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How can we explain the H, and Sg tengion?
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Can Early Dark Energy explain the H, and Sg tengion?

The Ups and Downs of
Early Dark Energy

- EDE 3- New CMB data?

explaing H, 6- What can we do to
explain Sy with EDE?

‘|
4-EDE ig
excluded by BOSS? 1

2-EDE 5- EDE cannot explain Sg?
ie not favored

by Blanck?

Res s
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e BAO: g atandard ruler in the gky

The IS seen within and at different epoch.

It can be used to given a model!.

'_f-(/"-'-.:'»

Planck 1807.06209 BOSS/SDSS collaboration

z ~ 1100 z~0-—1
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How doea CMB data meagure H,?

o Planck measures 6, at 0.04% precision! r, & d, are model dependent.

o H, appears only in the angular diameter distance d,.

dy < 1/H,

Y O,~ 1°

—— Hy = 40.0knvs/Mpc

illustration: T. Smith
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New phygicg in the Univerge?

_ rS(Z*) _ HOVS(Z*)
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New phygicg in the Univerge?

_ rS(Z*) _ HOFS(Z*)
T dG) [T UE)

E(z) = \/Qm(l + 2+ Q4
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New phygicg in the Univerge?

_ rS(Z*) _ HOFS(Z*)
T dG) [T UE)

E@z) = \/Qm(l 23+ Qp + -

Early universe models Late-universe models

foz 1/E(z)dx T 1/E(z) N\da
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Geometrical degeneracy in the late-univerge!

—> talk by Olga Mena
o ‘phantom dark energy’ w < — 1, DE phase transition, DE-DM interaction, decaying/annihilating DM, and many more..

Ho/ r S(Z*)
Jo VE@NAZ

0

A

E@) =1/ Q1 +2P + Q) + -+

[http:/larxiv/insert_your_favorite_ model_here.com]
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Geometrical degeneracy in the late-univerge!

—> talk by Olga Mena
o ‘phantom dark energy’ w < — 1, DE phase transition, DE-DM interaction, decaying/annihilating DM, and many more..

H()/ r S(Z*)
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P UENGZ

[http:/larxiv/insert_your_favorite_ model_here.com]

© Planck can easily accommodate a higher H,: problem with BAO and Pantheon

Planck
Planck+SHOES
Planck-+-BAO-+Pantheon
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The tengion ig truly between calibratorg!

Beenakker++2101.01372, Efstathiou 2103.08723

InGR: D, = D, /(1 + z)%; it isimpossible to resolve the tension without changing calibration!

r S(Zdrag)

D(2)
O 1y(Z4rag) from Planck o Calibration M, from cepheids, TRGB...

BAO: 0,(2) = SNla: u(z) = SLog,,D;(2) + M,
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¢ Pantheon SN
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e Without changing calibration, D,(z) and D, (z) are incompatible!
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The tengion ig truly between calibratorg!

Beenakker++2101.01372, Efstathiou 2103.08723

InGR: D, = D, /(1 + z)%; it isimpossible to resolve the tension without changing calibration!

r S(Zdrag)

D(2)
O 1y(Z4rag) from Planck o Cadlibration M, from cepheids, TRGB...

BAO: 0,(2) = SNla: u(z) = SLog,,D;(2) + M,

¢ Pantheon SN ! ; inverse distance ladder
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e Without changing calibration, D,(z) and D, (z) are incompatible!
o Inverse distance ladder calibration: BAO+r,(ACDM) predict M incompatible with SHOES
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H, tengion or r, tengion?

o One can deduce the co-moving sound horizon r, from H, and BAO: CMB estimate must decrease by ~ 10 Mpc

° : HOLICOW+SNe+BAO (ACDM)
- . Cepheids+SNe+BAO (ACDM) 10?
- { Cepheids+SNe+BAO (Spline, £, =0)

o Planck
o TT+lowE
—— TE+lowE
et EE+lowE 107 4
—— TT (£ <800)
— TT (£ > 800)
. WMAPS+SPT+ACT
+ - ~ SP‘T‘SZ"'T r—
fbeimpetd SPTpol+r 3
- - ACTpol+r
; | BAO+BBN =
[72]
| -

Model: ACDM

ACDM prediction

.

(=) DONOOO=RNWSIO

—_—— Planck

e Planck+3G(TT,TE,EE+lensing)

Planck 10° 5
R Planck+3G(TT,TE,EE+lensing)

2.7 - Planck
- Planck+3G(TT,TE,EE+lensing)

135 140 145 150 155 10~
r. [Mpc] Aylor++1811.00537

LN NNUWLNNNNN R

Model: ACDM + N

o N
w
-

Model: ACDM + Ny + ¥,

Model: ACDM + £

107 10* 10° 10°

JZ* CS(Z)
ry=\| dz
o 81G/34/pio(2)

Knox & Millea 1908.03663

U. Poulin - LUPM (CNRS / Montpellier) 2 CogmoVerge@Lighon - 31/05/23




H, tengion or r, tengion?

o One can deduce the co-moving sound horizon r, from H, and BAO: CMB estimate must decrease by ~ 10 Mpc

-0
2.6 o
2.6 Vo
2.7 ——
2.3 ——s
2.8 ——i
, 2.1 el
Model: ACDM 30 -
3.0 } -
3.0 ——
2.7 -
2.8 -
Model: ACDM + N,ir 2;6 -
Model: ACDM + Nay + ¥, 2.3 -
Model: ACDM + £ & =
135 140 145 150
rs [Mpc]
Knox & Millea 1908.03663

HOLICOW+SNe+BAO (ACDM)

Cepheids+SNe+BAO (ACDM)

Cepheids+SNe+BAO (Spline, £, =0)

Planck

TT+lowE

TE+lowE

EE+lowE

TT (£ <800)

TT (£ > 800)
WMAPS+SPT+ACT
SPT-SZ++¢
SPTpol+r
ACTpol+r

{ | BAO+BBN

Planck
Planck+3G(TT,TE,EE+lensing)

Planck
Planck+3G(TT,TE,EE+lensing)

Planck
Planck+3G(TT,TE,EE+lensing)

Aylor++1811.00537

10°

107 4

10* 4

rs[Mpc]

10°

ACDM prediction

1071

107

10* 10° 10°

affect e DM-photon scattering? DM-b seattering?

