3khpqPU49O1kllDPe5n4n9dOTHDVTbmME4OSzT4KEkFMRLLzSZ8rZEaMLaFMcZuVsCFVlBlbUtGW4M2fvEgapxXvonJ+d1auXud1FOAQjuAEPLiEKtxCDerAQMIzvMKbo50X5935mI0uOfnOAfyB8/kDAIiRJg==</latexit>x

Non-linear activation<latexit sha1_base64="9N5qu3UNqVjTRtm3A7a68qdxwQI=">AAACEnicbVC5TsNAFFxzhnAFKGksIqSkiWzEVUbQUAZBDim2rPXmJVllfWj3OSKy/A00/AoNBQjRUtHxN2yOAhJGWmk0845948eCK7Ssb2NpeWV1bT23kd/c2t7ZLeztN1SUSAZ1FolItnyqQPAQ6shRQCuWQANfQNMfXI/95hCk4lF4j6MY3ID2Qt7ljKKWvELZCSj2GRXpXealDsIDToamEjpZ6gypjPs8y0qDslcoWhVrAnOR2DNSJDPUvMKX04lYEkCITFCl2rYVo5tSiZwJyPJOoiCmbEB70NY0pAEoN51sz8xjrXTMbiT1C9GcqL87UhooNQp8XTk+QM17Y/E/r51g99JNeRgnCCGbLuomwsTIHOdjdrgEhmKkCWWS67+arE8lZahTzOsQ7PmTF0njpGKfV85uT4vVq1kcOXJIjkiJ2OSCVMkNqZE6YeSRPJNX8mY8GS/Gu/ExLV0yZj0H5A+Mzx9r7580</latexit>

S'(k)

<latexit sha1_base64="Y7AxAUGOF9D9BzdOTqg4/0RsF7Q=">AAACGXicbVDPa9RAGJ201tZt1ViPXgaXwoqwJEWtl0LRi8cKbrewicuXyZftsDNJmPlSuoT8G734r3jxoEiP9eR/42yag+32wcCb974fMy8plbQUBH+9tfUHGw83tx71tnceP3nqP9s9sUVlBI5EoQpzmoBFJXMckSSFp6VB0InCcTL/uPTH52isLPIvtCgx1jDLZSYFkJOmfpANohQVwSt+yAfh6+7ytY4IL6idXxtMmzqagdbQNFO/HwyDFnyVhB3psw7HU/86SgtRacxJKLB2EgYlxTUYkkJh04sqiyWIOcxw4mgOGm1ct5sbvueUlGeFcScn3qr/d9SgrV3oxFVqoDN711uK93mTirL3cS3zsiLMxc2irFKcCr6MiafSoCC1cASEke6tXJyBAUEuzJ4LIbz75VVysj8M3w3ffn7TP/rQxbHFXrCXbMBCdsCO2Cd2zEZMsEv2nf1kv7xv3g/vt3d1U7rmdT3P2S14f/4B+M6gYg==</latexit>

f(�) = (1 + �)�
<latexit sha1_base64="qlUjqsEMuqdgPef1QK8OFJSb4ec="></latexit>

dx = ↵rF�1(S'(k)f(�))

<latexit sha1_base64="JnhBdG/kNc4pIZmNGImlpwEyf6E="></latexit>

F (x) = ReLU(b1(1 + �0)µ + b0)

<latexit sha1_base64="qBrya0hsYZLj18T6c4gdi/oRSro="></latexit>

⌦m,�8, Afeedback
NN�����! �,',↵, b0, b1, µ



Training simulations
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CAMELS dataset
• Thousands of simulated volumes.
• HD Codes : IllustrisTNG / SIMBA / 

Astrid / Magneticum.
• Fiducial simulations: 27x(50 

Mpc/h)3
• Varied simulations: 500x(25 

Mpc/h)3
Cosmology : Ω! , 𝜎#
SN : 𝐴$%&, 𝐴$%', energy and speed of 
galactic winds.
AGN : 𝐴()%&, 𝐴()%', power and 
burstiness of kinetic mode / low 
accretion rate.



