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TThe Hubble tension
Analysis Variants
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Riess et al. 2112.04510 Ho (ln/s/Mpc)

Hy(SHOES) = 73.04 = 1.04 km/s/Mpc

H,(ACDM/Planck) = 67.4 %+ 0.06 km/s/Mpc ” ; ; ”

H,

There is a 5o discrepancy between the SHOES and Planck determination of the Hubble parameter
No (known) systematic error can explain the discrepancy
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The Hubble tension beyond SHOES

Di Valentino et al 2103.01183 High Precision Measures of Hy
As of 2021, over 20 measurements CMB with Planck

Aghanim et al. (2020), Planck 2018: 67.27 = 0.60

and 800 papers' Y Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54

CMB without Planck

Aiola et al. (2020), ACT: 67.9+1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 +1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36+3:23

Indirect: H, 1s a prediction No CMB, with BEN

lvanov et al. (2020), BOSS+BBN: 67.9 + 1.1

from the ACDM model Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 = 0.97
3 5 5 Cepheids — SNIa
constrained with high-z data Riess et al. (2020), R20: 73.2 + 1.3
Breuval et al. (2020): 72.8 £ 2.7

Riess et al. (2019), R19: 74.0+ 1.4

Camarena, Marra (2019): 75.4 £ 1.7

Burns et al. (2018): 73.2+2.3

Follin, Knox (2017): 73.3+1.7

Feeney, Mortlock, Dalmasso (2017): 73.2 +1.8

Riess et al. (2016), R16: 73.2+ 1.7

DireCt: HO iS measured at IOW'Z Cardona, Kunz, Pettorino (2016): 73.8 + 2.1

Freedman et al. (2012): 74.3+ 2.1

in different ways TRGB - SNIa

Soltis, Casertano, Riess (2020): 72.1 2.0
Freedman et al. (2020): 69.6 £ 1.9

Reid, Pesce, Riess (2019), SHOES: 71.1+ 1.9
Freedman et al. (2019): 69.8 + 1.9

Yuan et al. (2019): 72.4+2.0

Jang, Lee (2017): 71.2+2.5

o Direct measurements are Masers

Pesce et al. (2020): 73.9+ 3.0

hlgher than pl‘ediCtionS, Tully — Fisher Relation (TFR)

Kourkchi et al. (2020): 76.0 £ 2.6

not all are 1n strong tension. Schombert, McGaugh, Lelli (2020): 75.1 % 2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5

Ho
[km s~ Mpc~1]

Indirect
Direct

Lensing related, mass model — dependent

Millon et al. (2020), TDCOSMO: 74.2 1.6

3 ‘ Qi et al. (2020): 73.6X} ¢

o Average: tension between 4-60 Lino et al (2020): 728713
Liao et al. (2019): 72.2+2.1

Shajib et al. (2019), STRIDES: 74.2*%]

Wong et al. (2019), HOLICOW 2019: 73.3%}4
Birrer et al. (2018), HOLICOW 2018: 72.5*31
Bonvin et al. (2016), HOLICOW 2016: 71.9%3

o Systematics? New Physics?

Optimist average

Di Valentino (2021): 72.94 = 0.75

Ultra - conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 £ 1.1
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‘Filtered version’ w/ AHy < 3 km/s/Mpc  ¢&




How can we change the H, prediction?

o Could the CMB be closer to us than ACDM tells us? d,(z+) « 1/H,

o Therefore, could spot in the CMB be smaller? This is what new physics must achieve.

) _ @) | dz ¢ (2)/H(z)
Cdy@) [T dz/H()

V. Poulin - CNRS & U. Montpellier TG Paris— 14612 2%




How can we change the H, prediction?

o Could the CMB be closer to us than ACDM tells us? d,(z+) « 1/H,

o Therefore, could spot in the CMB be smaller? This is what new physics must achieve.

@) Jedz ¢@IHR)

0 =
dy(z) J, dz/H()

rs must decrease by 10Mpc after z ~ 25000

[insert new physics here]

1< —>

v MOV predietion

104 10°
Z
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What 1s Early Dark Energy?