&

e
ry = J dz
o 81G/34/pio(2)

U. Poulin - LUPM (CNRS / Montpellier) :

CogmoVerge(@Lighon - 31/05/23



H, tengion or r, tengion?

o One can deduce the co-moving sound horizon r, from H, and BAO: CMB estimate must decrease by ~ 10 Mpc

-0

2.6 o
2.6 Vo
2.7 .-
2.3 ——s
2.8 —a—i

Model: ACDM 2.1 —

tAC 3.0 e

3.0 } -
3.0 ——
2.7 ——
2.8 -

Model: ACDM + N.i 216

Model: ACDM + New + Y‘-, 2_3 f,

Model: ACDM + €, & i

135 140 145 150
rs [Mpc]

HOLICOW +SNe+BAO (ACDM)

Cepheids+SNe+BAO (ACDM)

10°

Cepheids+SNe+BAO (Spline, £, =0)

Planck

TT+lowE

TE+lowE

EE+lowE

TT (£ <800)

TT (£ > 800)
WMAPS+SPT+ACT
SPT-SZ++¢
SPTpol+r
ACTpol+r

{ | BAO+BBN

Planck
Planck+3G(TT,TE,EE+lensing)

Planck
Planck+3G(TT,TE,EE+Iensing)

Planck
Planck+3G(TT,TE,EE+lensing)

Aylor++1811.00537

aftect z= modified recombination physice? e

Knox & Millea 1908.03663

U. Poulin - LUPM (CNRS / Montpellier) :

107 4

g ACDM prediction
10* 4

=
10° 4
W e 47 o8 308

affect e DM-photon scattering? DM-b seattering?

&

¢,(2)

e
ry = J dz
o  87G/34/pi(2)

CogmoVerge(@Lighon - 31/05/23




H, tengion or r, tengion?

o One can deduce the co-moving sound horizon r, from H, and BAO: CMB estimate must decrease by ~ 10 Mpc

o
-9
2.6 o
2.6 o
2.7 e
2.3 ——
2.8 ——i
. 2.1  j—t—i

Model: ACDM 30 -
3.0 } -
3.0 prmmipma
2.7 >
2.8 et

Model: ACDM + N, 2'_6 - S8

Model: ACDM+ Ny + ¥, 2:3 E

Model; ACDM + £ & e

135 140 145 150 155

rs [Mpc]

aftect z< modified recombination physice?

Knox & Millea 1908.03663

U. Poulin - LUPM (CNRS / Montpellier) :

| | BAO+BEBN

HOLICOW+SNe+BAO (ACDM)

Cepheids+SNe+BAO (ACDM) 102
Cepheids+SNe+BAO (Spline, £, =0)

Planck
TT+lowE
TE+lowE

EE+lowE 102 -

TT (£ <800)

TT (£ > 800)
WMAPS+SPT+ACT
SPT-SZ++¢
SPTpol+r

ACTpol+r 10t

rs[Mpc]

Planck
Planck+3G(TT,TE,EE+]ensing)

Planck 10" 4

Planck+3G(TT,TE,EE+/ensing)

Planck
Planck+3G(TT,TE,EE+lensing)

Aylor++1811.00537

ACDM prediction

3

107 10* 10° 10°

| affect ce: DM-photon geattering? DM-b geattering?
\ (’

dz

I"S=

[Z* CS(Z)
o 81G/34/pio(2)

increage plz): Neff? Early Dark Energy?
| Modified Gravity?

CogmoVerge(@Ligbon - 31/05/23




H, tengion or r, tengion?

o One can deduce the co-moving sound horizon r, from H, and BAO: CMB estimate must decrease by ~ 10 Mpc

o
-9
2.6 o
2.6 o
2.7 e
2.3 ——
2.8 ——i
. 2.1  j—t—i

Model: ACDM 30 -
3.0 } -
3.0 prmmipma
2.7 >
2.8 et

Model: ACDM + N, 2'_6 - S8

Model: ACDM+ Ny + ¥, 2:3 E

Model; ACDM + £ & e

135 140 145 150 155

rs [Mpc]

aftect z< modified recombination physice?

Knox & Millea 1908.03663

U. Poulin - LUPM (CNRS / Montpellier) :

[}
S

. | BAO+BBN =
wn

| -

HOLICOW+SNe+BAO (ACDM)

Cepheids+SNe+BAO (ACDM) 102
Cepheids+SNe+BAO (Spline, £, =0)

Planck
TT+lowE
TE+lowE

EE+lowE 102 -

TT (£ <800)

TT (£ > 800)
WMAPS+SPT+ACT
SPT-SZ+r¢
SPTpol+r
ACTpol+r

Planck
Planck+3G(TT,TE,EE+]ensing)

Planck 10" 4

Planck+3G(TT,TE,EE+/ensing)

Planck
Planck+3G(TT,TE,EE+lensing)

Aylor++1811.00537

ACDM prediction

107 10* \ 4 10° 10°

| affect ce: DM-photon geattering? DM-b geattering?
\ (’

dz

I"S=

[Z* CS(Z)
o 81G/34/pio(2)

increage plz): Neff? Early Dark Energy?
| Modified Gravity?

