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Hubble tension
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So: systematics or new physics?
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Hubble tension
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Summer 2024: preliminary indication from JWST and CCHP that 3 calibration methods (Cepheids, JAGB, TRGB)
would give 3 different results (Freedman et al. 2408.06153)...

Disappeared after correcting for selection effects...
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Hubble tension
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Planck e
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Hy
Summer 2024: preliminary indic Nice pedagogical update on observational status:
would give 3 di Louise Breuval, CosmoVerse seminar,
Disappeared aftt “Recent improvements to the cepheid-SNla distance ladder”,
August 2025: independent grot 25.09.2025, yoqube'Com

(Newman et al. 2508.20023)...

Sept. 2025: SHOES compared HST and JWST observations

to exclude crowding as a relevant systematic

o

HST/host  JWST/host JWST/companion

WFC3/UVIS
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A multiplication of tensions ...

Increased 3

Are all astrophysicists underestimating systematics? ons:

Or tensions = different hints of the same new physics?

novae and

N _histor
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Assume no unknown systematics in observations: o ]
Increas i
RN - What categories of extended cosmology may work?
n?
=YW - Price to pay?
- Are working models elegant or fine-tuned, ad hoc? with
going away with Planck PR4, A !! !.
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Cosmological distances

dl
do

Angular diameter distance da =

Standard ruler Standard candle

< dz
Distance-redshift relation: d;(z) & (1 + 2) f; [ —
o HZ)

Distance duality relation (Etherington) relation: d;(z) = (1 + 2)° d,(2)
(excepted if:
- very non-trivial gravity theories
- photon non-conservation, e.g., decay/oscillation into ALPs)
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“Distance ladder” versus “Inverse distance ladders”

Distance ladders
Various cosmological observables sensitive to

baryon and matter density (CMB, BBN+BAO, ...)

Sound horizon dS (model dependent)

Correlation Correlation
of galaxies of CMB anisotropies

Standardised SNla luminosity L
or magnitude Mp

Galaky posifions

Apparent SNla luminosity

|—SHOES Hubble Flow —]|

Ratio d,(z)/d, and product H(z) X d

Ratio d; (2)/4/L
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“Distance ladder” versus “Inverse distance ladders”

CMB BBN
Infer d Infer dg
-~ (model-dependent) (model-dep.)
BAO CMB
;\dA(z) and H(z) calibrated to a’/S d(z4e.) calibrated to dg
I I I | >
10~ 1072 1 103 log z

Hubble tension between Ho = H(z=0) inferred from:

- d;(z) from supernovae, calibrated to My from distance ladders (e.g. SHOES)

- d4(z) and H(z) from BAO and CMB, calibrated to dg from CMB (or from BAO+BBN),
assuming ACDM
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Category 1: Modify late background expansion

Change H(z) at O < z < 2 to get different H, but same d, (z)

CMB BBN
Infer d Infer dg
(model-dependent) ~ (model-dep.)
BAO CMB
\dA(z) and H(z) calibrated to a’/S d(z4e.) calibrated to dg
| | | | >
10~ 1072 1 103 log z

Issue: over-constrained by overlap between BAO and remote SNla! As long as:

dg taken from CMB or BBN+BAO, assuming same early cosmology as in ACDM,
M, taken from SHOES

... direct contradiction between d;(z) = (1 + z)sz(z) on same redshifts!

o 0_0:_+ ___________________ M .*____L_____,._.tH.___L_{ (1 4 2)°d,(z) from BAO
=2 : ! { |
202 _-"'+"+'“¢";"'1-4"*'*"4“""""‘7—.-"-.-':-’-:-4» """ F ==F=1 d,(z) from SNIa
s . BAO calibrated with Planck, SN calibrated w/ SHyES (r5(z4) = 147.09 +0.26) -
~Ofp2 R e

z Poulin et al. 2407.18292
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Category 2: Violation of Distance Duality Relation

0.0 o VYR —--f————*————-r-iH———L-{ (1 + 2)%d,(2) from BAO
:_+_.+._+_i_ ——— = ——J—L*—é——ﬁ- ——————— + —————— __E__%
—0.2} e 3 7 2 R T F 1 d,(z) from SNla
| BAO calibrated with Planck, SN calibrated w/ SHoES (rs(zq) = 147.09 £0.26) .
_04 ’ ' ' : ————+— : | 1 :

Very unusual gravity theory, or non-conservation of photon number (interaction with axions,
gravitons?)

