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Bayesian Statistics

DID THE SUN JUST EXPLODE?
(ITS NIGHT, SO WERE NOT SURE.)

THIS NEUTRINO DETECTOR MEASURES
WHETHER THE SUN HAIS GONE NOVA.

THEN, ITROWS TWO DICE. IF THEY
BOTH COME UP SiX, IT UES TO US.
OTHERWISE, IT TELLS THE TRUTH.

LET's TRY.
OETELTOR! HAS THE
SN GNENOR?

)

FREQUENTIST STATISTICIAN: BAYESAN STATISTIOAN:
THE PROBABILITY OF THIS RESULT
HAPPENING BY CHANCE 15 3,=0027. BET YOU $50

SNCE p<0.05, T. CONCLUDE IT HASNT.
THAT THE SUN HAS EXPLODED.




Bayesian Statistics

Bayes [heorem
P(D|0, M) - P(6|M)

e O: Parameters
e D: Data
e M: Model




Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

o mﬁﬁqﬁvé :
e

Inflation

-

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
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How much dark energy? How much dark matter?

How fast does it expand?

Ho =50.0km/s/Mpc
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Three types of

. Parameter estimation
. Model comparison
. Dataset comparison
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Whny Is tension important

 We can only combine data Sets that are CONSISTENT.
Data set combinations are crucial to break degeneracies.

* |f two data sets are in tension, there are two explanations:
One (or both) data sets are wrong, or the underlying g
model is wrong. & Unionz.1 SN I

Compilation

 We need a method to accurately quantity tension!

B Galaxy BAO + D/H
B Lye BAO + D/H




Why Is Data Set
Comparison Non-Trivial?
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B gaussianl
Bl gaussian2

—0.8.00.81.62.43.24.0 —1-20-80.0.00.40.81.2
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Bayesian evidence as a tool for comparing datasets

Phil Marshall
Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, USA

Nutan Rajguru
Astrophysics Group, Cavendish Laboratory, Madingley Road, Cambridge, UK

Anze Slosar
Faculty of Mathematics and Physics, University of Ljubljana, Slovenia
(Dated: February 2, 2008)

We introduce a new conservative test for quantifying the consistency of two or more datasets.
The test is based on the Bayesian answer to the question, “How much more probable is it that
all my data were generated from the same model system than if each dataset were generated from
an independent set of model parameters?”. We make explicit the connection between evidence
ratios and the differences in peak chi-squared

more cheaply calculated. Calculating evideng PrObab””:y that bOth datasets come

data (WMAP, ACBAR, CBI, VSA), SDSS a

concordance is favoured and the tightening from THE SAME Unlverse

ZAB
I? ;
ZA X 2R Probability that both

datasets come
- DIFFERENT Universes
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Toy example: 1D Gaussians:

Prior: -10, 10 -> Discordant Prior: -200, 200 -> Concordant
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s this a problem in Cosmology*

I

0.020.040.060.080.10
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Qi DES Collaboration, 2017



The ‘Suspiciousness’
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Handley & PL, 2019, arXiv: 1902.04029
10.1103/PhysRevD.100.043504
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https://arxiv.org/abs/1902.04029
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We want a method that

e |s formed of fully Bayesian quantities.
* |s independent of choice of parameterisation.
-+ Has an intuitive interpretation

- Does not depend on prior volume

18
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What part of the Bayes Ratio carries the ‘prior volume
dependence’”

.e. If | double the prior v
many possible states, sc
becomes twi

Kullback-Leibler Divergence

19


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

log R =log Zsp —log Z4 — log Z5

—Nncloses its de

pendence on the prior volume. We call this

hart the INFORMATION (1):

loglzDA —I—DB _DAB

The part of R that is left, is what we call the

SUSPICIOUSNESS (S):

log R = log I + log S

20
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—or Gaussian Likelihoods,
the Suspiciousness follows
a chi-squared distribution.

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

d/2—1,—x/2
X e .

