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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?
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Measuring H()

INDIRECT
Measure this calculate thi;
% "
_ [T es(2)
i rs(z.) = /Z‘ dz H(z)
DA(Z — 1100)
Infer this L Knox

Last scattering

“.surface \
“Fidlan - | ;5);.'1' o °
S D A(z,) — Angular diameter distance

Marius Millea ——

rs(z,) — Sound horizon at Iss

0s(z+«) — Angular scale of the sound horizon

\‘ Measured with a 0.03% precision by Planck 2018



How to solve the HO tension?

Introducing new physics

INDIRECT

— 1 pre-recombination physics — depend on physical densities (b, r, cdm, v)

rs(Zx) fzio cs(z) dz [H(z)

- Dal(z,) [ edz/H(z)

/

Measured with a 0.03% . Dy post-recombination physics — information on HO
precision by Planck 2018

rs(2+) — Sound horizon at Iss
D A(z4) — Angular diameter distance

0s(z+«) — Angular scale of the sound horizon



Larly vs late time solutions to the Hubble tension

: ra(z) [, es(2)dz /H(z)
D 4(z4) [“* cdz /H(z)

o increase Hy:

/ 0
Measured with a 0.03% precision by Planck 2018
LATE UNIVERSE SOLUTIONS EARLY UNIVERSE SOLUTIONS
Change only late time physics: early universe unattected Change only early time physics, late ime almost unaftected
Little room for changes in the physics (?) 0. (Z*) . decrease T ( z*) —> decreases D 4 ( > *)

Fixed JL

Increases H

Shown to not solve the tension, only alleviates!

Verde + (2019),Poulin (2019), Agrawal + (2019), Lin +(2019), Smith + (2019), Knox and Milea (2019)



Larly time solutions to the Hubble tension

Os(2+) : decrease 7s(2«) == decreases Da(2z,) =—> Increases H
ACDM Fixed l
EDE
)= [ e
Fs\<x ) — Cs
.. H(2)
68 71 T4
H, * Sound horizon at last scattering dominated by contributions near the lower bound of the integral

* Sensitive to H(z) at times shortly after recombination

— I we decrease r; by 10 Mpc (keeping r,/r, and r,/r,, fixed) we can solve the H, tenswon



Larly time solutions to the Hubble tension

m Os(2x) : decrease T5(2+) == decreases D4(z.) = Increases H
ACDM Fixed
EDE , .
—> I we decrease r; by 10 Mpc (keeping r,/r, and r,/r,, fixed) we can solve the H, tenswon

/ : : : Many ideas on how to do this:

68 71 T4

B )= [ gl
Ts(Zx) = Cs(t
S X - H(Z) S

- Light Relics

Change H(z) : increasing H(z) before recombination with additional components _ Early Dark Enerey (Kuwal+ 2016, ...)

Change z:: change recombination physics - primordial B (Jedamzik + 2020); change m, or m,, Q, (Sekiguchi+ 2020)

Change c; (e.g Boddy + 2018)



Larly time solutions to the Hubble tension

0s(zx) : decrease Ts(2z+) = decreases Da(z.) == Increases H
ACDM Fixed

EDE

—> I we decrease r; by 10 Mpc (keeping r,/r, and r,/r,, fixed) we can solve the H, tenswon

! ! . Many 1deas on how to do this: The Hy Olympics: A fair mn/cinﬁ
63 71 74 of proposed models,
Hy <, Schéneberg + (2021

AN,

rs(2x) = cs(t) |
H ( Z) Majoron
Z % primordial B
varying me
varying me—+$2

- Light Relics -

- Early Dark Energy K EMG
Change z:: change recombination physics - primordial B (Jedamzik + 2020); change m, or m,, Q, (Sekiguchi+ 2020)
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-

Change H(z) : increasing H(z) before recombination with additional components

Change c; (e.g Boddy + 2018)



Larly time solutions to the Hubble tension

m Os(2x) : decrease T5(2+) == decreases D4(z.) = Increases H
ACDM Fixed
EDE | |
—> I we decrease r; by 10 Mpc (keeping r,/r, and r,/r,, fixed) we can solve the H, tenswon

. : : Many ideas on how to do this: The Hy Olympics: A fair ranking
68 71 74 of proposed models,
Hy S Schéneberg + (2021)

