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In ths talk

Statistics 1s 1n the core of precision cosmology and any of 1ts discoveries - parameter inference, model selection
and validation

Important to correctly interpret the observations with the correct statistical tool and using the valid
assumptions

Bayesian vs frequentist

Particularly important with the increase of high quality data, where systematics will play important role:
stage 1V (even stage 111), cosmological tensions, ...

In this talk:

MCMUC eftect: Prior volume effect — when large, bias in the result and what to do

Profile likelihood



Hubble tension

flat — ACDM

prediction

» Depends on the cosmological
model

Indirect

Direct

New SHOES result (Riess et al 2021):

50 tension with Planck!

measurements
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Systematics or new physics?



Hubble tension

Indirect

Direct

» Depends on the cosmological

flat — ACDM
()71 :U..:)
Early | ®L.g-05
Planck
6745
DES+BAO+BBN
7403 Late
@
SHOES
69.8 e
CCHP
73.613%
MIRAS
73354
-
HOLICOW
MCP
76.51 40
SBF
Early vs. Late
733j82 combining all 6.10
—
3.9 { ::with Cepheids 5.80
. 4
T‘_’..'»t'{ 5 with TRGB 4.00
o] with MIRAS 4.40
66 68 70 712 74 76 78 80

Hy [kms ! Mpc™1] Verde++1907.10625

model

New SHOES result (Riess et al 2021):
HO = 73.04 =1.04 km/S/MpC

50 tension with Planck!

|

HO = 67.71 = 0.40 km/S/MpC
(Planck+BAO+Sn)

Systematics or new physics?
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Larly dark energy

Based on Laura Herold, EF 2210.1629
& Laura Herold, EF and Euchiro Komatsu 2112.12140,
& A. Reeves, L. Herold, S. Vagnozzi , B. Sherwin, EFF 2207.01501



Larly dark energy

Idea: add an extra component (to increase H(z)) that starts acting around equality, behaves as DE and
dilutes faster than matter | |

O; Initially frozen
Slow-rolls



Larly dark energy

Idea: add an extra component (to increase H(z)) that starts acting
around equality; behaves as DE and dilutes faster than matter

V(¢) = Vo [1 —cos(o/f)]"

Smith et al 2019
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Larly dark energy

Does EDE really solves the H, tension?



Larly dark energy can resolve the Hubble tension o

V. Poulin, T. Smith, T. Karwal,

EDE from CMB M. Kamionkowski, 2019

- For: Planck + BOSS DR12 BAO/RSD + 6dFGS + Pantheon
+ SHOES 2016
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Larly dark energy does NO'1 restore cosmological concordance
EDE from LSS 2020

Early Dark Energy Does Not Restore Cosmological Concordance

Use LSS to constrain EDE

J. CouN HiLL,"? EvaN McDoNouGH,* MICHAEL W. TOOMEY,* AND STEPHON ALEXANDER®

 GMB: Planck 2018 '1'1, TE, EE

Constraining Early Dark Energy with Large-Scale Structure

¢ LSS Mikhail M. Ivanov,»? Evan McDonough,® J. Colin Hill,*® Marko Simonovié,®
Michael W. Toomey,” Stephon Alexander,” and Matias Zaldarriaga®

* Planck lensing

e “Compressed” likelihood
« BAO

* Weak lensing from KIDS+VIKING-450 + HSC
 FULL SHAPE OF THE PS

Uniform prior in the phenomenological parameters

TEDE, Z¢, 0;



Larly dark energy does NO'L restore cosmological concordance
EDE trom LSS

B EDE, Planck TT+TE+EE
B EDE, Planck + BOSS
- For: Planck + BOSS DR12 BAO/RSD + SHOES 2016 + B ACDM, Planck + BOSS

Jull-shape of PS

Constraints from Planck 2018 data + BOSS DR12

Parameter ACDM EDE (n = 3)
JepE — < 0.072 (0.047)
Ho [km/s/Mpc]|  67.70 (67.56) =+ 0.42 68.54 (68.83) 7052
O 0:3105(0:3112)*8-9552 0.3082 (0.3120)+3- 0088

0.05 0.10 0.15

f EDE

Hy = 68.547002 km /s /Mpc

fopp < 0.072 (95 % CL)

Ivanov et al. 2020

. . |
Adding S, prior —>  fupp < 0.058 3.60 tension with SHOES !!