For earlier work Wetterich astro-ph/0403289
o Initially slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

AV () b =
d¢ —0 Pp = 2¢ +Vn<¢)7 Pd) S 2¢ Vn((b)

o We consider an oscillating (toy) potential:

b+ 3Ho+

V() = m*f*(1 — cos(¢/f))"
Radiation
; . Matter
VP++ 1806.10608 & 1811.04083; Smith++ 1908.06995 c ogical
Murgia++ 2009.10733; Smith-++ 2009.10740 osmological constant
N Total density
Early dark energy

o Perform ‘cycle-averaging’ over oscillations.

o Specified by fepg(z.), 2., w(n), cZ(k, 7)

e ven |
z2<z. 2w, =n—-1D/(n+1)

= 1: matter,'n = 2t fadighion-etc:

Jepe(2,)

101 102 103 104 10° 10° 10’
Z

109

Fig by T. Karwal
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https://arxiv.org/abs/astro-ph/0403289

What 1s Early Dark Energy?

For earlier work Wetterich astro-ph/0403289
o Initially slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

6+ 3Ho + dvc’;f) 0 ps = %q? + Va(9), Py = %QBQ ~ Va(9)

o We consider an oscillating (toy) potential:

V() = m*f*(1 — cos(p/f))"
Radiation
: : Matter
VP++ 1806.10608 & 1811.04083; Smith++ 1908.06995 c ogical
Murgia++ 2009.10733; Smith-++ 2009.10740 osmological constant
Total density
Early dark energy

o Perform ‘cycle-averaging’ over oscillations.

Specified by fipp(z,)s 2, wn), ci(k, 7)

2>z.=>w,=1
z2<z. 2w, =n—-1D/(n+1)

= 1: matter,'n = 2t fadighion-etc:

First-order phase transition (NEDE model)

Niedermann&Sloth 1910.10739, 2006.06686, 2009.00006,
2112.00770; Freese&Winkler 2102.13655 :
: Jepe(Z)

a-attractors: V(¢p) = f? [tanh(qb/ 60{Mp1)]

Linder 1505.00815, Braglia++ 2005.14053 T e e 1o

o Early MG: (M2 + £§*)R + A¢p* z
leads to a similar phenomenology if & > 0 Fig by T. Karwal

Braglia++ 2011.12934
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https://arxiv.org/abs/astro-ph/0403289

Previously: EDE vs Planck data

-

Schoneberg, Abelldn, Lesgourques, Pérez-Sdanchez, VP, Witte, 2107.10291

Planck TTTEEE+Lens+BAO+Pantheon
w Planck TTTEEE+Lens+BAO+Pantheon+Mp

3.15 3.76 436 -19.5 -19.4 -19.2 65 70 75 0.745 0.805 0.865 0.959 0.985 1.01 0.118 0.13 0.141
loglO( zc) MB HO 58 ng Wedm
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Previously: EDE vs Planck data

Schoneberg, Abelldn, Lesgourques, Pérez-Sdanchez, VP, Witte, 2107.10291

Planck TTTEEE+Lens+BAQO+Pantheon
= Planck TTTEEE+Lens+BAO+Pantheon+Mp

3.15 3.76 436 -19.5 -19.4 -19.2 65 70 75 0.745 0.805 0.865 0.959 0.985 1.01 0.118 0.13 0.141
loglo(zc) Mp Hy Ss ng Wedm

o Planck high-Z TT,TE, EE+lowTEB+lensing+BAO+Pantheon: 95% C.L (best-fit).
£(z,) < 0.08 (0.07),  H,<70.6 (69.8) km/s/Mpc Ay* = yicom — XopE = — 5.7 '
o Adding the M, prior from SHOES

f(z,) = 0.10 (0.12) = 0.03 z. = 4073 (3715)7 Hy =712 (72) £ 1.1 km/s/Mpc

Ax* = Yicom ~ Xiepe = — 22 Opriap = \/ y2(w/ SHOES) — y2(w/o SHOES) = 1.66 l

o This corresponds to m ~ 1072’ — 107> eV and f ~ M,,;. Note: n; ~ 1 at 20! Tukahashil & Yin 2112.06710
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Previously: EDE vs Planck data