Emulated fields
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X-ray emission, CAMELS/CV50Baryonic properties, 
CAMELS/LH25

𝑛! target 𝑛! LDL-predicted
𝐶𝑅 target 𝐶𝑅  LDL-predicted𝜌"#



End-to-end pipeline

11/07/25 Les Houches - Dark Universe 11

ICs, 
cosmological 
parameters

DMO 
fields

Baryonic 
properties
𝑛! et 𝑇

X-ray 
mocks

Cluster 
catalogue

X-ray 
observable 

diagram
Posteriors

JaxPM LDL Detection Histogram Inference

Compiled on GPUs: ~30s to make a mock X-ray map!

Xray CR

Cluster counts

Simplified detection
• Simplifications: no AGNs, 

no galactic absorption
• Detection SExtractor-like 

on unnoised CR maps
• Measures of clusters’ CR 

and HR

Lightcones



Emulated scaling relations
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• Reproduction of CR-M relation from the fiducial model @ z=0.21.
• Correlated deviations : LDL benefits from the 3D information on each halo 

environments.

• Too few clusters in CAMELS/LH to conduct the same test



Pipeline sensitivity
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Individual variation of each 
parameter
• 48 surveys of 50 deg2 for each 

parameter value
• Strong sensitivity to cosmological 

parameters (full pipeline)
• Strong response to SN retroaction 

but weak to AGN parameters 
(extended LDL)

Ω!
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Cluster cosmology with SBI and 
accelerated simulations 
• Simulation-based modelling of cluster 

populations, without scaling relations, 
without HMF.

• Fast, viable for inference. Combined with 
implicit inference schemes.

• Allows to constrain physical models of 
feedback processes along with 
cosmology. 

• Parametrisation is less degenerate than 
with empirical, explicit, scaling relations.

Explicit vs Implicit modelling
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• Full posteriors for explicit model 
(empirical scaling relations) and 
simulation-based model.
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21cm signal from EoR
7<z<9

Low radio frequencies
Power spectrum

Epoch of Reionization and neutral fraction 
inference
With the SEarCH team: Michele Bianco, Sambit Giri, Massimo de Santis, 
Emmanuel de Salis, Davide Piras, Philipp Denzel…
De Salis+25, accepted at EPIA



Epoch of Reionization in nutshell
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𝑥+, ≈ 1 𝑥+, ≈ 0𝑥+, ≈ 0.5

SKA-Low

time

➤

21cm 
lightcone

RA
Dec 𝜈

δTb(θ,z) ∝ [1+δb(θ,z)] xHI(θ,z)



• Generate 21cm lightcones with 21cmFAST (Mesinger+11, 
Murray+20)

• 6 free nuisance astrophysical parameters

• No foregrounds ⚠
• Instrumental noise ✅

SKA Data Challenge: Inference
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𝑃(𝑘//, 𝑘.)

<latexit sha1_base64="KKEq00KQ8DX1NMRTekgHUtPj7Xo="></latexit>

ω = (Fω,εω, Fesc,εesc,Mturn, Tstar)

<latexit sha1_base64="8Ctg6kCmkrSZSPNiUL46k42ipFc=">AAAB7nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN2J0IJ/RFePCji1d/jzX/jps1Bqw8GHu/NMDMvSKQw6LpfTmltfWNzq7xd2dnd2z+oHh51TJxqDm0ey1j3AmZACgVtFCihl2hgUSChG0xvc7/7CNqIWD3gLAE/YmMlQsEZWqk7wAkgqwyrNbfuLkD/Eq8gNVKgNax+DkYxTyNQyCUzpu+5CfoZ0yi4hHllkBpIGJ+yMfQtVSwC42eLc+f0zCojGsbalkK6UH9OZCwyZhYFtjNiODGrXi7+5/VTDK/9TKgkRVB8uShMJcWY5r/TkdDAUc4sYVwLeyvlE6YZR5tQHoK3+vJf0rmoe4164/6y1rwp4iiTE3JKzolHrkiT3JEWaRNOpuSJvJBXJ3GenTfnfdlacoqZY/ILzsc33hGPRw==</latexit>

ω

<latexit sha1_base64="NmXwNeBG/fd7ZGZEww6IBoEo/NM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49VWltoQ9lsJ+3SzSbsboRS+g+8eFDEq//Im//GTZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj28xvP6HSPJZNM0nQj+hQ8pAzaqz00Cz1yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4U6oMZwJnpV6qMaFsTIfYtVTSCLU/nV86I2dWGZAwVrakIXP198SURlpPosB2RtSM9LKXif953dSE1/6UyyQ1KNliUZgKYmKSvU0GXCEzYmIJZYrbWwkbUUWZseFkIXjLL6+Sx4uqV6vW7i8r9Zs8jiKcwCmcgwdXUIc7aEALGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AeebjPc=</latexit>