Farly dark energy does NO'1" solve Hubble tension!



Early dark energy is NOT excluded by current LSS data

%it. .. T. Smith et al (2020)

Niedermann, Sloth (2019)

Not all groups agree with this result Volume effects?
B EDE, Planck TT+TE+EE
Em EDE, Planck + BOSS
- Previous result can be a consequence of choice of priors of the EDE M ACDM, Planck + BOSS
parameters

Volume effects: fgpg — 0, any value of log(z.) and 6., degenerate with ACDM

l

Marginalization: preterence for fgpg ~ 0

Ivanov et al, 2020

* log(z.) and 6, are not well constrained by data

€S 10 1% 20 25

— Ivanov et al checked for volume effects in their paper, finding no evidence



Prior volume effects

Bayesian marginalization of the tull-dimensional posterior involves integrating out the nuisance dimensions

BN EDE, Planck TT+TE+EE
Since 1n addition to the value of the posterior, an integral 15 sensitive to BN EDE, Planck + BOSS

the volume 1n these directions = —

o
n
T

i
o
T

Llarge parameter regions (of possibly non-maximal posterior

>

values) are emphasized compared to smaller regions

(of possibly larger posterior values).

{

.

- A7, 3.6 4.0

critical redshift log(z,.)
Ivanov et al. 2020

initial value of field 6,
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Inescapable feature ot the Bayesian method!!

(volume effect can occur even with flat priors)



Prior volume effects

Prior volume effects or marginalization eftects: ...appear it the posterior 1s dominated by the prior volume

When they appears: BN EDE, Planck TT+TE+EE
Bl EDE, Planck + BOSS

T =

* Model has too many parameters / data 1s not constraining.

o
n
T

» Posterior 1s very non-Gaussian.

i
o
T

» Parameter structure of the model generates large volume difterences.
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- A7, 3.6 4.0

critical redshift log(z )
Ivanov et al. 2020



Prior volume effects

Prior volume effects or marginalization eftects: ...appear it the posterior 1s dominated by the prior volume

When they appears: BN EDE, Planck TT+TE+EE
Bl EDE, Planck + BOSS

T ~ —

* Model has too many parameters / data 1s not constraining.

o
n
T

» Posterior 1s very non-Gaussian.

i
o
T

» Parameter structure of the model generates large volume difterences.

I
o
T

— Bias™ 1in the marginalized posterior

initial value of field 6,
Ul

O
U
T

* offset induced by a projection effect

e

- A7, 3.6 4.0

critical redshift log(z.)
Relevant to study the extent to which one’s results are affected by volume effects! Ivanov et al. 2020




Profile likelihood

Motivation:

Frequentist method for comparison with Bayesian to check for prior or marginalization effects

What is the profile likelihood L() or y*(0) ?

Profile likelihood 1s a method 1n frequentist statistics, that allows to treat nuisance parameters

Nuisance
parameters

L(@) = max L(0,v),

By splitting the tull parameter space © nto two categories:
- B of N parameters

- v ot M (nuisance) parameters

: : . : . e . Full likelihood function
= Profile likelihood ot 8 15 obtained by maximization over all

parameters 1n the complementary set of (nuisance) parameters v for fixed 0



Bayesian and. frequentist

Bayesian statistics

Bayesian inference: derive the posterior probability as

a consequence of two antecedents: a prior probability and a
"likelihood function" derived from a statistical model for the
observed data.

Likelihood Prior
Posterior
P(E | H) ; P(H) H: hypothesis
P(H | E) — P(E) E: evidence

e [ikelihood: probability of observing E gwen H

 Prior: Probability of H before E 1s observed

* Posterior: probability of H gwen Lk, 1.e., after L 1s observed.
Probability of a hypothesis gwen the observed evidence.

Arman Shafieloo : “Priors and simplicity of the proposed model also
matters (in model comparison)”

Frequentist approach

Frequentist statistics never uses or calculates
the probability of the hypothesis, while
Bayesian uses probabilities of data and
probabilities of both hypothesis.

Frequentist methods do not demand
construction of a prior and depend on the
probabilities of observed and unobserved
data.

