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Outline 

Intro: Hubble’s law

Summary

CMB, BAO fit to ΛCDM, sound horizon 

Distance ladders, SH0ES

CMB, BAO fit to BSM
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Hubble’s Law - definition of H0
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Hubble tension

Λ

Farren et al. (2021): 69.5-3.5
+3.0

Philcox et al. (2020), Pl (k)+CMB lensing: 70.6-5.0
+3.7

Baxter et al. (2020): 73.5 ± 5.3

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

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

Colas et al. (2020), BOSS DR12+BBN: 68.7 ± 1.5

D' Amico et al. (2020), BOSS DR12+BBN: 68.5 ± 2.2

Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31-0.86
+0.83

Chen et al. (2021), P+BAO+BBN: 69.23±0.77

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

Hinshaw et al. (2013), WMAP9: 70.0 ± 2.2

Henning et al. (2018), SPT: 71.3 ± 2.1

Zhang, Huang (2019), WMAP9+BAO: 68.36-0.52
+0.53

Aiola et al. (2020), WMAP9+ACT: 67.6 ± 1.1

Aiola et al. (2020), ACT: 67.9 ± 1.5

Dutcher et al. (2021), SPT: 68.8 ± 1.5

Ade et al. (2016), Planck 2015, H0 = 67.27 ± 0.66

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

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

Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 ± 1.8

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 ± 0.5

LSS teq standard ruler

CMB lensing

No CMB, with BBN

CMB without Planck

CMB with Planck

H0 km s-1Mpc-1

Indirect

Moresco et al. (2022), open wCDM with systematics: 67.8-7.2
+8.7

Moresco et al. (2022), flat ΛCDM with systematics: 66.5 ± 5.4

Hotokezaka et al. (2019): 70.3-5.0
+5.3

Mukherjee et al. (2019), GW170817+VLBI: 68.3-4.5
+4.6

Mukherjee et al. (2020), GW170817+ZTF: 67.6-4.2
+4.3

Gayathri et al. (2020), GW190521+GW170817: 73.4-10.7
+6.9

Palmese et al. (2021), GW170817: 72.77-7.55
+11

Abbott et al. (2021), GWTC–3: 68-8.0
+12.0

Mukherjee et al. (2022), GW170817+GWTC–3: 67-3.8
+6.3

Wong et al. (2019), H0LiCOW 2019: 73.3-1.8
+1.7

Shajib et al. (2019), STRIDES: 74.2-3.0
+2.7

Liao et al. (2019): 72.2 ± 2.1

Liao et al. (2020): 72.8-1.7
+1.6

Qi et al. (2020): 73.6-1.6
+1.8

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

Yang, Birrer, Hu (2020): 73.65-2.26
+1.95

Birrer et al. (2020), TDCOSMO+SLACS: 67.4-3.2
+4.1

Birrer et al. (2020), TDCOSMO: 74.5-6.1
+5.6

Denzel et al. (2021): 71.8-3.3
+3.9

Wang, Meng (2017): 76.12-3.44
+3.47

Fernandez Arenas et al. (2018): 71.0 ± 3.5

Schombert, McGaugh, Lelli (2020): 75.1 ± 2.8

Kourkchi et al. (2020): 76.0 ± 2.6

Pesce et al. (2020): 73.9 ± 3.0

de Jaeger et al. (2020): 75.8-4.9
+5.2

de Jaeger et al. (2022): 75.4-3.7
+3.8

Cantiello et al. (2018): 71.9 ± 7.1

Khetan et al. (2020) w/ LMC DEB: 71.1 ± 4.1

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 ± 2.5

Huang et al. (2019): 73.3 ± 4.0

Yuan et al. (2019): 72.4 ± 2.0

Reid, Pesce, Riess (2019), SH0ES: 71.1 ± 1.99

Freedman et al. (2020): 69.6 ± 1.9

Soltis, Casertano, Riess (2020): 72.1 ± 2.0

Kim, Kang, Lee, Jang (2021): 69.5 ± 4.2

Freedman (2021): 69.8 ± 1.7

Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 ± 1.8

Jones et al. (2022): 72.4 ± 3.3

Dhawan et al. (2022): 76.94 ± 6.4

Camarena, Marra (2019): 75.4 ± 1.7

Riess et al. (2019), R19: 74.03 ± 1.42

Breuval et al. (2020): 72.8 ± 2.7

Riess et al. (2020), R20: 73.2 ± 1.3

Camarena, Marra (2021): 74.30 ± 1.45

Riess et al. (2022), R22: 73.04 ± 1.04

Cosmic chronometers

GW relatedGW related

Lensing related,mass model dependent

HII galaxy

Tully Fisher
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Direct
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CMB, BAO: “indirect” methods 


use the sound horizon rs  as ruler


to measure D, calculated in ΛCDM many “direct” methods to determine D
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(Snowmass Report 2022) 
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Geometry-Cepheids-Supernovae “distance ladder” 
SH0ES collaboration (Riess et. al.)

