inger Nature 2021 BTRX templat
Springer Nature 2021 IFIEX template Arxiv:2303.04790

Reconciling astronomical distance scales with
variable red giant stars

Richard I. Anderson'”, Nolan W. Koblischke'? and Laurent
Eyer?

PInstitute of Physics, Ecole Polytechnique Fédérale de Lausanne
(EPFL), Chemin Pegasi 51, Versoix, 1290, Switzerland.
2University of British Columbia, 3333 University Way, Kelowna,
V1V 1V7, BC, Canada.
3Department of Astronomy, University of Geneva, Chemin Pegasi
51, Versoix, 1290, Switzerland.

*Corresponding author(s). E-mail(s): richard.anderson@epfi.ch;
Contributing authors: nkob@student.ubc.ca;
laurent.eyer@unige.ch;



CMB with Planck

Balkenhal et al, {2021). Planck 2008+SPT+ACT : 67.49 £0.53
Posgosian et 4l (20201, eBOSS+Planck 0 H™: 696+ 18
Aghanim et al. (2020}, Flanck 20LE: 67 27 £ 0.60

Agharem et al. (2020), Planck 2018+CME lensing: 67 36 +0.54
A 6t al, {20361, Planck 2015, Hy = 67.27 £ 0.66

CMB without Planck

Dutcher et al, [2021), SPT: GA.6x 1.5

fiola et al. (2020, ACT: BT 5415

Aloka et al. (2020, WMAFS+ACT: 676+ 1.1

Zhang, Huang (2019), WMAPLBAD: 68,361 }é
Hinshaw &t al, {20131, WMAPS: 70.0 =

No CMB, with BBN

B frmien et 81, (2020), BOSS DR12+EBN: 68.5 2 2.2
Calas @t al. (2020}, BOSS DA12+BEN: 6.7 £ 1.5
Philco et al. (2020} P,+m;aau fa6x11
Iuanow et &l (F020), BOSS+BEN: 67,911
Alarn et al. [2020), BOS5+eBOSS +BON: 67.35 £ 0.97

Pi(k) + CME lensing

Philen gt 3l (2020}, Aik)+CME lenging: TO6L]

Cepheids — SNla

Hiews et al (2020}, RI0: 732413

Breuval ot al (2020): T2.E£2.7

Riess et al. [2009% R19: 74014

Camarena. Mara (2019); 75.4 = 1.7

Buems et al (2008): 73223

Dhawan, o, Leibundgut (2017, NIF: 7282 3.1
Folln, Knox (2017): ¥3.3£1.7

Faenay. Mortiock, Dalmassa (20170 73.2 + 1.6
Riggs et al. [2016), R16: 73.2:+1.7

Cardona, Bz, Pettoring (2016), HPs: 738221
Freedman et al. {2012k 7432 2.0

TRGB = SNla

Saltis. Casertano, Riess [2020) 72.1 £ 2.0
Freedman et al, (2020): 696+ 1.9

Reid, Pesce, Riess (27019), SHOES: 711+ 1.9
Freedman et al. (2019): 69.0 £ 1.9

Yuan et al, (2019) 724220

Jang, Lee {2017): 71.2+2.5

Miras = SNla
Husarsg et al. 20137, 733+ 40

Masers
Pasce et al. (20200 73.9+£30

Tully — Fisher Relation (TFR)
Kourkehi et sl (2020): TEQ0 226
Schombest, McGaugh, Lelli {2020): 75,14 2.8

Surface Brightness Fluctuations
Elakesles o1 al, {2021] IN-SEF w/ H5T: 733225
Khetan et al, (2020) v/ LMC DEB: 7112 4.1

SNl
de Jaeger ot al. (2020} 758258

HIl galaxies
Fernandez Arenas et al. (2018): 710+ 3.5

Lensing related, mass model = dependent
Denzal 6t al, {Z021): 71 s_l'i
Birrer et al. (2020}, TOCOSMO4SLACS: 674541 TDCOSMO: 74
Yang. Birrer. Huffozms% iEL
Millon £t al, (2400, 10
Baxter et al (2020} 13
Qi ot al. (2020): 73,

Shajib &t al. 12012}, STRIDES: 74,
Warg et al. (20159}, HOLICOW 2019; J‘l:l_”
Birrer et al. (2018), HOLICOW 2018: 72. 3:&‘,‘
Bonwin &t al. (20161, HOLCOW 2016: TLALEE

Optimistic average

O Wakenting (2021): 72.94 = 0.75
Ultra = conservative, no Cepheids, no lensin
Of Valenting {2021): 72.7T+ 1.

