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H, and Sg tensions

0.4 0.5

Local current expansion rate H,, from Matter fluctuation amplitude
distance ladder Sq from weak lensing

Repeated 2 to 30

(Hy, Sg) reconstructed from

most other datasets (Planck, BAO...),
in model-dependent way, assuming LCDM
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H, and Sg tensions

Planck
KV450
0-851 DES-Y1
Joint

Systematics in direct Hy measurements
(Environnement-bias of SNla close to
cepheids, variations in cepheids:
Mortsell et al. 2105.11461, 2106.09400;
mass-sheet degeneracy of quasar time

delay analysis,...) —

Matter fluctuation amplitude
Sq from weak lensing

distance ladder

Repeated 2 to 30

(Hy, Sg) reconstructed from

most other datasets (Planck, BAO...),
in model-dependent way, assuming LCDM
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H, and Sg tensions

Systematics in direct Hy measurements
(Environnement-bias of SNla close to
cepheids, variations in cepheids: Systematics in cosmic shear
Mortsell et al. 2105.11461, 2106.09400; surveys: Photometric redshift errors
mass-sheet degeneracy of quasar time
delay analysis,...)

distance ladder Sq from weak lensing

Repeated 2 to 30

(Hy, Sg) reconstructed from

most other datasets (Planck, BAO...),
in model-dependent way, assuming LCDM
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H, and Sg tensions

Systematics in direct Hy measurements
(Environnement-bias of SNla close to
cepheids, variations in cepheids: Systematics in cosmic shear
Mortsell et al. 2105.11461, 2106.09400; surveys: Photometric redshift errors
mass-sheet degeneracy of quasar time
delay analysis,...)

distance ladder Sq from weak lensing

Repeated 2 to 30

Systematics in CMB
(Unknown foregrounds, insufficient
instrument modelling)
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H, and Sg tensions

Systematics in direct Hy measurements
(Environnement-bias of SNla close to
cepheids, variations in cepheids: Systematics in cosmic shear
Mortsell et al. 2105.11461, 2106.09400; surveys: Photometric redshift errors
mass-sheet degeneracy of quasar time
delay analysis,...)

distance ladde S from weak lensing

Small deviations from LCDM with new ingredients
(DM, DE, MG, magnetic fields, etc.),
or large-scale deviation from Friedmann model )

Systematics in CMB
(Unknown foregrounds, insufficient
instrument modelling)
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Solving the Sg tension alone

Does not work:
. Standard neutrino mass Y, m,, (Zyg close to z,,. -> early ISW; not enough CMB lensing)

* Most decaying DM models (decay between z~1000 and z~1 into electromagnetic components:
strong energy injection bounds; into neutrinos / dark radiation -> late ISW) (Audren et al.
1407.2418, Poulin et al. 1606.02073, DES 2011.04606, ...)

Works well:
« Many Modified Gravity (MG) models (e.g. f(R))

» Feebly interacting DM (with relativistic particles: photons or DR; collisional damping) (Becker et al.
2010.04074)

e Cold + Warm DM (small fraction of ~keV DM) (Boyarsky et al. 0812.0010)
* Long-lived CDM decaying into massless +

. . . . . CanDM thermodynamics 1 1
massive but lighter particle; possible connection [][c]y o) 0.85 1 —
with Xenon-1T (Abellan et al. 2008.09615) o ~Cannibal_—I{CDM

: . . . , e — B

° Cann|ba| DM (|ne|as’[|c Scattenng 3->2 causing % 100 e NG i ....... . -

slow transition from radiation-like to matter-like 5 cmmrl 2 Weak Lensing \N|
. T o A R H (AN
(Heimersheim et al. 2008.08486) R [ B B\

. . . 1064 —— u/m i !

e Connection with small-scale CDM crisis... S 0.71 i

10 v o sc;fggfactoid; o -41 -37 -33
log,, I 3->2
. Institute for ’ '
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Solving the H, tension alone

Three avenues: 08

-1.0p=

1. Change in late cosmological evolution, feature between o
z~0-0.1 (SHOES) and z~0.1-1.3 (BAO/uncalibrated high-z s .,

S N | a) 16! — Hockey-stick equation of state
' = = Cosmological constant

Camarena & Marra 2101.08641

0.0 05 1.0 15 2.0
Z

-1.8¢

« Difficulty: simultaneous compatibility with all observables

-2.0

2. Increase N 4 to change sound horizon r; and make sound angular scale 6, = r,/d, compatible
with larger H,,

« Difficulty: other ingredients must counteract other effects of increasing (N.¢, Hj): enhanced
Silk damping, acoustic peak shift from neutrino drag...
« = new interactions in dark sector and/or neutrino sector

» self-interacting neutrinos: Lancaster et al. [1704.06657], Oldengott et al. [1706.02123],
Kreisch et al. [1902.00534]...

e DM scattering on DR: Buen-Abad et al. 1505.03542, 1708.09406; JL et al. 1507.04351)

3. Other changes in early cosmological evolution, still leading to shift in sound horizon r,: early DE,
early MG, primordial magnetic fields-> inhomogeneous recombination, running of fundamental
constants...

