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Distances in cosmology

dl

Angular diameter distance dg = =

Standard ruler | | Standard candle |

cdz

: - : dr = alt 1 . ) _ 2
Relation between distances and redshift  dr = a(to) (1 + z¢) fx (/O a(tO)H(z)) (14 ze)%da

redshift z = “look-back time”
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Concordance cosmology

1992 - 2016: towards concordance cosmology:
Planck maps

Cosmic Microwave Background (CMB): maps for
e temperature,
e polarisation,
e gravitational lensing.

Big Bang Nucleosynthesis (BBN) & primordial elements

e Large Scale Structure of the universe (LSS):
» (alaxy clustering
e Cosmic shear (weak lensing)

* Cepheids and Supernovae luminosity

= ACDM concordance model:

» General Relativity, QED, nuclear physics;
 inflation, baryons, Cold Dark Matter, cosm. const., photons, neutrinos;
« 7 free params. (6 after measurement of 7-yp)
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Discordance cosmology

CMB with Planck
Balkenhol et al. (2021), Planck 2018+SPT+ACT : 6749 + 0.5 -
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 + 1.8 -
Aghanim et al. (2020), Planck 2018: 67.27 £ 0.60
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54 -

2016 - 2012: towards discordance cosmology?

Dutcher et al. (2021), SPT: 688 + 1.5
Aiola etal. (2020), ACT: 67.9 % 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36+:33
Henning et al. (2018), SPT: 71.3 +2.1

Hinshaw ctal. (2013), WMAP9: 70.0 + 2.2

L]
a tO No CMB, with BBN

Zhang et al. (2021, BOSS correlation function+BAO+BBN: 68.19+0.99

Chen etal. (2021), P+BAO+BBN: 69.23:03f -

— Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68 G 83 -
— g

D' Amico et al. (2020), BOSS DR12+BBNy#8.5 £2.2

Colas etal. (2020), BOSS DR12+] 68715 -
Ivanov etal. (2020), BOS#FBBN: 67.9 1.1 -
S+BBN: 67.35 £ 097 -

Hubble rate H, =

CMB lensing |
Baxter et al. (2020): 73.5 £ 5.3 -
7(2020), P(k)+CMB lensing: 70.6*3:] +

teq standard ruler -
Farren etal. (2021): 69.5%3

Indirect

e CMB:

SNIa—Cepheid
Riess et al. (2022), R22: 73.04 = |
Camarena, Marra (2021): 74.30

Planck 2018: H, = 67.36 £ 0.54 km/s/Mpc

SNIa-TRGB -
awan et al. (2022): 76.94 + 6.4 -
Jones etal, (2022): 724 £3.3 «
Yuan (2021): 715+ 1.8+
Freedman (2021): 69.8 + 1.7 +
Kim, Kang, Lee, Jang (2021): 69.5 4.2 -
Riess (2020): 72.1 £2.0 -

Freedman et al. (2020): 69.6 + 1.9 -

Reid, Pesce, Riess (2019), SHOES: 71.1 £ 1.99 -
Yuan etal. (2019): 72.4 £2.0 -

(2019): 754+ 1.7 -

» Baryon Acoustic Oscillations (BAO):

Ta—Miras
Huang etal. (2019): 733 £ 4.0 +

SBF -
Blakeslee et al. (2021) IR-SBF w/ HST: 733 2.5 -

BOSS+eBOSS+BBN: Hy = 67.35 + 0.97 km/s/Mpc

de Jacger ctal. (2022): 75.4% 38
de Jacger et al. (2020): 75.87:

Masers -
Pesce etal. (2020): 73.9 + 3

Tully F
Kourkchi et al. (2020):

. Femandez Arenas gfal. (2018): 710 £ 3.5

~ Jo tension e
Lensing related fiass model dependent -

Denzel etal. (2021): 71.xté; .

Yang, Birrer, Hu (2020): 73.657133 -
Millon etal. (2020), TDCOSMO: 742 1.6 -

Liao ctal. (2020): 72.8% % .
Liao etal. (2019): 722 £ 211 -
Shajib et al. (2019), STRIDES: 74.2+3:] -
Wong et al. (2019), HOLICOW 2019: 73.3*

e Supernovae + Cepheids:

Palmese et al. (2021), GW170817: 72.77%:

Gayathri ct al. (2020), GW190521+GW170817: 73.4F
Mukherjee et al. (2020), GW170817+ZTF: 67.67
Mukherjee et al. (2019), GW170817+VLBI: 68.3*:
Hotokezaka et al. (2019): 7

Cosmic chronometers -
. + Moresco et al. (2022), flat ACDM with systematics: 66.5 + 5.4 -
I I | S ‘ Moresco et al. (2022), open wCDM with systematics: 67.8%5-] -

. O — ° — . :

Mukherjee et al. (2022), GW170817+GWTC-3: 67 é
Abbott et al. (2021), GWTC-3: 68,
55
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Distances in cosmology

dl

Angular diameter distance dg = =

Standard ruler © | Standard candle |

cdz

: | I — 1 e ) — 2
Relation between distances and redshift dp = a(tg) (1 + 2¢) f& (/O a(to)H(z)) (14 ze)%da

redshift z = “look-back time”