JPL/NASA 
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7
SH0ES Team

Geometry > Cepheids > SN1a luminosity calibration

since 2022: all 42 supernovae of the


past 40 years with z < 0.01

SMC
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73.17± 0.86
km/s

Mpc

Breuval (2024): SMC as


additional distance anchor
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SMC

• Cepheids


• TRGB,JAGB (Freedman 8/2024)


• Surface brightness fluctuations 2/2025 


• Coma cluster distance 9/2024

Cross-checking all rungs of the distance ladder

• SN 1a


• SN II: 11/2024 


• DESI Fundamental Plane: 8/2024


• Surface brightness fluctuations 2/2025

• Geometrical distances to:


    Milky Way, LMC, SMC,


    Megamasers, M31, N4258

Hubble space telescope


cross-checked with JWST 



The Freedman vs. Riess tension last summer

Status Report on the Chicago-Carnegie Hubble Program (CCHP):

Three Independent Astrophysical Determinations of the

Hubble Constant Using the James Webb Space Telescope

→

Wendy L. Freedman,1 Barry F. Madore,2 In Sung Jang,3, 4 Taylor J. Hoyt,5

Abigail J. Lee,3, 4, † and Kayla A. Owens3, 4
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JWST Validates HST Distance Measurements:

Selection of Supernova Subsample Explains Di!erences in JWST Estimates of Local H0

Adam G. Riess,1, 2 Dan Scolnic,3 Gagandeep S. Anand,1 Louise Breuval,2 Stefano Casertano,1 Lucas M. Macri,4

Siyang Li,2 Wenlong Yuan,2 Caroline D. Huang,5 Saurabh Jha,6 Yukei S. Murakami,2 Rachael Beaton,1

Dillon Brout,7 Tianrui Wu,3 Graeme E. Addison,2 Charles Bennett,2 Richard I. Anderson,8

Alexei V. Filippenko,9 and Anthony Carr10, 11
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Freedman et al.

H0 ~ 70+-2



JWST

HST

NGC 4258

-0.7-0.7

Milky Way

-0.2

LMC

+0.5

SMC

+0.9

Anchors SN Ia hosts

(ΔH0)

Differences in H0 are due to selection


of hosts of calibration SN1a

Riess 8/2024
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Supernovae 1a bottom line:

• good agreement between Cepheids, TRGB, JAGB

• local H0 = 73.2+-0.9 km/s/Mpc (SH0ES HST 2024) 

11

• cross checks of all rungs of distance ladder ongoing
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+4.1

Birrer et al. (2020), TDCOSMO: 74.5-6.1
+5.6

Denzel et al. (2021): 71.8-3.3
+3.9

Wang, Meng (2017): 76.12-3.44
+3.47

Fernandez Arenas et al. (2018): 71.0 ± 3.5

Schombert, McGaugh, Lelli (2020): 75.1 ± 2.8

Kourkchi et al. (2020): 76.0 ± 2.6

Pesce et al. (2020): 73.9 ± 3.0

de Jaeger et al. (2020): 75.8-4.9
+5.2

de Jaeger et al. (2022): 75.4-3.7
+3.8

Cantiello et al. (2018): 71.9 ± 7.1

Khetan et al. (2020) w/ LMC DEB: 71.1 ± 4.1

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 ± 2.5

Huang et al. (2019): 73.3 ± 4.0

Yuan et al. (2019): 72.4 ± 2.0

Reid, Pesce, Riess (2019), SH0ES: 71.1 ± 1.99

Freedman et al. (2020): 69.6 ± 1.9

Soltis, Casertano, Riess (2020): 72.1 ± 2.0

Kim, Kang, Lee, Jang (2021): 69.5 ± 4.2

Freedman (2021): 69.8 ± 1.7

Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 ± 1.8

Jones et al. (2022): 72.4 ± 3.3

Dhawan et al. (2022): 76.94 ± 6.4

Camarena, Marra (2019): 75.4 ± 1.7

Riess et al. (2019), R19: 74.03 ± 1.42

Breuval et al. (2020): 72.8 ± 2.7

Riess et al. (2020), R20: 73.2 ± 1.3

Camarena, Marra (2021): 74.30 ± 1.45

Riess et al. (2022), R22: 73.04 ± 1.04

Cosmic chronometers

GW relatedGW related

Lensing related,mass model dependent

HII galaxy

Tully Fisher

Masers

SNII

SBF

SNIa-Miras

SNIa-TRGBSNIa-TRGB

SNIa-Cepheid

 