Schoneberg, Abelldn, Lesgourques, Pérez-Sdanchez, VP, Witte, 2107.10291

Planck TTTEEE+Lens+BAQO+Pantheon
= Planck TTTEEE+Lens+BAO+Pantheon+Mp

3.15 3.76 436 -19.5 -19.4 -19.2 65 70 75 0.745 0.805 0.865 0.959 0.985 1.01 0.118 0.13 0.141
loglo(zc) Mp Hy Ss ng Wedm

o Planck high-Z TT,TE, EE+lowTEB+lensing+BAO+Pantheon: 95% C.L (best-fit).
£(z,) < 0.08 (0.07),  H,<70.6 (69.8) km/s/Mpc Ay* = yicom — XopE = — 5.7 '
o Adding the M, prior from SHOES

f(z,) = 0.10 (0.12) = 0.03 z. = 4073 (3715)7 Hy =712 (72) £ 1.1 km/s/Mpc

Ax* = Yicom ~ Xiepe = — 22 Opriap = \/ y2(w/ SHOES) — y2(w/o SHOES) = 1.66 l

o This corresponds to m ~ 1072’ — 107> eV and f ~ M,,;. Note: n; ~ 1 at 20! Tukahashil & Yin 2112.06710

o Fix z, = 7.4, 0, = 7: Planck favors 1param EDE at ~ 2¢: fppg = 0.08 = 0.04 with H, = 7]\(/)1541@5 zlq.bglll%léslél}/[a]gg!mms
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Previously: EDE vs Planck data

Schoneberg, Abelldn, Lesgourques, Pérez-Sdanchez, VP, Witte, 2107.10291

Planck TTTEEE+Lens+BAO+Pantheon
= Planck TTTEEE+Lens+BAO+Pantheon+Mp

3.15 3.76 436 -19.5 -19.4 -19.2 65 70 75 0.745 0.805 0.865 0.959 0.985 1.01 0.118 0.13 0.141
]Oglo(zc) Mp Hy Ss Nng Wedm

o Planck high-Z TT,TE, EE+lowTEB+lensing+BAO+Pantheon: 95% C.L (best-fit).
£(z,) < 0.08 (0.07),  H,<70.6 (69.8) km/s/Mpc Ay* = yicom — XopE = — 5.7 [
o Adding the M, prior from SHOES

f(z,) = 0.10 (0.12) = 0.03 z. = 4073 (3715)7 Hy =712 (72) £ 1.1 km/s/Mpc

Ax* = Yicom ~ Xiepe = — 22 Opriap = \/ y2(w/ SHOES) — y2(w/o SHOES) = 1.66 l

o This corresponds to m ~ 1072 — 10™2® eV and f ~ M,,;. Note: n; ~ 1 at 20! Takahashil & Yin 2112.06710

o Fix z, = 7.4, 0, = 7: Planck favors 1param EDE at ~ 2¢: fppg = 0.08 = 0.04 with H, = 7]\(/)1511@%, 114.{%};}21{/5141}/[0]8&!10733

o Theoretical problem: the field becomes dynamical around z.,: Fine-tuning ? Coincidence problem 2.0?
e.g. Griest astro-ph/0202052, Kamionkowski++1409.0549, Sakstein&Trodden 1911.11760, Carrillo Gonzdlez++ 2011.09895, Niedermann& Sloth 2112.00759
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Preference for large ©, / flat potential

o 2a*(n — DNw?(a) + k2

o Polarisation data favors large value of ®; (controls perturbations c? G =
5 i ( = ) 20%(n + Dw(a) + K2

S

—  ©; bestfit, high-/ TT,TE,EE

— 0.08
—== ©;=0.1,high-¢ TT
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o w(0,) controls the frequency of oscillations.

see also Agrawal++ 1904.01016; Lin, Raveri, Hu 1905.12618
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Preference for large ©, / flat potential

o 2a*(n — DNw?(a) + k2

o Polarisation data favors large value of ®; (controls perturbations c? G =
5 i ( b ) 20%(n + Dw(a) + K2

S

——  ©; bestfit, high-¢ TT,TE,EE — (.08
——— ©®=0.1, high-£ TT L 0.04
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I
[ | 111
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o w(0,) controls the frequency of oscillations.