Constrained by CMB blackbody distribution, quasar spectra, laboratory bounds,
supernovae modelling, etc. (Mirrizi et al. astro-ph/0506078)

Requires photon flux to increase during propagation

E.g. SN emits photons+axions, then axions convert into photons; expect stronger effect for
more distant SNla

But data prefers z-independent effect: d;(z) = 0.925 (1 + z)sz(z) (equivalent to rescaling
of either My or di) (Teixeira et al. 2504.10464)
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Category 3: shift recombination/photon decoupling

©9)

dz c(2) H™'(%)

Sound horizon dg =

New physics shifts recombination / decoupling to earlier time = larger redshift
= smaller d, = smaller d4(z)

0.0}- ——————————————————————————— -*————L-———r—-tH-———L—f (1 + 2)°d,(z) from BAO
0 * ; * ]
—0.2T—__i_+___*__¢_""_*'4_+"+__'+"""¢ 7260 R T £ J’ 777 di(z) from SNIa
| BAO calibrated with Planck, SN calibrated w/ SHoES (rs(zq) = 147.09 £0.26) -
0.4 — s L

Recombination temperature and redshift very constrained by Hydrogen atom model

Inhomogeneous recombination, e.g. primordial magnetic fields (Jedamzik et al. 2503.09599,
2307.05475)

Time-varying constants, e.g. a, m, (Hart et al. 1912.03986, Schoneberg et al. 2507.16845)
Additional effects in spectrum of CMB (damped oscillations, early integrated Sachs-Wolfe, ...)
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0.0}
1

—0.2

Category 4: Modified early background expansion

©9)

Sound horizon dg = dz c(Z

{dec

= smaller d; = smaller d,(2)

Enhanced expansion due to additional species before recombination/decoupling

___________________________ CHONTRN MR,
_.+._+_i_¢__¢_¢_.¢_¢_.4_+._+_+__+_b..¢_*__j _______ +___*__

=% o ¢

BAO calibrated with Planck, SN calibrated w/ SHES (r(z4) = 147.09 +0.26)

¥

(1 + 2)°d,(z) from BAO

d; (z) from SNla

—0.4] - . o8 TS5, 2.,

H(z) constrained at BBN temperature (primordial Helium...)

Stepped dark radiation: entropy release into neutrinos/dark radiation enhancing N, after
BBN (extra radiation may be free-streaming, self-interacting...) (Aloni et al. 2111.00014, ...)

Early Dark Energy (various implementations; stringy axions, spontaneous symmetry
breaking in dark sector, ...) (Karwal et al. 1608.01309, Niedermann et al. 2006.06686 ...)

Early Modified Gravity (Brans-Dicke) (Ferrari et al. 2501.15298)

Usually, additional effects in spectrum of CMB and large scale structure...

m
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Reviews on existing p

roposals

De Valentino et al. 2103.01183, 2504.01669 (CosmoVerse)

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

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

g+BAO+Pantheon

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
Lietal. (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

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

onck J018+CHB lensing 8RO Panihean +DES
ianck 2015-

janck 2015 distance priors +BAO+Pantheon+Ly-a
janck 2018+BAO+R19

ACDM

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 Salg et al. (2021), Data A+R19
Reconstructed primordial power spectrum
Keele et al. (2020), Planck 2018 TT

Modified recombination history

Chiang et al. (2018), Planck 2015; Planck 2015+BA0
Effective Electron Rest Mass

Hart et al. (2020), Data B

Time Varying Electron Mass

Sekiguchi et al. (2020), Data B+Pantheon
ordial magnetic fields
Jedamzwk 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

MB monopole temperature To

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

D212 & = Flanck 2018 ditance piors+5A0 Panfean+CC.
K

Data E = Planck 20
Data F = Planck 2015 TT+
Data G = Planck 2015 T+ 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 o
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) 4
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
Two - body dark matter decays -
Clark et al. (2020), Planck 2018+CMB lensing (95%) o
Vattis et al. (2019), Data G+R18 o
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
M - Dark Radiation coupling |
Becker et al. (2020), Data C |
Archidiacono et al. (2019), Data E 4
Decaying Ultralight Scalar
Gonzalez et al. (2020), Data A+R19 |
Primordial Black Holes |
Nesseris et al. (2020), Planck 2018 distance priors; Data H