* |[ess constrained but more ad hoc?
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Solving the H,y tension alone

Which work and which do not?

ACDM -+

Aghanim et al. (2020), Planck 2018 -

Ade et al. (2016), Planck 2015
Anharmonic Oscillations ~

Poulin et al. (2019), Data A+R18

Ultra - Light Axions -

Hill et al. (2020), Planck 2018; Data B+R19 -
Ivanov et al. (2020), Data C 4

D'Amico et al. (2020), Data B+FS -
Chudaykin et al. (2020), Data D

Smith et al. (2020), Data A+R19 (n=3)
Smith et al. (2020), Data A+R19 (n=free)
Power — Law Potential -

Chudaykin et al. (2020), Data D+Sg+R19
Rock 'n' Roll

D'Amico et al. (2020), Data B

Agrawal et al. (2019), Data E+R18

Early Dark Energy -

Murgia et al. (2020), Planck 2018; Data F ] ¥
New Early Dark Energy -

Niedermann et al. (2020), Data B+R19 -
Anti — de Sitter phase -

Ye et al. (2020), Data B+R19

Acoustic Dark Energy -

Lin et al. (2020), Data B+ACT -

Yin et al. (2020), Data B+R19

Lin et al. (2019), Data A+R19 -

EDE in a—attractors -

Braglia et al. (2020), Data B+R19

—— Ho
[km s~ Mpc~1]

Data & = Planck 20153 fersing BA+ Fantheon

it
ek 2015 pals 80 Ponheon 68 72 76

Dt £ = o
Data F = Planc 2018-.CMB lensing +BAO+Pantheon +FS-+R19

ACDM -

Aghanim et al. (2020), Planck 2018 -

Ade et al. (2016), Planck 2015 -
PEDE

Yang et al. (2021), Planck 2018; Data A+R19 -
Pan et al. (2020), Planck 2015; Data B
Li et al. (2019), Data C

GEDE

Li et al. (2020), Planck 2018
MEDE

Benaoum et al. (2020), Planck 2018+BAO -
vM

Di Valentino et al. (2020), Planck 2018; Data D
Di Valentino et al. (2018), Planck 2015 HH

VM (+neutrinos)

Di Valentino et al. (2021), Planck 2018; Data D -
VM - VEV -

Di Valentino et al. (2020), Planck 2018; Data D - HHE I
Di Valentino et al. (2018), Planck 2015
VM - VEV (+neutrinos) -

Di Valentino et al. (2021), Planck 2018; Data D

Data A = Planck 2018+CMB lensing+BAO+Pantheon+DES T T T T

Panck 2015 dstance prors 840+ Pantheons Ly-a 68 72 76 80

Planck 2018+BAO+R19

Aghanim et al. (2020), Planck 2018 A H(J

Ade et al. (2016), Planck 2015 -

Exponential inflation -

Tram et al. (2017), Planck 2015 TT+CMB lensing
Quintessential inflation -

Aresté Sald et al. (2021), Data A+R19 -
Reconstructed primordial power spectrum -
Keeley et al. (2020), Planck 2018 TT

Modified recombination history -

Chiang et al. (2018), Planck 2015; Planck 2015+BAO [ ——
Effective Electron Rest Mass -

Hart et al. (2020), Data B -

Time Varying Electron Mass -

Sekiguchi et al. (2020), Data B+Pantheon o
Primordial magnetic fields -

Jedamzik et al. (2020), Data C+R19 4

Double — ACDM -

Banihashemi et al. (2020), Planck 2015 TT+BAO+R19 -
Ginzburg — Landau theory of phase transition -
Banihashemi et al. (2019), Data D

Critically Emergent Dark Energy -

Banihashemi et al. (2020), Planck 2018 +

CMB monopole temperature Ty -

Ivanov et al. (2020), Planck 2018+CMB lensing; Data E = 1-+ooeeekoed
uper - ACDM -

Adhikari et al. (2020), Data F (95%); Data G (95%) -
Bianchi type | space time -

Akarsu et al. (2019), Planck 2015 distance priors+H(z) -

[km 571 Mpc~]
==

——t

53t A = Pl 2018 Gtarce prirs BAORaTRGanTCe
Banc 3oia-aa0

Bk 3015- 20 ensingce s oticow

Pk 2015 st oS0 SR Rl

Rk dois K T 50 60 70 80

Data G = Planck 2015 TT 1 prio-+Pantheon +R19
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ACDM

Aghanim et al. (2020), Planck 2018: Ho = 67.27 + 0.60
Ade et al. (2016), Planck 2015: Ho = 67.27 + 0.66
ACDM + N