= Measurement of H, by CMB/BAO: sound horizon as standard ruler: dy=d,/0,
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Foundations of the minimal cosmological model

Physics of CMB anisotropies and LSS:

. . . . - 2 .
Einstein equations + Friedmann metric: 3 H* = 8xG p and G, = 82G 6T,

Equations of motion:
« linearised Boltzmann 9, f(x*,p") = C[f, />, .]

e or linearised fluid equations (continuity, Euler)

Thomson scattering rate = ionisation fraction = basic QED, hydrogen atom

Initial conditions: inflation = gaussian random field with nearly scale-invariant

2-point correlation function / power spectrum

* CLASS, CAMB

2-point correlation function / power spectrum at any later time

= many features, incl. oscillations: cos(2zd,/1) (acoustic waves before y — b decoupling)

/ wavelength

sound horizon = distance travelled by sound wave from BB till decoupling
RWNTH
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Foundations of the minimal cosmological model

— R_ I 6000 -
ACDM =6 parameter fit 5000 4 Spectrym of CMB temperature anisotropies
to ~5000 independent data points g ] from Planck sateflite
= 3000
%N 2000-:
agreement of CMB and BAO with: 10001
01— . . . . . . :
« CMB/BAO with BBN and primordial 2 A
abundances, w1 Spectrum of tefhperature x polarisation correlation
: : . 50 from PlanGk satellite
* |luminosity of distant SNla, R
e various probes of the Large Scale Structure... ]
—100 +
CMB (+ BAO) prObe directly' é ' "””1I0 1(I)0 ' '560' 'Mu'mp;,io;OO' - '15IO0' - '20I00' - '25I00
407 T 15+
e density ratio of baryon/photons, . 5
dS < . . oL o :é 10% 3251.0-
» density ratio of non-relativistic/relativistic matter, & Spéctrumof CMB | = |  Spectrum of €MB
0141, polgfisation anisotropigs = gravitational lensing petentia|
9 —a angular scale of the sound horizon 0.01 4 om Planck satellite 2 w04 from Planck satellite ™
§ ’ 2 10 100 500 1000 1500 2000 0w
e 2 params. for primordial spectrum, s T ]
« optical depth to reionization ”
d(to) . alaxy*correlation spectrum]
Indirectly: = Hy = ~ 67 km/s/Mpc L. .. fomBOSS 3
a(t()) k / h Mpc!
" Institute for Rm- N --, [ Y|
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Distances in cosmology

dl
do

Angular diameter distance dg =

<

dz
= Measurement of H, by cepheids + SNla: d; vs. Redshift | d;(z) = (1 + Z)J m
0 <

o | CSP ol
2 CFA4p1l SPSS . P
he) CFA3K - ASH
nearby SNla: E CFA3S . 1"“\_ remote SNla:
. e —©° [ CFal 71 second derivative Q.. Q
first derivative = H0 £ —5 | = 8dp, 82,
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Direct measurement of Hubble rate from standard candles
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Direct measurement of Hubble rate from standard candles

SHOES Distance Ladder Data Sources Paper Contents

Baseline: 277 SN la 0.023<z<0.15 (late-type)

g

Baseline Hy, Hgtqp—S 5

Hubble flow SN -S54.8, 6.8

Il Third Run

42 SN la in 37 Hosts (late-type)

il

MW (parallax)  NGC4258 (masers)  LMC (DEBs) Cepheid Data, NGC 4258 — S 4.4

Calibrator SN—-S54.8,6.9

Cepheid Data, SN hosts =S 3.1-3.3

Second Rung

!
!

B —
—
]
_—

oT) . Anchor and Ancillary Cepheid Data
f LMC - S 4.2
e SMC-S54.3

Geometric Priors =S 4.7
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Direct measurement of Hubble rate from standard candles

Analysis Variants

_IIIIIIIIIlllll!I.IIIIIIII|IIIIIIIII!II.II:
Systematics in direct H, measurements? oommoan b L e
, , _ 60 i Y SO S
Environnement-bias of SNla close to cepheids,  peculin Velocity . | °
VarlatIOﬂS Iﬂ CepheIdS —'§N:FiItiEg':Z:Z:I:Z:f:Z:Z:Z:Z:Z:Z:Z:Z:I:Z:I:E:I:.Z:I:Z.:OI:Z:Z:Z:2::::::::
Mortsell et al. 2105.11461, 2106.09400,... 50 ;'ExcludedSNSmys ", . ]
40 [ Calibrator Sample E : °
E Hubble Flow Sample : ® > ¢
= SO S S T O S
f TRGBInclusion & _ | . _ _. 4 ® . -
30  Metaticiey T
[ M31CepheidSample ___: ¢ 1 o i
EPLBreak/span o : ° .
20 :-Cepheid Dust-Color Treatment E e .. B
[ Geometric Anchors + ° P
1] S SUT S SRS
Cepheid Clipping : ° o°
0 E_I-ia;eiJJe ________________ tl_o _____________ ll._._O._._._._._._._g_.'-_l.a._.___
-lllIIlllllIllllllIIlllllIIllllllIIIllll-
71 72 73 74
H,
Riess et al. 22
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Direct measurement of Hubble rate from standard candles

Analysis Variants

Systematics in direct Hy measurements?
Environnement-bias of SNla close to cepheid
variations in cepheids:

Mortsell et al. 2105.11461, 2106.09400, ...

