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example “objects”

*SUPEINOVAE ....ovvvvviernnnnnnn. z~0.01-1.5
*Megamasers ......coevveevennnnn. z~0.03
»strong gravitational lenses ... z~0.5
 neutron star merger (GW) ..... z~0.01

»galaxy clustering (BAO) ....... z~0.3-3
*CMB .., z~1100
km/s

... all consistent with Hyp = 70+ 5
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Ho measurements summary 2022

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.5 o
Pogosian etal. (2020), ¢BOSS +Planck mH2: 69.6 & 1.8 - °
Aghanim et al. (2020, Planck 2018: 67.27  0.60 - o 2
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54 - ol ]
Ade etal. (2016), Planck 2015, HO = 67.27 £ 0.66 - o
; ° 2 ; D —— 0 . 6 O

Dutcher et al. (2021), SPT: 68.8 = 1.5 -
Aiola ctal. (2020), ACT: 67.9 = 1.5 — H0 [km s_l Mpc_l]
Aiola etal. (2020), WMAP9+ACT: 67.6 = 1.1 —
Zhang, Huang (2019), WMAP9+BAO: 68,36+ :5 [
Henning et al. (2018), SPT: 71.3 +
Hinshaw et al. (2013), WMAPY. mo.z* )

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+0.77 -

Philcox et al. (2021), P+Bispectrum+BAO+BBN: 683103 -

D' Amico ctal. (2020), BOSS DRI2+BBN: 68.5 +2.2 -

Colas etal. (2020), BOSS DRI24BBN: 68.7 % 1.5 -

Ivanov etal. (2020), BOSS+BBN: 67.9 = 1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 +0.97 -

——i
——
——i
—_——
——i
——i
——i
CMB lensing -
Baxter etal. (2020): 73.5 + 5
Philcox ctal. (2020, P(k)+CMB lensing: 70.633 + p_ —_—e 4
——————

LSS teq standard ruler -
Farren etal. (2021): 69.5%39 -

SNIa—Cepheid Direct e
Ricss ctal. 2022), R22: 73.04  1.04 t—o—t 4 L4
‘Camarena, Marra (2021): 74.30 + 1.45 ——i
Riess etal. (2020), R20: 73.2 + 1.3 ——i L] L ] L ]
Breuval et al. (2020): 72.8 + 2.7
; 3 LJ U —— 1 ° [ ] 1

fess etal. (2019), R19: 74.03 + 142
Camarena, Marra (2019): 75.4 £ 1.7

SNIa-TRGB -|

Dhawan etal. (2022): 76.94 % 6.4 -

nes ctal, (2022): 724 £33 -

Anand, Tully, Rizzi, Riess, Yuan (2021): 715 + 1§ -
Freedman (2021): 698 + 1.7 -

Kim, Kang, Lee, Jang (2021): 69.5 £ 4.2 -
Soltis, Casertano, Riess (2020): 72.1 £ 2.0+
Freedman etal. (2020): 696 19 -

Reid, Pesce, Riess (2019), SHOES: 711 + 199 -
(2019): 72420 -

Yuan

SNIa—Miras
(2019): 733 £40 -

Huang

SBF

Blakeslee ot al, (2021) IR-SBF w/ HST: 73.3 £ 2.5
Khetan ct al. (2020) w/ LMC DEB: 71.1 £ 4.1
Cantiello et al. (2018): 71.9 £ 7.1

SNIL
de Jacger et al. (2022): 75, 413 .
de Jaeger etal. (2020): 75.8*3

——i
——i
_—
—_—i
——
—_——
—_————i
——
—_——
—_——
—_—
[ —
[ ——
- ——
Masers -
Pesce etal. (2020): 3.9 £ 3.0 « _—
Tully Fisher -
L o |
Ir— e
—_——
———————y
—_ —
————
_—
———
——o—
—_o =
—_——
_
- —

Kourkehi etal. (2020): 76.0 +2.6
Schombert, McGaugh, Lelli 2020 75.1 + 2.8+

HII galaxy -
Femandez Arenas et al. (2018): 71.0 % 3.5«
Wang, Meng (2017): 76,12+

Lensing related,mass model dependent

Denzel etal. (2021): 71 ‘c’é

Birrer et al. 2020), TDCOSMO: 74.5*;

Birrer et al. (2020), TDCOSMO#SLACS: 67. 4'§
Yang, Birrer, Hu (2020): 7365333 +

Millon et al. (2020), TDCOSMO: 742 £ 1.6 +

'

Qi etal. (2020): 73.6*
Liao ctal. (2020 72.8*

Lino ctal. (2019): 722 +

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

i

Wong etal. (2019), HOLICOW 2019: 73.3*

2
Mukherjee et al. (2022), GW170817+GWTC-3: 67 %

-
Abbott et al. (2021), GWTC-3: 68+ —_
Palmese ctal. (2021), GW170817: 7277+ —_
Gayathri et al. (2020), GW190521+GW170817: 73.4* —_
Mukherjce et al. (2020), GW170817+ZTF: 67.6 —
Mukherjee et al. (2019), GW170817+VLBI: 683 —_
Hotokezaka et al. (2019): 70.3%: o
Cosmic chronometers
Moresco etal. (2022), flat ACDM with systematics: 66.5 + 5.4
Moresco et al. (2022), open wCDM with systematies: 67.85-7
1 1 1 1 1

arXiv:2203 06142y ¢ 65 70 75 8 &









Geometry > Cepheids > SN1a luminosity calibration

Type Ia Supernovae — redshift(z)
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all 37 SN1a calibration host galaxies
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BAO: Evolution of an over-density in the baryon photon fluid
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BAO: Over-densities in galaxy distributions today
CMB: temperature fluctuations in CMB today
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Unfortunately ... Nets = 4 1s ruled out
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Neff > 3 dampens perturbations at small scales

Angular scale
90° 18° 1° 0.2° 0.1° 0.07°
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Multipole moment, ¢
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extra (dark) radiation

® f'ree-steaming: 761
Good 1dea,
doesn’t work.

731

e Self-interacting:
-]

Better 1dea, .y
doesn’t quite

work (Blinov, 01
Margques—-Tavares
2003.08387) .
. 67 } t : !
e But.. looks like 39 3.5 3.8
the right way | N, |
eff

to go..
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