Potential

O =N WA U ®

o ¢2<09= 0,/7 > 0.85 (68% CL) from polarization.

o Simple ‘Power-law potential’ do not work. see also Agrawal++ 1904.01016; Lin, Raveri, Hu 1905.12618
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EDE leaves an imprint in GCMB power spectra

— ©; bestfit, high-¢/ TT,TE,EE
=== 0; =0.1, high-¢/ TT

I I I
1000 4 1500 2000 25

| | ‘I ' : ! / :
1000 £ 1500 2000 25 2 35 3 68 70 72 74

il ) Logyo(zc) Hy
i ‘1‘ - : Smith, VP, Amin 1908.06995

I I I
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o Planck alone *cannot* detect fgpg(ze,) ~ 10 % and H, = 72 km/s/Mpc.
© An experiment like CMB-S4 would certainly detect fppg(zeq) ~ 10 %.

o What about ACT? SPT?

V. Poulin - CNRS & U. Montpellier LG Paris= 14612 2




The Atacama Cosmology Telescope

The Atacama Cosmology Telescope (act.princeton.edu)

Angular scale
0.1° 0.05°

July 2020
\._‘J o "

Planck (PR3, 2018
ACT DR4 2020)

BICEP2/Keck (2018)

| 3000 4000
Multipole ¢ Choi et al. 2007.07289

Aiola et al. 2007.07288

V. Poulin - CNRS & U. Montpellier TG Paris— 14612 2%




EDE vs ACT

© ACT measures TT from £ ~ 500 — 4000 and TE/EE in £ ~ 350 — 4000* VP, Smith & Bartlett 2109.06229 (PRD in press)

ACT+7 = 0.054 = 0.007

S @

67.5 74.5 81.50.0569 0.255 0.4510.739 0.843 0.9470.205 0.275 0.345 2.25 3.25 4.25
H, fepe(ze) Ss Qn, logy(2e)

® Jipplz) =015202 g 2020

*ACDM fit to ACT data yields H, = 67.8 = 1.6 km/s/Mpc
V. Poulin - CNRS & U. Montpellier

ACDM |axEDE
ACTPol| 280.19 |270.774
T prior 0.01 0.13

total x* | 280.20 | 270.90

+3params

Residuals w/r to ACDM bestfit to same data

R

*rﬁlr

axEDE (ACT)

|

4
1

il
1]

+  ACT data residuals w/r ACDM bestfit to ACT

X
d

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

H, = 74.2+3¢ km/s/Mpc

See also Hill et al. 2109.04451, Moss et al. 2109.14848

LG Paris= 14612 2




EDE vs ACT'+WMAP

o Add information from WMAP at £ < 650

m— ACT+T7

= ACT+WMAP+7

VP, Smith & Bartlett 2109.06229 (PRD in press)

ACDM [ axEDE
ACTPol| 286.59 | 275.07
WMAP |5627.56|5623.87
T prior 0.06 0.05

total y* [5914.22(5898.99

+3params

Residuals w/r to ACDM bestfit to same data

%:——- =
WT*IIITi 1

2xEDE (ACT+WMAP)
axEDE (ACT)

Ll

7 1

-

#

&

ACT data residuals w/r ACDM bestfit to ACT

$1g |

67.5 74.5 81.50.059 0.255 0.4510.739 0.843 0.9470.205 0.275 0.3452.25 3.25

Hy fepe(ze)

o fEDE(ZC) = 0.16

Ss

QTN

6+0.055

— 0097

logyg(2c)

e —1990

V. Poulin - CNRS & U. Montpellier

4.25

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

i +3.6
Hy = 74.65",7 km/s/Mpc
See also Hill et al. 2109.04451, Moss et al. 2109.14848
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EDE vs ACT+WMAP+Ext