Aghanim et al. (2020), Planck 2018; Data A

Ade et al. (2016), Planck 2015

Sterile neutrinos

Carneiro et al. (2019), Data B+R16

Neutrino Asymmetries

Barenboim et al. (2017), Planck 2015+BKP

Thermal Axions

D'Eramo et al. (2018), Data C (95%)

Decaying dark matter

Blinov et al. (2020), Planck 2018+CMB lensing; Data D
Pandey et al. (2020), Planck 2015+R18

Decaying dark matter (long - lived)

Nygaard et al. (2020), Planck 2018 (95%); Data C (95%)
Xiao et al. (2020), Data E

Decaying dark matter (short — lived)

Nygaard et al. (2020), Planck 2018 (95%); Data C (95%)
Xiao et al. (2020), Data E

Self — interacting Dark Matter (long — lived)
Hryczuk et al. (2020), Data F

Self - interacting Dark Matter (short - lived)
Hryczuk et al. (2020), Data F

- body dark matter decays

Clark et al. (2020) Planck 2018+CMB lensing (95%)
Vattis et al. (2019), Data G+R18

Neutrino — DM interaction

Di Valentino et al. (2018), Planck 2015

Neutrino — Majoron interaction

Escudero et al. (2020), Data D

Interacting Dark Radiation

Blinov et al. (2020), Planck 2018+CMB lensing; Data D
DM - Dark Radiation coupling

Becker et al. (2020), Data C

Archidiacono et al. (2019), Data E

Decaying Ultralight Scalar

Gonzalez et al. (2020), Data A+R19

Primordial Black Holes

Nesseris et al. (2020), Planck 2018 distance priors; Data H

+CHB lensing +BAO+Pantheon
anc 2015 distance prirs +9A0+ antheon s 0EN
BA

De Valentino et al. 2103.01183

Ho

[km 571 Mpc™*)|

CDM
Aghanim et al. (2020), Planck 2018
Ade et al. (2016), Planck 2015
CMB independent

Bonilla et al. (2020), Data A
wCDM

Aghanim et al. (2020). Planck 2018 (95%); Data B
parametrization

Aghanim et al. (2020), Planck 2018 (95%); Data B
CDM-+ @, + Negr + Emy + AL

Di Valentino et al. (2020). Planck 2018; Data C

JBP parametrization
Yang et al. (2021), Planck 2018; Data C
parametrization

Yang et al. (2021), Planck 2018; Data C

One - parameter parametnzanon (model i)

Yang et al. (2019), Planck 201 ; Data D+JLA
Metastable dark energy

Yang et al. (2020), Planck 2018; Data C+DES+R19
Phantom Crossing

Di Valentino et al. (2020), Data C

Late Dark Energy Transition

Benevento et al. (2020), Data E+R19

Running vacuum model

Sola et al. (2021), Data B+DES+RSD+CC+Ho prior
Sola et al. (2017), Data F+R16

Bulk viscous models

da Silva et al. (2020), Data G

Yang et al. (2019) Planck 2015+Pantheon
olographic Dark Energy

Co\galn et al. (2021), Data B

Dai et al. (2020), Data C+R19

Guo et al. (2018), Data F+JLA+R16

Holographic Dark Energy (+neutrinos)

Guo et al. (2018), Data F+JLA+R16

Tsallis Holographic Dark Energy

da Silva et al. (2020), Data G

Swampland Conjectures

Agrawal et al. (2019), Data H+R19

Late time transitions in the quintessence field
Di Valentino et al. (2019), Planck 2015