Arman Shafieloo : “Assuming a proposed model, the probability
of the observed data must not be 1nsignificant™



Profile likelihood

Motivation:

Frequentist method for comparison with Bayesian to check for prior or marginalization effects

What is the profile likelihood L() or y*(0) ?

Profile likelihood 1s a method 1n frequentist statistics, that allows to treat nuisance parameters

Nuisance
parameters

L(@) = max L(0,v),

By splitting the tull parameter space © nto two categories:
- B of N parameters

- v ot M (nuisance) parameters

: : . : . e . Full likelihood function
= Profile likelihood ot 8 15 obtained by maximization over all

parameters 1n the complementary set of (nuisance) parameters v for fixed 0



Profile likelihood

Motivation:

Frequentist method for comparison with Bayesian to check for prior or marginalization effects

What is the profile likelihood ¥*(6)?

» Fix the parameters of interested @ to different values Planck intermediate results XVl, 2014
» Maximize the likelihood L (minimizes y* = — 21n L) wrt to the other <F £

parameters for ditferent values ot the parameter of interest O E
» For Gaussian distribution this gives a parabola — fit a parabola < NE E

0

0.0219  0.0220  0.0221  0.0222  0.0223
0y,

Confidence interval:

» A confidence region, can be extracted from the likelihood ratio statistic:
Ay*(0) = y*(0) — y2. = —2In(L/ &

maX)

» For parabolic y*(0), and one dof, the c.i. is given by:
Ay* =1,2.7,3.84 for 68, 90 and 95%, respectively — Neyman construction

)(r%lin Is obtained from global maximum likelihood estimate given the entire set of parameters



Profile likelihood

Advantages:

* Not affected by volume eftects (no priors)

» Invariant under reparametrizations (since L(d) 1s a MLE) 7777777777/ P
/ CMB e o _ -
. . . To ) / ) : e  _
» Allows construction of confidence intervals close to boundaries ol .~ CMB+lensing ) A
' CMB+lensing+BAO | 4
_ \ f
Disadvantages: N / i
< \ o
- C 1onall ' " ’
omputationally expensive 3 \ Z ;-
o) 7, A X/ 47 7 )‘ / o
N 7 o
/ N 7 % ¢ '/ 7
L i % s
. NS
"Larger confidence intervals" o 0 T +0

Planck intermediate results XVI, 2014



Baseline: Planck+BOSS FS

Profile likelihood for frpi

B —— Planck
—— Planck + BOSS (baseline)
—==Dbaseline + DES
~== baseline + SHOES

1 +-=—==== - "\ U VR
\‘\ p
0 T T L T \$\' —di .r
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
fepE
(base) n
(base) — 0.087 £ 0.037
(68%CL)

Check for volume effects:

comparison to previous results

B EDE, Planck TT+TE+EE
B EDE, Planck + BOSS

Ivanov et al. 2020

0.05 0.10 0.15

f EDE

1-parameter model

fepe = 0.072 £ 0.034
(68%C'L)

3-parameter model

fepe < 0.072 (95%CL)

B SNetCMB/1pEDE
B EFT+BAO+SNe+CMB/1pEDE

Smith et al. 2020

0.05 0.10 0.15

f EDE



Profile hikelihood for HO

—  Planck
—— Planck + BOSS (baseline)
—== baseline + DES

— == Dbaseline + SHOES

HEPE(Pase) — 70 57 +1.36
(68%CL)
69 70 71 72 73 | |
H, Consistent with SHOES at 1.46/

Baseline: Planck+BOSS FS



Profile likelihood for HO

A

—— Planck

—— Planck + BOSS (baseline)

=== baseline + DES 5 5 5 :

~—— baseline + SHOES Data set x“(ACDM) |x“(EDE)| Ax fEDE Hy (consistency w. SHOES)

: Planck 2774.24 | 2770.72 | —3.52/0.072 £ 0.039 69.97 + 1.52 (1.7 0)

Planck+BOSS (base)| 3045.65 | 3039.98 | —5.67(/0.087 4+ 0.037 70.57 +1.36 (1.40)
Baseline + DES 3052.06 | 3049.13 | —2.93 (| 0.061+2-93° 70.28 +1.33 (1.6 0)
Baseline + SHOES 3068.44 | 3042.08 |—26.36(/0.127 + 0.023 72.12 £ 0.82 (0.690)

Consistent with SHOES at < 1.406/

No HO tension with EDE
(For this dataset)
Baseline: Planck+BOSS FS



Profile likelihood: general

» Using profile likelihood and other complimentary statistical methods 1s going to be more and more

important in cosmology:

* Beyond LCDM model

Ex.: EDE, decaying DM, nEDE, ...
extra dofs
* New observables or systematics

Ex.: full-shape (nuisance parameters), clusters, ...

