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® Intro: Hubble’s law
@® Distance ladders, SHOES

® CMB, BAO fit to ACDM, sound horizon
® CMB, BAO fit to BSM

® Summary
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Hubble tension

Snowmass Report 2022

¢

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 + 0.5
Pogosian et al. (2020), eBOSS +Planck mH2: 69.6 + 1.8
Aghanim etal. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 6736 + 0.54
al. (2016), Planck 2015, HO = 67.27 % 0.6

Dutcheretal 2021, SPT: 688 = 1.5
Aiola etal. (2020), ACT: 67.9 + 1.5

Alolaetal. (2020, WMAPIACT: 67,6 + 1]
Zhang, Huang (2019), WMAPO+BAG: 68 36453
Henning et al. (2018), SPT: 71.3 + 2.1

Hinshaw et al, (2013), WMAP9: 70,0 + 22

No CMB, with BBN
correlation function+BAO+BBN: 68.19+0.99

Zhang etal. (2021), BOSS

D' Amico et al.
Colas et al. (2

120), BOSS

DRI2+BBN: 68.5 + 2.2

Ivanov etal. (2020), BOSS+BBN: 67.9 4 1.1

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

CMB lensing
Baxter et al. (2020): 73.5 + 5.3
Philcox et al. (2020), Py(k}+CMB lensing: 70.6+3:]

LSS f¢q standard ruler

Chen etal, (021), P+BAO+BBN: 69232077 -
Philco etal, (2021), P+ BispectrumBAOBBN: 6831403 -

120), BOSS DR12+BBN: 68.7 % 1.5 -

Farren et al. 2021): 69.5%3 +

)

indirect

Hy [km s~ Mpc™']

CMB, BAO: “indirect” methods
use the sound horizon rs as ruler
to measure D, calculated in ACDM

2
D

Riess etal. (2022), R22: 73.04 + 1.04
Camarena, Marra (2021): 7430 £ 1.45
Ri (2020, R20: 732 % 1.3
Brewval etal. (2020): 72.8 £ 2.7

Riess etal. (2019), R19: 74.03 + 1.42
Camarena, Marra (2019): 75.4 + 1.7

SNIa-TRGB |

Dhawan et al. (2022): 76.94 + 6.4

Jones etal. 2022): 72.4 £33

Anand, Tully, Rizzi, Ricss, Yuan (2021): 705 £ 18 -
Freedman (2021): 698 £ 1.7 -

Kim, Kang, Lee, Jang 2021): 69.5 +42 |

Soltis, Casertano, Riess (2020): 72.1 £ 2.0
Freedman et al. (2020): 69.6 = 19

iess (2019), SHOES: 71.1 % 1.99
Yuan etal. (2019): 724 £2.0 -

Reid, Pesce.

SNIa—Miras
Huang etal. (2019): 733 40 +

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

SNII
de Jacger etal. (2022): 75, 4:§§
de Jucger etal. (2020): 758735

Masers -

Pesce etal. (2020): 73.9 £ 3.0

Tully Fisher -
Kourkehi etal. (2020): 760 £2.6 +
Schombert, McGaugh, Lelli (2020): 75.1 = 2.8

HII galaxy -
Femandez Arenas tal. (2018): 71.0 £ 35 -
Wang. Meng (2017): 7612434} -

Lensing related,mass model dependent -
enzel etal. (2021): 718439
Bimer etal. 2020), TDCOSMO us:ﬁi .
Birrer etal. 2020), TDCOSMO+SLACS: 67.4731 -
Yang. Birrer, Hu (2020): 73.65+}33 |
Millon etal. (2020), TDCOSMO: 742 + 1.6 -
Qi etal. (2020): 73,6 g
Liso ctal. 2020): 72.8%|§ -
Liao etal. Q019): 722221 -
Shajib et al. (2019), 5: 742437 -
Wongt . (019) HOLICOW 201 3571 { |

Mukherjee e 1

al. (2022), GW170817+GWTC-3: 67+
Abbott et al. (2021), GWTC-3: 68+
Palmese et al. (2021), GW170817: 72.77+

