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Challenges

Jasche & Lavaux 2017, 1706.08971

Laureijs et al., 2011, 1110.3193 Salvati, Douspis & Aghanim 2020, 2005.10204

• Model misspecification in Bayesian &  
simulation-based inference (SBI)
§ When model differ from data-generating process

§ Biased or overly concentrated posteriors

• Systematic effects
Large surveys (Euclid, LSST) will be dominated 
by systematic rather than statistical 
uncertainty.

• How to integrate prior knowledge?
§ Prior on cosmology
§ Prior on non measurable physical quantities

• The initial matter power spectrum     should be 
close to  : can we benefit from this?

• Can we benefit from theoretical insights on    ?

68% and 95% marginalized posterior via MCMC on simulated 
galaxy catalogues w/ two mass functions T08 and D16.

Müller 2013, 10.3982/ECTA9097

https://arxiv.org/abs/1706.08971
https://arxiv.org/abs/1110.3193
https://arxiv.org/abs/2005.10204
https://doi.org/10.3982/ECTA9097
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A general class of Bayesian Hierarchical Model of interest in cosmology
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A general class of Bayesian Hierarchical Model of interest in cosmology
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SELFI (Simulator Expansion for Likelihood-Free Inference)

1. Infer a latent function, in this work 
the initial matter power spectrum

: initial matter powerspectrum 
normalized by BBKS spectrum
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Leclercq et al. 2019, 1902.10149
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SELFI (Simulator Expansion for Likelihood-Free Inference)

1. Infer a latent function, in this work 
the initial matter power spectrum

2. Utilize the posterior on     to check 
for model misspecification
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: initial matter powerspectrum 
normalized by BBKS spectrum
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Leclercq et al. 2019, 1902.10149
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SELFI (Simulator Expansion for Likelihood-Free Inference)

1. Infer a latent function, in this work 
the initial matter power spectrum

2. Utilize the posterior on     to check 
for model misspecification

3. Infer the top-level cosmology 

§ Recycle simulations from step 1. for 
optimal data compression

§ Use implicit likelihood inference 
(ABC, Bayesian optimization: BOLFI, 
other methods)
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SELFI (Simulator Expansion for Likelihood-Free Inference)

Latent function

Summary from 𝛿!

Complex probabilistic 
observational process

Prior on the latent function

• Linearization of the black-box data model around 
an expansion point

• For step 1. & data compression only, assume:
§ Gaussian prior

§ Gaussian effective likelihood

A
ss

um
pt

io
ns

Ø Effective posterior:

<latexit sha1_base64="xpQRQss6mRYHKbJOSQumfBgFGZ8="></latexit>

� ⌘
⇥
(rf0)

| C�1
0 rf0 + S�1⇤�1

<latexit sha1_base64="GBIvys7A9pQp+nooB4xzcHw/OeU="></latexit>

� ⌘ ✓0 + � (rf0)
| C�1

0
(�O � f0)Mean:

Covariance:
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d = O(100� 1000)

• and          evaluated through simulations

• The number of simulations is fixed 
a priori (contrary to MCMC)
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Investigating the impact of systematics with SELFI

Hoellinger & Leclercq, in prep.

§ The observer is at the corner of a cubic box 
covering 1 octant of the sky, with Euclid-like mask

Model A  10 additional masked areas, 
 extinction near galactic plane

Model B no such effects, lower resolution

Leclercq, Jasche & Wandelt 2015, 1502.02690
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§ Grid specifications:
•     defined on S = 100 support wavenumbers

• 5123 grid, comoving L = 3.6 Gpc/h

§ Gravitational evolution with Simbelmynë:

• Flat Λ-CDM, initial      with CLASS

• 5123 DM particles, 2LPT up to z = 19 

• PM grid of 10243 voxelx, COLA to z = 0

From initial matter overdensity field to observed galaxy counts

0 1

https://arxiv.org/abs/1502.02690
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Investigating the impact of systematics with SELFI

Model A
• Lognormal selection functions

• Luminosity-dependent galaxy biases
Model B
• Misspecified selections and biases
• Effects of order

Hoellinger & Leclercq, in prep.