AN,

TS(Z*) — H(Z) Cs (t) Majoron

2. primordial B

varying me
varying me+£2

W W W N =W
®©® ©© & 6 @ ®

/ EDE

- . L . . - Light Relics NEDE

Change H(z) : increasing H(z) before recombination with additional components . EMG
- |Early Dark Energy \

Change z:: change recombination physics - primordial B (Jedamzik + 2020); change m, or m,, Q, (Sekiguchi+ 2020) Hubble hunter’s guide,

Knox & Milea (2019)

Change c; (e.g Boddy + 2018)



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, I 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

T'his can be done by adding a pseudo-scalar field in FRW:
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Larly dark energy

Idea: add a component that starts acting around equality, behaves as DE and
dilutes faster than matter ! |

i

Initially frozen
Slow-rolls

T'his can be done by adding a pseudo-scalar field in FRW:

dV(¢)

do =0

b+ 3H A

Canonical EDE (toy model)

V(9)
w=—1, forz> z.
_ n—1
W= =, for z < z,.

Credit: Tristan Smith

V(¢) = Vo [1 —cos(o/f)]"

1016
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/OEDE(Z > Zc) = ,OEDE(Zc)
pEDE(2 < 2) = pppp (1 + 2)
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Larly dark energy

V(¢) = Vo [1 —cos(¢/f)]"

3 free parameters: {m, f, n} + I1C: O,

* Vi or m (Vy=m2f?: the field is ultra-light m ~ H (zeq)

~107% eV
* { (spont. sym. breaking scale)

* 71 : controls the decay — needs to be hidden at late times

n>2 (w>1/3)

Hill et al 2019

0.14

0.12 |
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Larly dark energy

—1 fEDE(Z¢)

-

Hill et al 2019
n 0.14
V(p) =Vo [1 —cos(o/f)]
0.12 |
3 free parameters: {m, f,n} + IC: O, 0.10 |
* Vo or m (Vy=m?*f?): the field is ultra-light m ~ H (Zeq) 0081
~ 10747 eV = ol
* f (spont. sym. breaking scale)
0.04
* 1 : controls the decay — needs to be hidden at late times
0.02
n>2 (w>1/3)
0.00 e E——
10! 102 103
“\ Z
Phenomenological parameters { fEDE( Zc); Ze, M, 0; = O; / f }
| 2 £2
f (2.) = PEDE| _  PEDE ~ V(0;) o m f (1 — cosb;)
EDE\<c) — Diot |2 (3M5ZH2) 2 Ptot (Zc) ptot(zc)




Larly dark energy

V(¢) = Vo [1 —cos(¢/f)]"

3 free parameters: {Mm, f,n} + 1C: P,
* Vo or m (Vy=m*f?) : the field is ultra-light m ~ H(z¢q)
~ 10747 eV

* f (spont. sym. breaking scale)

* 1 : controls the decay — needs to be hidden at late times

n>2 (w>1/3)

0.10 -
0.08 -

) 0.06 -

A

€2
™= 0.04-

0.02 -

-

Phenomenological parameters

{fEDE(%¢), 2¢, My 0; = @i/ [}

PEDE
(3M 7 H?)

__ PEDE

fEDE(2c)

ZC ZC

Ptot

\\

Smith et al 2019

We usually fix n = 3

: {fEDE(ZC)7 Zcy 6)1,}

Matteo Braglia et al 2020, Adria Goémez-Valent et al 2021, ...



Larly dark energy

Does EDE really solves the H, tension?



Larly dark energy can resolve the Hubble tension

EDE trom CMB

- For: Planck + BOSS DR12 BAO/RSD + 6dFGS + Pantheon

+ SHOES 2016

Hy = 71.49

1.20km /s/Mpc

Solves the tension!

fepe = 0.10775 55

T fED:

Lt

T Ho

H

2019

V. Poulin, T. Smith, T. Karwal,
M. Kamionkowski, 2019

69 72 75 78

2
Wedm =— chm h



Larly dark energy can resolve the Hubble tension o

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

EDE from CMB M. Kamionkowski, 2019

B -2
, Bl =
- Yor: Planck + BOSS DR12 BAO/RSD + 64FGS + Pantheon / =g
+ SHOES 2016 ‘ S ACDM
H() — 71.49 == 1.20 km/S/Mpd 8 e 0'327:4 S
75}
= 2F T fEDE T Hog
Solves the tension! co ld
0.136 /
But with: 5 V / /\
- More DM - Higher n; 01089