Gayathr et al. (2020), GW190521+GW170817: 73,4297

Mukherjee et al. (2020), GW170817+ZTF: 67.6:33
Hotokezaka etal. (2019): 70.3%3

¢

b
)
L
)

Moresco et al. (2
Moresco et al. (202:

2). flat ACDM with systematics: 6.5 +
. open wCDM with systematics: 6752

direct

80 85

many “direct” methods to determine D




ble tension, Ho

CMB with Planck -
Balkenholctal. 2021), Planck 2018+SPT+ACT : 67.49 £ 0.5 - o SNIa-Cepheid - Dire
Pogosian et al. (2020), ¢BOSS +Planck mH2: 69.6 + 1§ - —— Riess et al. (2022), R22: 73.04  1.04 —o—3
Aghanim et al. (2020), Planck 2018: 67.27 £ 0.60 - i Camarena, Marra (2021): 74.30 £ 145 —o—i
Aghanim et al. 2020, Planck 2018+CMB lensing: 67.36 £ 0.5 - o tal. (2020).R20: 732213 —o—i
Ade etal. 2016), Planck 2015, HO = 67.27 + 0,66 - o Breuval etal. 2020): 728 £2.7 - —_————
Riess et al. (2019), R19: 74.03 + 1.42 - ——i
Camarena, Marra (2019): 75.4 £ 1.7 - ——t
Dutcher et al. (2021), SPT: 68.8 1.5 -
Adoa etal. 2020), ACT: 79 + 1.5 — H, [km s~! Mpc‘l] SNIa—TRGB -
Adola et al. (2020, WMAP9+ACT: 67.6 2 1.1 —e Dhawan etal. 2022): 76.94 £ 64
Zhang, Huang (2019), WMAP9+BAO: 68.36+0:33 F Jones etal. (2022): 724 +33 | —_——
Henning et al. (2018), SPT: 713 +2.1 e e L —_—
Hinshaw et al. (2013), WMAP9: 70.0 +2.2 L reedman (2021): 69.8 £ 1.7 - i
Kim, Kanchc Jang (2021): 69.5 +4.2 | —— e
No CMB, with BBN | Soltis, Casertano, Riess (2020): 72.1 £2.0 - ——i
Zhang et al. (2021, BOSS correlation function+ BAO+BBN: 68.19£0.99 - —— Freedman etal. (2020): 696 219 o
Chen etal. (2021), P+BAO+BBN: 69234077 - —o—i Reid, Pesce, Ricss (2019). SHOES: 711 £ 1.99 —_—
Philcox etal. (2021), P+Bispectrum+BAO+BBN: 68 31 £ - ——o—i Yuan ctal. 2019): 72.4 £20 -
D' Amico et al. (2020), BOSS DRI2+BBN: 685 2. - p—_————i e
Colas et al. (2020), BOSS DRI2+BBN: 68.7 £ 1.5 ——i SNIa—Miras -
Ivanov et al. (2020), BOSS+BBN: 67.9 + 1.1 -| ——i Huang etal. (2019): 3.3 £ 4.0 - —— ]
Alam et al. (2020), BOSS+cBOSS+BBN: 67.35 £ 0.97 - ——i
SBF
CMB lensing -| Blakeslee et al. (2021) IR-SBF w/ HST: 733 £ 2.5 —_—
wier etal, (2020): 735+ 53 + Khetan et al. (2020) w/ LMC DEB: 711 4.1 - _
Philcox et al. (2020, Py(k)}4CMB lensing: 70,6337+ _e—  d Cantiello etal. (2018): 719 £ 7.1 -
LSS teq standard ruler - .
Farren et al. (2021): 69.5439 | —— ] I d. de Jacger ctal. (2022): 75:’;5 . B —e—
ndire, de Jacger etal. (2020: 758735
Masers -
Pesce etal. (2020): 73.9.+ 3.0 _——
T
Kourkchi et al. (2020): 76.0 £ 2.6 - ——
Schombert, McGaugh, Lelli 2020): 75.1 £ 2.8 ————i
Femandez Arenas etal. 2018): 710 + 35 —_——i
Wang Meng 201776124340
Lensing relatedmass model dependent -
nzel etal. 2021): 71.8%33 - _ —
Birer etal mozn; TDCOSMO: 74.57;
Birrer etal. 2020), TDCOSMO+SLACS: 67.4 ————————
Yang, Birrer, Hu (2020): 73,6513 _——a—
Miloncal. @020, TDCOSMO: 1422 15 - ———
Qi etal. (2020): B ——
Liao etal. 2020): 7‘8 : —_0a
Liao etal. (2019): 722+ 211 - L s |
Shajib et al. 2019), STRIDES: 74234, - —_———y
Wong etal. (2019), HOLICOW 2019: 73.37] 4 - —_——y
Mukherjee et al. mm\ GWITO8174 GV T - .
rrmone Sl = —
Pamee v, (021, GWITONT. 2777 5 — 3
Gayathri et al. (2020), GW190521+GW170817: 73 474 —_—
Mukherjee etal. (2020, GWI708174ZTF: 67.6° —e \
Mukherjee et al. (2019), GW 170817+ VLBI: 68.3*: — A
e Hotokezaka et al. (2019): 70.3% —_— ¥
e s s, o
Cosmic chronometers - R Rt
Moresco et al. (2022), flat ACDM with systematics: 66.5 % 5.4 - 3 +
Moresco et al. (202), open wCDM with systematies: 67,8453 -
M 1 i i :
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Geometry-Cepheids-Supernovae “distance ladder”
SHoES collaboration (Riess et. al.)