How to settle the issue?
o Other standard candles:

* Tip of Red Giant Branch (TRGB),

» Black Holes as standard sirens (LISA, ET)
« Redshift drift (VLT, SKA)...

s S AP SO st
E Hubble Flow Sample : o o ¢
= R S S e .
[ TRGBInclusion o LS L S ]
30 Emetaticty e i
[ M31CepheidSample. ¢ % ' o G
S L S S
: B
20 [~ Cepheid Dust-Color Treatmcntg : ¢ ° -
L : . [ ]
- B R SO
1 ..
[ Geometric Anchors : + Y : 4
- 1Y -
O e
: | %
[ Cepheid Clipping e
L : : ...
‘S ) _. e
0 [-Baseline ‘lo o #lo ]
-lllIIlllllIIllllllIlllllIlllllllIIIllll-
71 72 73 74
H,
Riess et al. 22
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Direct measurement of Hubble rate from standard candles

Analysis Variants

Systematics in direct Hy measurements?
Environnement-bias of SNla close to cepheid
variations in cepheids:

Mortsell et al. 2105.11461, 2106.09400, ...

How to settle the issue?
o Other standard candles:

* Tip of Red Giant Branch (TRGB),

» Black Holes as standard sirens (LISA, ET)
« Redshift drift (VLT, SKA)...

E Hubble Flow Sample : L] o °:
= et upainietietiatintt sty Tl = e S
Systematics in CMB? N A AP, W
Unknown foregrounds, insufficient instrument S S N
modelling... e
20 .-Cepheid Dust-Color Treatment% : ® °® ]
Geometric Anchor + ° P -
Small deviations from ACDM with new  Cepheid Clpping '
iIngredients . i’ﬁa;eii'.ff ---------------- |1° ------------- I,Im_
(DM, DE, MG, magnetic fields, etc.), - - - ”
or large-scale deviation from Friedmann model H,
Riess et al. 22
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Solving the H,y tension with extended cosmological models: exhaustive review