0.04 0.08 0.12 69 72 75 78  0.120 0.13¢
I EDE (ac) HO Wedm

2
Wedm =— chm h



Larly dark energy does NO'1 restore cosmological concordance
EDE from LSS 2020

Use LSS tO Constrain EDE Early Dark Energy Does Not Restore Cosmological Concordance

J. CoLiN HiLL,"? EvaAN McDoNouGH,? MICHAEL W. TOOMEY,* AND STEPHON ALEXANDER®

 CMB: Planck 2018 '1'I; 'TE, EE

o LSS

* Planck lensing

e “Clompressed” likelihood
e BAO

* Weak lensing from KIDS+VIKING-450 + HSC

Uniform prior in the phenomenological parameters

TEDE, Z¢, 0;



Larly dark energy does NO'L restore cosmological concordance

EDE from LSS

- For: Planck + BOSS DR12 BAO/RSD + 6dFGS + Paniheon
+ SHOES 2016 + DES + BiDS + VIKING

Constraints on EDE (n = 3) for varying data sets

8 0 - 7,
R S O O B NV, DTN e e D 7 2
[

Parameter Planck 2018 Planck 2018 § Planck 2018 Planck 2018 Planck 2018
TT+TE+EH| TT+TE+EE, § TT+TE+EE, TT+TE+EE, | TT+TE+EE,
CMB lensing, BAO, §CMB lensing, BAO,| CMB lensing, BAO, ' CMB lensing, BAO, .
§ RSD,SNIa, @® RSD, SNIa, RSD, SNIa, . RSD, SNIa, ‘
and SHOES SHOES, SHOES, ; DES-Y1,
and DES-Y1 DES-Y1, ‘and HSC, KiDS (Ss)
and HSC, KiDS (Ss) (no SHOES) :
fepE <0.087 & 0.077 0032 0.062 70035 < 0.060
H, [km/s/Mpc]| 68.29F102° % 7009, 70.75 7105 70.45 7105 - 68.92F0%T

“Concordance" of EDE:

Hubble tension — 1.76

v

—> Without SHOLS, EDE not
preterred by Planck CGMB alone
fepe < 0.087

Hy = 68.9279 25 km/s/Mpc
(HyPM = 68.33 £ 0.36 km/s/Mpc )

fepg < 0.06 (95 % CL)
3.30 tension with SHOES !!

Weak lensing strongly constraints og, and EDE

Planck 2018 TT+TE+EE [EDE, n = 3]

+ CMBLens + BAO + SNIa + RSD + SHOES
+ DES

+ KiDS-S8 + HSC-S8

all above without SHOES

0.05 0.10 0.15 0.20 67.5 70.0 72.5 75.0 _ 0.80 0.82 0.84 0.86

feDE H,

as

[ No SHOES — Nosolution to H,) ! j




Larly dark energy does NO'1 restore cosmological concordance
EDE from LSS 2020

Constraining Early Dark Energy with Large-Scale Structure

. Mikhail M. Ivanov,'? Evan McDonough,® J. Colin Hill,*® Marko Simonovié,®
USG LSS to constrain ED E Michael W. Toomey,” Stephon Alexander,” and Matias Zaldarriaga®

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

o LSS
* Planck lensing
* “Compressed” likelthood More DM changes the matter power spectrum
 BAO on small scales — full-shape analysis can
+ Weak lensing from KIDS+VIKING-450 + HSC constrain small scale clustering
 FULL SHAPE OF THE PS < =3

Allows to model the galaxy PS up to mildly
non-linear scales (k ~ 0.5 h/Mpc)

* Similar results in D°’Amico, Senatore, Zhang, Zheng 2020 \)



Larly dark energy does NO'L restore cosmological concordance

EDE from LSS

- For: Planck + BOSS DR12 BAO/RSD + SHOES 2046 +
Jull-shape of PS

Constraints from Planck 2018 data + BOSS DR12

Parameter ACDM EDE (n = 3)
fepE - < 0.072 (0.047)
Ho [km/s/Mpc]|  67.70 (67.56) =+ 0.42 68.54 (68.83) 7052
O 0.3105 (0.3112)73-0%53 0.3082 (0.3120)F3-0555

Hy = 68.547 92 km/s/Mpc
fepg < 0.072 (95 % CL)

3.60 tension with SHOES !!