Direct

60 65 70 75 80 85
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TDCOSMO IV: Hierarchical time-delay cosmography - joint

inference of the Hubble constant and galaxy density profiles

S. Birrer1,★, A. J. Shajib2, A. Galan3, M. Millon3, T. Treu2, A. Agnello4, M. Auger5, 6, G. C.-F. Chen7, L. Christensen4,

T. Collett8, F. Courbin3, C. D. Fassnacht7, 9, L. V. E. Koopmans10, P. J. Marshall1, J.-W. Park1, C. E. Rusu11, D. Sluse12,

C. Spiniello13, 14, S. H. Suyu15, 16, 17, S. Wagner-Carena1, K. C. Wong18, M. Barnabè, A. S. Bolton19, O. Czoske20,

X. Ding2, J. A. Frieman21, 22, and L. Van de Vyvere12
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Approximate “mass-sheet” degeneracy

<latexit sha1_base64="rNZwXmZC4jPCngvLM3zM4tzDJ4w=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYlIdVl002UF+4AmhMl00g6dTMLMjVBCv8GNv+LGhSJuXbnzb5y2WWjrgYHDOfdw554wFVyD43xbK6tr6xubpa3y9s7u3r59cNjWSaYoa9FEJKobEs0El6wFHATrpoqROBSsE45up37ngSnNE3kP45T5MRlIHnFKwEiBfd4IHOylKkkhwV6kCM09YeJ9EtBJ7oHiRA4EwzAJ7IpTdWbAy8QtSAUVaAb2l9dPaBYzCVQQrXuuk4KfEwWcCjYpe5lmKaEjMmA9QyWJmfbz2UkTfGqUPo4SZZ4EPFN/J3ISaz2OQzMZExjqRW8q/uf1Moiu/ZzLNAMm6XxRlAlszp/2g/tcMQpibAihipu/YjokphcwLZZNCe7iycukfVF1a9Xa3WWlflPUUULH6ASdIRddoTpqoCZqIYoe0TN6RW/Wk/VivVsf89EVq8gcoT+wPn8AjyOeFA==</latexit>
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<latexit sha1_base64="Xqq1ISZEqu5O0xn7L917zYh62+k=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseilx4r2A9oQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdp/5vSeqNIvko5nH1Bd4IlnICDaZ1Bq5aFStuXU3B1onXkFqUKA9qn4NxxFJBJWGcKz1wHNj46dYGUY4XVSGiaYxJjM8oQNLJRZU+2l+6wJdWGWMwkjZkgbl6u+JFAut5yKwnQKbqV71MvE/b5CY8NZPmYwTQyVZLgoTjkyEssfRmClKDJ9bgoli9lZEplhhYmw8FRuCt/ryOule1b1GvfFwXWveFXGU4QzO4RI8uIEmtKANHSAwhWd4hTdHOC/Ou/OxbC05xcwp/IHz+QMa3Y2k</latexit>