JPL/NASA
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Geometry > Cepheids > SN1a luminosity calibration

Type Ia Supernovae — redshift(z)
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Cross-checking all rungs of the distance ladder

Typ e Ia Supernovae — redshift(z)

« SN 1a

« SN II: 11/2024
 DESI Fundamental Plane: 8/2024
e Surface brightness fluctuations 2/2025

Cepheids

TRGB,JAGB (Freedman 8/2024)
Surface brightness fluctuations 2/2025
Coma cluster distance 9/2024

Geometrical distances to:
Milky Way, LMC, SMC,
Megamasers, M31, N4258

Cepheid: m-M (mag)

Cepheids — Type Ia Supernovae = 1

b (2H,=T3.0.6y )

0—0 135 mag
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8 cross-checked with JWST



12 Aug 2024

21 Aug 2024

The Freedman vs. Riess tension last summer

FREEDMAN ET AL.

I
I

CEPHEIDS

Status Report on the Chicago-Carnegie Hubble Program (CCHP):
Three Independent Astrophysical Determinations of the
Hubble Constant Using the James Webb Space Telescope

*

F115W

WENDY L. FREEDMAN,! BARRY F. MADORE,? IN SUNG JANG,>* TavyLor J. HovT,
ABIcAIL J. LEE,>* T AND KAayLa A. Owens® 4

Ho ~ 70+-2

e Inner Field
® Outer Field

—1 0 1 2 3 1
(F115W - F444W)

(1]

JWST Validates HST Distance Measurements:
Selection of Supernova Subsample Explains Differences in JIWWST Estimates of Local Hy

ApAM G. RiEss,? DAN ScoLNIC,> GAGANDEEP S. ANAND,! LOUISE BREUVAL,? STEFANO CASERTANO,! Lucas M. MACRL,?
SIYANG L1,2 WENLONG YUAN,? CAROLINE D. HUANG,? SAURABH JHA,® YUKEI S. MURAKAMI,> RACHAEL BEATON,'
DiLLoN Brout,” TIANRUI WU,> GRAEME E. ADDISON,? CHARLES BENNETT,? RICHARD I. ANDERSON,®
ALEXEI V. FILIPPENKO,” AND ANTHONY CARR'®!