Adding Sg prior —  fgpg < 0.058

B EDE, Planck TT4+TE+EE
B EDE, Planck + BOSS
B N\CDM, Planck + BOSS

0.05 0.10 0.15

f EDE

Ivanov et al. 2020




Larly dark energy does NO'1 restore cosmological concordance
EDE trom LSS 2020

Early Dark Energy Does Not Restore Cosmological Concordance Constraining Early Dark Energy with Large-Scale Structure

J. CoLiN HiLL,}? EvaN McDoNouGH,®> MICHAEL W. TOOMEY,? AND STEPHON ALEXANLD Mikhail M. Ivanov,":2 Evan McDonough,3 J. Colin Hill#5 Marko Simonovié,$
Michael W. Toomey,” Stephon Alexander,” and Matias Zaldarriaga®

Main messages:

* EDE to solve the HO tension 1t must fit a wide set of cosmological data sets available, not just a subset (e.g CMB).
* No evidence for EDE from CMB (Planck) alone or CMB+LSS (no SHOLES) — 1n tension with SHOES
* Reason: higher H, requires higher fzpg, which increases CDM — worse fit to LSS data

* Get HO consistent with SHOES without including SHOLES (only include the local SHOES prior if you are sure your model can go a
good way towards solving the H0 tension).

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



Wait. . .

Not all groups agree with this result

- Previous result can be a consequence ot choice ot priors of the EDE
parameters

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

l

Marginalization: preterence for fgpg ~ 0

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

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

'OQ)U (Il')

B EDE, Planck TT+TE+EE
B EDE, Planck + BOSS
B N\CDM, Planck + BOSS

Ivanov et al. 2020

Q.15




Wait. . .

Not all groups agree with this result

Volume eflects?

- For: Planck + BOSS DR12 BAO/RSD + SHOES 2016 +
Pantheon + full-shape of PS

Same data set as in Tvanov et al and D’Amico et al!

Attempt to mitigate volume eftects by considering a
I parameter model F.DE: only fepg free with log(z.) = 3.569 and 0, = 2.775

fEDE — 0.72 +£0.034

Conclusion: - I[pEDE allows for large fipg
- Potential resolution to the Hubble tension
- Volume effects?

BU'L; this 1s not the tull analysis (1 parameter only)
Dependence on the values of z. and 6, ?

Early dark energy 1s NOT excluded by current L.SS data
T. Smith et al (2020)
Niedermann, Sloth (2019)

Bl SNe+CMB/1pEDE

BN EFT+BAO+SNe+CMB/IpEDE

BN EFT+BAO+SNe+CMB/3pEDE(GP)

BN EFT+BAO+SNe+CMB/3pEDE
GP: Gaussian priors in log(z.) and 0,
EFT: full-shape analysis

.68 0.70 0.72 0.74 0.05 0.10 015
h fede

0.05




Summary - status

Early time solutions to the Hubble tension 0s(24) l re(zy) =—> l Da(z,) = T Hy
Fixed
Early dark energy LDt sl
 CMB+ LSS (F9) - Ipm
2019 2020 T 2021
i | . |
EDE can resolve the GLDE cannot resolve the\ (Maybe) EDE 1s back
Hubble tension Hubble tension
CMB + SHOES CMB + LSS (including IS) ACT (+ Planck + BAO)

Hy = 71.49 + 1.20 km/s/Mpc

Hy = 68.541022 km/s/Mpc

Q66 tension with SHOES)

The status of EDE 1s still open. Many open questions:

- Why those results do not agree?
- Volume etfects?

- Systematics in AGT?
- New window function for FS

Hy = 70.9750 km/s/Mpc

??



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
O
T

bg
o
T

Llarge parameter regions (of possibly non-maximal posterior

>

values) are emphasized compared to smaller regions

{

.

C . 3.6 4.0

critical redshift log(z)
Ivanov et al. 2020

(of possibly larger posterior values).

initial value of field 6,
o G

O
U
T

Inescapable feature ot the Bayesian method!!

(volume effect can occur even with flat priors)



Prior volume effects

Prior volume eftects 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
O
T

» Posterior 1s very non-Gaussian.

g
o
T

» Parameter structure of the model generates large volume difterences.

{

.

C . 3.6 4.0

critical redshift log(z )
Ivanov et al. 2020

initial value of field 6,
o G

&
(92
T




Prior volume effects

Prior volume eftects 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
O
T

» Posterior 1s very non-Gaussian.

g
o
T

» Parameter structure of the model generates large volume difterences.