[km 571 Mpc~!)|

Ho

ACDM -
Aghanim et al. (2020), Planck 2018 -

Ade et al. (2016), Planck 2015 -

CMB independent -

Bonilla et al. (2020), Data A |

wCl B

Aghanim et al. (2020), Planck 2018 (95%); Data B -
arametrization -

Aghanim et al. (2020), Planck 2018 (95%); Data B -
CDM-+ @, + Ny + Em, + A -

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

Ho

[km s~1 Mpc~

1
]

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

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

One - parameter parametrization (model i)
Yang et al. (2019), Planck 2015; Data D-+JLA 4
One - parameter parametrization (model iv) -
Yang et al. 12019) Planck 2015; 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-+Hy prior
Sola et al. (2017), Data F+R16

viscous models |

da Silva et al. (2020), Data G

Yang et al. (2019), Planck 2015+Pantheon -
Holographic Dark Energy -

Colgain et al. (2021), Data B

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

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

ic Dark Energy ( )

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 1

res8A0 Fantheon  BEN s CC
33840+ Fantheon
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Roy Choudhury et al. (2020), Planck 2018 (95%); Data E (95%) -

IDE with variable DE EoS [wpe(a) = woexp(1 - a)]

Pan et al. (2019), Planck 2015; Data C
IDE with variable DE EoS [wp:(a) = woa(1 + sin(1 - a))]

ACDM -
Aghanim et al. (2020), Planck 2018 —_— H,
Ade et al. (2016), Planck 2015 - —— o
Generalized Chaplygln gas model | [km 571 Mpc~1]
Yang et al. (201 ) ck 2015 o —_—
A new unified model
Yang et al. (2018) PIaR(:k)ZOIS B ——
Benetti et al. (2021), Data A+CMB lensing+JLA+BBN - +
Benetti et al. (2019), Planck 2015 TT+JLA+BBN+R19 - —_—
f(R) gravity
Wang (2020), Planck 2018+CMB lensing; Data B - (X
( ) ravlty (exponential) -
et al. (2020), Planck 2018 - -
Hashim et al. 12020] BAO+Pantheon+BBN+R20 1 —_—
Hashim et al. (2020) Planck 2018; data C e
f(T) gravity (power law)
Wang et al. (ZUZO) Planck 2018 o +———"+—+
Nunes (2018), Planck 2015+BAO - L
(T, B) gravity (power law) -
Escamilla-Rivera et al. (2020] BAO+Pantheon+CC 4 —
gravity (mixed power law) -|
Escamilla-Rivera et al (2020), BAO+Pantheon+CC - ——t
rans—Dicke ACI -
Sola et al. (2020), Data D +
Sola et al. (2019), Data E+ B ——
Scalar—tensor theories of grai 4
Bal\ardlnl et al. (2020), Planck 2018+CMB lensing; Data F - e
Rossi al. (2019), Planck 2015 TT+CMB lensing+BAO - —
s<alar—tensor theories of gravity (conformal coupllng) 4
Ballardini et al. (2020), Planck 2018+CMB lensin B bttt
Rossi et al. (2019), Planck 2015 TT+CMB IenS\ng+BAO 1 —
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 - ——
r gravity
Moshafi et al. (2020), Planck 2018; Data A+CMEgIensmg B b L ]
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 - + +
Frusciante et al. (2020), Planck 2015 TT (95%); Data G o
Peirone et al. (2019), Planck 2015 TT (95%); Data G (95%)
Renk et al. (2017), Planck 2015 THCMB lensing+BAO -
nlocal gravity -|
elgacem et al. (2020), Planck 2018+BAO+Pantheon 1 Lol
elgacem et al. (2018), Planck 2015+BAO+]LA 1 L
Unimodular gravity -
Linares Cedefio et al. (2020), Data H+R19 B +
De Fellce et al. (2020), Planck 2018+BAO+Pantheon 1 -
T T T T
65 70 75 80
ACDM
Aghanim et al. (2020), Planck 2018 et H,
Ade et al. (2016), Planck 2015 4 - o
IVS (0 =7(Epoe) | 1 et
Di Valentino et al. (2020), Planck 2018; Data A+R19 —H— [fem s~* Mpc™]
Kumar et al. (2019), Planck 2015 TT; Data B+R16 - —_—
Kumar et al. (2017), Data C+JLA 4 ——
(Q=3HEpoe)
Yang eta\ (2020), Planck 2018; Data A - oot 1
led Scalar Field (Q = Bpoud)
GémezValent et ol (2030 Piance 2018; Dota DRSS ] bbb
Coupled Scalar Field [Q = r/(1 - r¢)pond]
An et al. (2019), Planck 2015 - b el
IDE with constant DE EoS (Q = HEpor) o
Di Valentino et al. (2020), Planck 2018; Data E+R19 4 s
Di Valentino et al. (2017), Planck 2015 —_—
IDE with constant DE EoS (0 = 6/pou) |
umar et al. (2016), Data C+JLA - ——
IDE with constant DE EoS (Q = 3#£(1 + wec)oon]
ang et al. (2018), Planck 2015; Data C+LA+CC { | Fovee et
IDE with constant DE Eof [Q = 3HE(L + wpe)(Pom +p.,f)] 4
(2018), Planck 2015; Data C+JLA+CC - —+
ear IDE with constant DE EoS -
Pan et al. (2020), Planck 2018; Data A+R19 o i —
Three — form IDE with constant DE EoS |
Yao et al. (2020), Data A+JLA 4 ——