Differences in HO are due to selection
of hosts of calibration SN1a

SN la hosts

Anchors
+0.5

-4 anchors + 42 SNla:

- CCHP Selected:
* JAGB excluded:

SHOES Selected:

Type Ta Supernovae — redshift(z)
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Supernovae 1a bottom line:

e good agreement between Cepheids, TRGB, JAGB
e cross checks of all rungs of distance ladder ongoing

« local HO = 73.2+-0.9 km/s/Mpc (SHOES HST 2024)
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ble tension, Ho

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.5 -
Pogosian et al. 2020), cBOSS+Planck mH2: 69.6 + 1.8 -
Aghanim et al. (2020, Planck 2018: 6727 + 060 -
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36  0.54 -
Ade etal, 2016), Planck 2015, HO = 67.27 £ 0.6 -

Dutcher etal. (2021, SPT: 688 + 1.5
Adola etal. (2020), ACT: 679 £ 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36+0:33
Henning etal. (2018), SPT: 71.3 £ 2.1

Hinshaw et al. (2013), WMAP: 70.0 2.2

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: 68.31

D' Amico e al. (2020, BOSS DRI24BBN: 68.5 = 2.0

Colas ctal. (2020, BOSS DRI2+BBN: 68.7 + 1.5
Ivanov ctal. (2020), BOSS+BBN: 67.9 1.1
Alam et al. 2020), BOSS +¢BOSS+BBN: 67.35 + 0.97

CMB lensing
etal. 2020): 3.5 + 5.3
Philcox et al. (2020), P,Ak)»tMBl:nsmg 706434

LSS fq standard ruler
Famen ctal. 2021); 69539

Hy [km sT Mpc"]

Indirect

SNIa—Cepheid -

Riess ctal. (2022), R22: 73.04 + 1.04
Camarcna, Marra (2021): 7430 £ 1.45

tal. (2020), R20: 732 £ 1.3
Breuval etal. (2020): 728 +27 -
Riess etal. (2019), R19: 74.03 + 1.42 -
Camarena, Marra (2019): 754 + 1.7 -

SNIa-TRGB
Dhawan et al. (2022): 76.94 +

64 -

Jones etal. (2022): 724 + 33

Anand, Tully, Rizzi, Rlc\s Yuan 2021): 715+ 18 -
recdman (2021): 698 + 1.7

Kim, Kanu.ec Jang (2021): 695 £42 +

Soltis, Casertano, Riess (2020): 72.1 £ 2.0 |

Freedman et al. (2020): 69.6 = 19

Reid, Pesce, Riess (2019), SHOES: 71.1 + 199
Yuan etal. (2019): 724 £2.0 -

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

SBF
Blakeslee ctal. (2021) IR-SBF w/ HST: 73.3 £ 25

Khetan et al. (2020) w/ LMC DEB: 71.1 £ 4.1 |
Cantiello etal. (2018): 719+ 7.1 -

de Jacger et al. (2022): 75. v §
de Jacger etal. (2020): 758235

Masers
Pesce etal. (2020):73.9 + 3.0

Tully Fisher
Kourkchi et al. (2020): 76.0 + 2.6
Schombert, McGaugh, Lelli (2020): 75.1 + 2.8

HII galaxy

Femandez Arenas etal. 2018): 710 + 35

Wang Meng 2017:76.12:34]

Lensing related,mass model dependent

20217182
Birer o, 00ty TOGOSMOL 5

Birrer etal. 2020), TDCOSMO+SLACS: 67.47
Yang, Birrer, Hu (2020): 73,65+

Millon etal. (2020), TDCOSMO: 742: i6

Qictal. (2020):

Liao ctal. (2020): vx

Liso etal. (2019): 72.2 =

Shajib et al. 2019), STRIDES: 74.2*
Wong etal. (2019), HOLICOW 2019: 73.3%]

4

il

Mukherjee etal. unm GWIT08174GWT
Abbott et al. (2021), GWTC-3 63‘
Palmee v, (021, GWITONT. 72777 5
Gayathri et al. (2020), GW190521+GW170817: 73 474
Mukherjee et al. (2020), GW170817+ZTF: 67,67
Mukherjee et al. (2019), GW 170817+ VLBI: 68.3*:
Holokezaka et al. 2019): 703

Cosmic chronometers -

Moresco et al. (2022), flat ACDM with systematics: 66.5 + 5.4

Moresco et al. (2022), open wCDM with systematies: 67.8°83 -

12
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Strong lensing time delay -TDCOSMO/HOLICOW

TDCOSMO |1V: Hierarchical time-delay cosmography - joint
inference of the Hubble constant and galaxy density profiles