{

.

C . 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

E
o
T

— Bias™ 1in the marginalized posterior

initial value of field 6,
Ul

O
U
T

* offset induced by a projection effect




Prior volume effects

Prior volume eftects 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
O
T

» Posterior 1s very non-Gaussian.

g
o
T

» Parameter structure of the model generates large volume difterences.

{

initial value of field 6,
Ul

1.0
0.5
Other effects: L
Prior weight effect: non-flat priors will affect the posterior in a direct way when they do 3.2 3.6 4.0
not align with the likelihood. This can manifest in, for example, a shift ot the posterior critical redshift log(z.)

peak or a scaling of its width. Ivanov et al. 2020



Prior volume effects

Prior volume eftects 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
O
T

» Posterior 1s very non-Gaussian.

g
o
T

» Parameter structure of the model generates large volume difterences.

{

initial value of field 6,
Ul

— Bias in the marginalized posterior 1.0
o5 | L
3.2 3.6 .0
Idea: Profile likelihood not subjected to volume eftects critical redshift log(z,.)

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

By splitting the tull parameter space O 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 y%(6)?

» Fix the parameters of interested @ to different values Planck intermediate results XVi, 2014
» Maximize the likelihood L (minimizes y* = — 21n L) wrt to the other <
parameters for different values of the parameter of interest "

» For Gaussian distribution this gives a parabola — fit a parabola o

F

Illllllllllllll
llllllllllllllllll.l

" 1 L M " L " " " " " 1 " " " " " " s A N e S S S S S S W S I S S S S W

D.0219  0.0220  0.0221  0.0222  0.0223
0,

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(€) 1s a MLE)

- Allows construction of confidence intervals close to boundaries

Disadvantages:

» Computationally expensive

"Larger confidence intervals"

A %2

15

10

CMB
CMB+len
CMB4len

sing
sing+BAO

Y

\

\

\

N b N

| | | | I |

|

-0.5

0

Planck intermediate results XVI, 2014

.0 0.5
rm, [eV]

1.0



Profile likelihood for frpi

5 - — Planck ,’
—— Planck + BOSS (baseline) /
/
p —==baseline + DES ‘I
~== baseline + SHOES )
\ )/
39 \ ,"
NX \ \
a4 " / (base) — 0.087 +0.037
- z\ V4 (68%CL)
\\ ‘ \\ //l
\ X A
.} S RN PoNglempfom g
N -4 < /
\. 7’ /
o S y 3
O T T s T F*/ T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 | |
fEDE Old window function

fepe = 0.072 4+ 0.036
Baseline: Planck+BOSS FS



Profile likelihood for frpi

5 - —— Planck ,’
—— Planck + BOSS (baseline) I/I
——==baseline + DES /
4 -~~~ baseline + SHOES A
SUER Y
< .

0.00 002 0.04

base
(base) — 0.087 4 0.037

| (68%CL)
Baseline: Planck+BOSS FS

Check for volume effects:

comparison to

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

brevious results

Ivanov et al. 2020 3-parameter model

0.05 0.10 0.15

f EDE

fEDE < 0.072 (95%CL)

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

1-parameter model

fepg = 0.072 + 0.034
(68%C'L)

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(ae) — 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

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

L basdls Data set x*(ACDM) [x*(EDE)| Ax* fEDE Hj (consistency w. SHOES)
aseline + SHOES
: Planck 2774.24 | 2770.72 | —3.52(/0.072 £ 0.039 69.97 £ 1.52 (1.70)
Planck+BOSS (base)| 3045.65 | 3039.98 | —5.67(/0.087 +0.037|  70.57 +1.36 (1.40)
Baseline + DES 3052.06 | 3049.13 | —2.93 || 0.061+3:93° 70.28 + 1.33 (1.6 0)
Baseline + SHOES 3068.44 | 3042.08 |—26.36|(0.127 4= 0.023 72.12 £0.82 (0.690)

Consistent with SHOES at < 1.46/

EDE can solve the HO tension

Baseline: Planck+BOSS FS



Profile likelihood for HO

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

L basdls Data set x*(ACDM) [x*(EDE)| Ax* fEDE Hj (consistency w. SHOES)
aseline + SHOES
: Planck 2774.24 | 2770.72 | —3.52(/0.072 £ 0.039 69.97 £ 1.52 (1.70)
Planck+BOSS (base)| 3045.65 | 3039.98 | —5.67(/0.087 £0.037|  70.57 £1.36 (1.40)
Baseline + DES 3052.06 | 3049.13 | —2.93|| 0.061+3:93° 70.28 + 1.33 (1.6 0)
Baseline + SHOES 3068.44 | 3042.08 |—26.36|(0.127 4= 0.023 72.12 £0.82 (0.690)