0 1 2 3 4 5 6

r [Gpc/h]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

R
i(
r)

b 1
=

1.
47

b 2
=

1.
99

b 3
=

2.
29

model A

model B

L

Radial selection functions 
at play for our toy model

0.0 0.6 1.2 1.8 2.4 3.0 3.6

x [Gpc/h]

0.0

0.6

1.2

1.8

2.4

3.0

3.6
Population 1

0.00

0.25

0.50

0.75

1.00

1.25

1.50

Ng

0.0 0.6 1.2 1.8 2.4 3.0 3.6

x [Gpc/h]

0.0

0.6

1.2

1.8

2.4

3.0

3.6
Population 2

°0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Ng

0.0 0.6 1.2 1.8 2.4 3.0 3.6

x [Gpc/h]

0.0

0.6

1.2

1.8

2.4

3.0

3.6
Population 3

0.0

0.5

1.0

1.5

2.0

Ng

0.0 0.6 1.2 1.8 2.4 3.0 3.6

x [Gpc/h]

0.0

0.6

1.2

1.8

2.4

3.0

3.6
Population 1

0.00

0.25

0.50

0.75

1.00

1.25

1.50

Ng

0.0 0.6 1.2 1.8 2.4 3.0 3.6

x [Gpc/h]

0.0

0.6

1.2

1.8

2.4

3.0

3.6
Population 2

°0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Ng

0.0 0.6 1.2 1.8 2.4 3.0 3.6

x [Gpc/h]

0.0

0.6

1.2

1.8

2.4

3.0

3.6
Population 3

0.0

0.5

1.0

1.5

2.0

Ng

<latexit sha1_base64="RUxO/u5qNLg2uVywRe9u0Wd8wQM=">AAAB+XicbVDLSsNAFL2pr1pfUZduBkuhbkoivpZFN+6sYB/QhDKZTtuhk0mYmRRK6J+4caGIW//EnX/jpM1CWw8MHM65l3vmBDFnSjvOt1VYW9/Y3Cpul3Z29/YP7MOjlooSSWiTRDySnQArypmgTc00p51YUhwGnLaD8V3mtydUKhaJJz2NqR/ioWADRrA2Us+2vRDrEcE8fZhVXa9y1rPLTs2ZA60SNydlyNHo2V9ePyJJSIUmHCvVdZ1Y+ymWmhFOZyUvUTTGZIyHtGuowCFVfjpPPkMVo/TRIJLmCY3m6u+NFIdKTcPATGY51bKXif953UQPbvyUiTjRVJDFoUHCkY5QVgPqM0mJ5lNDMJHMZEVkhCUm2pRVMiW4y19eJa3zmntVu3y8KNdv8zqKcAKnUAUXrqEO99CAJhCYwDO8wpuVWi/Wu/WxGC1Y+c4x/IH1+QNazpLV</latexit>

O(1%)

Ne + S x Ns = 10,200 simulations
with the full forward data model
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Investigating the impact of systematics with SELFI

Hoellinger & Leclercq, in prep.

Mahalanobis distances to prior: Model A ⟶ 1.96 Model B ⟶	 2.91
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Investigating the impact of systematics with SELFI

Hoellinger & Leclercq, in prep.
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Optimal data compression

Alsing & Wandelt 2018, 1712.00012
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3. Infer top-level cosmology
We rely on score compression to compress the summaries 
from to 

• Score function      ⟶  steepness of

• It is a sufficient statistic for       for the the 
linearized log-likelihood, hence it is a natural 
way to compress the data

https://arxiv.org/abs/1712.00012
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Optimal data compression

• The compression is optimal in the sense that 
it preserves the Fisher content of the data. 
Hypothesis:
§ the covariance matrix does not vary close to 

the expansion point

§ The likelihood is gaussian or the following 
holds:

Leclercq 2022, 2209.11057

Alsing & Wandelt 2018, 1712.00012 Hoellinger & Leclercq, in prep
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r!C = 0

• Example for Ω! and h (simplified data model):

http://arxiv.org/abs/2209.11057
https://arxiv.org/abs/1712.00012
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Optimal data compression

3. Infer top-level cosmology 𝜔

Leclercq 2022, 2209.11057 Hoellinger & Leclercq, in prep
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§ Assumptions made for steps 1. - 2. 
do not impact final inference:
• the Gaussian effective likelihood is 

not required to infer the cosmology 
except through data compression

• lossy data compression usually 
leaves posteriors unbiased

§ Any algorithm can be used to obtain 
the posterior
• Non-parametric approaches can use 

the Fisher-Rao distance

• Example with ABC (same data model 
but smaller dim. for 𝜔 and 643 grid)
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Final posterior

Leclercq et al. 2019, 1902.10149

• We ran the full SELFI pipeline with a 
simplified forward data model
§ same instrumental response as before,
§ no gravitational evolution
§ baseline ABC for step 3.