Pan et al. (2019), Planck 2015; Data C
VS with vanable coupling (model A)
etal 12019i Planck 2015

VS with varlahle coupling (model B)

IDE with sign - :hangmg interaction

Par\ etal. (2019): Data C ——
isotropic Stress in IDE |

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

Amirhashchi et al. (2020), Planck 2018+CC | ———
Metastable Interacting dark energy (Q = Mppe)
Yang et al. (2020), Planck 2018; Data A+DES+R19 | L
Interaction in Quantum Field Cosmology -
Gao et al. (2021), Data F —

ACDM -

Aghanim et al. (2020), Planck 2018 4 =
Ade et al. (2016), Planck 2015 o L]

DM - Photon Coupling -

Yadav (2019), Planck 2015 +BAO
Kumar et al. (2018), Data A -

DM - Baryon Coupling -

Becker et al. (2020), Data B Ll

DE — Baryon Coupling -

Jimenez et al. (2020), Data C - —_—
Self — interacting neutrinos -
Forastieri et al. (2019), Planck 2015 - e
Lancaster et al. (2017), Planck 2015; Data D - e

Self — interacting neutrinos (strongly) -

Das et al. (2020), Planck 2018; Data F (E5)
Kreisch et al. (2020), Planck 2015 + 4

Self — interacting neutrinos (moderate) -
Roy Choudhury et al. (2020), Planck 2018 (95%); Data E (95%) o k------+- +—+———
Das et al. (2020), Planck 2018; Data F (BL 2
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 -
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Fair comparison of models

The Hubble Olympics

Schoneberg, Abellan, Pérez, JL, Witte, Poulin, Lesgourgues, 210710291, Phys. Rep. 984 (2022) 1-55
- Selection of 19 “representative models”; Planck, BAO till BOSS DR12, Pantheon, SHOES21

- Three metrics to quantify the (resolution of the) tension

Model ANparam Mg Gaussian  Gpyap Ax?  AAIC Finalist
Tension  Tension
Standard model ACDM 0 ~19.416 £ 0.012 440 450 X | 000 000 X | X
ANy, 1 ~19.39540.019  3.60 380 X | —-610 —410 X | X
SIDR 1 ~19.38540.024  3.20 330 X | 957 757 v @
mixed DR 2 ~19.41340.036  3.30 340 X | -883 483 X | X
DR DR-DM 2 ~19.38840.026  3.20 310 X | -892 492 X | X
SIv+DR 3 —19.44010-037 3.80 390 X | —4.98 1.02 X X
Majoron 3 —19.38070 05 3.00 290 v | —1549 —949 v
Early primordial B 1 —19.39070 035 3.50 350 X | —1142 —9.42 v @
Shifted rec. varying m. 1 —19.3914+0.034 290 290 v | —12.27 -1027 v
varying me-+SQ 2 ~19.368 4 0.048  2.00 1.90 v | —17.26 -13.26 v
EDE 3 —19.39010 038 3.60 1.6c v | —21.98 —1598 v
Early DE NEDE 3 ~19.38010 050 3.10 190 v | —18.93 -1293 v
EMG 3 ~19.39710-02% 3.70 230 v | —18.56 —12.56 v
CPL 2 ~19.400 £ 0.020  3.70 410 X | —494 -094 X | X
| ate DE PEDE 0 ~19.34940.013  2.70 280 v 224 224 X | X
| ate GPEDE 1 ~19.400 4 0.022  3.60 460 X | —045 155 X | X
DM — DR+WDM 2 ~19.42040.012 450 450 X | —-019 381 X | X
DM decay DM — DR 2 ~19.410£0.011 430 450 X | -053 347 X | X