Baseline

ACDM Ss = 0.828
EDE(fepr = 0.09) Ss = 0.840
Baseline + DES

ACDM Sg = 0.812
EDE(fepr = 0.06) Ss = 0.817
DES

Baseline: Planck+BOSS FS ACDM Ss = 0.0.776 + 0.017




Gowng back to the behavior of EDE 2019

EDE from CMB C. Hill, E. McDonough, M. Toomey, S. Alexander, 2020

EDE fits the CMB power spectra remarkable well.
BU'l" this comes at the cost of shifting some cosmological parameters from the LGDM best-fit

EDE L.CDM
Wedm = 0.12955, In10'"A, = 3.067, Weam = 0.11860 In10%0 A, = 3.050,
ns = 0.9829, Treio = 0.0952 n. = 0.9690 - Hill et al 2019
fepe = 0.101 , log,o(z.) = 3.56 , 6; = 2.78. | ey

fEDE - 0.122

b
o
-

Shifts leave an imprint on cosmological observables:

* EDE makes the growth of perturbations less efhicient at the time of CMB
* This is compensated by increasing amount of CGCDM (higher 6, — higher S — higher foy)
» After EDE decays, large amount of GDM remains and enhances structure formation at
late times. | | | |
* Worsens the S; tension! T wavenuaber k [WMpe]

power spectrum P(k) [(Mpc/h)?]

—
o
[

Important to use LSS observables to constrain the amount of GDM CDM (w_, )



Sg tension !

og: RMS fluctuation ot the linear density field
within a spherical top-hat of radius 8 Mpc/h

Sg — Ug\/Qm/OS

KiDS-450

9 —— DIR (no baryons, weighted direct calibration n(z))
> —_— O i CC (no baryons, cross-correlation n(z))

3 —— BOR (no baryons, re-calibrated F(z))

LZ) — BPZ (no baryons, BPZ Piz))

Lz) —— DIR-no-error (no baryons, no photo-z error)

- o no-systematics (no baryons, no photo-z err., no |A)
Q —o— B-modes subtracted (no baryons, no photo-z err.)
'é" —— W <. large scales only (no baryons, no photo-z err.)
% 0 : wCDM cosmology

- F;” | o— DES-SV cosmic shear (DES Collaboration 2015)
© —Q— CFHTLenS re-analysis (Joudaki et al. 2016)

% - o Planck-TT+LowP (Planck Collaboration 2015)

- —— Planck re-analysis (Spergel et al. 2015)

4:-2 m —Q— Pre-Planck CMB (Calabrese et al. 2013)

v 5 —e——— WMAP 9-year (Hinshaw et al. 2013)
0.6 0.8 1.0 1.2 1.4

S, =0,1/9Q,./0.3



Sg tension !

0.74

0.72

EDE makes the Sg tension to go towards the

\ \
wrong direction, worsening the tension < 0.70 - \\\ N B ', \
\“ 1 ?.Q _ 8 1 :
oo Sl
RS I N I
: ’ !
0.68 - /
X  EDE best-fit ’
® ACDM best-fit /
A EDE bestfit (at h = 0.73) /
V¥ EDE best-fit (at h = 0.67) .
0.66 4 * (R AN
| | |
0.75 0.80 0.85

S8

Lucas Secco et al., 2022



Sg tension ?

PRELIMINARY

EDE makes the Sg tension to go towards the
wrong direction, worsening the tension

1o appear: in collaboration with Mico Benetti, Laura Herold,
Leila Graef & [gor Pedreira



Cdn neuLyr Z.nO S iﬂCT@d kY4 E D EQ Solve S8 (or at least not make it worse).?