GW related

Gayathi et al. (2020). GW190621+GWLTDALT: 734247,

Mukherjee et al, (2020), GW1TOALT+ZTF: 67, 62;
Mulchenee et al. [2015), GW1T081T+VLEL: M&J'

Abbott et al. {2017), GW170B17: 7O CI_,!' il

] ]

] W

3 i

- - Hg

-1 ——

] [km s~ Mpc™!]
e ——

= [P

a ——

- e

. —_—

] o

] ——

=1 ——

- e —i

- o

] . EEm—— ;

] iy Indirect
] . Direct
- ——

- T

- i

] —n—

] ——

] P R

] —_—

& -

e ———

] .

T
80

CMB with Planck

Balkenhal et al. (2021), Planck 2018+5PT+ACT | 67,492 (.53
Aghanim et al. (2020), Planck 2018: 67.27 = 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 £ 0.54

CMB without Planck

Dutcher at al. (2021), SPT: 68.8+ 1.5

Ajola et al, (2020), ACT: 679215

Aiola et al. (2020), WMAPS+ACT: 67.6= 1.1
Zhang, Huang (2019), WMAPS+BAD: 68,360 3

No CMB, with BBEN

Calas et al, {2020}, BOSS DR12+BBN: 68.7 £ 1.5
Philcox et al. (2020}, Py+BAO+BBN: 68.6+1.1
Ivanow et al. (2020), BOS5+BBN: 67.9+1.1

Alam et al, (2020), BOSS+eBOS5+BBN: 67.35 £ 0.97

Cepheids - SNla

Riess et al. (2020}, R20: 73.2+ 1.3

Breuval et al. (2020): 72.8+2.7

Riess et al. (2019), R19: 74.0x 1.4
Camarena, Marra (2019): 75.4 £ 1.7

Burns et al. (2018): 73.2+£2.3

Follin, Knox (2017): 73.3x 1.7

Feeney, Mortlock, Dalmasso (2017): 73.2+1.8
Riess et al. (2016), R16: 73,22 1.7
Cardona, Kunz, Pettorino (2016): 73.8+2.1
Freedman et al, (2012): 74.3+£2.1

TRGB - SNila

Soltis, Casertano, Riess (2020): 72.1 + 2.0
Freedman et al. (2020): 696+ 1.9

Reid, Pesce, Riess (2019), SHOES: 7T1.1 = 1.9
Freedman et al. (2019): 69.8+1.9

Yuan et al. (2019):

Jang, Lee {2017} 712+ 2.5

Masers
Pesce et al, (2020): 73.9 3.0

Tully = Fisher Relation (TFR)
Kourkchi et al. {2020): 76.0+ 2.6
Schombert, McGaugh, Lelll (2020): 751 £2.8

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

Lensing related, mass model - dependent
Yang, Birrer, Hu (2020): Hy = 73.652 143
Millon et al. (2020), TDCOSMO: 742 = 1.
Qi et al, (2020): 73, a*ig
Liao et al, (2020): 72,8518
Liaoetal (2019): 72.2+2.1
Shajib et al. (2019), STRIDES: 74.2337
Weng et al. (2019), HOLICOW 2019: 73, 3'}5
Birrer et al. {2018), HOLICOW 2018: 72.5 g
Bonvin et al, (2016), HOLICOW 2016: 71,9157

Optimistic average

DI Valenting (20211 7294 £ 0,75
Ultra — conservative, no Cepheids, no lensing

Credit: arxiv:2103.01183

724220 o

High Precision Measures of Hg

[km s™1 Mpe~1]

Hg

) Indlrect

Dlrect

65 70 75

80



OGLE small-amplitude red giant

stars (OSTARS)
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Figure 9. A sample of light curves with periods (in days) increasing from top to bottom, for type A (left) and type B (right) variables.

Credit: Wray+2004, MNRAS, 349
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Fig. 2 Illustrations of LFs and samples. Horizontal lines correspond to m; ogrLg for the
sample of identical color, with RGBs in blue, 0SARGs in black, the A-sequence in yellow, and
the B-sequence in red. From left to right: RGBs CMD; 0SARGs PL relations zoomed in to
A and B sequences; binned and smoothed LFs (here: .= 0.15) normalized to the number
of stars with 0.1 mag of m; ogLe= 14.7; Sobel edge response curves normalized to peak
intensity. Normalization is used purely for visualization purposes.
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Fig. 3 Dependence of mj on o,. Errorbars are plotted for the RGBs, 0SARGs, Aseq, and Bseq
samples across the range of os values deemed stable, which is narrow for RGBs and wide for
0SARGs. Results from Tab. 1 are shown as large errorbars on the right.
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Figure 2. The [ vs. (V — I) CMDs for four LMC globular clusters based on
HST,."H.CS data from Olsen et al. (1998). The blue and red fiducial horizontal
branches defined by Cerny et al. (2020) are shown. The positions of the tip and
ler uncertainties are illustrated by the solid and dashed horizontal lines at the
top of the figure.
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