Phantom Braneworld Dark Energy

Alam et al. (2016), Data D+Union 2.1
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Aghanlm et al. (2020), Planck 2018 — —_— H,
etal. (2016), Planck 2015 -+ o
Generahzed Chaplyt as model - [km 571 Mpc~1]
Yang et al. 12018 Planck 2015 —_—
A new unified model -
Yang et al. (2018), Planck 2015 - ——
A(t)CDM
Benetti et al. (2021), Data A+CMB lensing+JLA+BBN - ——
Benetti et al. (2019), Planck 2015 TT+, ]LA BBN+R19 —_—
gravity -
Wang (2020), Planck 2018+CMB Ienslng, Data B 4 (22
f(T) gravity (exponential) -
Wang et al (2020), Planck 2018 -
Hashlm et al. (2020), BAO+Pantheon+BBN+R20 - —
Hashim et al. 202 ) Planck 2018; data C -
ravity (power law)
Wang et al (2020), Planck 2018
Nunes (2018), Planck 2015+BAO +
f(T, B) gravity (power law) |
Escamilla-Rivera et al. (2020), BAO+Pantheon+CC + —_—
(T, B) gravity (mixed power law) |
Escamilla-Rivera et al (2020), BAO+Pantheon+CC + —_—
Brans—Dicke ACDM -
Sola et al. (2020), Data D - +
ola et al. (2019), Data E+R19 - —
Scalar—tensor theories of gravity (IG)
Ballardini et al. (2020), Planck 2018+CMB lensing; Data F [
Rossi et al. (2019), Planck 2015 TT+CMB lensing+BAO —t
Scalar—tensor theories of gravity (conformal coupling)
Ballardini et al. (2020), Planck 2018+CMB lensing; Data F - R ]
Rossi et al. (2019) Planck 2015 TT+CMB lensing+BAO —
Scalar—tensor gravity with varied Gy -
Ballesteros et al. (2020), Planck 2018+BAO - —
Early modified gravity
Abadi et al (2021), Planck 2018 - —
Braglia et al. (2021), Data A+BAO+Pantheon+FS+HOLICOW - ——
Moshafi et al. (2020), Planck 2018; Data A+CMBgIensmg — ' I
Khosravi et al. (2019), Planck 2015 TT+BAO+R16 —
Galileon gravity
Heisenberg et al. (2020), Data A+BAO+Pantheon - ——
Zumalacarregui et al. (2020), Planck 2018+BAO - —t—t
Frusclante et al. (2020), Planck 2015 TT (95%); Data G
Peirone et al. (2019), Planck 2015 TT (95%); Data G (95%) -
Renk et al. (2017), Planck 2015 TT+CMB lensing+BAO -
Nonlocal gravity -
Belgacem et al. (2020), Planck 2018+BAO+Pantheon —_—
Belgacem et al. (2018), Planck 2015+BAO+|LA A ——
Unimodular gravity -
Linares Cedefo et al. (2020) Data H+R19 1 —+—t
De Felice et al. (2020), Planck 2018+BAO+Panlhenn 1 e
* % 4840+ Pantheon +RSD+CC 1
o 3 Feontcansoon, g ) ¥ ¥ ¥ ¥
o e R 65 70 75 80
ata = Panck 2015 113 BAOSJLA<RSD
= i ow
\CDM
Aghanim et al. (2020), Planck 2018 e H,
Ade et al. (2016), Planck 2015 | - o
VS (Q = 1Eppe) -1 ppe-t
Di Valentino et al. (2020), Planck 2018; Data A+R19 et | tkm s7H Mpc™]
Kumar et al. (2019), Planck 2015 TT; Data B+R16 | —_——
Kumar et al. (2017;, Data C+JLA | e
= 3HEpoE) -
Vang el a\ (2020) pranck 2015 Data A bbb 1
d Scalar Field (Q=Bpoud)
GémezValent et al- 12020» Planck 2018; Data D+R19 B
Coupled Scalar Field [0 = r/(1 ~ rd)ooud] 7
'An et al. (2019), Planck 2015 | b 1
E with consnnt DE EoS (Q = HEppe)
i Valentino ot (2020), Planck 2018; Data E+R19 e
Di Valentino et al. (2017), Planck 2015 —_——
IDE with constant DE EoS (0 = 6/pou)
Kumar et al. (2016), Data C+]LA o ——
IDE with constant DE EoS [Q = 3H£(1 + woe)oou]
Yang et al. (2018), Planck 2015; Data C+JLA+CC { | ]
IDE with constant DE EoS [Q = 3HE(1 + woe)(fom + poe)]
Yang etal. (2018), Planck 2015; Data CHLALCC ——
2 lineir IDE with constant DE EoS |
Pan et a. (2020), Planck 501: Data A+R15 | i —t
hree — form | nstant DE EoS
Yao et al. (2020), Data A+JLA | —_—

Roy Choudhury et al. (2020), Planck 2018 (95%); Data E (95%) —

Roy Choudhury et al. (2020), Planck 2018 (95%); Data E (95%) -

IDE with variable DE EoS [wpe(a) =

IDE with variable DE EoS [woe(a) =

al. (2019), PI

D= Pk TR

woexp(l-a)] -
Pan et al. (2019), Planck 2015; Data C
woa(1+sin(1-a))] o
Pan et al. (2019). Planck 2015; Data C
VS with variable coupling (model 4) -
ang fanck 013 1

VS with variable coupling (model B) |

Yang et al. (2019), Planck 2015 |

IDE with variable coupling (model A) -

Yang et al, (2020), Planck 201; Data A (95%) -

with variable coupling (model B) -

Yang et al (2010; Planck 2018 (95%); Data A (95%) |
ith sign - changing interaction -

Pan et al. (2019): Data C

Anisotropic Stress in IDE

Yang et al. (2019), Planck 2015; Data C+CFHLenS+R16 -
IDE in the Anisotropic Universe -

Amirhashchi et al. (2020), Planck 2018+CC o
Metastable Interacting dark energy (O = Ippe)
Yang et al. (2020), Planck 2018; Data A+DES+R19
Interaction in Quantum Field Cosmology |