1.20

2=0.825 In collaboration with Laura Herold, Alex Reeves, Sunny Vagnozz

—— z=0.675

and Blake Shervomn

1.15 F

EDE:

—
—_
o

Higher frpp —— More DM

—_
o
o

P(k)epe / P(K)acom

0.95
1.2
s
0.90 bt et 1 :
10™4 1073 1072 1071 10°
k [h Mpc™1]
Hill et al. 2020 T 08 \ i
3
& 06 =
- 2
Neutrinos: o |
0.2 | -
- Suppress structure formation on small scales ' . . 1 1
TRk 104 103 102 10-! 1
- Shift in the BAO peak s

J. Lesgourgues et al. 2012

Influence of a higher neutrino mass sum Mv on EDE?




Can neutrinos wncrease FEDE?

EDE + neutrinos In collaboration with Alex Reeves, Laura Herold, Sunny Vagnozz

and Blake Shervomn
Individual best-fit x2 contributions
e Model Il \CDM  EDEoos EDEoos EDEgi2 EDEgis EDEgis EDEgas EDEgs
Likelihood

BOSS (BAO+FS) 297.2 295.3 295.4 295.5 295.9 296.5 298.2 301.9
Planck TTTEEE 2345.5  2342.6 2343.2 2343.7 2345.1 2345.5 2347.2 2348.3
Planck 1owE 396.3 396.1 396.4 396.8 396.5 397.0 397.3 397.7

Planck lowl 23.2 21.9 21.7 21.5 21.3 21.2 21.1 21.1

Planck lensing 8.8 9.47 9.34 9.18 9.15 9.07 9.01 9.07
Total x2 (S21) 3071.0  3065.4 3065.9 3066.7 3067.9 3069.3 3072.9 3078.1
(Migrad) 3078.6  3070.7 3072.7 3073.0 3073.4 3076.0 3076.5 3088.3

Best-fit parameters

Ho [km/s/Mpc] 67.59 70.08 69.96 69.97 70.12 70.12 70.11 69.42
o8 0.811 0.828 0.824 0.820 0.814 0.811 0.802 0.787

Qo 0.312 0.306 0.309 0.311 0.312 0.315 0.319 0.325

We 0.120 0.127 0.128 0.128 0.129 0.130 0.131 0.130

JEDE —~ 0.077 0.082 0.089 0.099 0.107 0.117 0.110

- Positive correlation between M, and fzp
- EDE can increase HO but at the cost of increasing og, high neutrino masses slow down structure formation and decrease S8

- EDE+M _ model can alleviate the Hubble tension to the same amount as the EDE model without worsening
the S8 discrepancy.




Sg tension ?

PRELIMINARY

EDE + neutrinos at least doesn’t make the
tension worse

1o appear: in collaboration with Mico Benetti, Laura Herold,
Leila Graef & [gor Pedreira



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. ..

Holm et al. 2022 ° N@W EDE Cruz et al. 2023

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

* Decaying dark matter

- Previous MCMUOC analysis find a strong preference for [ — neDE)
either very long-lived or very short-lived dark matter. ) ~decay s

- Stronger evidence for NEDE with PL, than MCMGC

20 -
S
§> posterior, m varied
N-g = —— posterior, m fixed
2 0 —== profile likelihood
S
63 69 70
Hy [km s—1 Mpc™1]
"This work:
- This preference 1s due to volume effects - drives the model : ' ' :
P 1 oD e 010 015 020 02
towards the standard ACDM limait
fNEDE

- Using profile likelihoods, they instead find that best-fitting

parameters are 1n an intermediate regime - ~3%o of cold
dark matter decays just prior to recombination.

- Shows that fixing the trigger mass an s an appropriate
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, 1. Tram 2023

* Previous MCMUC analysis have shown that the constraints from BOSS tfull-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)
| e | F—————————t——— Widening of 1.9 (BOSS)
0.7 0.8 0.9 0.8 1.0 1.9 intervals by 1.6 (eBOSS)
. . factors of

* We find that the priors on the EF1 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, 1. Tram 2023

» EC vs. WU parametrizations and comparison to MCMC

- = MCMC, EC === profile, EC

== MCMC, WC «=== profile, WC
— profile, WC (cq = c;'°"° = 0)

L(og) resp. P(og)

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, 1. Tram 2023

» EC vs. WU parametrizations and comparison to MCMC

== MCMC, WC = profile, WC-“prior”
— profile, WC .=«= profile, WC (ca, c*°"° free)

L(og) resp. P(o3g)

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

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

Loy
~-__-

== profile, EC-“prior”

L(og) resp. P(o3)