ACDM axEDE
< - X . ACTPol 287.06 | 287.93 | 276.04 {276.174
o Add ‘external’ BAO and Pantheon data: restricts €2, WMAP 5627 16| 5626 715623 74 | 5624.20
Pantheon SNIa 1026.86(1026.92]1026.71|1026.68
— ACT+r BAO BOSS low—z| 1.38 1.81 1.71 1.94
e ACT+WMAP-7 BAO BOSS DR12 | 3.85 3.35 3.45 3.36
s ACT+ WMAP+BAO+Pan+7 T prior 0.001 0.02 0.05 0.001
ACT+ WMAP+BAO-+Pan+7+SHOES SHOES — 17.29 — 0.14
total XZ 6946.31|6964.0416931.70{6932.50
0 0 -14.61 | -31.54
4.50 0.90

Residuals w/r to ACDM bestfit to same data

Q

/

|

axEDE (ACT+WMAP+Ext)
axEDE (ACT+WMAP)
axEDE (ACT)

siduals w/r ACDM bestfit to ACT

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

74.5 81.50.059 0.255 0.4510.739 0.843 0.9470.205 0.275 0.3452.25 3.25 4.25
Hy fepe(2c) Ss Qn logo ()

© fepr(z) =0.158T007  z2.=211818"  Hy="73.4%0 km/s/Mpc
See also Hill et al. 2109.04451, Moss et al. 2109.14848
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ACT+Planck vs ACT+WMAP

VP, Smith & Bartlett 2109.06229 (PRD in press)

2.71 B ACT+WMAP+Ext
BN ACT+Planck TTTEEE+Ext

-

67.2 73 78.8 0.39 . 2.71 0.039 0.155 0.271
Hy fEDE Zc

o Planck: fepp(z,) < 0.08 and Hy < 70.6 (95%) OomMap = \/ y*(w/ SHOES) — y*(w/o SHOES) = 1.60

© Planck+ACT: fgpp(z.) < 0.11 and Hy < 71.6 (95%) OpMap = \/ v*(w/ SHOES) — y*(w/o SHOES) = 0.3¢
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A mismatch between Planck and ACT TT data?

VP, Smith & Bartlett 2109.06229 (PRD in press)

= WMAP+ACT bestfit
= Planck TT bestfit

Planck : 500 1000 1500 2000 2500

gma.x

Cumulative Ay? of Planck TT data
| between EDE best-fit to ACT

500 1000 1500 2000 2500 3000 3500 4000 4500
¢ and EDE best-fit to Planck TT

o Differences around Z ~ 1000 and Z ~ 1500 between Planck and ACT disfavor the EDE best-fit to ACT data.
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A mismatch between Planck and ACT TT data?

VP, Smith & Bartlett 2109.06229 (PRD in press)

B ACT+WMAP-+Ext
B ACT+Planck TTTEEE+Ext
s ACT+Planck TT ¢ < 1060+TEEE+Ext

/ i

4
~ : il

67.2 73 78.8 0.39 1.55 2.71 0.039 0.155 0.271
Hy 0; fepe(2e)

o Removing Planck TT £ > 1060:  fgpr(z.) = 0.131“:8:82; B 3350:2125 b= 72.353:2 km/s/Mpc
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Conclusions

VP, Smith & Bartlett 2109.06229 (PRD in press) See also Hill et al. 2109.04451, Moss et al. 2109.14848