S. Birrer*, A. J. Shajibz, A. Galan®, M. Millon3, T. Treu?, A. Agnello4, M. Auger5’6, G. C.-F. Chen’, L. Christensen®,
T. Collett®, F. Courbin’, C. D. Fassnacht”-?, L. V. E. Koopmanslo, P. J. Marshall!, J.-W. Park', C. E. Rusu!!, D. Sluse!?,
C. Spiniello'® 14, S. H. Suyu'>- 1617 'S, Wagner-Carena', K. C. Wong'®, M. Barnabe, A. S. Bolton'?, O. Czoske?’,
X. Ding?, J. A. Frieman?!-?2, and L. Van de Vyvere!?

19 Dec 2020

Ho measurements in flat ACDM - performed blindly

DES J2100-4452 [wong et 2020] 73.34%

6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L)
D [Millon et al. 2020

. 6 time-delay lenses (5 HOLICOW + 1 STRIDES) TDCOSMO (NFW + stars/constant M/L)

TDCOSMO (power-law)

this work kinematics-only constraints on mass profile
7 time-delay lenses (+ 33 SLACS lenses in different combinations)
+5.6
74.5+26
d
TDCOSMO-only
+5.8
73.3+38
L

TDCOSMO+SLACS gy (anisotropy constraints from 9 SLACS lenses)

TDCOSMO+SLACSspss (profile constraints from 33 SLACS lenses)
67.4%3
o0—-

1 TDCOSMO+SLACSspss + 1y (@nisotropy and profile constraints from SLACS)

H, 0 X — 60 65 70 75 80
At Ho [kms~tMpc~!]
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normalized density

Approximate “mass-sheet” degeneracy

3d density profile

101 — =038
100_
1071
1072
1073
1071 10° 10!

radius [arc seconds]

Ac
H _
0 %At

14

B TDCOSMO-only: Hy = 74.5%2% km s~ Mpc~?!

B TDCOSMO + SLACSry: Ho = 73.3128 km s~! Mpc™?
TDCOSMO + SLACSspss: Ho = 67.4%43 km s~ Mpc™?!

B TDCOSMO + SLACSspss +iru: Ho = 67.4%%3 km s~! Mpc~?!

1.20 1
1.05
Q 1.0
~
0.90 - 0.91 £0.04
0.751
60 70 80 a0
Hj
Birrer 2020



Evidence for mass-sheet disappeared

Project Dinos II: Redshift evolution of dark and luminous matter density
profiles in strong-lensing elliptical galaxies across 0.1 <z < 0.9

William Sheu,'* Anowar J. Shajib,2’3”r Tommaso Treu,! Alessandro Sonnenfeld,* Simon Birrer,”

Michele Cappellari,® Lindsay J. Oldham,” Chin Yi Tan®®

19 Aug 2024

21 elliptical galaxy-galaxy lenses reconstructed with dynamical observations

 consistent with NFW density profiles and no mass sheet

Ao = 1.02 £ 0.01 -
1.05+
O 1.02
-~ 0.90 1 0.91 +0.04
paper stops short of a new Ho, 0.

but we can predict TDCosmo2025 % :7-05 0 %

HO Birrer 2020
Hy =745+ (27?)

15



local Ho measurements are not going away

Hy =173.2 4

* direct, depend

- (0.9 (stat.+syst.)
SHOES 2024

on Astrophysics,

many cross-checks and different techniques

e SHOES is local Ho, z < 0.1,

other methods

extend to z ~ 0.5, overlap with BAO

late solutions can only do a small part

* meeting in Bern this week on standardizing analysis pipelines for
local Ho measurements. They have no snow :(