H0

<latexit sha1_base64="yO9Lifo3/Xghi3RYYkpC4lUeWWA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r2Ae2Q8lk7rShmcyQZIRS+hduXCji1r9x59+YtrPQ1gOBwznnkntPkAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnsgHM07Rj+lA8ogzaqz02BM2GtI+I/1yxa26c5BV4uWkAjka/fJXL0xYFqM0TFCtu56bGn9CleFM4LTUyzSmlI3oALuWShqj9ifzjafkzCohiRJlnzRkrv6emNBY63Ec2GRMzVAvezPxP6+bmejan3CZZgYlW3wUZYKYhMzOJyFXyIwYW0KZ4nZXwoZUUWZsSSVbgrd88ippXVS9WrV2f1mp3+R1FOEETuEcPLiCOtxBA5rAQMIzvMKbo50X5935WEQLTj5zDH/gfP4ADyuQiA==</latexit> �
c
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<latexit sha1_base64="UWZYZSUvtO43A0Z+lJ4EXVY2iU8=">AAAB9HicdZDLSgMxFIYz9VbrrerSTbAIroZEnGlnV3TjsoK9QDuUTJq2oZmLSaZQhj6HGxeKuPVh3Pk2ZtoKKvpD4Oc753BO/iARXGmEPqzC2vrG5lZxu7Szu7d/UD48aqk4lZQ1aSxi2QmIYoJHrKm5FqyTSEbCQLB2MLnO6+0pk4rH0Z2eJcwPySjiQ06JNshHtod7SQiRjS5hv1xBtoOw51ZzgLDjuMZ4Xs3BGGJDclXASo1++b03iGkaskhTQZTqYpRoPyNScyrYvNRLFUsInZAR6xobkZApP1scPYdnhgzgMJbmRRou6PeJjIRKzcLAdIZEj9XvWg7/qnVTPaz5GY+SVLOILhcNUwF1DPME4IBLRrWYGUOo5OZWSMdEEqpNTiUTwtdP4f+mdWFj13ZvLyv1q1UcRXACTsE5wKAK6uAGNEATUHAPHsATeLam1qP1Yr0uWwvWauYY/JD19gkD6pBY</latexit>

0.91± 0.04

Birrer 2020
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Evidence for mass-sheet disappeared 
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�c = 1.02± 0.01

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,1ω Anowar J. Shajib,2,3† Tommaso Treu,1 Alessandro Sonnenfeld,4 Simon Birrer,5

Michele Cappellari,6 Lindsay J. Oldham,7 Chin Yi Tan2,8

1Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA
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H0
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<latexit sha1_base64="UWZYZSUvtO43A0Z+lJ4EXVY2iU8=">AAAB9HicdZDLSgMxFIYz9VbrrerSTbAIroZEnGlnV3TjsoK9QDuUTJq2oZmLSaZQhj6HGxeKuPVh3Pk2ZtoKKvpD4Oc753BO/iARXGmEPqzC2vrG5lZxu7Szu7d/UD48aqk4lZQ1aSxi2QmIYoJHrKm5FqyTSEbCQLB2MLnO6+0pk4rH0Z2eJcwPySjiQ06JNshHtod7SQiRjS5hv1xBtoOw51ZzgLDjuMZ4Xs3BGGJDclXASo1++b03iGkaskhTQZTqYpRoPyNScyrYvNRLFUsInZAR6xobkZApP1scPYdnhgzgMJbmRRou6PeJjIRKzcLAdIZEj9XvWg7/qnVTPaz5GY+SVLOILhcNUwF1DPME4IBLRrWYGUOo5OZWSMdEEqpNTiUTwtdP4f+mdWFj13ZvLyv1q1UcRXACTsE5wKAK6uAGNEATUHAPHsATeLam1qP1Yr0uWwvWauYY/JD19gkD6pBY</latexit>

0.91± 0.04

Birrer 2020

paper stops short of a new H0,


but we can predict TDCosmo2025 

• 21 elliptical galaxy-galaxy lenses reconstructed with dynamical observations

• consistent with NFW density profiles and no mass sheet

<latexit sha1_base64="A4yMdUmFenbV09sbxPblYBu16jI=">AAAB/3icdVDJSgNBEO2JW4xbVPDipTEIEWToxJjlIAa95BjBLJAZhp5OJ2nSs9DdI4QxB3/FiwdFvPob3vwbOxuo6IOCx3tVVNVzQ86kQujTSCwtr6yuJddTG5tb2zvp3b2mDCJBaIMEPBBtF0vKmU8biilO26Gg2HM5bbnD64nfuqNCssC/VaOQ2h7u+6zHCFZactIHNQfBC1gqmOfQCj2YzVun8PLESWeQiSpldFaBM1LILwiCORNNkQFz1J30h9UNSORRXxGOpezkUKjsGAvFCKfjlBVJGmIyxH3a0dTHHpV2PL1/DI+10oW9QOjyFZyq3ydi7Ek58lzd6WE1kL+9ifiX14lUr2zHzA8jRX0yW9SLOFQBnIQBu0xQovhIE0wE07dCMsACE6UjS+kQFp/C/0kzb+aKZvGmkKlezeNIgkNwBLIgB0qgCmqgDhqAgHvwCJ7Bi/FgPBmvxtusNWHMZ/bBDxjvX/CikuA=</latexit>