= axEDE

ACDM | = NEDE

Planck - s \CDM

WMAP+ACT -

Planck ¢ < 1060 + ACT A ACT+WMAP

+BAO+Pantheon
Planck+ACT +SHOES

NEDE

Planck -

WMAP+ACT, M1 -
WMAP+ACT, M2 1

Planck ¢ < 1060 + ACT, M1 1
Planck ¢ < 1060 + ACT, M2 1
Planck+ACT -

axEDE
Planck
WMAP+ACT
Planck ¢ < 1060 + ACT -

Planck+ACT & ﬁ @

70 7
67 72 77 0.709 0.82 0.9310.059 0.255
Hy [km/s/Mpc] H, Sy fEDE

ACT (with and without WMAP) favors EDE at 2 — 30: there is no residual Hjy-tension, but a 3.20 Sg-tension.
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Conclusions

VP, Smith & Bartlett 2109.06229 (PRD in press) See also Hill et al. 2109.04451, Moss et al. 2109.14848

= axEDE

ACDM | = NEDE

Planck - s \CDM

WMAP+ACT -

Planck ¢ < 1060 + ACT A ACT+WMAP

+BAO+Pantheon
Planck+ACT +SHOES

NEDE

Planck -

WMAP+ACT, M1 -
WMAP+ACT, M2 1

Planck ¢ < 1060 + ACT, M1 1
Planck ¢ < 1060 + ACT, M2 1
Planck+ACT -

axEDE
Planck
WMAP+ACT A
Planck ¢ < 1060 + ACT

Planck+ACT & % @

70 7
67 72 77 0.709 0.82 0.9310.059 0.255
Hy [km/s/Mpc] H, Sy fEDE

o ACT (with and without WMAP) favors EDE at 2 — 30: there 1s no residual Hy-tension, but a 3.2¢ Sq-tension.

o Planck (with and without ACT) does not favor* EDE, but also fine with frpg ~ 10 %, Hy ~ 72.
*except if 1 parameter only.
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Conclusions

VP, Smith & Bartlett 2109.06229 (PRD in press) See also Hill et al. 2109.04451, Moss et al. 2109.14848

= axEDE

ACDM | = NEDE

Planck - s \CDM

WMAP+ACT -

Planck ¢ < 1060 + ACT A ACT+WMAP

+BAO+Pantheon
Planck+ACT +SHOES

NEDE

Planck -

WMAP+ACT, M1 -
WMAP+ACT, M2 1

Planck ¢ < 1060 + ACT, M1 1
Planck ¢ < 1060 + ACT, M2 1
Planck+ACT -

axEDE '
Planck
WMAP+ACT A
Planck ¢ < 1060 + ACT

Planck+ACT - ﬁ

70 7
67 72 77 0.709 0.82 0.9310.059 0.255
Hy [km/s/Mpc] H, Sy fEDE

ACT (with and without WMAP) favors EDE at 2 — 30: there is no residual Hjy-tension, but a 3.20 Sg-tension.

Planck (with and without ACT) does not favor* EDE, but also fine with fppp ~ 10 %, Hy ~ 72.
*except if 1 parameter only.

o Planck TT <1060 + TEEE + ACT favors EDE at 36. + Planck data can disentangle between EDE models.
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Conclusions

VP, Smith & Bartlett 2109.06229 (PRD in press) See also Hill et al. 2109.04451, Moss et al. 2109.14848

= axEDE

ACDM | = NEDE

Planck - s \CDM

WMAP+ACT -

Planck ¢ < 1060 + ACT A ACT+WMAP

+BAO+Pantheon
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ACT (with and without WMAP) favors EDE at 2 — 30: there is no residual Hjy-tension, but a 3.20 Sg-tension.

- Planck (with and without ACT) does not favor* EDE, but also fine with fppp ~ 10 %, Hy ~ 72.
*except if 1 parameter only.

~ Planck TT < 1060 + TEEE + ACT favors EDE at 36. + Planck data can disentangle between EDE models.
EDE best-fit to ACT data at odds with Planck TT data around £ ~ 1000 and £ ~ 1500.
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ACT (with and without WMAP) favors EDE at 2 — 30: there is no residual Hjy-tension, but a 3.20 Sg-tension.

- Planck (with and without ACT) does not favor* EDE, but also fine with fppp ~ 10 %, Hy ~ 72.
*except if 1 parameter only.