Refs:
- Herold + Ferreira, 2022; + Komatsu, 2021
- Campetti, Komatsu, 2022

Important new analysis {O be incorporated in - Cosmology with 6 parameters in the Stage-IV era: efficient
marginalisation over nuisance parameters, Hadzhiyska et al, 2023

observational collaborations! _ Other works to come. ..
Ex.: Euclid
PFS and LiteBIRD?



Other beyond LCDM models. ..

° Decaying dark matter Holm et al. 2022 e New EDE Cruz et al. 2023

(See also (Holm et al. 2022 - DWDM)

Previous MCMOC analysis find a strong preference for
either very long-lived or very short-lived dark matter.

{ INEDE, Zdecay, WNEDE }

- Stronger evidence for NEDE with PL, than MCMGC

S 40 == w.o. SHOES

§ —=— w. SHOES = posterior, m varied
g —— posterior, m fixed
T — == profile likelihood
T

68 69 70
Hy [km s=! Mpc—?]

"This work:

0.00 0.05 0.10 0.15 020 0.25
fNEDE

- 'T'his preterence 1s due to volume ettects - drives the model

towards the standard ACDM lLimait

- Using profile likelihoods, they instead find that best-fitting
parameters are 1in an intermediate regime - ~3%o of cold - Shows that fixing the trigger mass an s an appropriate
dark matter decays just prior to recombination. method of avoiding volume eftects



Pror effects in EF Tof LSS analyses of full-shape BOSS and eBOSS data

E.Holm, L. Herold, T. Simon, EE, S. Hannestad, V. Poulin, T. Tram 2023

* Previous MCMUC analysis have shown that the constraints from BOSS full-shape data using EF 1otl.SS depend
on the choice of prior on the EF 1 nuisance parameters

*  We explore this prior dependence using profile likelihood tor BOSS, eBOSS and Planck

BOSS —— MCMC  —— PL eBOSS
Shift of lo (BOSS)
1.60 (eBOSS)
| —_————————— ———————————— Widening of 1.9 (BOSS)
0.7 0.8 0.9 0.8 1.0 1.2 intervals by 1.6 (eBOSS)
- s factors of

* We find that the priors on the EF 1" parameters in the Bayesian inference are informative and that prior volume
eftects are important.



Pror effects in EF Tof LSS analyses of full-shape BOSS and eBOSS data

E.Holm, L. Herold, T. Simon, EE, S. Hannestad, V. Poulin, T. Tram 2023

» EC vs. WU parametrizations and comparison to MCMC

- = MCMC, EC == profile, EC

== MCMC, WC ===+ profile, WC
— profile; WC i(ej = ¢**"® = 0)

L(O‘g) resp. P(O‘g)

0.7 0.8 0.9
08

Marginalized MCMC posteriors (dashed) and profile likelihoods (solid) of 08 within the WC (blue) and EC
parametrizations (orange), for BOSS+BAO data



Pror effects in EF Tof LSS analyses of full-shape BOSS and eBOSS data

E.Holm, L. Herold, T. Simon, EE, S. Hannestad, V. Poulin, T. Tram 2023

» EC vs. WU parametrizations and comparison to MCMC

- MCMC, WC = profile, WC-“prior”
= profile, WC .=+« profile, WC (cq, c2*°"° free)

L(og) resp. P(o3)

Marginalized MCMG posteriors (dashed) and profile
likelihoods (solid) of 08 within the WC (blue) and EC ~ — MCMC, EC
parametrizations (orange), for BOSS+BAO data, proule, e

mclua’mg profile likelihoods with Gaussian data likelihoods on
the EEF'T parameters

-

== profile, EC-“prior”

L(og) resp. P(og)
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Identified and quantified the marginalization (prior volume or projection) etfects given some

choices 1n the analysis.
Using MAP (maximum a posteriori)

Prior volume ettects might be biasing o from cosmic shear

Analysis in preparation!