CogmoVerge(@Ligbon - 31/05/23




H, tengion or r, tengion?
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Adding BBN: a higher dimengional tengion?

. Pantheon+ Q, = (w.y., + @)/ h* ~ 0.34
—> talk by Dillon Brout

. BBN fixes w,: w_4,, Must increase

Pantheon + SH,ES + BBN

Planck
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Adding BBN: a higher dimengional tengion?

© Pantheon+ Q = (w4, + ®,)/h* ~ 0.34
—> talk by Dillon Brout B BBN+SHQES

© BBN fixes w,: w4, must increase W BBN+BAO
0.20] W Planck

Pantheon + SHES + BBN

Planck

T~

© Resolving H,, requires decreasein r, and
Increase in w4,

070 075 010  0.15
h

Figs. by T. Smith Wcdm
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Adding BBN: a higher dimengional tengion?

© Pantheon+ Q = (w4, + ®,)/h* ~ 0.34
—> talk by Dillon Brout B BBN+SHOES

© BBN fixes w,: w4, must increase W BBN+BAO
0.20] W Planck

Pantheon + SH,ES + BBN

Planck

T~

- Resolving H,, requires decrease in r, and
Increase in w4y,

. "y | 070 075 010 015
. This necessarily increases the Sg tension h

See also Jedamzik, Pogosian, and Zhao 2010.04158 Figs. by T. Smith Wedm
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Early Dark Energyle

.
Review: VP, Smith, Karwal, 2302.09032 Kamionkowski&Riess 2211.04492 \

Early dark energy, the Hubble-parameter tension, and the string axiverse
Early Dark Energy Can Resolve The Hubble Tension

Tanvi Karwal and Marc Kamionkowski
Department of Physics and Astronomy, Johns Hopkins University, Vivian Poulin!, Tristan L. Smith?, Tanvi Karwal', and Marc Kamionkowski'
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(Dated: November 8, 2016) 3400 N. Charles 8t., Baltimore, MD 21218, United States and
* Department of Physics and Astronomy, Swarthmore College,
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Rock ‘n' Roll Solutions to the Hubble Tension
Acoustic Dark Energy: Potential Conversion of the Hubble Tension

Meng - Xiang Lin,! Giampnolo Bepevento,”® ! Wayne Hu,! and Marco Raveri!
& "Kaws Institute for Cosmologicel Physics, Department of Astronomy & Astrophysics,
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Early dark energy from massive neutrinos — a natural resolution of the Hubble Is the Hubble tension a hint of AdS around recombination?
tension
Gen Ye!* and Yun-Song Pian'?!
Jeremy Sakstein® and Mark Trodden' ' School of Physics, University of Chinese Academy of Sciences, Beijing 100049, China and
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Thermal Friction as a Solution to the Hubble Tension

Kim V. Berghans' and Tanvi Karwall?
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Solving the Hubble Tension and Explaining Today’s Dark Energy 8400 N. Charles St., Baltimore, MD 21218, United States and
2 Center for Particle Cosmology, Department of Physics and Astronomy,
Katherine Froese*’*? and Martin Wolfgang Winkler'*? Unsversity of Pennsylvania, 209 8. 53rd St., Philadelphia, PA 19104, United States
{Dated: November 15, 2019)

Early dark energy from massive neutrinos — a natural resolution of the Hubble
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New Early Dark Energy

Jeremy Sakstein® and Mark Trodden’ s y . gode v as i
Center for Porticle Cosmology, Department of Physics and Astronomy, Florian Niedermann''* and Martin S. Sloth!:!
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Scalar-tensor theories of gravity, Gravity in the Era of Equality:

. » . Towards solutions to the Hubble problem without fine-tuned initial conditions
neutrino physics, and the Hj tension
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What is Early Dark Energy?

o Initialy slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

b+ 3Ho + i
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What is Early Dark Energy?

o Initialy slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

6+ 3Ho + dvc’;f) = ps = %@52 + Va(9), Py = %QBQ ~ Va(9)

o Oscillating potential: V(¢) = m?f 2<1 E ?>

Karwal& Kamionkowski 1608.01309, VP, Smith,Karwal++ 1806.10608 &
1811.04083; Smith, VP++ 1908.06995

O a-attractors: V(¢) = f*|tanh(¢/+/6aM,))|
Linder 1505.00815, Braglia++ 2005.14053

Early MG: (lel + EP)R + Agp*
leads to a similar phenomenology if £ > 0
Braglia++ 2011.12934

First-order phase transition (NEDE model)

Niedermann&Sloth 1910.10739, 2006.06686, 2009.00006,
2112.00770; Freese&Winkler 2102.13655
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What is Early Dark Energy?

o Initialy slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

6+ 3Ho + dvc’;f) = ps = %cf + Va(9), Py = %QBQ ~ Va(9)

o Oscillating potential: V() = m% 2<1 e ?>

Karwal& Kamionkowski 1608.01309, VP, Smith,Karwal++ 1806.10608 &
1811.04083; Smith, VP++ 1908.06995