24/2T(d /2)

21
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What about non-Gaussian posteriors

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

22



How to calculate this
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|_httpsi/github.com/williamjameshandley/anesthetic_|

* Public python code

» Computation of |
Evidences, KL H|‘|
divergences, Bayesian
model dimensionalities. .. | b

 Marginalised 1D and 2D

Dlots

 Dynamic replaying of

logL: -1.8886e+06, njye: 10000 | R4 set Range
. K omegam
nested sampling o T S
3 H R sigmap
opostetfior

0 -20
logX

27

0.30 0.45 60 75 0.5 1 0 1.5
Qm HO
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" - A Application to Cosmology

How does this work In practlce’?

hitps://github.com/Pablo-l emos/Suspiciousness-
CosmoSIs.git

25


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

Application to
Cosmology
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galaxy
galaxy cluster

lensed galaxy images

Galaxy map 3.8 billion years ago Galaxy map 5.5 billion years ago CMB 13.7 billion years ago = A ! - il \ ‘&\ ' e i s
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Planck vs...

BOSS

B Planck
B BOSS+Planck

)

SHOES
Planck
— SHOES-+Planck

Probability density

DES

B Planck
I DES-+Planck

Pablo Lemos (UCL) 28 Oxford Cosmology Seminar — 15/10/2019
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Three different priors

I Default Prior
Medium Prior
I Narrow Prior

Parameter Default prior Medium prior Narrow prior

Qph [0.005,0.1]  [0.01,0.085]  [0.0211,0.0235]
Qch? (0.001,0.99]  [0.08,0.21] [0.108,0.131]
1000rc  [0.5,10] (0.97, 1.5] [1.038, 1.044]
T (0.01, 0.8] (0.01, 0.8] [0.01, 0.16]
N 0.8, 1.2] 0.8, 1.2] (0.938, 1]

In(10'°As) [1.61,3.91]  [2.6,3.8] 2.95, 3.25]
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log R log 1 log 5 7

BOSS-Planck default 6.30 = 0.29 6.18 =0.29 0.11 +£0.29 291 x0.51 42.66 = 4.28
medium 4.51 +£0.28 4.06 £ 0.28 0.46 = 0.28 3.30 = 0.55 55.12 £ 4.47
narrow 1.30 = 0.23  0.69 = 0.22 0.61 =0.22 1.67+0.54 [77.12+ 14.10
DES-Planck default 288 +0.35 6.15+0.34 —-3.28+0.34 3.97+0.82 3.23 = 1.00

medium 0561034 4.00x0.34 -3.49+034 3.13x+0.81 2.04 £0.79
narrow | —1.88+0.29 0.90+=0.29 -2.78+0.29 1.15+0.77 1.44 +0.91
SHoES-Planck | default | —2.03 £0.29 1.964+0.28 —-3.99+£0.28 0.78 £0.52 0.25 = 0.17
medium | —2.50 £0.28 1.56 £0.28 —4.06 £0.28 1.77 £0.51 0.56 = 0.24
narrow | —2.00+0.23 1.43+0.23 —-3.43+0.23 1.92+0.52 1.17 = 0.45

Pablo Lemos (UCL) 30 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.



https://arxiv.org/abs/1806.06781
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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.

a-priori tension
Eigentension

Goodness of Fit Loss
MCMC Parameter Diff
Update Parameter Diff

Suspiciousness

)

Tension (N, )

|
—
~
g
o
o
n
g
-

baseline Aosg AQm Aog AQm Aog AQm Aog AQm Aog AQm

05608 0.56Q —160s 160w —1.560s 1560w —260s 260w —360s 360,



https://arxiv.org/abs/2012.09554
https://arxiv.org/abs/1806.06781

US

UNIVERSITY
OF SUSSEX

DES Y1 vs Planck

Finally, we used these metrics to recalibrate the tension between

DES Y1 & Planck.
N EEeT

Bayes ratio
log R Interpretation

MCMC/Update

Param Shifts SUSplClOUSHCSS

data set Eigentension GoF Loss

DES cosmic shear vs. Planck 15 2.2+ 0.5 Substantial Agreement 1.8 0 1.30 1.3/1.2 0 (0.7+04) o
DES 3 x 2pt vs. Planck 15 1.0+ 0.5 No Evidence 240 2.7 o 22220 (2.4+0.2) o
DES 5 X 2pt vs. Planck 15 1.1 £0.5 Substantial Agreement 24 o 2.8 o 2.1/2.3 0 (2.2+0.3) o