Gao et al. (2021), Data F |

ACDM -

Aghanim et al. (2020), Planck 2018 -

Ade et al. (2016), Planck 2015 o

DM - Photon Coupling

‘Yadav (2019), Planck 2015 +BAO -

Kumar et al. (2018), Data A

DM — Baryon Coupling

Becker et al. (2020), Data B -

DE - Baryon Coupling -

Jimenez et al. (2020), Data C 4

Sel interacting neutrinos -

Forastieri et al. (2019), Planck 2015
Lancaster et al. (2017), Planck 2015; Data D -
Self —i ing neutrinos

Das et al. (2020), Planck 2018; Data F -
Kreisch et al. (2020), Planck 2015
Self — interacting neutrinos (moderate) -

Das et al. (2020), Planck 2018; Data F

Kreisch et al. (2020), Planck 2015

Self — interacting sterile neutrino -
Archidiacono et al. (2020), Planck 2018; Data F -
Dark Neutrino Interactions -

Ghosh et al. (2019), Data G

ata A = Planck 2015 1T+

018+ Ch
ata G = pianck 2015 e

MG lensing+BAO.

Land
—a
65 70 75 80
[km s=! Mpc~1]|

ersing+BAO+ILACFHLensS Planck 2

M \ensmgouA04Pmmebn

lensing+BAO+R1S
lensing +WiggleZ
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Solving the H,y tension alone

Which work and which do not?

ACDM

Aghanim et al. (2020), Planck 2018

Ade et al. (2016), Planck 2015
Anharmonic Oscillations

Poulin et al. (2019), Data A+R18

Ultra - Light Axions

Hill et al. (2020), Planck 2018; Data B+R19
Ivanov et al. (2020), Data C

D'Amico et al. (2020), Data B+FS
Chudaykin et al. (2020), Data D

Smith et al. (2020), Data A+R19 (n=3)
Smith et al. (2020), Data A+R19 (n=free)
Power — Law Potential

Chudaykin et al. (2020), Data D+Sg+R19
Rock 'n' Roll

D'Amico et al. (2020), Data B

Agrawal et al. (2019), Data E+R18

Early Dark Energy

Murgia et al. (2020), Planck 2018; Data F
New Early Dark Energy

Niedermann et al. (2020), Data B+R19
Anti — de Sitter phase

Ye et al. (2020), Data B+R19

Acoustic Dark Energy

Lin et al. (2020), Data B+ACT

Yin et al. (2020), Data B+R19

Lin et al. (2019), Data A+R19

EDE in a—attractors

Data & = Planck 20153 fersing BA+ Fantheon

g ——

1 [km s~ Mpc~1]
g L

g —tt

E —t

E —_

E —_—t

E —_
E ]

p | [ —

g S

g ——t

Ho

Dt £ = o
Data F = Planc 2018-.CMB lensing +BAO+Pantheon +FS-+R19

Braglia et al. (2020), Data B+R19 - —_—t
T T T
68 72 76
ACDM -
Aghanim et al. (2020), Planck 2018 - —— H,
4 == 0

Ade et al. (2016), Planck 2015
PEDE

Yang et al. (2021), Planck 2018; Data A+R19
Pan et al. (2020), Planck 2015; Data B

Li et al. (2019), Data C

GEDE

Li et al. (2020), Planck 2018
MEDE
Benaoum et al. (2020), Planck 2018+BAO

Di Valentino et al. (2020), Planck 2018; Data D
Di Valentino et al. (2018), Planck 2015

VM (+neutrinos)

Di Valentino et al. (2021), Planck 2018; Data D
VM - VEV

Di Valentino et al. (2020), Planck 2018; Data D
Di Valentino et al. (2018), Planck 2015

VM - VEV (+neutrinos)