Matter
' Radiati
O a-attractors: V(¢) = f*|tanh(¢/+/6aM,))| * C?C_auon

Linder 1505.00815, Braglia++ 2005.14053 EDE

Early MG: (lel + EP)R + Agp*
leads to a similar phenomenology if £ > 0
Braglia++ 2011.12934

. First-order phase transition (NEDE modéel)

Niedermann&Sloth 1910.10739, 2006.06686, 2009.00006,
2112.00770; Freese&Winkler 2102.13655

o Specified by fipp(z), 2., wn), c2(k, 7)

n=1: matter, n=2: radlatlon, atc. VP, Smith, Karwal, 2302.09032
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Qtatug of EDE golutiong

o Planck + BAO + Pantheon + SHOES : agood fit with strong preference over ACDM

2
VP, Smith, Karwal, 2302.09032 AXSHOES
—20

ACDM 1

P18, Pan, BAO, H\?

axDE

P18, Pan, BAO, H\?

RnR A

P15, Pan, BAO fo8, H."

ADE

P15, Pan, BAOfo8, H\"

NEDE-

P18, Pan, BAO fo8, BBN, H”

DA EDE]

P18, Pan, BAO, H\?

EDS-

P18, Pan, BAO, H\

a-EDE ( B)-

P18, Pan, BAO*, H,

EMG -

P18, Pan, BAO, H\?

0.0 0.1 330 355 38067 70 73 0975 1.000 0.12 0.13
fEDE logy( 2¢ Hy Ng We

o  Similar background properties although not all models yield the same overall improvement
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EDE “microphygice™ i congtrained

© CMB data can constrain more than f;.pr and z.: tight relation between w and ¢?

O ML ADE =1
® ML cADE - Co =W

0.0

0.0 0.5 1.0 R 20 25 30 3.5

Lin++1905.12618 wy
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EDE “microphygice™ i congtrained

© CMB data can constrain more than f;.pr and z.: tight relation between w and ¢?

Smith, VP ++ 1908.06995
B 7T B TT, TE EE

] | ] 1
_/
=

0.6 1.2 1.8 2.4
O,

O ML ADE =1
® ML cADE - =W}

0.0

0.0 0.5 1.0 R 20 25 30 3.5

Lin++1905.12618 wy

Potential
o = NW R Oy ®

0 05 10 LY 20 25 4
®

o Inthe“axion-like’ model, thistranslates into tight constrain on the initial field value
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Barefoot analyges: evidence for prior-volume effecte

—> Adria Gomez-Valent’s talk, 2203.16285

o Without information from SHOES: only upper limits. B Plinck+BAO+Pani8

f(z.) <0.082 (0.087), H,<70.5 (70.6) km/s/Mpc

~ 0.16

&
= 0.10}
2
: Bd

T 0.04

2 _ 2 2
A" = Xxcom ~ XepE = — 3

0.67 0.70 0.73
h
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Barefoot analyges: evidence for prior-volume effecte

—> Adria Gomez-Valent’s talk, 2203.16285

o Without information from SHOES: only upper limits. BN Planck+BAO+PanlS BB +SHOES

f(z.) <0.082 (0.087), H,<70.5 (70.6) km/s/Mpc

3 5 . _0.16
AY” = Xxcpm ~ XipE & — 3 3010 /
[SARY B i
Q

53}
© Adding the prior from SHOES: EDE is detected at 4. 0.04

0.67 0.70 0.73

f(z.)=0.10 (0.12) £0.03 H,=71.4 (72) £ 1.1 km/s/Mpc L

2 _ .2 2
AY" = Xxcom ~ Xgpg = — 24.8

U. Poulin - LUPM (CNRS / Montpellier) CogmoVerge@Ligbon - 31/05/23




Barefoot analyges: evidence for prior-volume effecte

—> Adria Gomez-Valent’s talk, 2203.16285

o Without information from SHOES: only upper limits. BN Planck+BAO+PanlS BB +SHOES

f(z.) <0.082 (0.087), H,<70.5 (70.6) km/s/Mpc
0.16

) 2 =
Ay~ = Xrxcpm — XEpg = — v . /
Q .

© Adding the prior from SHOES: EDE is detected at 4o.

0.67 0.70 0.73

f(z.)=0.10 (0.12) £0.03 H,=71.4 (72) £ 1.1 km/s/Mpc L

2 _ .2 2
AY" = Xxcom ~ Xgpg = — 24.8

o The confidence intervals from a profile likelihood do not match the bayesian credible intervals Herold ++ 2112.12140, 2210.16296

ACDM marg. MCMC —_——
— — — prof. 1kl

\\aXEDE marg. MCMC
— — — prof. 1kl

~ 2.50 preference
from Planck alone

71 001 005 010  0.15

VP, Smith, Karwal, 2302.09032 fEDE
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Future CMB data will confirm/exclude EDE

—— EDE bestfit high-¢ TT,TE,EE

(L)
¢

t

— 0.08
— 0.04
— 0.00

— —0.04
— —0.08

| |
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[
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— 0.04
— 0.00
— —0.04
— —0.08

[
500

| |
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00

LR —

— 0.08
— 0.04

T~ 0.00

— —0.04
— —0.08

[
500

| |
1000 £ 1500

[
2000

2500

Smith, VP ++ 1908.06995

B Planck B CMB-S4

{
N

32 3.5 38 687072 74
LOglO(ZC) Hy

© Mock Planck datawith fepp(z.,) ~ 10 % & H, = 72 km/s'Mpc: Planck cannot detect EDE

© Future experiments (Simons Observatory, CM B-5S4) could unambiguoudly detect EDE.