~ Planck TT < 1060 + TEEE + ACT favors EDE at 36. + Planck data can disentangle between EDE models.
EDE best-fit to ACT data at odds with Planck TT data around £ ~ 1000 and £ ~ 1500.
 Future data (AdvACT? Simons Observatory? CMB-s4?) will confirm or exclude this model. SPT? Ongoing.
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The Hubble Con.s.tan’t.in 3 ,S.t:eps; Present Data
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Systematics! A non-exhaustive list

See review Di Valentino++ 2103.01183 for all relevant references

o A single systematic 1s not enough: several independent measurements point to a high(-ish) H,,
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Systematics! A non-exhaustive list

See review Di Valentino++ 2103.01183 for all relevant references

o A single systematic 1s not enough: several independent measurements point to a high(-ish) H,,

o Systematic in SN1a?:
o Are SN1la correctly calibrated? multi-step process!
Test several calibration methods (e.g. Cepheids vs TRGB vs Miras).
Is their dust in the TRGB / Cepheid calibration?
Is there a bias in the peculiar velocity correction?
Is there a metallicity correction?
Is GAIA parallax correct?
Freedman-++ 1907.05922, Freedmann++2002.01550, Yuan++1908.00993, Efstathiou-++ 2007.10716, Soltis-++2012.09196, Freedman-++ 2106.15656, Anand-++ 2108.00007

o Are there different populations of SN1a between “local” and “Hubble flow” SN1a?
Rigault++ 1412.6501, Jones++1805.05911, Brout& Scolnic 2004.10206

© Do we live in a void? We would need a “56” void with 6 ~ — 0.8 within 150Mpc.
No evidence from SNla at z <~2. Wu&Huterer 1706.09723, D’ Arcy Kenworthy++ 1901.08681, Cai++ 2012.08292
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o Are SN1la correctly calibrated? multi-step process!
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Freedman-++ 1907.05922, Freedmann++2002.01550, Yuan++1908.00993, Efstathiou-++ 2007.10716, Soltis-++2012.09196, Freedman-++ 2106.15656, Anand-++ 2108.00007

o Are there different populations of SN1a between “local” and “Hubble flow” SN1a?
Rigault++ 1412.6501, Jones++1805.05911, Brout& Scolnic 2004.10206

© Do we live in a void? We would need a “56” void with 6 ~ — 0.8 within 150Mpc.
No evidence from SNla at z <~2. Wu&Huterer 1706.09723, D’ Arcy Kenworthy++ 1901.08681, Cai++ 2012.08292

o Systematic in strongly-lensed quasars?
o Are Lens profiles correctly modeled? The “HOL1COW?” result could be explained by a cored density profile.
TDCosmo: favored by kinematic data. Blum et al. 2001.07182, Birrer++ 2007.02941
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See review Di Valentino++ 2103.01183 for all relevant references
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© Do we live in a void? We would need a “56” void with 6 ~ — 0.8 within 150Mpc.
No evidence from SNla at z <~2. Wu&Huterer 1706.09723, D’ Arcy Kenworthy++ 1901.08681, Cai++ 2012.08292

o Systematic in strongly-lensed quasars?
o Are Lens profiles correctly modeled? The “HOL1COW?” result could be explained by a cored density profile.
TDCosmo: favored by kinematic data. Blum et al. 2001.07182, Birrer++ 2007.02941

o Is the cosmological principle wrong? What is the importance of back-reaction?
Colin++1808.04597, Heinesen&Buchert 2002.10831, Secrest++ 2009.14826
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Systematics! A non-exhaustive list