• We got unbiased posteriors for the
top-level cosmological parameters

<latexit sha1_base64="2rbXH86Uwcn3LOHzjJRcWXTSSjM=">AAAB73icbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68WYE84BkCbOT3mTIzOw6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJpxp43nfztLyyuraemGjuLm1vbNb2ttv6DhVFOs05rFqhUQjZxLrhhmOrUQhESHHZji8mfjNJ1SaxfLBjBIMBOlLFjFKjJVanTuBfdIV3VLZq3hTuIvEz0kZctS6pa9OL6apQGkoJ1q3fS8xQUaUYZTjuNhJNSaEDkkf25ZKIlAH2fTesXtslZ4bxcqWNO5U/T2REaH1SIS2UxAz0PPeRPzPa6cmugoyJpPUoKSzRVHKXRO7k+fdHlNIDR9ZQqhi9laXDogi1NiIijYEf/7lRdI4rfgXlfP7s3L1Oo+jAIdwBCfgwyVU4RZqUAcKHJ7hFd6cR+fFeXc+Zq1LTj5zAH/gfP4A5neP5Q==</latexit>

⌦m
<latexit sha1_base64="fDp9Q3Hu8/8EJL9Nk2n8BR7BLHU=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVh71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH0TmM9g==</latexit>

h
<latexit sha1_base64="rZQ3NxpomOif+j7pSMOS2g59lbs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68WYE84BkCbOT3mTIzOw6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJpxp43nfztLyyuraemGjuLm1vbNb2ttv6DhVFOs05rFqhUQjZxLrhhmOrUQhESHHZji8mfjNJ1SaxfLBjBIMBOlLFjFKjJVanTuBfdINu6WyV/GmcBeJn5My5Kh1S1+dXkxTgdJQTrRu+15igowowyjHcbGTakwIHZI+ti2VRKAOsum9Y/fYKj03ipUtadyp+nsiI0LrkQhtpyBmoOe9ifif105NdBVkTCapQUlni6KUuyZ2J8+7PaaQGj6yhFDF7K0uHRBFqLERFW0I/vzLi6RxWvEvKuf3Z+XqdR5HAQ7hCE7Ah0uowi3UoA4UODzDK7w5j86L8+58zFqXnHzmAP7A+fwB1cuP2g==</latexit>

⌦b
<latexit sha1_base64="SEu3bIwjbiKQZI/fogPh3r9TG+8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8dIzAOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/Pbj6g0j+WDmSToR3QoecgZNVZqyH6jX664VXcO8pd4OalAjnq//NkbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxYZUDCWNmShszVnxMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy//Ja2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAOTWAwhCd4gVdHOM/Om/O+aC04+cwh/ILz8Q0zPI3C</latexit>nS

<latexit sha1_base64="Sr47dENpLbauhUc99fJ7hA9+IqQ=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuyoz46LLoxmUF+4B2KJk004YmmTHJCGXoT7hxoYhbf8edf2PazkJbD1w4nHMv994TJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2TZxqyho0FrFuh8QwwRVrWG4FayeaERkK1gpHt1O/9cS04bF6sOOEBZIMFI84JdZJ7a7hA0l61V6p7FW8GfAy8XNShhz1Xumr249pKpmyVBBjOr6X2CAj2nIq2KTYTQ1LCB2RAes4qohkJshm907wqVP6OIq1K2XxTP09kRFpzFiGrlMSOzSL3lT8z+ukNqoGGVdJapmi80VRKrCN8fR53OeaUSvGjhCqubsV0yHRhFoXUdGF4C++vEya5xX/qnJ5f1Gu3eRxFOAYTuAMfLiGGtxBHRpAQcAzvMIbekQv6B19zFtXUD5zBH+APn8A06GP2A==</latexit>�8

<latexit sha1_base64="Sr47dENpLbauhUc99fJ7hA9+IqQ=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuyoz46LLoxmUF+4B2KJk004YmmTHJCGXoT7hxoYhbf8edf2PazkJbD1w4nHMv994TJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2TZxqyho0FrFuh8QwwRVrWG4FayeaERkK1gpHt1O/9cS04bF6sOOEBZIMFI84JdZJ7a7hA0l61V6p7FW8GfAy8XNShhz1Xumr249pKpmyVBBjOr6X2CAj2nIq2KTYTQ1LCB2RAes4qohkJshm907wqVP6OIq1K2XxTP09kRFpzFiGrlMSOzSL3lT8z+ukNqoGGVdJapmi80VRKrCN8fR53OeaUSvGjhCqubsV0yHRhFoXUdGF4C++vEya5xX/qnJ5f1Gu3eRxFOAYTuAMfLiGGtxBHRpAQcAzvMIbekQv6B19zFtXUD5zBH+APn8A06GP2A==</latexit>�8

<latexit sha1_base64="2rbXH86Uwcn3LOHzjJRcWXTSSjM=">AAAB73icbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68WYE84BkCbOT3mTIzOw6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJpxp43nfztLyyuraemGjuLm1vbNb2ttv6DhVFOs05rFqhUQjZxLrhhmOrUQhESHHZji8mfjNJ1SaxfLBjBIMBOlLFjFKjJVanTuBfdIV3VLZq3hTuIvEz0kZctS6pa9OL6apQGkoJ1q3fS8xQUaUYZTjuNhJNSaEDkkf25ZKIlAH2fTesXtslZ4bxcqWNO5U/T2REaH1SIS2UxAz0PPeRPzPa6cmugoyJpPUoKSzRVHKXRO7k+fdHlNIDR9ZQqhi9laXDogi1NiIijYEf/7lRdI4rfgXlfP7s3L1Oo+jAIdwBCfgwyVU4RZqUAcKHJ7hFd6cR+fFeXc+Zq1LTj5zAH/gfP4A5neP5Q==</latexit>