H0 = 74.5± (2 ?)
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local H0 measurements are not going away

<latexit sha1_base64="z4LHIZBeuNUs0k8JthdeS5HPW5s=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWTa0sdCKLrpsoJ9QDsMmTRtQ5OZIckUytA/ceNCEbf+iTv/xvQFKnrgwuGce7n3niDmTGmEPq3M1vbO7l52P3dweHR8Yp+etVWUSEJbJOKR7AZYUc5C2tJMc9qNJcUi4LQTTO4WfmdKpWJR+KBnMfUEHoVsyAjWRvJtu+Gjm0rRKcB+LCByar6dRw6qVVGxBlekVNgQBF0HLZEHazR9+6M/iEgiaKgJx0r1XBRrL8VSM8LpPNdPFI0xmeAR7RkaYkGVly4vn8MrowzgMJKmQg2X6veJFAulZiIwnQLrsfrtLcS/vF6ih1UvZWGcaBqS1aJhwqGO4CIGOGCSEs1nhmAimbkVkjGWmGgTVs6EsPkU/k/aBcctO+X7Ur5+u44jCy7AJbgGLqiAOmiAJmgBAqbgETyDFyu1nqxX623VmrHWM+fgB6z3L1M8kY0=</latexit>

H0 = 73.2± 0.9 (stat.+syst.)


SH0ES 2024

• direct, depend on Astrophysics,


    many cross-checks and different techniques

• SH0ES is local H0 , z < 0.1,  


    other methods extend to z ~ 0.5, overlap with BAO


    late solutions can only do a small part

16

• meeting in Bern this week on standardizing analysis pipelines for 


   local H0 measurements. They have no snow :(



“Indirect” H0 from CMB and BAO

(stat.+syst.)


Planck + ACT 2025

17

<latexit sha1_base64="DUoADPARRvMzWgSfKt3qa26vK4o=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwFRLR1I1QdNNlBfuANoTJdNIOnZmEmUmhhP6JGxeKuPVP3Pk3TtsstPXAhcM593LvPVHKqNKu+22VNja3tnfKu5W9/YPDI/v4pK2STGLSwglLZDdCijAqSEtTzUg3lQTxiJFONH6Y+50JkYom4klPUxJwNBQ0phhpI4W23QjdO7/m+LCfcug6N6FddR13AbhOvIJUQYFmaH/1BwnOOBEaM6RUz3NTHeRIaooZmVX6mSIpwmM0JD1DBeJEBfni8hm8MMoAxok0JTRcqL8ncsSVmvLIdHKkR2rVm4v/eb1Mx7dBTkWaaSLwclGcMagTOI8BDqgkWLOpIQhLam6FeIQkwtqEVTEheKsvr5P2leP5jv94Xa3fF3GUwRk4B5fAAzVQBw3QBC2AwQQ8g1fwZuXWi/VufSxbS1Yxcwr+wPr8Ae3/kUc=</latexit>

H0 = 67.6± 0.5

CMB and BAO use the sound horizon rs as a “standard ruler”

<latexit sha1_base64="1WDd2/qLTab0yyybU4WM1tGF8r8=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRclUSkuizqossK9gFNCZPppB06mYSZG6GEfoEbf8WNC0Xcunbn3zhtA2rrgQtnzrmXufcEieAaHOfLWlldW9/YLGwVt3d29/btg8OWjlNFWZPGIladgGgmuGRN4CBYJ1GMRIFg7WB0PfXb90xpHss7GCesF5GB5CGnBIzk2+W673iaR9gLFaHuDf55eDBkQDLl64lvl5yKMwNeJm5OSihHw7c/vX5M04hJoIJo3XWdBHoZUcCpYJOil2qWEDoiA9Y1VJKI6V42O2eCy0bp4zBWpiTgmfp7IiOR1uMoMJ0RgaFe9Kbif143hfCyl3GZpMAknX8UpgJDjKfZ4D5XjIIYG0Ko4mZXTIfERAEmwaIJwV08eZm0ziputVK9PS/VrvI4CugYnaBT5KILVEN11EBNRNEDekIv6NV6tJ6tN+t93rpi5TNH6A+sj29erZu8</latexit>