Aghanim et al (2020), Planck 2018 - —— H,
. Ade et al. (2016), Planck 2015 4 —_— o
Generalized Chaplygm gas model - [km s~ Mpc1]
I I I I I Yang et al. (2018). Planck 2015 1 —_—
. N new unified model -|
Yang et al (2018), Plan(ck 2015 ——
Benetti et al. (2021), Data A+CMB Iensung+JLA+BBN - ——
Benetti et al. (2019), Planck 2015 TT+JLA+BBN+R19 —_—
gravity -
Wang (2020), Planck 2018+CMB Iensnng Data B R
f(T) gravity (exponential) -
Wang et 915 2050), Pranck 2018 1 -
Hashlm etal (2020), BAO+Pantheon+BBN+R20 - —_—
ACDM - Hashim et al. (2020), Pland k(2018 data(): B i
" Vi ower law) -
Aghanim et al. (2020), Planck 2018 —— H Wang Lot ana Py ——
Ade et al. (2016), Planck 2015 —— 0 —+ +
Anharmonic Oscillations - [km s~ Mqu] Escamilla-Rivera et al. (2020) BAO+Pantheon+CC —_—
Poulin et al. (2019), Data A+R18 o e HacRi (T, It!) Igr%lztg(mo Ppot:ver Ia\g(): 1
Ultra — Light Axions - scamilla-Rivera et al. (. ), ranstlilgk:?\ra)M ] —_——
Hill et al. (2020), Planck 2018; Data B+R19 - | e | _ Sola etal. (2020) Data D b —
Ivanov et al. (2020), Data C —t 9), ——
DAmico et al. (2020), Data B+FS ] B Rossi et al. (2019), Planck 2015 TT+CMB | +BAO "
N ossi et a , Planc| lensing B
Chudaykin et al. (2020), Data D 4 —t Scalar-tensor theories of gravity (conformal coupling)
Smith et al. (2020), Data A+R19 (n=3) - —_— Ballardini et al. (2020), Planck 2018+CMB ler nsln Data F B ]
Smith et al. (2020), Data A+R19 (n=free) — oSS el e oy Gravity with varied 6e 1 _
Power — Law Potential - ACDM + Ballesteros et al. (ZEOZ?) Plarécg 2218+BA'3 k| —
Chudaykin et al. (2020), Data D+55-+R19 Aghanim et al. (2020), Planck 2018: Ho = 67.27 + 0.60 | rly modified gravity -|
4 (¢ ) e Ade et al. (2016), Planck 2015: Ho = 67.27 + 0.66 | Ho Abadi et al (2021), Planck 2018 - =
Rock 'n' Roll ACDM + Nog - [km s~ Mpc1]| Braglia et al. (2021), Data A+BAO+Pantheon+FS+HOLICOW - ——
D'Amico et al. (2020), Data B - Aghanim et al. (2020), Planck 2018; Data A | Moshafi et al. (2020), Planck 2018; Data A+CMBgIensmg i ' b bt
Agrawal et al. (2019), Data E+R18 Ade et al. (2016), Planck 2015 Khosravi et al. (2019). Planck 2015 TT ty [ ]
4 Sterile neutrinos - al eo“ 9"3‘" 1
Early Dark Energy Cameiro et al. (2019), Data BAR16 ] Heisenberg et al. (2020), Data A+BAO+Pantheon ——
Murgia et al. (2020), Planck 2018; Data F - Neutring Ax riee malacarrequi ctol. (3020) Planck 2018+8A0 | -+
’ eutrino Asymmetries Fruscnante et al. (2020), Planck 2015 TT (95%); Data G -
New Early Dark Energy - Barenboim et al. (2017), Planck 2015+BKP Peirone et al. (2019), Planck 2015 TT (95%); Data G (95%) + 1
Niedermann et al. (2020), Data B+R19 4 Thermal Axions Renk et al. (2017), Planck 2015 ‘I'I'+'(‘2MBIIen5Iing+BII:(y) - —_—
i p D'Eramo et al. (2018), Data C (95%) | nlocal gravity -
Anti — de Sitter phase Decaying dark matter | Belgacem et a. (2020, Planck 2018+ A0 +Parntheon | ——
Ye et al. (2020), Data B+R19 - Blinov et al. (2020), Planck 2018+CMB lensing; Data D - ' elgacem et al. (2018), P{‘anck zgli’;+ 0+th¢ 4 ——t
i . g ¢ lular gravi 1
Acoustic Dark Energy - Pandey et al. (2020), Planck 2015+R18 | —_ Linares Cedefo et al. (2020), Data ) HiR1 —_—
Lin et al. (2020), Data B+ACT Decaying dark matter (long - lived) -| ]
Yin et al. (2020), Data B+R19 - —_— Nygaard et al. (2020), Planck 2[)1(}8 thS%;);(gg;g)clggi%é b [ ] De Felice et al. (2020), Planck 2018+BAO+Pantheon ] =
. iao et al. , Data E ——
Lin et al. (2019), Data A+R19 - —— Decaying dark matter (short — lived) - y ; y y
EDE in a-attractors - Nygaard et al. (2020), Planck 2018 (95%); Data C (95%) | 65 70 75 80
Braglia et al. (2020), Data B+R19 - —_—t Xiao et al. (2020), Data E - —
p Self - interacting Dark Matter (long — lived) | -
anck 2015 CHE enang GA0 Fantheon Hryczuk et al. (2020), Data F - [
anck 3010.CMD eneing 1 B0%S DAIZ T T T Self - interacting Dark Matter (short — lived) -
lonck 2005 pars 2P 68 72 76 Hryczuk et al. (2020), Data F - com |
ek 20164 CHMB lensing +BAO+Pantheon +FS +R19 — body dark matter decays -| Aghanim et al, (2020), Planck 2018 1 .| H
Clark et al. (zozoi Planck 2018+CMB lensing (95%) ko Ade et al. (2016), Planck 2015 —— o
Vattis et al. (2019), Data G+R18 —_— IVS (Q = 1Eppe) o km s~ Mpc~1]
Neutrino — DM interaction - Di Valentino et al. (2020), Planck 2018; Data A+R19 ——t 1
i i i —_— Kumar et al. (2019), Planck 2015 TT: Data B+R16 - —_—
Di Valentino et al. (2018), Planck 2015 mar ot o (G017}, Data CajiA 1
ACDM - Neutrino — Majoron interaction oo i
Aghanim et al. (2020), Planck 2018 4 —— H Escudero et al. (2020), Data D —t Yang ex al (zozo; Planck 2018; Data A e 1
Ade et al. (2016), Planck 2015 4 +—+—+ 0 Interacting Dark Radiation Gimez-Valent ot o LUBIS Scalar Fiald (0~ gp%ag) .
PEDE [km 51 Mpc'll Blinov et al. (2020), Planck 2018+CMB lensing; Data D - b boH—— omez-Val enﬂsplaedlsﬂli,r led e ]
< . 2] = oo
Yang et al. (2021), Planck 2018; Data A+R19 DM Dk Radiation couping | 21 (201), Planck 3015 — -
Pan et al. (2020), Planck 2015; Data B -  Becker et al. (2020), Data f—— € with constant DE E0S (0.~ HEon) |