See review Di Valentino++ 2103.01183 for all relevant references

o A single systematic 1s not enough: several independent measurements point to a high(-ish) H,,

o Systematic in SN1a?:
o Are SN1la correctly calibrated? multi-step process!
Test several calibration methods (e.g. Cepheids vs TRGB vs Miras).
Is their dust in the TRGB / Cepheid calibration?
Is there a bias in the peculiar velocity correction?
Is there a metallicity correction?
Is GAIA parallax correct?
Freedman-++ 1907.05922, Freedmann++2002.01550, Yuan++1908.00993, Efstathiou-++ 2007.10716, Soltis-++2012.09196, Freedman-++ 2106.15656, Anand-++ 2108.00007

o Are there different populations of SN1a between “local” and “Hubble flow” SN1a?
Rigault++ 1412.6501, Jones++1805.05911, Brout& Scolnic 2004.10206

© Do we live in a void? We would need a “56” void with 6 ~ — 0.8 within 150Mpc.
No evidence from SNla at z <~2. Wu&Huterer 1706.09723, D’ Arcy Kenworthy++ 1901.08681, Cai++ 2012.08292

o Systematic in strongly-lensed quasars?
o Are Lens profiles correctly modeled? The “HOL1COW?” result could be explained by a cored density profile.
TDCosmo: favored by kinematic data. Blum et al. 2001.07182, Birrer++ 2007.02941

o Is the cosmological principle wrong? What is the importance of back-reaction?
Colin++1808.04597, Heinesen&Buchert 2002.10831, Secrest++ 2009.14826

Experimental efforts are of utmost importance! But if it is new physics, it is essential to:
i) understand what causes this tension; ii) make predictions for other observables.
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Anomalies in Planck: is the Universe closed?
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Anomalies in Planck: is the Universe closed?
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Anomalies 1n Planck: 1S the Universe closed?
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Anomalies 1n Planck: 1S the Universe closed?
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Anomalies 1n Plcmck: 1S the Universe closed?
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o The Universe 1s flat unless of a true ‘cosmological crisis’.

o Flat universe 1s also supported by BOSS and Cosmic Chronometers. Vagnozzi++2010.02230, 2011.11645

o Nb: A; could also be explained in modified gravity framework, it suffers from the same issues.
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Preference for EDE 1n ACT 1s not artificial
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o The apparent preference for EDE does not come from a lack of information at small/intermediate multipoles.

o ACDM reconstruction could be largely biased (if EDE were the true model). Ay*(mock EDE) ~ Ay?(real data).
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BAO and SN1a constrain late-time resolution

see also Wang++ 1807.03772, Bernal++ 1607.05617,
1 (* dz | Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663,
d,(z:) = | Benevento++ 2002.11707.
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BAO and SN1a constrain late-time resolution

see also Wang++ 1807.03772, Bernal++ 1607.05617,
1 & dz Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663,
dA(Z*) — 7 [ Benevento++ 2002.11707.
x
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9 I(Zgrag) from Planck o Calibration constant from e.g. SHOES.

In GR: D, = D, /(1 + z)?; it is impossible to resolve the tension without changing calibration!
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BAO and SN1a constrain late-time resolution

see also Wang++ 1807.03772, Bernal++ 1607.05617,
1 & dz Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663,
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In GR: D, = D, /(1 + z)?; it is impossible to resolve the tension without changing calibration!

o The true tension is with the intrinsic SN1a magnitude! Beenakker++2101.01372, Efstathiou 2103.08723
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Barring systematic errors: no ‘concordance COSIIlOlOgy’ jUSt yet

o ACDM explains CMB, BAO, ‘uncalibrated’ SN1a, BBN (<20), but there exists a 4—6¢ Hy—tension and 36 og—tension.

o What extension(s) could resolve these tensions?

m— Planck+BAO = Planck+BAO-+SN === Planck+BAO-+SHOES H,
m— Planck+BAO-+SHOES H, e Planck-+BAO+SN-+SHOES Mp m= Planck+BAO-+SN-+SHOES Mg
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Fiq. by Nils Schoneber Ho M, . Ss
8- vy 8 Schoneberg, Abelldn, Pérez-Sdnchez, Witte, VP, Lesgourgues 2107.10291

o H,: measure the background expansion rate. Sg: measure the amplitude of perturbations.

< Background: reduce the sound horizon at early times. Perturbations: reduce power at scales k ~ 0.1 — 1 h/Mpc.
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