T

<latexit sha1_base64="xUwg0GiYUCIMx0gzHZv+Ojyv62o=">AAACAnicbVDLSsNAFJ34rPEVdSVuBovgqiQi1WXRTd1VsA9oQphMJ+3QySTMTMQSiht/xY0LRdz6Fe78GydpFtp64MKZc+5l7j1BwqhUtv1tLC2vrK6tVzbMza3tnV1rb78j41Rg0sYxi0UvQJIwyklbUcVILxEERQEj3WB8nfvdeyIkjfmdmiTEi9CQ05BipLTkW4cuQ3zICHzws+bNFLqieJqm6VtVu2YXgIvEKUkVlGj51pc7iHEaEa4wQ1L2HTtRXoaEopiRqemmkiQIj9GQ9DXlKCLSy4oTpvBEKwMYxkIXV7BQf09kKJJyEgW6M0JqJOe9XPzP66cqvPQyypNUEY5nH4UpgyqGeR5wQAXBik00QVhQvSvEIyQQVjq1PARn/uRF0jmrOfVa/fa82rgq46iAI3AMToEDLkADNEELtAEGj+AZvII348l4Md6Nj1nrklHOHIA/MD5/AElklhI=</latexit>

→xHI↑
<latexit sha1_base64="S5wvoo3voL+zZzKbibB92h5/mHI=">AAAB8HicbVBNSwMxEJ31s65fVY9egkXwVHaLVI9FPXisYD+kXUs2TdvQJLskWaEs/RVePCji1Z/jzX9jtt2Dtj4YeLw3w8y8MOZMG8/7dlZW19Y3Ngtb7vbO7t5+8eCwqaNEEdogEY9UO8SaciZpwzDDaTtWFIuQ01Y4vs781hNVmkXy3kxiGgg8lGzACDZWeqg/ppWbqeu6vWLJK3szoGXi56QEOeq94le3H5FEUGkIx1p3fC82QYqVYYTTqdtNNI0xGeMh7VgqsaA6SGcHT9GpVfpoEClb0qCZ+nsixULriQhtp8BmpBe9TPzP6yRmcBmkTMaJoZLMFw0SjkyEsu9RnylKDJ9Ygoli9lZERlhhYmxGWQj+4svLpFkp+9Vy9e68VLvK4yjAMZzAGfhwATW4hTo0gICAZ3iFN0c5L8678zFvXXHymSP4A+fzB8b6jxk=</latexit>

P 2D
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p(→xHI↑ | P (k→, k↑))Chunk of 3D data

Goal : constrain average neutral fraction



Inference methods
• No regression anymore
• Task of the ResNet : maximize mutual information between  𝑓 𝑃'/  and ⟨𝑥+,⟩ (VMIM, 

Serdega+20)
• Estimate joint posterior on the bands [151-166], [166-181], [181-195] MHz
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𝑓 𝑃'/

⟨𝑥
+
,⟩

 

Train
Test
Val

1. Learn optimal compressions 2. Learn joint posterior

Posterior samples, Truth

[151-166] MHz

[166-181] MHz

[181-195] MHz



Inference Results
• Compare posterior mean vs truth

11/07/25 Les Houches - Dark Universe 19

Tr
ue

 ⟨𝑥
+
,⟩

 

Mean p( 𝑥+, ∣ 𝑃'/) 

[166-181] MHz [181-195] MHz

Posterior Quality (TARP, Lemos+23)

Credibility level 𝛼 
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[166-181] MHz

Without Noise With Noise

- No Bias
- Slightly Overconfident



Data Challenge results
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Out of 27 teams

Data Challenge preliminary rankings

🎉

Submitted posterior 
for PS2 data



Conclusions
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Galaxy clusters
z < 2
X-ray detected
Catalogues

21cm signal from EoR
7<z<9

Low radio frequencies
Power spectrum

• ML to speed up a simulation pipeline
• SBI approach to infer cosmo + 

astrophysical parameters
• Method relies on accurate MHD 

cosmological simulations…

• Applied a SBI framework for neutral 
fraction inference

• The data model seems to play a crucial 
role

• Needs to include foreground residuals