U. Poulin - LUPM (CNRS / Montpellier)
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New CMB data at amall ecaleg

o ACT and SPT adds information at £ ~ 500 — 4000 in TT,TE,EE. (SPT3G only TE,EE).

The Atacama Cosmology Telescope (act.princeton.edit) Angular scale
' 0.2° 0.1° 0.05°

July 2020

soe

°
Q,..oo.
...CQ.

Planck (PR3, 2018) CMB- TT
ACT (DR4, 2020)

BICEP2/Keck (2018) -

,".\u"’

P

The South Pole Telescope (act.princeton.edu)

! Primordial
t r=0.1

. 2000 3000 4000
Multipole £ Choi++ 2007.07289
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Congigtency test: Planck ve WMABL+ACT+SPT

© Planck650T T~ WMAP See also Hill et al. 2109.04451; VP, Smith & Bartlett 2109.06229; Moss et al. 2109.14848

Smith, Lucca, VP++ 2202.09379
Planck TT650TEEE
Planck TT650TEEE Mode ACDM 2B

+SPT-3G +0.047
Planck TT650TEEE fepe(ze) 0'163(0'179);3 —
+ACT DR4 log,o(2c) 3.526(3.528) " 024

Planck TT650TEEE . 2784(2806) +0.098
B\ CT DR4+SPT-3G { ~0.093
m (eV) (4.38 £ 0.49) x 10728

f (Mpl) 0.213 + 0.035

Ho [km/s/Mpc] 68.02(67.81) 7554 74.2(74.83) 112
100 ws 2.253(2.249) 10013 | 2.279(2.278)19:35°
Wedm 0.1186(0.1191) 50015 [0.1356(0.1372) *0 ozs
10° A, 2.088(2.092) 5935 | 2.145(2.146) 554!
T 0.9764(0.9747) 750048 | 1.001(1.003) 193998
Trelo 0.0510(0.0510) *3-9987 | 0.0527(0.052) +9-998¢
Ss 0.817(0.821) £ 0.017 | 0.829(0.829) 0014
Qm 0.307(0.309) *2-99% | 0.289(0.287) + 0.009
Age [Gyrs] 13.77(13.78) £ 0.023 | 12.84(12.75) % 0.27
AxZi. (EDE-ACDM) e 16.2

67 70 73 76 79 005 0.15 025 Preference over ACDM — 99.9% (3.30)

Hy JepE(2e)

o Thereisa3.30 preference for EDE with no residual tension with SHOES (H,, = 74 £ 2 km/s/Mpc)

o The preferenceis driven by Planck polarization and ACT data

U. Poulin - LUPM (CNRS / Montpellier) CogmoVerge@Lighon - 31/05/23




A new tengion between CMB data?

4 B PlanckTTTEEE
EDE /4 ACD
residuals w/r to Planck ACDM B PianckTT650TEEE+SPT+ACT

—— PlanckTTTEEE+SPT+ACT

WMAP+ACT bestfit
= Planck TT bestfit

logo(z.)
[E] N o0

I I I I
500 1000 1500 2000 / 2500 3000 3500 4000 4500

70 75, Ol 02 1 & 33 5
H() fEDE(Z(') f Iogl()(z(')

© Planck TT > 1300 disfavor such large fppg(z.): tension between Planck/ACT?
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New SPT TT data gseem to agree with Planck

B Planck/EDE
— PTT650+ACT/EDE
— PTT650+4+SPT/EDE

0.7 : 0.1 0.2
h fEDE(Z¢)

© No preference for axion-like EDE in PTT650+SPT 3G: disfavor ACT hint of EDE?

Smith& VP, ongoing work
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1T ve TEEE: “Curiogitiee” in Planck & SOT ?

TEEE TTTEEE Smith& VP, ongoing work

00 01 02 03 04 05 00 01 02 03 04 0500 01 02 03 04 05

fepEe(ze) fepE(2c) fEDE(Z¢)

© TEEE dataall favor EDE
© TT dataonly weak constraints

© TTTEEE stronger constraints than expected
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Challengeg to EDE

B EDE BN ACDM

ol ey | | R | | o I ) | I L I

- <@ T \ T /\ ////’ T _ ///,///

0.04 0.10 0.16 3.6 3.8 1 D 096 098 1.00 0.12 0.13 0.80 0.85
f EDE(ZC) 10g10(Zc) 0 Ng @Dcdm S3

o Thefield becomes dynamical around z.: A new ‘why-then’ problem?
q Sakstein++1911.11760, Lin++2212.08098
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Challengeg to EDE

B EDE BN ACDM

e A & | @

0.04 0.10 0.16 3.6 3.8 1 D 096 098 1.00 0.12 0.13 0.80 0.85
f EDE(ZC) 10g10(Zc) 0 Ng @Dcdm S3

o Thefield becomes dynamical around z.: A new ‘why-then’ problem?
q Sakstein++1911.11760, Lin++2212.08098

© EDE cosmology has ahigher w4, and n,: in tension with GC and WL surveys? Implications for inflation?

Hill et al. 2003.07355, Ivanov++ 2006.11235 , d’Amico++ 2006.12420 Niedermann-++ 2009.00006, Smith++ 2009.10740, Murgia++ 2009.10733
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Challengeg to EDE

B EDE BN ACDM

e A & #2| ®
<o70| <4 | (T 1 e | (& { -

— —_— — - g — __ _—

0.04 0.10 0.16 3.6 3.8 1 D 096 098 1.00 0.12 0.13 0.80 0.85
f EDE(ZC) 10g10(Zc) 0 Ng @Dcdm S3

o Thefield becomes dynamical around z.: A new ‘why-then’ problem?
q Sakstein++1911.11760, Lin++2212.08098

© EDE cosmology has ahigher w4, and n,: in tension with GC and WL surveys? Implications for inflation?