. H ’ Archidiacono et al. (2019), Data E —— Di Valentlnu e(a\ (2020), Planck 2018; Data E+R19 4
Li et al. (2019), Data C Decaying Ultralight Scalar - Di Valentino et al. (2017), Planck 2015 - —_—
GEDE 4 Gonzalez et al. (2020), Data A+R19 ——t IDE with constant DE Ee® (0 = 31ipou)
Li et al. (2020), Planck 2018 o Primordial Black Holes umar et al. . Data CHLA ——
MEDE - Nesseris et al. (2020), Planck 2018 distance priors; Data H - | L — B o e i N .
Benaoum et al. (2020), Planck 2018+BAO - ata A= Panck Z018(CHB lenslng 18RO Partheon 1 IDE with constant DE EoS [0 = 3HE(L + woe) (0om + poe)]
VM Hrantheont T T T T T Yang et al (2018), Planck 2015; Data C+JLA+CC - ——
. . . ] o 555 = il 2013118 ensngsa04ma9 with constant DE EoS
Di Valentino et al. (2020), Planck 2018; Data D —— I | 1 D oA rsalme clster conts 19 64 67 70 73 76 pan et al. (2020), Planck 2018; Data A+R19 -| ' —t—t 1
Di Valentino et al. (2018), Planck 2015 - HH a1a G = Panck 013 4CHB larsing 1800 M Three — form IDE with constant DE EoS -
VM (+neutrinos) 2t i = lanck 2018 dstance prorsBAO-+Pantheon +Hz) P o e e ] —
i i . 4 R IDE with variable DE EoS [woe(a) = woexp(1 - a)] |
Di Valentino et al. (2021), Planck 2018; Data D ——H Pan st al. (2019).";‘““ 2%15; Data C
VM - VEV - M - IDE with variable DE EoS [wpe(a) = woa(l +sin(1 - a))]
Di Valentino et al. (2020), Planck 2018; Data D - HHE 4 1 Aghanim et al. (2020), Planck 2018 - Pan etal. (2019), Planck 2015; Data CA
Di Valentino et al. (2018), Planck 2015 4 +————————+———— Ade et al. (2016), Planck 2015 HO VS with varlable coupling (m: A) -
- . ] CMB independent | ang et al. (2019), himnck 2013 1
VM - VEV (+neutrinos) Bonilla et al, (2020), Data A - [km s=1 Mpc~1] IVS with varlable coupling (model B) -
Di Valentino et al. (2021), Planck 2018; Data D - L e O onilla et al- " e * Yang et al. (2019), Planck 2015
i IDE with variable coupling (model A)
Aghanim et al. (2020), Planck 2018 (95%); Data B - ek Yang et al (2020), Planck 2018; Data A (95%)
anck 3016+ CHB Tensing 1A FantheontDES T T T T CPL parametrization E with variable coupling (mode! B)
anck 20154840 68 72 76 80 Aghanim et al. (2020), Planck 2018 (95%); DataB 4 F + Yang etal. uozo) Planck 2018 (95%); Data A (95%)
lanck 2015 distance priors+BAO+Pantheon +Ly-a CDM+ @, + Noy + Smy + A, ith sign - changing mteracnon
lanck 2018+8A0+R19 . . En P Pan et al. (2019): Data C
Di Valentino et al. (2020) Planck 2018; Data C Anisotropic Stress in IDE
P parametrization - Yang et al. (2019), Planck 2015; Data C+CFHLenS +R16
M - Yang etal. (2021% Plapv;cr';z'?elg T‘t_i'(‘l 1 —ah— t IDE in the Anisotropic Universe -
f i fon - Amirhashchi et al. (2020), Planck 2018+CC o ——
Aghanim et al. (2020), Planck 2018 = Ho Yang et al. (2021), Planck 2018; Data C o +——+——+ Metastable Interacting dark energy (0 = [ppc) -
Ade et al. (2016), Planck 2015 - =+t U One - parameter parametrization (model i) - Yang et al. (2020), Planck 2018; Data A+DES+R19 | H
Exponential inflation - [km s~ Mpc~1]] Yang et al. (2019), Planck 2015; Data D-+JLA [ P + 1 Interaction in Quantum Field Cosmology -
Tram et al. (2017), Planck 2015 TT+CMB lensing - —t—t One - parameter parametrization (model iv) Gao etal. (2021). Data F - —i
Quintessential inflation - Yang et al. (2019)’.4P|?nc:<52b(:15‘; Dita DHWA4{ ¥ ¥ = B T T T T
Aresté Sald et al. (2021), Data A+R19 - it etastable dark energy - L P
Reconstructed primordial power spectrum - Yang et al. (2020), Planck 201%'.2?“:0?"“‘3'5055‘;?:3 ] t Fo—pee 3 ; e 65 70 75 80
Keeley et al. (2020), Planck 2018 TT 4 == Di Valentino et al. (2020), Data C —_—
Modified recombination history - Late Dark Energy Transition -
Chiang et al. (2018), Planck 2015; Planck 2015+BAO [E8 = Benevento et al. (2020), Data E+R19 - . ACDM -
Effective Electron Rest Mass - Running vacuum model - A " |
N " ghanim et al. (2020), Planck 2018 H
Hart et al. (2020), Data B - —— Sola et al. (2021), Data B+DES+RSD+CC+Ho prior | Ade et al. (2016). Planck 2015 - A 0
Time Varying Electron Mass - Sola etal. (2017), Data F+R16 - ' . [km s Mpc™1]|
Sekiguchi et al 20% g B-+Panth: Bulk viscous models | DM - Photon Coupling - Ipe
E L —
ekiguchi eta : (ordlil ':;ag"; a”t;g;‘ da Silva et al. (2020), Data G — Yadav (2019), Planck 2015 +BAO 4  +——4——————
b Yang etal. (2019) Planck 2015+Pantheon - e ) i _—
Jedamzlk et al. (2020), Data C+R19 i lographic Dark Energy 1 Kumar et al. (2018), Data A
DM — Baryon Coupling -
Double — ACDM - Colgaln et al. (2021), Data B - C " | ] o
Banihashemi et al. (2020), Planck 2015 TT+BAO+R19 - e Dai et al. (2020), Data C+R19 - ——t BecDeEr etBa . (2020), Dalt_a B
Ginzburg — Landau theory of phase transition - G“°.Et;;rf°¥2rgnya(a FHLASRIO 7 e I _t alrzzot;‘zg)ouop tm?: ]
Banihashemi et al. (2019), Data D = Mg > ] imenez et al. , Data C ——
Critically E t Dark Ei E Guo et al. (2018), Data F+]LA+R16 Self — interacting neutrinos -
ritically Emergent Dark Energy Tsallis Holographic Dark Energy - -
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Solving the H, tension with extended comsological models: fair comparison