Other og estumates

DES x KIDS analysis

 May 2023

DES Y3 + KIDS-1000: CONSISTENT COSMOLOGY COMBINING COSMIC SHEAR SURVEYS

DARrk ENERGY SURVEY AND KILO-DEGREE SURVEY COLLABORATION:
T. M. C. ABBOTT M AGUENA A ALARCON 0. ALVEs A. AMON 6 F ANDRADE OLIVEIRA,4 M. ASGARI,7 S. AVILA,8 D. BACON,9
K. BECHTOL OM.R. BECKER G. M. BERNSTEIN 11 E, BERTIN1 3M. BILICKI J. BLAZEK 58. BOCQUET D BRroOKsS, 17
P. BURGER,18 D. L. BURKE, 19,20 iy CAMACHO, 21,2 A, CAMPOS 2 A. CARNERO RoOSELL, 23,2,24 M. CARRASCO KiND, 25,263, CARRETERO, 8
F.J. CASTANDER,27’28 R. CAWTHON,29 C. CHANG,3O’31 R. CHEN,32 A. CHOI,33 C. CONSELICE, 34,357, CORDERO, 34 L. N. pa Cosrta, 2
M.E S PEREIRA R DALAL, 37 . DAVIs1 J.T. A. DE JONG,38’39 J. DEROSE,4O S. DESAI,41 HI1 DIEHL,42 S. DODELSON,22’43
P. DOEL C. DOUX 44 A. DRLICA -WAGNER, 30,42,31 A. DVORNIK K. ECKERT T. F. EIFLER, 46,47 5 ELvIN- POOLE B, EVERETI‘,47
X. FANG, 49,46 1, FERRERO S0 A, FERTE, 20 B FLAUGHER, 42 0. FRIEDRICH 6], FRIEMAN 42,317, GARCIA BELLIDO, SIm. GATTI, 11
G. GIANNINI B. GIBLIN 2,53 D. GRUEN 6R.A. GRUENDL 25,26 G, GUTIERREZ I. HARRISON tW.G. HARTLEY S K. HERNER, 42
C. HEYMANS, 53,454, HILDEBRANDT S.R. HINTON H. HOEKSTRA, 33D, L. HOLLOWOOD TK. HoNScHEID, 58,59 . HuAng, 46,60
E. M. HUFF,47 D. HUTERER,4 D. J. JAMEs, 61 M. JARVIS, i N. JEFFREY, i T. JELTEMA, ST, JOACHIMI,62 S. JoupAKi, 63 A. KANNAWADI,64
E. KRAUSE,46 K. KUEHN,65’66 K. KUIJKEN,38 N. KUR01>ATKIN,42 P.-F. LEGET,19 P. LEMOS,67’68’69’70 S. LI,38 X. LI,71’72 A.R. LIDDLE,73
M. LIMA,74’2 C. LIN,45’75 H. LIN,42 N MACCRANN C MAHONY DL MARSHALL,77 J. M(:CULLOUGH,19 J. MENA-FERN/\NDEZ,78
F. MENANTEAU,25’26 R. MIQUEL 81.1. MOHR 67, MUIR 1y MyLgs, 82,1920 N NAPOLITANO,83 A. NAVARRO—ALSINA,84
R.L.C. OGANDO A. PALMESE S PANDEY Y PArk, 86 M PATERNO‘f J A PEACOCK D. PETRAVICK,25 A. PIERES,2’85
A. A. PLAZAS MALAGON, 87 A. PORREDON, 58,59,53 J. PrAT, 30,3 I'm. RADOVICH M RAVERI R REISCHKE R P. RoLLINS, 34
A. K. ROMER OA, RoopMaN, 1920 s, RYKOFF, 19,20 S SAMUROFF C SANCHEZ 1 E. SANCHEZ 87. SANCHEZ 1p SCHNEIDER, 18
1. E SECCO,31 I SEVILLA NOARBE 8y, SHAN, 192,93,9 1 E. SHELDON T. SHIN C S1FON, 7M. SMITH, 98 M SOARES-SANTOS, 4

B. STOLZNER E. SucHYTA, 99 M. E C SWANSON, G. TarLE.4 D THOMAS C To, 58 M. A. TROXEL 2T TROSTER, 100

Identified and quantified the marginalization (prior volume or projection) etfects given some

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



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.

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



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

FEarly Dark Energy

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

PL. analysis: H(?DE’(base) =70.57 £ 1.36
Compatible with SHOES at 1.4¢

EDE can resolve the Hubble tension!

Summary

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