Hill et al. 2003.07355, Ivanov++ 2006.11235 , d’Amico++ 2006.12420 Niedermann-++ 2009.00006, Smith++ 2009.10740, Murgia++ 2009.10733

o Ageof theuniversetension?z;, ~ 13.2 = 0.15 Gyr while GC measures 13.5 £ 0.27 Gyr
B Planck+SHOES Bernal++ 2102.05066, Boylan-Kolchin 2103.15824

13.5¢

ty

13.0f

0.67 0.0 073 0.05 0.10 0.15
h Jfepe(2¢)
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EFTofLSS analyses of EDE

© EDE cosmology predicts 5-15% increase in power at small scales in the linear matter power spectrum
Hill et al. 2003.07355, Ivanov++ 2006.11235 ,D’ Amico++ 2006.12420, Niedermann++ 2009.00006, Smith++ 2009.10740, Murgia++ 2009.10733

o
N
(=]

LB | T T T 7

o
-
wn

Simon, Zhang, VP, Smith 2208.05930

BN BaseEFTBOSS
B BaseTTTEEE+Lens+SHOES

N\ e ‘ R ‘ oy BaseTTTEEE+Lens+SHOES
— EDE: 0p=0.836,n,=0.986 ] ]
—— ACDM: gy = 0.820, n, = 0.965 "

ot
=)
(]

PeoelkWPacon(k)-1
r—

+EFTBOSS

| sl A LAl l
107 10: 100

i

Klypin, VP++ 2006.14910 k(hMpc—1)

®  Planck + BOSS (full-shape) ' '
",- \ g ,".\

—— parabolic fit

)

29 o e
o b oo

-
<

b

N

logo(z

logio(ze)

). 0.06 0.08 0.10 0.12 0.14 0.16
jf.l)li

© EFT analyses of BOSS do not exclude Early Dark Energy
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The S, tengion

—> Marika Asgari’s talk

Ll 1
CMB Planck TT,TE . EE+4lowE ~®~ Aghanim et al. (2020d)
CMB Planck TT, TE ,EE+lowE+ &k =  Aghanim et al. (2020d)
CMB ACT+WMAP —®— Ajola et al. (2020)

S-1000 COSEBI«

——
¥y + g0, + v, DES Y3 - DES Collaboration et al. (2022)
Yy + 0404 + v, KiDS-10004+BOSS+2dFLenS == Heymans et al. (2021)
K, + 6,0, unWISE+Planck et Krolewski et al. (2021)
Kby + 8,0, DESI+Planck — White et al. (2022)
g0y + ¥dy + K0, KiDS+DES+eBOSS+DELS+Planck (Garcia-Garcia et al. (2021)

{ + 0,0, + ¥4, + Kb, + kv DES+SPT+Planck DES Collaboration et al. (2019)
Py BOSS sim. based Kobayashi et al. (2021)
Py + B BOSS Philcox & Ivanov (2022)
& BOSS Zhang et al. (2022)
P; eBOSS [vanov (2021)
& + Py BOSS This work
& + Py + kdg BOSS+Planck This work

0.2 : 0.6 . 1.0 1.2
Sg = 03/$2,,/0.3 Chen++ 2204.10392

Early Dark Energy cannot resolve the S; tension
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The Sg tengion updated

—> Marika Asgari’s talk

DES Y3+KiDS-1000 |
DES Y3 e

HSC Y3 ¢
HSC Y3 C;

= UL v"'n-T.\A
DES Y3+KiDS-1000 Ym, = 0.06eV
DES Y3+KiDS-1000 shared IA
DES Y3+KiDS-1000 NLA (no-z)
DES Y3+KiDS-1000 TATT

DES Y3+KiDS-1000 Dark Matter Ps(k) ——

0.7 0.75 0.8 0.85
Sg = 0g(0m/0.3)03 Abbott++ 2305.17173

© New Hybrid “KiDS+DES” analysisresultsin 1.7¢ tension with Planck

© Role of baryon feedback / non-linearities/ intrinsic alignements may be important
Amon& Efstathiou 2206.11794, Arico++ 2303.05537
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Planck 2018 EE

Planck 2018 ¢¢

DES Y1 cosmic shear
SDSS DR7 LRG

eBOSS DR14 Ly-a forest

News phvsix:s
otk small

scale?
A

wavenumber k [1/Mpc]

Wavenumber k& [k/Mpc]

a|eos |eaisAyd

100 10
redshift z

0 oy is aderived parameter measuring scales k ~ 0.1 h/Mpc. Fit the CMB at z ~ 1100 and predict og(z = 0).