Schoneberg, Abellan, Pérez, JL, Witte, Poulin, Lesgourgues, 2107.10291, Phys. Rep. 984 (2022) 1-55
e Selection of 19 “representative models” (see later)

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

15 /30

Gaussian

QDMAP

Model ANparam Mp _ _ Ax?  AAIC Finalist
Tension  Tension
ACDM 0 ~19.416 £ 0.012 440 450 X 0.00 000 X | X
ANy, 1 ~19.3954+0.019  3.60 380 X | —6.10 —410 X | X
STDR 1 ~19.3854+0.024  3.20 330 X | —957 757 v @
mixed DR 2 ~19.413+£0.036  3.30 340 X | -883 —483 X | X
DR-DM 2 ~19.3884+0.026  3.20 310 X | —-892 492 X | X
SIv+DR 3 —19.44070037 3.80 390 X | —4.98 .02 X | X
Majoron 3 ~19.3801 0557 3.00 290 Vv | —1549 -9.49 v @
primordial B 1 ~19.39070-028 3.50 3.50 X | 1142 -942 v @
varying me 1 ~19.39140.034 290 290 v | —1227 1027 /S @
varying me-+$Q 2 ~19.368 £ 0.048  2.00 190 v | -17.26 —13.26 v @
EDE 3 —19.3901 5038 3.60 1.6c v | —21.98 —15.98 v @
NEDE 3 ~19.380100% 3.10 190 v | —18.93 -1293 v @
EMG 3 ~19.3971052% 3.70 230 v | —1856 —12.56 v @
CPL 2 ~19.400 £ 0.020  3.70 410 X | —494 094 X | X
PEDE 0 ~19.3494+0.013 2.7 280 224 224 X | X
GPEDE 1 —19.400 £ 0.022  3.60 460 X | —045 155 X | X
DM — DR+WDM 2 —19.4204+0.012 450 450 X | —019 381 X | X
DM — DR 2 ~19.410 £ 0.011  4.30 450 X | —053 347 X | X

Table 1: Test of the models based on dataset Dpasetine (Planck 2018 + 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 30 level.
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How to concile larger Hubble rate with observed 6 ?

 sound horizon angle as seen by BAO or CMB must be preserved:

Sound horizon =
integral over sound speed
[ co(wp, 2)H(2)"1d2 from early universe till decoupling

Cs
0(z) = =2

[ZH(2)1dz
0 T \

redshift z = “look-back time”

Angular diameter distance =
iIntegral over inverse Hubble rate
from observation till today
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How to concile larger Hubble rate with observed 6 ?

 sound horizon angle as seen by BAO or CMB must be preserved:

Sound horizon =
iIntegral over sound speed
foo (wh ,%')H(Z)_ldé from early universe till decoupling

Cs
0(z) = =2

[ZH(2)1dz
0 T \

redshift z = “look-back time”

Angular diameter distance =
iIntegral over inverse Hubble rate
from observation till today

« Global rescaling of H(z) ?

Institute for
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How to concile larger Hubble rate with observed 6 ?

 sound horizon angle as seen by BAO or CMB must be preserved:

Sound horizon =
iIntegral over sound speed
foo (wh Z)H(Z)_ldé from early universe till decoupling

Cs
0(z) = =2

[ZH(2)1dz
0 T \

redshift z = “look-back time”

Angular diameter distance =
iIntegral over inverse Hubble rate
from observation till today

« Global rescaling of H(z) ?