DES 5 X 2pt vs. Planck 15 + lensing 1.0+ 0.6 No Evidence 240 250 2.1/23 0 (2.2+04) o
DES 5 X 2pt + Planck lensing vs. Planck 15 6.1 +0.6 Strong Agreement 1.6 o 240 1.9/2.2 o (1.8+0.2) o

DES cosmic shear vs. Planck 18 3.3+04 Strong Agreement 150 1.0 o 1.0/1.1 o (0.5+0.3) o
DES 3 x 2pt vs. Planck 18 2.2+ 0.6 Substantial Agreement 220 1.6 o 2.0/2.3 0 (2.4+0.2) o

L

B —

S

33
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0.0240

= -
"2 0.0225

0.0210

Dataset combination y? P tension log S

ACT vs Planck 17.2 0.86% 2.630 —5.60
ACT vs SPT 154 1.77% 2.370 —4.68
Planck vs SPT 9.1 16.82% 1.380 —1.55

ACT vs Planck+SPT 18.4 0.52% 2.790¢ —6.22
ACT+H+SPT vs Planck 12.2 5.81% 1.900 —3.09
ACT+Planck vs SPT 10.3 11.09% 1.590 —2.17

0.021.0220.0240 0.105 0.120 1.036 1.040 1.044 0.05 0.10 3.00 3.15 096 1.02 1.08 0.545 0.550
O, h? Q.h? 1000 rsc T In(10'"A4,) Mg t
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Application to KID

KiDS-1000 Cosmology: Multi-probe weak gravitational lensing
and spectroscopic galaxy clustering constraints

Catherine Heymans'-2*, Tilman Troster! **, Marika Asgari', Chris Blake?, Hendrik Hildebrandt?, Benjamin Joachimi®,
Konrad Kuijken5 , Chieh-An Lin!, Ariel G. Sénchez®, Jan Luca van den Busch?, Angus H. Wrightz, Alexandra Amon’,
Maciej Bilicki®, Jelte de Jong®, Martin Crocce'®!!, Andrej Dvornik?, Thomas Erben!?, Maria Cristina Fortuna®, Fedor
Getman!3, Benjamin Giblin!, Karl Glazebrook>, Henk Hoekstra®, Shahab Joudaki'4, Arun Kannawadil’:>, Fabian
Kohlinger?, Chris Lidman!®, Lance Miller'#, Nicola R. Napolitano!’, David Parkinson'®, Peter Schneider!?, HuanYuan
Shan!®20, Edwin A. Valentijn9, Gijs Verdoes Kleijn9, and Christian Wolf!®

UNIVERSITY
OF SUSSEX

Handley & Lemos (2019) propose the °‘suspiciousness’
statistic S that is based on the Bayes factor, R, but hardened
against prior dependences. We find that the probability of ob-
serving our measured suspiciousness statistic is 0.08 + 0.02,
which corresponds to a KiDS-Planck tension at the level of
1.8 £ 0.1 o (see Appendix G.3 for details).

The second equality follows from Bayes theorem: P = Ln/ Z.
Using this definition of P allows us to rephrase the suspi-

ciousness solely in terms of the expectation values of the log-
likelihoods:

InS = (In L3xopt+Pianck) Proppranse — 10 L3x2pt) Pya

- <1n ‘LPI(IHCk>PPIaan *
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e (Cosmological ‘Tensions’ could be a hint of new
physics, and must therefore be understood.

* Quantiftying tension is therefore crucial. We propose
the ‘Suspiciousness’ as the optimal metric of
tension in Cosmology.

 [he method can be extended to any other problem
Of assessing consistency between data sets, In
astrophysics or otherwise.

p.lemos@sussex.ac.uk