H0 ⇠

1

D
⇠

✓

rs



rs

rs
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The sound horizon rs



sound horizon calculation

<latexit sha1_base64="vbb1PQghpRSgQa/B4HQLvRyTSc4=">AAACFnicbVDLSgMxFM3UV62vqks30SK4scyIr41Q2o0boYJ9QKcOmTRtQzOZIbkjlKFf4cZfceNCEbfizr8x03ahredy4XDOvST3+JHgGmz728osLC4tr2RXc2vrG5tb+e2dug5jRVmNhiJUTZ9oJrhkNeAgWDNSjAS+YA1/UEn9xgNTmofyDoYRawekJ3mXUwJG8vLHytNXLpfg2feJCyT2ElcFuHJTHo3c/bQw9bSLO6mHvXzBLtpj4HniTEkBTVH18l9uJ6RxwCRQQbRuOXYE7YQo4FSwUc6NNYsIHZAeaxkqScB0OxmfNcKHRungbqhMS8Bj9fdGQgKth4FvJgMCfT3rpeJ/XiuG7mU74TKKgUk6eagbCwwhTjPCHa4YBTE0hFDFzV8x7RNFKJgkcyYEZ/bkeVI/KTrnxbPb00KpPI0ji/bQATpCDrpAJXSNqqiGKHpEz+gVvVlP1ov1bn1MRjPWdGcX/YH1+QM01p4g</latexit>

rs =

Z
⌧CMB

0

cs d⌧

<latexit sha1_base64="/AJoZE5gFidF7il9x/mWkgAgCcQ="></latexit>

=

Z

1

zCMB

cs
dz

q

8⇡G

3
(⇢rad. + ⇢mat.)
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a smaller rs with additional early energy

<latexit sha1_base64="mOSIpQQNIYBW9z75qY0FAL4DLQw="></latexit>

rs =

Z

1

zCMB

cs
dz

q

8⇡G
3

(⇢rad. + ⇢mat.+⇢early)
<latexit sha1_base64="VoQyjZSnIiI4JMNDTGKTkaLXMRo=">AAAB9XicdVDLSgMxFM3UV62vqks3wSIIwpCptra7ohuXFewD2rFk0kwbmskMSUYZhv6HGxeKuPVf3Pk3ZtoKKnrgwuGce7n3Hi/iTGmEPqzc0vLK6lp+vbCxubW9U9zda6swloS2SMhD2fWwopwJ2tJMc9qNJMWBx2nHm1xmfueOSsVCcaOTiLoBHgnmM4K1kW7hSV+Ow0FKseTJdFAsIRtVK3VUh8iuIKc2IwhVa+VT6BiSoQQWaA6K7/1hSOKACk04VqrnoEi7KZaaEU6nhX6saITJBI9oz1CBA6rcdHb1FB4ZZQj9UJoSGs7U7xMpDpRKAs90BliP1W8vE//yerH2a27KRBRrKsh8kR9zqEOYRQCHTFKieWIIJpKZWyEZY4mJNkEVTAhfn8L/SbtsO1W7cn1Walws4siDA3AIjoEDzkEDXIEmaAECJHgAT+DZurcerRfrdd6asxYz++AHrLdPxa2Suw==</latexit>

+⇢early

Poulin,Smith,Karwal,Kamionkowski (2019)

Planck 2018

Baumann,Green (2016)

Blinov,MarquesTavares (2020)

:

:


Aloni,Berlin,Joseph,Schmaltz,Weiner (2022)

:

:
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Planck 2018


— ΛCDM
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Does it work?     maybe!

arXiv:2503.14454v1  [astro-ph.CO]  18 Mar 2025

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

H0=68.59+0.41
→0.50 (68%, P-ACT-LB).

me/me,0 = 1.022± 0.016

”k = ↑0.0031± 0.0037

H0 = 71.0± 1.7











(68%, P-ACT-LB).

fEDE< 0.12 (95%,P-ACT-LB)

H0=69.9+0.8
→1.5 (68%,P-ACT-LB)