—r—t KiDS-450

- — DIR (no baryons, weighted direct calibration n(z))
o  CC (no baryons, cross-correlation n(z))
—a— BOR (no baryons, re-calibrated F(z))
—e—i BPZ (no baryons, BPZ Piz))
—— DIR-no-error (no baryons, no photo-z error)
—— no-systematics (no baryons, no photo-z err., no |A)
——
e
——

B-modes subtracted (no baryons, no photo-z err.)
W <. large scales only (no baryons, no photo-= err.)

wCDM cosmology

——— DES-SV cosmic shear (DES Collaboration 2015)
—— CFHTLenS re-analysis (Joudaki et al. 2016)
—_—— Planck-TT+LowP (Planck Collaboration 2015)

Planck re-analysis (Spergel et al. 2015)
——— Pre-Planck CMB (Calabrese et al. 2013)

lensing

WMAP 9-year (Hinshaw et al. 2013)

— I external data

CMB

1.0 ' 12 T 1.4
Sy =0,V 02,,/0.3

o
(=2}
o
@




Projection effects

With the increase statistical power of new observations that have the goal to lead to a more precise
determination of the cosmological parameters, new systematic effects are present leading to a larger
number of nuisance parameter that also need to be fitted 1n the data analysis - systematics more prominent!

T'his inflation of the number of parameters can lead to difficulties 1n the statistical analysis and bias
the inference of cosmological parameters.

For the standard MCMGC analysis these are:

Inescapable teature of the
Bayesian method!

Ex.: Prior volume ettects, weight volume eftects, ... .

Relevant to study the extent to which one’s results are attected by volume eftects!

Need complementary statistical methods to deal with that, like for example, the profile likelihood



Ed?il)/ dd?fk enerlg.)/ o 76@7@@.[)/ S Z.S George Efstathiou, Erik Rosenberg,, and Vivian Poulin 2023,

Improved Planck constraints on axion-like early dark energy as a resolution

of the Hubble tension
Reanalysis using new Planck likelihood (NPIPE)
Profile likelihood: MCMC(C:
5 - 5
—  NPIPE —— NPIPE
11 ; — Plik | 1% NPIPE
JNTE | D e Y S &4 B[ | s
3 3
} g | ER———
2 2
N T G Al le _____ Y . A S lo.
. SHOES _ 4 ‘
6 67 68 69 70 71 72 73 74 5 000 002 004 006 008 010 012 014 005 010015
Hy [km/S/Mpc] fEDE(ZC) JepE(ze)
PL. (MCMC() analysis: HOEDE’(NPIPE) = 68.37 + 0.0075 (68.11F 057 Volume ettects present in the old likelihood.

Distance from SHOES at 3.7¢ NO volume eflects with new likelihood!



Prior/marginalization etfects

Inflation 1n the number of nuisance parameters or beyond LGDM parameters that enter the statistical
analysis leading to possible marginalization or prior volume ettects in standard MCMOC analysis

Inherent from Bayesian analysis. When strong, can influence inferred parameters

Farly Dark Energy
Volume etfects are important: full MCMUC result differs from the profile likelihood

PL. analysis: HOEDE’(PHK) = 70.57 £ 1.36 PL. (MCMC() analysis: H(])EDE’(NPIPE) = 68.37 = 0.0075 (68.111“8’883;)
Distance from SHOES at 1.4¢ Distance from SHOES at 3. 70

Summary

Complementary statistical methods necessary for current and future parameter
inference analysis - profile likelihood



Statistics: Are you Bayesian or

. : : : F ntist?
Bayestan-vsFrequentist Bayesian & Frequentist & MLL & ... e PP

Statistical methods are available to us to use. Each statistical method should be used in the appropriate situation.

No right or wrong, no better or worse, no preterence.

Not use blindly

Arman Shafieloo: “Many statistical tools not used properly in cosmology”™

__, orinterpreted

Systematics dominated era

Higher quality data — effects of systematic more important

Particularly serious for Stage IV experiments or cosmological tensions!
Careful to avoid misinterpretations

or “fake" new discoveries!
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