16



“Indirect” Ho from CMB and BAO

- 1 (stat.+syst.)
HO = 67.6 = 0.0 Planck + ACT 2025
CMB and BAO use the sound horizon rs as a “standard ruler”

taleulated i
DCDM model

17



The sound horizon rs

CME ‘"QW@E@H% i BAD :  (oweahons
gaimﬁ dishbutions




sound horizon calculation
Sound s?M Vr‘a

TCMB
re = / ce dT = /
ZCMB \/SWG ,Orrad ‘I‘Pmat

fhokms/ dwk matter
nm% nos barﬁen's

$ CMB g
\ L dedermined bj £ 4o mgﬁ

I







a smaller rs with additional early energy

dz

Prad. + Pmat. +pearly)

o0
Ts —_/ Cs -
e

ZCMB \/T(

. ?
th{- 1S m}j M‘a} - ® eﬂx‘ﬂ da}«k M& Poulin,Smith, Karwal,Kamionkowski (2019)

o dovk vudiahion  eaeo :
{ d" Baumann,Green (2016)
- M Ma ﬂ% Blinov,MarquesTavares (2020)

vadialion :
L] M mad{,ﬂ% Aloni,Berlin,Joseph ,Schmaltz ,Weiner (20222
rodiakion With a slep |
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7

What s early enemyy.

3@?@1‘55, New energy densthes
2k CHB s mess up e OHE

Multipole moment, ¢
2 19 50 500 1000 1500 2000 2500

Planck 2018 |
— NCDM
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5000 f
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3000

2000

1000 |

Temperature fluctuations [ 1 K2 ]

[}

000 18° 1° 02° 0.1° 0.07°
Angular scale
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Does it work?  maybe!

ACT DR6 Constraints on Extended Cosmological Models

18 Mar 2025

Nigr < 0.134 (95%, P-ACT-LB)

Hy=68.59"0: (68%, P-ACT-LB).

o C K fepe <0.12 (95%, P-ACT-LB)

~ | @ : Hy=69.970%  (68%,P-ACT-LB)
o V&@Lﬂg yﬁ Me/Meg = 1.022 +0.016 )

Qr = —0.0031+0.0037 » (68%, P-ACT-LB)

+ Mjﬁ%’iﬂffg Hy = 71.0+1.7 |




Summary

® Hubble tension, 5.70, and growing

® local “direct” Hy ~ 73 £ 1 kms*Mpc?

many cross checks, several methods, bigger error
more constraints on BSM models

@ ‘'Indirect” BAO, CMB Hy ~ 67.5 =

- 0.0

precise, Planck, ACT, SPT, BAO all agree, rely on sound horizon

which is sensitive to BSM physics. No compelling solution

® connection to Sg, wo+w, < —1
m2 < 07

yet.



much more data is coming!

CMB: Simons Observatory (first light 2/2025)
Advanced SO (5-10 years)
CMB-S4 (10 years?)

LSS: DESI (Y3 data), Euclid
Vera Rubin Observatory - LSST (2025)

Supernovae: JWST (observing), TRGB (ongoing)

GW: LIGO 100 NS-NS mergers + optical (2030)
Einstein Telescope (20357?)
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Extra slides on Hubble
from the distance to the
Coma cluster



DESI Peculiar Velocity Survey — Fundamental Plane
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« Measure velocity dispersion, brightness, and angular sizes of 4191 elliptical galaxies to determine their distances
via the “fundamental plane" (relation between velocity dispersion, surface brightness, effective radius)

« Conduct zero-point calibration of distances to the known Coma cluster distance D = 99.1+- 5.8 Mpc

A £5.
u] km/s/Mpc

Coma

Hy=76.05£1.3* [

The Hubble Tension in our own Backyard: DESI and the Nearness of the Coma Cluster

DANIEL SCOLNIC," ADAM G. RiEsS,>? YUKEI S. MurakAaMI,® ERIK R. PETERSON,! DiLLON BrouT,! MARIA ACEVEDO,!
BASTIEN CARRERES,! DAvID O. JONES,> KHALED SAID,%” CuLLAN HOWLETT,% " AND GAGANDEEP S. ANAND®

New supernova based determination of the distance to the Coma cluster D = 98.5+- 2.2 Mpc.

24 Sep 2024

Hy =76.5+2.2 km/s/Mpc

Future: - More SN1a in Coma (currently 12 out of 18 SN1a from 2019-2024)
- Use additional nearby clusters for calibration (Fornax, Virgo, Leo1, ...)
- 138,000 ellipticals in fundamental plane relation
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Coma cluster distance measurements
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Figure 4. Historical (1990 onward) distance modulus measurements of the Coma cluster (as reviewed in de Grijs & Bono 2020).
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