Di Valentino et al. (2021), Planck 2018; Data D

Aghanlm et al. (2020), Planck 2018 — —_— H,
et al. (2016), Planck 2015 = o
Generahzed Chaplyt as model - [km 571 Mpc~1]
Yang et al. (2018 Planck 2015 4 —_—
A new unified model -
Yang et al. (2018), Planck 2015 R
A(t)CDM
Benetti et al. (2021), Data A+CMB lensing+JLA+BBN - ——
Benetti et al. (2019), Planck 2015 TT+JLA+BBN+R19 —_—
(R) gravity
Wang (2020), Planck 2018+CMB lensing; Data B | R
f(T) gravity (exponential) -
Wang et 2152050y, Pranck 2018 ] et
Hashlrn et al. (2020), BAO+Pantheon+BBN+R20 - —
Hashim et al. (20201 ) Planck 2018; data C 4 i
ravity (power law)
. Wang et Y (2020), Planck 2018 o +————+———+
Nunes (2018), Planck 2015+BAO + + +
f(T, B) gravity (power law) |
. . Escamilla-Rivera et al. (2020 BAO+ Pantheon+CC | ——
(T, B) gravity (mixed power law) |
Escamilla-Rivera et al- (3020), BAO+ PantheonsCC | —_——
Brans—Dicke ACDM -
Sola et al. (2020), Data D - +
ola et al. (2019), Data E+R19 ——
Scalar—tensor theories of gravity (IG)
Ballardini et al. (2020), Planck 2018+CMB lensing; Data F [
Rossi et al. (2019), Planck 2015 TT+CMB lensing+BAO ——
Scalar—tensor theories of gravity (conformal coupling)
Ballardini et al. (2020), Planck 2018+CMB lensing; Data F I ]
Rossi et al. (2019) Planck 2015 TT+CMB lensing+BAO —
Scalar—tensor gravity with varied Gy
ACDM - Ballestems et al. (2020), Planck 2018+BAO ——
Aghanim et al. (2020), Planck 2018: Ho = 67.27 + 0.60 | —— Ho Abadi Etarlh(!zlgzo{!)lfﬁd Eaz‘gg 1 .
Ho= = i ——t adi et al anci b
Ade et al. (2016), Planck 2015: ,fg;;:f’ﬁ ] m 571 Mpe-1] Braglia et al. (2021), Data A+BAO- Pantheon+FS+HOLICOW 1 ——
Aghanim et al. (2020), Planck 2018; Data A ' i Moshafi et al. (2020), Planck 2018; Data A+CMBgIensmg g b b bt
Ade et al. (2016), Planck 2015 —_— Khosravi et al. (2019), Planck 2015 TT+BAO+R16 o ——
e e ] H berg et al. (2020), Dat: E+é/|\e°“|>grtat¥'ty ] s
i X i —_— eisenberg et a ata antheon |
Carneiro eﬁ:.‘,«‘,?:?;{';s:;::::: ] Zumalacarrequi et al. (2020), Planck 2018+BA —
Frusclante et al. (2020), Planck 2015 TT (95%); Data G ]
Barenboim et al. (2017), Planck 2015+BKP —_ Peirone et al. (2019), Planck 2015 TT (95%); Data G (95%)
Thermal Axions - Renk et al. (2017), Planck 2015 TT+CMB lensing+BAO -
D'Eramo et al. (2018), Data C (95%) | Bel t al. (2020), Planck ZOIEZQrg:LgrmIW 1 s
Decaying dark matter - elgacem et a anci antheon -
Blinov et al. (2020), Planck 2018+CMB lensing; Data D | Belgacem et al. (2018), Pianck 2015 +B, gt{t'-c ] s
Pandey et al. (2020), Planck 2015+R18 Linares Cedefo et al. (2020), Data H+R19 b +—t
Decaying dark matter (long — lived) 4
Nygaard et al. (2020), Planck 2018 (95%); Data C (95%) De Felice et al. (2020), Planck 2018+BAO+Panmenn B et
Xiao et al. (2020), Data E - o 1
Decaying dark matter (short — lived) | 5 00 T T T T
Nygaard et al. (2020), Planck 2018 (95%); Data C (95%) - e et o2 65 70 75 80
Xiao et al. (2020), Data E —t 3
Self - interacting Dark Matter (long — lived)
Hryczuk et al. (2020), Data F 4 e
Self - interacting Dark Matter (short - lived) -
Hryczuk et al. (2020), Data F com J
— body dark matter decays - Aghanim et al. (2020), Planck 2018 [
Clark et al. (2020) Planck 2018+CMB lensing (95%) 7= ] Ade et al. (2016), Planck 2015 - — Ho
Vattis et al. (2019), Data G+R18 —_— VS (0 = Epoe) o [km 5= Mpc=1]
Neutrino — DM interaction Di Valentino et al. (2020), Planck 2018; Data A+R19 it 0
Di Valentino et al. (2018), Planck 2015 - —_ Kumar et al. (2019), Planck 2015 TT; Data B+R16 | —_—
Neutrino — Majoron interaction | Kumar etal. (2007) Date G 1
Escudero et al. (2020), Data D - —_— Vang el a\ (2020) Planck zma Data A 4 s 1
Interacting Dark Radiation - d Scalar Field (Q=Booud)
Blinov et al. (2020), Planck 2018+CMB lensing; Data D L R s e Gémes Valent et al (030), Ponce 2018; Dota Bk13 ] B
DM - Dark Radiation coupling Coupled S=='A=' F'=1d [z%fg' 'lm Q 20351 7] , , ,
Becker et al. (2020), Data C o — £ with constant BE Eo5 0= oo
Archidiacono et al. (2019), Data E = Di Valen(ino e( al. (2020), Planck 2018; Data E+R19 - s
Decaying Ultralight Scalar - Di Valentino et al. (2017), Planck 2015 —_— ]
A+R19 o === IDE with constant DE EoS (Q Ngﬁm' =

Data A = Planck 2018+CMB lensing+BAO+Pantheon+DES
Data B = Planck 2015+ BA

Data C = Planck 2015 distance priors+BAO+Pantheon+Ly-a
Data D = Planck 2018+BA0+R19