Forbidden: at early time, related to density of photons, fixed by Ty = 2.7255 K,

and to density of neutrinos, fixed by N, = 3

Institute for
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L ate time solutions

 sound horizon angle as seen by BAO or CMB:

Sound horizon =
iIntegral over sound speed
from early universe till decoupling

Angular diameter distance =
iIntegral over inverse Hubble rate
from observation till today

~

First idea: keep early cosmology unchanged; alter only /ate evolution H(z) to get a large H,,

today
= “Late time solutions”.

Institute for
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Late time solutions

 sound horizon angle as seen by BAO or CMB:

Sound horizon =
iIntegral over sound speed
from early universe till decoupling

Angular diameter distance =
iIntegral over inverse Hubble rate
from observation till today

~

First idea: keep early cosmology unchanged; alter only /ate evolution H(z) to get a large H,,

today
= “Late time solutions”.

Excluded by combination of BAO,

Supernovae, H(z) data

Institute for
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“Shifted decoupling solutions”

 sound horizon angle as seen by BAO or CMB:

o0
Cs(wb,g)dg
> ZVH(3)"'dz ACDM 2) [(142)3+ 2 (142)4] 12
0(z) = sz cs(wn, 2)H () dz - 2D (wp,§2m h?)
fz H(z)~1ldz ~
0 dz
0 [1 Qm—l-(l—l— )3]1/2
s | IRNNTH
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“Shifted decoupling solutions”

 sound horizon angle as seen by BAO or CMB:

cs(wp; 2)dZ

szDO CS(wba 1dZ m AW (1—|-Z)3 1. 68wﬂy (1+z) } 1/2

Z)H
f H(z)~ 1dz / dz
1— Qm —I—(l—l—z)3]1/2

0(z) =

Second idea: preserve overall background evolution of ACDM, but anticipate the time of photon
decoupling (increase z;,) and simultaneously of radiation-matter equality with larger h:

= “Shifted decoupling” solutions

Institute for
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22 /30 Hubble tension and possible theoretical solutions - J. Lesgourgues Tl' Parice hysics

and Cosmology




“Shifted decoupling solutions”

Issue: recombination of protons + electrons and decoupling of photons = accurately modelled
processes; atom hydrogen model, fundamental constants (fine-structure constant, electron

mass, Thomson scattering cross-section...) -> definite prediction for T and zj,

* First way: string theory / runaway-dilaton-inspired models with running of the constants:
slightly different & or m, at z~1000 and z~1 Hart & Chluba 2020
(e.g. m, \y by 0.5%: works very well)  golden medal

« Second way: large inhomogeneities on very small scales (e.g. from primordial magnetic
fields) -> inhomogeneous recombination, average recombination time decreased
without changing the background model [bronze medal Jedamzik & Pogosian 2020

¥
Second idea: preserve overall background evolution of ACDM, but anticipate the time of photon

decoupling (increase z;,) and compensate numerator with larger h:

= “Shifted decoupling” solutions

Institute for
Theoretical
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“Early time solutions”

 sound horizon angle as seen by BAO or CMB:

@)
Cs (wb; E)dg

[ colwn, H)H(2)1dE 2608 J o (wy,0,002) [(1H2)3+ S (12

U i BT [ -z

Qm 1/2

- +(1+2)3]

Third idea: additional contribution to_&Z{7Z) in denominator (enhanced radiation or something similar)
and compensate with larger A

= “Early time solutions”

Institute for
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“Early time solutions”

Third idea: rescale all densities equally and enhance H(z) to get a large Hy today

= “Early time solutions”

c\
‘
{
’
’

RM e‘quaﬁ\‘y "6!*97’ — )% a

* Need to increase the relic density of relativistic species around the times relevant for the CMB:
effectively, like “adding extra neutrino-like species” (effective neutrino number N.g). Would need
approximately 0.5 to 1 more...

e Issues:

e incompatible with Nucleosynthesis and primordial element abundances: extra relics to be produced
between “Nucleosynthesis times” and “CMB times”

* Incompatible with CMB spectrum shape (scale of the peaks, enhanced Silk damping...) and matter
power spectrum amplitude/shape, at least if extra relics are decoupled and free-streaming...

« Baseline dataset: Nz = 3.1557 £ 0.0677 (68 % CL). Simple “ACDM+N_ " model fails!

Institute for
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“Early time solutions”

Third idea: rescale all densities equally and enhance H(z) to get a large H,y today

= “Early time solutions”

R/M e‘quaﬁ\‘y ’?2*97’ — )% a

recombination

* Need to increase the expansion rate only around recombination with new particle, scalar

field... escape early BBN constraint and late Silk damping constraint

» Possibly play with other effects on perturbations to cure CMB spectrum issues (additional
ingredients to increase DR clustering before recombination and/or decrease DM clustering

after recombination)

Institute for
Theoretical
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“Early time solutions”

1. use a scalar field to enhance p;(z) and H(z) for a short while around CMB decoupling time. Escapes
Nucleosynthesis and CMB problems of Dark Radiation. silver medal

« Various Early Dark Energy models (= scalar field with a given potential) work well:
(and consistent with Nucleosynthesis bounds) [Kamionkowsi et al.,...]