e ACT DR66 Constraints on Extended Cosmological Models



Summary 

Hubble tension, 5.7σ, and growing

many cross checks, several methods, bigger error


more constraints on BSM models
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local “direct” 
<latexit sha1_base64="7Z6KWUGZGTHZhJ8xdPwggLsfJe4=">AAACBXicdZDLSgMxFIYz9VbrbdSlLoJFcKFlppa27opu3AgV7AXaWjJp2oYmmSHJCGWYjRtfxY0LRdz6Du58G9NpCyr6Q+DjP+dwcn4vYFRpx/m0UguLS8sr6dXM2vrG5pa9vVNXfigxqWGf+bLpIUUYFaSmqWakGUiCuMdIwxtdTOqNOyIV9cWNHgekw9FA0D7FSBura+/DCLYlhyPePobqNjpxY3gV4ATirp11cvmzsnNahlMolOaQh27OSZQFM1W79ke75+OQE6ExQ0q1XCfQnQhJTTEjcaYdKhIgPEID0jIoECeqEyVXxPDQOD3Y96V5QsPE/T4RIa7UmHumkyM9VL9rE/OvWivU/XInoiIINRF4uqgfMqh9OIkE9qgkWLOxAYQlNX+FeIgkwtoElzEhzC+F/0M9n3OLueJ1IVs5n8WRBnvgABwBF5RABVyCKqgBDO7BI3gGL9aD9WS9Wm/T1pQ1m9kFP2S9fwFxCJdR</latexit>

km s�1Mpc�1

<latexit sha1_base64="JnvNiXdQonE/FxwUjWPNr+tndJA=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhpm2tHVXdNNlBfuAzjBk0rQNTTJjkimUoX/ixoUibv0Td/6N6QtU9MCFwzn3cu89UcKo0q77aW1sbm3v7Ob28vsHh0fH9slpW8WpxKSFYxbLboQUYVSQlqaakW4iCeIRI51ofDv3OxMiFY3FvZ4mJOBoKOiAYqSNFNp2I3R9RTl5gNWSn3AvtAuuU7yuuaUaXJJydU2K0HPcBQpghWZof/j9GKecCI0ZUqrnuYkOMiQ1xYzM8n6qSILwGA1Jz1CBOFFBtrh8Bi+N0oeDWJoSGi7U7xMZ4kpNeWQ6OdIj9dubi395vVQPakFGRZJqIvBy0SBlUMdwHgPsU0mwZlNDEJbU3ArxCEmEtQkrb0JYfwr/J+2i41Wcyl25UL9ZxZED5+ACXAEPVEEdNEATtAAGE/AInsGLlVlP1qv1tmzdsFYzZ+AHrPcveC2S8Q==</latexit>

H0 ' 73± 1

“indirect” BAO, CMB 
<latexit sha1_base64="XxU6UAfmwR3qZ8IFXwp2c5F2uWo=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyGpfbkruumygm2FJoTJdNIOnUnizEQooeCvuHGhiFu/w51/4/QFKnrgwuGce7n3niBhVCrb/jRyK6tr6xv5zcLW9s7unrl/0JFxKjBp45jF4jZAkjAakbaiipHbRBDEA0a6wehq6nfviZA0jm7UOCEeR4OIhhQjpSXfPGr6tispJ3ewWrMqbsKhbVV8s2hbpYu6fV6Hc1KuLUkJOpY9QxEs0PLND7cf45STSGGGpOw5dqK8DAlFMSOTgptKkiA8QgPS0zRCnEgvm50/gada6cMwFroiBWfq94kMcSnHPNCdHKmh/O1Nxb+8XqrCupfRKEkVifB8UZgyqGI4zQL2qSBYsbEmCAuqb4V4iATCSidW0CEsP4X/k07JcqpW9bpcbFwu4siDY3ACzoADaqABmqAF2gCDDDyCZ/BiPBhPxqvxNm/NGYuZQ/ADxvsXrIaUCw==</latexit>

H0 ' 67.5± 0.5

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


which is sensitive to BSM physics. No compelling solution yet.

connection to 
<latexit sha1_base64="o/LIi6ROVCXN4gGxq5R3WavPGCs=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmbG0lYQLLpxWcE+YDqWTJppQ5PMkGSEMvQz3LhQxK1f486/MX2Bih64cDjnXu69J0wYVdpxPq3cyura+kZ+s7C1vbO7V9w/aKk4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdjq6nfvuBSEVjcafHCQk4GggaUYy0kXzI771eV6QXzmWvWHJs77zmnNXgnJSrS+JB13ZmKIEFGr3iR7cf45QToTFDSvmuk+ggQ1JTzMik0E0VSRAeoQHxDRWIExVks5Mn8MQofRjF0pTQcKZ+n8gQV2rMQ9PJkR6q395U/MvzUx3VgoyKJNVE4PmiKGVQx3D6P+xTSbBmY0MQltTcCvEQSYS1SalgQlh+Cv8nLc92K3bltlyqXy3iyIMjcAxOgQuqoA5uQAM0AQYxeATP4MXS1pP1ar3NW3PWYuYQ/ID1/gVYkJCu</latexit>

m
2

⌫
< 0?