Aghanim et al. (2020), Planck 2018

Ade et al. (2016), Planck 2015

Exponential inflation

Tram et al. (2017), Planck 2015 TT+CMB lensing
Quintessential inflation

Aresté Sald et al. (2021), Data A+R19
Reconstructed primordial power spectrum
Keeley et al. (2020), Planck 2018 TT

Modified recombination history

Chiang et al. (2018), Planck 2015; Planck 2015+BAO
Effective Electron Rest Mass

Hart et al. (2020), Data B

Time Varying Electron Mass

Sekiguchi et al. (2020), Data B+Pantheon

Primordial magnetic fields

Jedamzik et al. (2020), Data C+R19

Double - ACDM

Banihashemi et al. (2020), Planck 2015 TT+BAO+R19
Ginzburg — Landau theory of phase transition
Banihashemi et al. (2019), Data D

Critically Emergent Dark Energy

Banihashemi et al. (2020), Planck 2018

CMB monopole temperature To

Ivanov et al. (2020), Planck 2018+CMB lensing; Data E
uper - ACDM

Adhikari et al. (2020), Data F (95%); Data G (95%)
Bianchi type | space time

Akarsu et al. (2019), Planck 2015 distance priors+H(z)

Data A = Planck 2018 distance priors+BAOPantheon+CC
Planck 2018 +BAO
Planck 2018+CHIB lensing +MCP+HOLICOW

Data G = Planck 2015 TT 1 prio-+Pantheon +R19

10

o * |ssues of author bias / cherry-picking data.
. |* Issue of properly combining SHOES and uncalibrated high-z SNla.

= | Abellan, JL, Pérez-Sanchez, Poulin, Schdneberg, Witte [in preparation]: fair ranking
] of proposed models..
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80

A s e e
Metastable dark energy -

Yang et al. (2020), Planck 2018; Data C+DES+R19 -
Phantom Crossing -

Di Valentino et al. (2020), Data C

Late Dark Energy Transition

Benevento et al. (2020), Data E+R19

Running vacuum model

Sola et al. (2021), Data B+DES+RSD+CC+Ho prior
Sola et al. (2017), Data F+R16

Bulk viscous models

da Silva et al. (2020), Data G

Yang et al. (2019) Planck 2015+Pantheon
olographic Dark Energy

Co\galn et al. (2021), Data B

Dai et al. (2020), Data C+R19

Guo et al. (2018), Data F+JLA+R16

Holographic Dark Energy (+neutrinos)

Guo et al. (2018), Data F+JLA+R16

Tsallis Holographic Dark Energy

da Silva et al. (2020), Data G

Swampland Conjectures

Agrawal et al. (2019), Data H+R19

Late time transitions in the quintessence field
Di Valentino et al. (2019), Planck 2015

Phantom Braneworld Dark Energy

Alam et al. (2016), Data D+Union 2.1
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ACDM -

Aghanim et al. (2020), Planck 2018 -

Ade et al. (2016), Planck 2015 o

DM - Photon Coupling

‘Yadav (2019), Planck 2015 +BAO -

Kumar et al. (2018), Data A

DM — Baryon Coupling

Becker et al. (2020), Data B -

DE - Baryon Coupling -

jlmenez et al. (2020), Data C

Self — interacting neutrinos -

Forastieri et al. (2019), Planck 2015

Lancaster et al. (2017), Planck 2015; Data D -
Self —i ing neutrinos b

Roy Choudhury et al. (2020), Planck 2018 (95%); Data E (95%) Bl
Das et al. (2020), Planck 2018; Data F -

Kreisch et al. (2020), Planck 2015

Self — interacting neutrinos (moderate) -
Roy Choudhury et al. (2020), Planck 2018 (95%); Data E (95%) o
Das et al. (2020), Planck 2018; Data F

Kreisch et al. (2020), Planck 2015

Self — interacting sterile neutrino -
Archidiacono et al. (2020), Planck 2018; Data F -
Dark Neutrino Interactions -

Ghosh et al. (2019), Data G

ata A = Planck 2015 TT+CHB lensing +BAO.

Ho

[km s=* Mpc~1]

lensings BAO+JLA+CFHLensS +Planck SZ
<
lensing +BA0+Pantheon

ata F = lanck J018+CMB ensing BAOS RIS
ata G = Planck 2015 +CMB lensing + WiggleZ
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Solving the H,y tension alone

Planck 2018 (incl. lensing) + BAO + Pantheon + SHOES

SN SN Ey e e e e e e e e e

Goodness of fit 207 _
A -
[ AAIC:threshold :
10 s e T
o | T
0l—e ® T T () l T -
\ 4 I
# of parameters 10— = S ' — S
= 5 A & A 5 AR xR/ ~ [aat
5 =8 ~°,5 <f:f z~5%5 &3 3-8
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Solving the H,y tension alone

Planck 2018 (incl. lensing) + BAO + Pantheon + SHOES

Goodness of fit 207
[ AAICithreshold
S a_— [ e
= | IERER
# of parameters  —101

Prirnordja] B
Varyjng -
Varyjng m, . Q: 1
EDE -

Late time

FAIL
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Solving the H,y tension alone