0101 — =92 0,=31
——— =2 0;=01

0.08 1

Enhancement of p,,(z) for various potentials =

= 0.06 1
A

(1st or 2nd order phase transition) = 0.04]
0.02 1

0.00 1 e
10! 102 10° 10* 10° 100

 Models are very ad hoc... attempts to connect it with particle physics: axion models, Xenon 1T
anomaly (Poulin et al.) or sterile/active neutrino mass via inverse see-saw (Niedermann and Sloth)

« Exists in “modified gravity” version, e.g. with [Braglia et al. 2021]:

1%
S = /d4gj\/—g [(M]gl +@ 97 MO‘({)VO' — A ‘|‘ Sm

 Still predictive models: future CMB polarisation observations

Institute for
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“Early time solutions”

Save ACDM+N_¢ with new physics in dark sector (non-standard interactions, decays, etc.)

changing the clustering properties and/or sound speed of Dark Radiation and/or Dark Matter...

2. self-interacting Dark Radiation to slow-down the particle velocity and change their clustering
properties: (provided that it gets populated after Nucleosynthesis).

Aloni, Berlin, Joseph, Schmaltz & Weiner 2111.00014; Schéneberg & Abellan 2206.11276
; similarities with previous “sterile neutrinos with secrete

transform this into a‘ silver medal
interactions” of Archidiacono, Hannestad et al.

o e ACDM + Nt
Wess-Zumino Dark Radiation (WZDR) model of 2111.00014 : —— SIDR

« Interaction between massless relic fermions (DM and DR) — WZDR

mediated by eV-mass scalar (eV ~ MSZUSY/MPI )

At T~1eV, scalar becomes non-relativistic, entropy release 41

boosts N, from ~3.3 to ~ 3.5 (precise value depends on

Tdark )
« Transition leaves imprint in CMB spectrum that

compensates for increase of (N, Hyy)
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“Early time solutions”

3. particular realisation of a Majoron scenario of Escudero & Witte 1909.04044, 2004.01470,
2103.03249: (and consistent with BBN bound)

« O(eV)-mass Majoron ¢ = pseudo-Goldstone of spontaneously broken U(1);
* small Yukawa-like couplings to active neutrinos

o I'~ my: interactions between majoron and active neutrinos (inverse neutrino decay):

« Majoron thermalize and contribute to N g,
e active neutrinos do not free-stream

« T~ m,;/3 : Majoron decays into active neutrinos, which free-stream

r \ f \ r Majoron-Neutrino \

Sphaleron Freeze-Out anor(.ilal Majoron Thermalization & Observe
Population Produced .
Majoron Decay

Generate: - U H, 0 T
PN = —
My, L — L — |Sphaleron) =B - B Py

Time — Time — k J \ Time — J k Time — J \ /

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

1 1

O vvrvrnnnns >
l l * * >

Temperature T ~ 10° GeV T ~ [106, 104] GeV T ~ 130 GeV T ~ 100 MeV T ~0.2eV
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Conclusions

* In terms of model-building, need to pay a high price, but reassuring that we cannot fit anything...

* Hope that one or more tension solved by systematics! Will know with better data and also new
techniques: Tip of the Red Giants Branch (TRGB), redshift drifts (SKA, ELT), GWs as standard
sirens (LISA, ET...)

If tension do not arise from systematics:

* Previous models: predictions for next-generation CMB/LSS: SO, CMB S4, Euclid, Rubin... (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?

.*".. Institute for
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Introductory material
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Solving the H, tension with extended comsological models: fair comparison

Schoneberg, Abellan, Pérez, JL, Witte, Poulin, Lesgourgues, 2107.10291

« Selection of 19 “representative models” (see later)

e Data sets:

e Baseline: Planck 2018 (incl. lensing) + BAO + Pantheon + SHOES treated as
measurement of intrinsic magnitude My

« Additional tests with Planck -> BAO+BBN or WMAP+ACT, and with RSD, CC, BAO-Lya

e Three metrics to quantify the (resolution of the) tension:

1. When considering a data set D that does not include SHOES, what is the residual level
of tension between the posterior on My inferred using D and the SHOES

measurement? TP — TSHOES
2 2 1/2
(6% + 0&noms) Y

2. How does the addition of the SHOES measurement to the data set D impact the fit
within a particular model M?

where x = Mp

2 2 2 2
AX" = Xmin,D+SHOES — Xmin,® — Xmin,SHOES

3. When the data set D includes the SHOES data on My, does the fit within a particular
model M significantly improve upon that of ACDM?

AAIC = X?nin,/\/l — sznin,ACDM + 2(Na — Nacowm)
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Solving the H, tension with extended comsological models: fair comparison

Schoneberg, Abellan, Pérez, JL, Witte, Poulin, Lesgourgues, 2107.10291

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

High tension 20}

1 mllfee 1t 1 1T

0

Goodness of fit 20—
A h

-AAIC

et i e

\4

# of parameters ol ot o i+ ¢
s Q¢

19 models
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