⌦m

<latexit sha1_base64="rZQ3NxpomOif+j7pSMOS2g59lbs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYhA8hV3xdQx68WYE84BkCbOT3mTIzOw6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJpxp43nfztLyyuraemGjuLm1vbNb2ttv6DhVFOs05rFqhUQjZxLrhhmOrUQhESHHZji8mfjNJ1SaxfLBjBIMBOlLFjFKjJVanTuBfdINu6WyV/GmcBeJn5My5Kh1S1+dXkxTgdJQTrRu+15igowowyjHcbGTakwIHZI+ti2VRKAOsum9Y/fYKj03ipUtadyp+nsiI0LrkQhtpyBmoOe9ifif105NdBVkTCapQUlni6KUuyZ2J8+7PaaQGj6yhFDF7K0uHRBFqLERFW0I/vzLi6RxWvEvKuf3Z+XqdR5HAQ7hCE7Ah0uowi3UoA4UODzDK7w5j86L8+58zFqXnHzmAP7A+fwB1cuP2g==</latexit>

⌦b

<latexit sha1_base64="SEu3bIwjbiKQZI/fogPh3r9TG+8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8dIzAOSJcxOepMhs7PLzKwQlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/Pbj6g0j+WDmSToR3QoecgZNVZqyH6jX664VXcO8pd4OalAjnq//NkbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxYZUDCWNmShszVnxMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy//Ja2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAOTWAwhCd4gVdHOM/Om/O+aC04+cwh/ILz8Q0zPI3C</latexit>nS

2313 selected samples out of 700K

http://arxiv.org/abs/1902.10149
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Conclusion

ØA novel two-step simulation-based Bayesian approach, combining SELFI and SBI, to tackle the 
issue of model misspecification for a large class of BHMs.

• Advantages related to the first step (SELFI):
§ No need to incorporate any knowledge of the data-generating process in the analysis,

even with high dimensional complex black-box simulators.
§ Number of simulations fixed a priori.
§ The computational workload is perfectly parallel. 

• Advantages related to the second step (SBI):
§ The score compressor comes for free: we recycle simulations from step 1.
§ General advantages of SBI with respect to likelihood-based methods are preserved.
§ No simplification nor inner knowledge of the forward data model required
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Perspectives

• Incorporate parametrization of deviations from Λ-CDM in the top-level parameters:
§ equation of state of dark energy 𝑤(𝑎)
§ total neutrino masses 𝑚!
§ deviations from gaussianity 𝑓"#

• Jointly infer all top-level parameters and nuisance parameters such as galaxy biases
Ø This means implicit likelihood inference in dimension 
Ø We need to investigate and extend advanced Bayesian optimisation strategies to explore the 

parameter space to avoid curse of dimensionality

<latexit sha1_base64="6k26C4ynpk52nu36VjRCsKcdf/I=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBItQF5ak+FoW3bizgn1AG8pkOmmHTiZhZiKWkF9x40IRt/6IO//GSZuFth4YOJxzL/fM8SJGpbLtb6Owsrq2vlHcLG1t7+zumfvltgxjgUkLhywUXQ9JwignLUUVI91IEBR4jHS8yU3mdx6JkDTkD2oaETdAI059ipHS0sAs9wOkxhix5C6tOvZp3T4ZmBW7Zs9gLRMnJxXI0RyYX/1hiOOAcIUZkrLn2JFyEyQUxYykpX4sSYTwBI1IT1OOAiLdZJY9tY61MrT8UOjHlTVTf28kKJByGnh6MksqF71M/M/rxcq/chPKo1gRjueH/JhZKrSyIqwhFQQrNtUEYUF1VguPkUBY6bpKugRn8cvLpF2vORe18/uzSuM6r6MIh3AEVXDgEhpwC01oAYYneIZXeDNS48V4Nz7mowUj3zmAPzA+fwANw5Mn</latexit>
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• Thanks for listening!
• Main references:

Alsing & Wandelt 2018, 1712.00012
Leclercq et al. 2019, 1902.10149
Leclercq 2022, 2209.11057
Leclercq, Jasche & Wandelt 2015, 1502.02690

• Code and data availability: wait for 
SELFI2 release in 2024!

https://arxiv.org/abs/1712.00012
http://arxiv.org/abs/1902.10149
http://arxiv.org/abs/2209.11057
https://arxiv.org/abs/1502.02690