Table 1: Test of the models based on dataset Dpaseline (Planck 2018 4+ BAO + Pantheon), using the direct mea-
surement of M, by SHOES for the quantification of the tension (3rd column) or the computation of the AIC (5th
column). Eight models pass at least one of these three tests at the 3o level.
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Reviews on existing proposals

Rida Khalife, Bahrami, Guenther, Galll et Getting harder and harder to find theoretical solutions

- Selection of 11 “representative mod.eIRi'ééthchTéﬁ%liég)[gcﬁé\g)ﬁgéﬁ%%pma SHOES23
* Four metrics to quantify the (resce "Even more complicated may work better... e.g. EDE+LDE

Standard mode]

Late Late DE
Early DR
L ate curvature
DR
Shifted rec.
Early
Early DE
DR
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All interpretation of cosmological data gets stuck due to tensions...

For instance, situation with neutrino mass...
4 observable effects. Currently, dominant ones:
- Background effect (expansion rate), affected by BAO+SN tension on late expansion history

- CMB lensing effect, affected by slightly unexpected shape of high-| CMB temperature

10 U8
| NO
80 : : {
— In ACDM :
| :
2 75 $ -
> 'SHOES
| .
= 10 .55 -
E ESI+BBN
T 65 ; .
R
| | | \ \
-1.5 -1 -0.5 0 0.5

Z n, e eV .
Elbers et al. 240710965 mleV] Push from CMB lensing
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All interpretation of cosmological data gets stuck due to tensions...

For instance, situation with neutrino mass...
4 observable effects. Currently, dominant ones:
- Background effect (expansion rate), affected by BAO+SN tension on late expansion history

- CMB lensing effect, affected by slightly unexpected shape of high-| CMB temperature

10 U8
| AE
30 | I 1l

— In ACDM :
S 75 : With dynamically DE:
= - DS RN meves den
0 * Mass bound relaxed
é 70 [ * Hubble tension gets worse

DESI + BBN
T 65|

| | |

—-1.5 -1 —-0.5

Z n, e eV .
Elbers et al. 240710965 mleV] Push from CMB lensing
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So what shall we do?

a In all areas of observational cosmology relevant for these tensions, reassess

systematics:

- Push experts to open their data analysis pipeline, challenge each other’s assumptions

- Push experts from other areas of observational cosmology and theorists to learn
physics relevant for these observations and enter the debate as challengers or
moderators

- Push towards “search for consensus” rather than “deadly competition”
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So what shall we do?

eAs theorists: change prospective w.r.t. global analyses and top-down model fitting

- isolate independent effects of each ingredient in cosmological model

- search for model-independent combinations of observables
- Formulate guardrails on what “cosmological model v2” should have or not have
... and only then search for specific models that work. Maybe combination of several

ingredients?

Examples of model-independent combinations:

Residual of 65249(z) /0SMB = dp(zgec)/da(2) w.r.t. ACDM ref. 1 008 Residual of AzBAC(2) /6840(z) = da(z) x H(z) w.r.t. ACDM ref.

—_— Qn-1% —_— Qm-1%
— Qp-1% — Qp-1%
1.003 1 — Ho-1% 1.0069  py-1%
— m,=0.06eV — m,=0.06eV
1.002 1 = AN =0.3 1.0044 — ANesr = 0.3
—— (wg, w,) =(—0.98, —0.2) — (wo, W) =(-0.98, —0.2)

1.001 A 1.002
1.000 \ — 1.000
1 Z
0.999 0.998 -
0.998 0.996 1
T T T T T T 0.994 T T T T T T
1073 1072 107! 10° 10! 102 103 10-3 1072 1071 10° 10 10? 10
z z
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So what shall we do?

e As observers: look for independent direct measurements of H|,

- Angular diameter distance to water megamasers in AGNs
Lensing time-delays (quasars & SNla)

- Age of objects, cosmic clocks/chronometers
Full shape of galaxy clustering and weak lensing power spectrum

- Gamma-ray bursts

Redshift drifts (ELT, SKA, CHIME, HIRAX...)

- Standard sirens (d; (z) from gravitons!)
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