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Bayesian Statistics
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Bayesian Statistics

• θ: Parameters 

• D: Data 

• M: Model

Bayes’ Theorem
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θ, M
ℒ ≡ P(D |θ, M)
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How much dark energy? How much dark matter?

How fast does it expand?



Three types of problem

• Parameter estimation


• Model comparison


• Dataset comparison
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Bayesian Statistics

‘Tension’



Why is tension important
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• We can only combine data Sets that are CONSISTENT. 
Data set combinations are crucial to break degeneracies.


• If two data sets are in tension, there are two explanations: 
One (or both) data sets are wrong, or the underlying 
model is wrong.


• We need a method to accurately quantify tension!

Bayesian Statistics



Why is Data Set 
Comparison Non-Trivial?
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Consistent Inconsistent

Trivial?
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Trivial?
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Trivial?



The Bayes Ratio
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Bayes Ratio

Probability that both datasets come 
from THE SAME Universe

Probability that both 
datasets come 

DIFFERENT Universes



Toy example: 1D Gaussians:
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Bayes Ratio

Prior: -10, 10 -> Discordant Prior: -200, 200 -> Concordant



Is this a problem in Cosmology?
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Bayes Ratio

DES Collaboration, 2017

R=4.2

“Substantial Agreement”



The ‘Suspiciousness’
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In collaboration with:

 Will Handley
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Proposition 1

Proposition 1: 


If there are any physically reasonable priors which 
render R significantly less than 1, then as Bayesians 

we should consider these datasets in tension.

Handley & PL, 2019, arXiv: 1902.04029 
10.1103/PhysRevD.100.043504 

https://arxiv.org/abs/1902.04029


We want a method that

• Is formed of fully Bayesian quantities.


• Is independent of choice of parameterisation.


• Has an intuitive interpretation 


• Does not depend on prior volume
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Suspiciousness
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Suspiciousness
What part of the Bayes Ratio carries the ‘prior volume 

dependence’? 


i.e. if I double the prior volume, there are twice as 
many possible states, so the any existing overlap 

becomes twice less likely. 

°5690 °5685 °5680 °5675
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Planck

D<latexit sha1_base64="VjDpJrzC24dobxZDhUW28ZAVDBE=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIVdFnQRZcV7APaUCbTSTt0MhNmboQS+hluXCji1q9x5984abPQ6oGBwzn3MueeMBHcoOd9OaW19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1kaNgvUQzEoeCdcPpbe53H5k2XMkHnCUsiMlY8ohTglbqD2KCE0pEdjcfVmte3VvA/Uv8gtSgQGtY/RyMFE1jJpEKYkzf9xIMMqKRU8HmlUFqWELolIxZ31JJYmaCbBF57p5ZZeRGStsn0V2oPzcyEhszi0M7mUc0q14u/uf1U4xugozLJEUm6fKjKBUuKje/3x1xzSiKmSWEam6zunRCNKFoW6rYEvzVk/+SzkXdv6x791e1RrOoowwncArn4MM1NKAJLWgDBQVP8AKvDjrPzpvzvhwtOcXOMfyC8/ENd1WRYg==</latexit>Kullback-Leibler Divergence

Kullback, Leibler, 1951 
 doi:10.1214/aoms/1177729694

https://projecteuclid.org/euclid.aoms/1177729694
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So a part of the BAYES RATIO (R):

Encloses its dependence on the prior volume. We call this 
part the INFORMATION (I):

The part of R that is left, is what we call the 
SUSPICIOUSNESS (S):

Suspiciousness
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For Gaussian Likelihoods, 
the Suspiciousness follows 
a chi-squared distribution.


Therefore we can assign a 
tension probability, and 
interpret the result with a 
‘number of sigma’ tension.

Suspiciousness



What about non-Gaussian posteriors
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Suspiciousness

Box Cox transformations can ‘Gaussianize’  the 
posterior, and they preserve the Suspiciousness



How to calculate this
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https://github.com/williamjameshandley/anesthetic

• Public python code

• Computation of 

Evidences, KL 
divergences, Bayesian 
model dimensionalities…


• Marginalised 1D and 2D 
plots


• Dynamic replaying of 
nested sampling
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Anesthetic
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Application to Cosmology

How does this work in practice? 

https://github.com/Pablo-Lemos/Suspiciousness-
CosmoSIS.git

http://localhost:8889/?token=08d62702df9cfbde527a91da61ecbba3086e51316150fdfa
http://localhost:8889/?token=08d62702df9cfbde527a91da61ecbba3086e51316150fdfa


Application to 
Cosmology
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Cosmic Microwave Background (CMB) - PLANCK

Baryon Acoustic Oscilaltions (BAO) - BOSS

Cosmic Distance Ladder - SH0ES

Weak Galaxy Lensing - DES

Application to Cosmology
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Application to Cosmology
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Pablo Lemos (UCL) Oxford Cosmology Seminar — 15/10/2019
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Application to Cosmology

Three different priors
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Application to Cosmology

Results

Pablo Lemos (UCL) Oxford Cosmology Seminar — 15/10/2019
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Simulated DES vs Planck
We generated simulated DES data vectors, at cosmologies with 
a given ‘a priori’ tension with Planck.


PL, Raveri & DES Collaboration; 
arXiv: 2012.09554 
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Simulated DES vs Planck
We then used the Suspiciousness, Bayes Ratio, and other 
statistics to quantify the tension between these simulations & 
Planck. 


PL, Raveri & DES Collaboration; 
arXiv: 2012.09554 
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DES Y1 vs Planck
Finally, we used these metrics to recalibrate the tension between 
DES Y1 & Planck.


PL, Raveri & DES Collaboration; 
arXiv: 2012.09554 
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Application to Cosmology

Application to the CMB

Handley & PL; 
arXiv: 2007.08496

https://arxiv.org/abs/1806.06781
https://arxiv.org/abs/2007.08496
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Application to Cosmology

Application to KiDS
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• Cosmological ‘Tensions’ could be a hint of new 
physics, and must therefore be understood.


• Quantifying tension is therefore crucial. We propose 
the ‘Suspiciousness’ as the optimal metric of 

tension in Cosmology.

• The method can be extended to any other problem 

of assessing consistency between data sets, in 
astrophysics or otherwise.

Thanks for listening! 

p.lemos@sussex.ac.uk