Planck 2018 (incl. lensing) + BAO + Pantheon + SHOES

Goodness of fit 207
[ AAICithreshold
O 10p T S I EENSREE Ja  f
G T
T e ® T T o 1 !
# of parameters —101

= s e E S &2 o5 om e w9 & S
5 22548 95 z~5¢%5:88 39
O < » T o z‘ S 85 &L : o= T
= £49 H= 1558 8 -
g P § 8§ Y : &=
: :; > el 1 Q Q 1
1 Q, 545 : 1
: N : r E
: : = :
: : S :

Early time Late time

WORK FAIL
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Solving the H, tension alone

Planck 2018 (incl. lensing) + BAO + Pantheon + SHOES

Goodness of fit 207

-AAIC

\4

L T

# of parameters —101

Early time Late time

N, -based
WORK FAIL

FAIL

excepted one
Majoron-motivated model

Bad news for:
e Self-interacting neutrinos
DM scattering on self-coupled DR

. Institute for
Particle Physics
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Solving the H,y tension alone

Majoron scenario of Escudero & Witte 1909.04044, 2004.01470, 2103.03249:

« O(eV)-mass Majoron ¢ = pseudo-Goldstone of spontaneously broken U(1);

* small Yukawa-like couplings to active neutrinos

« T ~ ¢ : interactions between majoron and active neutrinos (inverse neutrino decay):
« Majoron thermalize and contribute to N,
* active neutrinos do not free-stream

« T < ¢ : Majoron decays into active neutrinos, which free-stream

( \ ( \ r Majoron-Neutrino j

Sphaleron Freeze-Out Prlmorfilal Majoron Thermalization & Observe
Population Produced .
Majoron Decay

Generate: - U H 0 T
PN = —
MNi L — L — |Sphaleron] =B - B ) i
Q Q L Q ™
¢ f\

}j ( 1) I Sterile neu.trino Lepton asymmetry
production from oscillations

ny

Tim; — Tim; — L J \ Time — J L Time — J \ )
O rrrrrnnens >
l l * L 4 L 4
Temperature T ~ 10% GeV T ~ [106, 104] GeV T ~ 130 GeV T ~ 100 MeV T ~0.2eV
e | RANTHAACHEN
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Solving the H, tension alone

Majoron scenario of Escudero & Witte 1909.04044, 2004.01470, 2103.03249:

« O(eV)-mass Majoron ¢ = pseudo-Goldstone of spontaneously broken U(1);

* small Yukawa-like couplings to active neutrinos

« T ~ ¢ : interactions between majoron and active neutrinos (inverse neutrino decay):
« Majoron thermalize and contribute to N,
* active neutrinos do not free-stream

« T < ¢ : Majoron decays into active neutrinos, which free-stream

}/ (1) I Sterile neutrino Majoron-.Nel.ltrino j
production Thermalization & Observe
- ACDM Majoron Decay
Generate: HO T
My, " BN SIv+DR A
6 z
I Majoron
Time — Time — J & J
O, ] ,
! !
Temperature T ~ 10°% GeV T ~ 026V

195 194  -19.2
Mp
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Solving both tensions?

No known models convincingly solving both tensions!
* Most models ease one tension at expense of making other worse... few exceptions, e.qg.:
» DM interacting with DR helps with both tensions (but not enough)

* DM interacting with DR and photons works better (Becker et al. 2010.04074)
E.g. DM may interact with dark photon, mixed with visible photon...

66 69 73

* More studies required (e.g. Majoron + sizeable active neutrino mass)

Je
<" Institute for
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Conclusions

Hope that one or more tension solved by systematics!

Reassuring that we cannot fit anything? ...

If tensions do not settle with systematics:

e Previous models: predictions for next-generation CMB/LSS (e.g. EDE, Majoron, shifted
recombination...)

« Chance to learn about new particle physics, tests it in laboratory? (e.g. DM interactions, Majoron)

« Revisit models beyond Friedmann? Large-scale inhomogeneity?

% CMB Dipole

Hudson et al 2004 (SMAC Bulk Flow)
Magoulas et al 2014 (6dFGSv Bulk Flow)
Carrick et al 2015 (2M++ Bulk Flow)
Colin et. al. 2011 (Union 2) [}
Feindt et. al. 2013 (Nearby Supernova Factory)
Colin et al 2017 (NVSUMSS)
Colin et. al. 2019 (JLA)
Migkas et. al. 2020 (ROSAT)
® Secrest et al 2020 (CatWISE Quasars,
Bengaly et al 2018 (TGSS)
-75°

L 2 N 2

® *

Kinematic dipole / CMB dipole mismatch
Fosalba & Gaztanaga 2011.00910 Secrest et al. 2009.14826; 2105.09790, 2106.03119
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