__ Abdalla++ 2203.06142
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Howo rove the S; tengion

News phvsix:s
otk small

scale?
A

—
o
w

Planck 2018 TT

Planck 2018 EE

Planck 2018 ¢¢

DES Y1 cosmic shear
SDSS DR7 LRG

eBOSS DR14 Ly-a forest

Pyu(k) [(Mpe/h)?]

a|eos |eaisAyd
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redshift z

gy
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e
S

Wavenumber k& [k/Mpc]

0 oy is aderived parameter measuring scales k ~ 0.1 h/Mpc. Fit the CMB at z ~ 1100 and predict og(z = 0).

o Toresolve the tension: Either suppress scalesk > 0.2 h/Mpc or change late-time evolution at z < 0.5

o Dark Sector physics: Ultra-light axions, Decaylng DM, Interactlng DM-DR, Interacting DM-DE..
-Abda‘lla++220306142
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Regolving H, and Sg with the eame mechaniam

/ < = k(Tg— To)
29 97 433 3022 28269

k |h Mpc_l] « kt(7) = 2m

1OO.OO?) 0.010 0.044 0310  2.902

=
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=
Lo
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>
= 0.2
L

=
-

10°
Fig by T. Smith

o All modes controlling og are within the horizon around / before the sound horizon starts growing.
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Could EDE “drag” DM and reduce Sg?

o With aphenomenologica “EDE+DM” drag: one can resolve both tensions! Similar to “'step” dark radiation
Joseph++ 2207.03500

a/
Opm = — ;‘QDM + K2+ T pvyepe(@)@rpg — Gpm)

5 5 I'om/epe(@) « fepe(a)
a’ k“cyEpE
FDE EDEZ EDE (1 + wgpg)

5EDE + kzl//_ 1ﬂDM/EDE(a)R(QEDE o QDM)

B EDE (with drag) / Hy+Ss priors
B EDE (no drag) / Hy prior
—— EDE (no drag) / Hy+Ss priors

0.85}

A .80}

0.75}
—==EDE (no drag) ' '
EDE (with drag) 70 72
10102 10t Hy
k [h/Mpc] VP ++ (ongoing work)

. Work in progress to model viascalar field coupled to DM through L(uﬂ VAD)

Skordis++ 1502.07297, Pourtsidou++ 1604.04222
. Connection with the coincidence problem? DM dominance can trigger the rolling of EDE field Lin++2212.08098
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“New” EDE + fraction of axion dark matter

Cruz++ 2305.08895
© New EDE: the EDE field experiences a 1st order PT due to another “trigger field”’ rolling down its potential.

© Thetrigger field can be an ultra-light axion representing a small fraction of CDM.

i i
—— NEDE and Q, =0.60% | BN LCDM  —— NEDE (2, =0) [ NEDE (9, > 0)
NEDE and Q, = 0 *

'Base vs;/ SHdES and LSS '

|
!
|
i
!
|
!
|
|
!

10-2
k [h/Mpc|

o Non-trivial coincidence: The trigger field has the right mass to trigger the PT around z., and reduce oy

: : = 7,00 "3 o)
© This requires my, = 10 Wlthﬁlla = pula/pcdm ~2.5% See also Allali++ 2104.12798
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Early Dark Energy: more Ups than Downg?

- © The Hubbletension is multidimensional: it requires (at least) adecreasein r, and an increase in w4,

o Resolvi ng the Hubble Tension with EDE requires fypp(z.) ~ 10 % at z. ~ 3500 — 4500

| & Perturbations/ microphysics also constrained: tight relation between ¢ — w, constrain on the initial field value.
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Early Dark Energy: more Ups than Downg?

- © The Hubbletension is multidimensional: it requires (at least) adecreasein r, and an increase in w4,

© Resolving the Hubble Tension with EDE requires fppp(z.) ~ 10 % at z. ~ 3500 — 4500

© Perturbations/ microphysics also constrained: tight relation between cs2 — w, constrain on the initial field value.
“

- © Planck alone results show prior-volume effect: frequentist confidence intervals do not follow posteriors.

| © ACT /SPT TEEE/ Planck TEEE favors EDE at 2 — 3o: there s no residual H-tension.
|

o Combination of TTTEEE |leads to stronger constraints than naively expected. Curiosities? Statistical fluke?

|

U. Poulin - LUPM (CNRS / Montpellier) CogmoVerge@Lighon - 31/05/23




Carly Dark Energy: more Ups than Downg?

© The Hubble tension is multidimensional: it requires (at |east) adecrease in r, and an increase In w4,

- © Resolving the Hubble Tension with EDE requires fopp(z,.) ~ 10 % at z. ~ 3500 — 4500

} © Perturbations/ microphysics also constrained: tight relation between ¢ — w, constrain on the initial field value.

o Planck alone results show prior-volume effect: frequentist confidence intervals do not follow posteriors.

| © ACT /SPT TEEE/ Planck TEEE favors EDE at 2 — 3¢: there isno residual H-tension.
|

“ © Combination of TTTEEE |leads to stronger constraints than naively expected. Curiosities? Statistical fluke?

|

'@ EDE cannot resolve the Sg tension (but no strong constraints from EFTBOSS)

|© One can extend this model to reduce the growth of DM perturbations and resolve both tensions simultaneously
|

“ o Alternatively, (if not fluke) S; could be resolved by some independent mechanism... including baryons!

| :
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Early Dark Energy: more Upg than Downg?

- © The Hubbletension is multidimensional: it requires (at least) adecreasein r, and an increase in w4,

© Resolving the Hubble Tension with EDE requires fppp(z.) ~ 10 % at z. ~ 3500 — 4500

© Perturbations/ microphysics also constrained: tight relation between ¢ — w, constrain on the initial field value.

o Planck alone results show prior-volume effect: frequentist confidence intervals do not follow posteriors.

\ © ACT /SPT TEEE/ Planck TEEE favors EDE at 2 — 36: there is no residual Hy-tension.

' © Combination of TTTEEE |leads to stronger constraints than naively expected. Curiosities? Statistical fluke?

|

'@ EDE cannot resolve the Sg tension (but no strong constraints from EFTBOSS)

|© One can extend this model to reduce the growth of DM perturbations and resolve both tensions simultaneously
|
“ o Alternatively, (if not fluke) S; could be resolved by some independent mechanism... including baryons!

| -
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Could v’s explain the Sq tension?

ml/ 1 Qm 1 —1 s ) AP (0)]
—— | hMpc™|with amplltudeT ~ — 8

Power suppression: k> k. = 0.01
leV 0.3 Wy,

Need 2 m, ~ 0.2 eV to explain Sg
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¢ Including EDE does not change massive neutrinos constraints / cannot resolve S reeves++ 2207.01501
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Could v’s explain the Sq tension?
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Planck 2018 + BAO < 0.12eV Planck 1807.06205

¢ Including EDE does not change massive neutrinos constraints / cannot resolve S reeves++ 2207.01501
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Could v’s explain the Sq tension?

172 172
. m, Q. | _ AP )

Power suppression: k>k,. =0.01 —— | hMpc™|with amplitude — ~ — 8
leV 0.3 P Wy,

Need 2 m, ~ 0.2 eV to explain Sg

BN CMB T&P
N CMB T&P-+SN
BN CMB T&P+BAO
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Planck 2018 + BAO < 0.12eV Planck 1807.06205
Planck 2018 + BAO + Ly—a < 0.089¢eV Palanque-Delabrouille++ 1911.09073

Planck 2018 + BOSS + eBOSS < 0.082eV Brieden++ 2204.11868, Smon++ 2210.14931

¢ Including EDE does not change massive neutrinos constraints / cannot resolve S reeves++ 2207.01501
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How to generate a late-time suppression

O Generate ~ 20 % of WDM at late-time via decay of CDM into a dark sector

/
AWDM

| s ADDM Best-fit
— wACDM (M, = 0.23eV)

104 10-3 102 S T
k [hiMpc) Log,o(T'/Gyrs™ ")

o DM withI'! ~ 55(£/0.007)"* Gyrs can explain low S; (1.30 agreement) Abellan++ 2008.09615 & 2104.03329

o Similar resultsif there exists afraction of ultra-light axion in the universe Rogers++ 2023
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DM “drag” suppresses power at small-scales

DM<=>DR Biie b @G =D DM <=>DE VP, Bernal, Kovetz, Kamionkowski 2209.06217
Opnt — sz?:mﬁDM + Hbpn — k2 = ‘

I'bm-pr (fom — fpr) ,

/
a
Opm = —;9DM + k*¢ + Cpmpe(a) (Ope — 0om),

szE,DE
(l + wDE) e
+k*Y — Tpupe(a) R(Ope — Opm),

4
! o . 2 @
pE = —(1 — 303.1)8);008 +

1+2z\"
Tpr-pM = —pamhZagark (1 = zd) ; § = Tpr/ T

B - 0, Planck + BAO [ 2)base / DMDE

n = 0, Planck + BAO + Lyman-« Priors B D....+Ss/ DMDE
B = 0, Planck + BAO + Lyman-« Data s Dhase / ACDM

Archidiacono++ 1907.01496

-
v

67 68 89 01 033 0855 015 75 15 I 2 3 0.30 033 0.7
Hq fon/oMpd | ¢ " logyg (@urk/Mpe)) I'pyvpe/ (Hope) Oy

See also Di Valentino++ 1908.04281

o Non-Abelian dark matter model, Cannibal dark matter, also with sub-component of strongly interacting DM
Buen-Abad++1505.03542, Lesgourgues++1507.04351, Heimersheim++ 2008.08486, Chacko++1609.03569, Buen-Abad++ 1708.09406, Raveri++ 1709.04877
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Could the og-tension be non-linear astrophysics?

o Reanalysis of DES data with improved non-linear / baryons/ intrinsic alignements modeling at small scales

Arico++ 2303.05537

gravity-only
with baryons
Planck

] DES Y3 (this work)

- EAGLE

«  lllustris

o ===+ |llustris TNG-300

* == QOWLS-AGN

[ = BAHAMAS
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w— BAHAMAS high-AGN

) 4 1 llllll
107 10°
k[Mpch™']

lrllﬁitiltt

o The og tension may be astrophysics! Strong feedback + improved non-linear physics could explain the tension.
See also Amon& Efstathiou 2206.11794
o New analysisisin 0.9¢0 agreement with Planck/LCDM. Implications for EDE have yet to be investigated.
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Curiosities in Planck?

BN Planck TT

I Planck TEEE

—— Planck TTTEEE
& VP, Smith, Karwal, 2302.09032

o o
[\.)

fepE(2c)

L

%’ { 7

0.1 02 097 1.03 216 234
Ho feDE(2Z¢) N 102wy,

o Preference for EDE is coming from the TEEE data

o Disagreementsin w, & n, drive the constraints in the combined analysis

o Uncertainty in modeling the Planck TE polarization efficiency calibration: preference can be altered.
Smith, Lucca, VP++ 2202.09379
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keq-based estimate ol H

o The (too short) story: matter power spectrum turnover measures k. d, ~ €2,,h Philcox++ 2204.02984

o Combining with ameasurement of 2, get a‘sound-horizon independent’ measurement!  Smith, Simon, VP 2208.12992

Bl D/EDE(marg) h(EDE) — 0696+0036

—-0.041
HEl D/ACDM(marg)

o 0.021
h(ACDM) = 0.648+0021

o Inredity A; and n, priors matter!

o

0.6 07 0.8 0.12 0.16 3.0 32 34 L 4 0.2 0.4 32 35 38
10
h @ cdm [n10 As fEDE(Zc) lOgIO(Zc)
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