<latexit sha1_base64="qwkEpGtIrq57PwilSlJzv0ZBp0k=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBg4Skljbeil48VrS10Iay2W7apbubsLsRSulf8OJBEa/+IW/+G5N+gIo+GHi8N8PMvCDmTBvH+bRyK6tr6xv5zcLW9s7uXnH/oKWjRBHaJBGPVDvAmnImadMww2k7VhSLgNP7YHSV+fcPVGkWyTszjqkv8ECykBFsMum25531iiXHLl94zrmH5qRSW5Iycm1nhhIs0OgVP7r9iCSCSkM41rrjOrHxJ1gZRjidFrqJpjEmIzygnZRKLKj2J7Nbp+gkVfoojFRa0qCZ+n1igoXWYxGknQKbof7tZeJfXicxoedPmIwTQyWZLwoTjkyEssdRnylKDB+nBBPF0lsRGWKFiUnjKaQhLD9F/5NW2XardvWmUqpfLuLIwxEcwym4UIM6XEMDmkBgCI/wDC+WsJ6sV+tt3pqzFjOH8APW+xfFPI4Y</latexit>

S8,
<latexit sha1_base64="n6wO1scUBjXx4XfwU+PW276ktMM=">AAAB+3icdVDLSsNAFJ3UV62vWJduJhZBEEtSS1vBRdGNywr2AU0Ik+mkHTp5MDOxltBfceNCEbf+iDv/xukLVPTAhcM593LvPV7MqJCm+allVlbX1jeym7mt7Z3dPX0/3xJRwjFp4ohFvOMhQRgNSVNSyUgn5gQFHiNtb3g99dv3hAsahXdyHBMnQP2Q+hQjqSRXz49c0zZObWPkItu4tI0zy9ULZrF0UTPPa3BOytUlKUGraM5QAAs0XP3D7kU4CUgoMUNCdC0zlk6KuKSYkUnOTgSJER6iPukqGqKACCed3T6Bx0rpQT/iqkIJZ+r3iRQFQowDT3UGSA7Eb28q/uV1E+nXnJSGcSJJiOeL/IRBGcFpELBHOcGSjRVBmFN1K8QDxBGWKq6cCmH5KfyftEpFq1Ks3JYL9atFHFlwCI7ACbBAFdTBDWiAJsDgATyCZ/CiTbQn7VV7m7dmtMXMAfgB7f0LTpSStQ==</latexit>

w0+wa<�1
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much more data is coming!

CMB: Simons Observatory (first light 2/2025)

LSS: DESI (Y3 data), Euclid

Supernovae: JWST (observing), TRGB (ongoing)

Advanced SO (5-10 years)

Vera Rubin Observatory - LSST (2025)

GW: LIGO 100 NS-NS mergers + optical (2030)

CMB-S4 (10 years?)

Einstein Telescope (2035?)



Extra slides on Hubble  

from the distance to the 

Coma cluster



DESI Peculiar Velocity Survey – Fundamental Plane
Jaime

Klaus
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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  
<latexit sha1_base64="2ovNOc9G2Bol6wdMTPVLJVhBSOY="></latexit>

H0 = 76.05± 1.3 ⇤



99.1± 5.8

DComa

�

km/s/Mpc

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

Daniel Scolnic,1 Adam G. Riess,2, 3 Yukei S. Murakami,3 Erik R. Peterson,1 Dillon Brout,4 Maria Acevedo,1

Bastien Carreres,1 David O. Jones,5 Khaled Said,6, 7 Cullan Howlett,6, 7 and Gagandeep S. Anand8
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New supernova based determination of the distance to the Coma cluster D = 98.5+- 2.2 Mpc.  

<latexit sha1_base64="16FPpGMyxLW9yfyQTaadCyYfeQ4=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwlSZFWzdC0U03QgX7gCaEyXTaDp1JwsxEKKFrN/6KGxeKuPUL3Pk3TtsstPXAhcM593LvPUHMqFS2/W3kVlbX1jfym4Wt7Z3dPXP/oCWjRGDSxBGLRCdAkjAakqaiipFOLAjiASPtYHQz9dsPREgahfdqHBOPo0FI+xQjpSXfPK779lW1Yl24MYdlq+xCCFNXcDjiJVm6jfHEN4u2Zc8Al4mTkSLI0PDNL7cX4YSTUGGGpOw6dqy8FAlFMSOTgptIEiM8QgPS1TREnEgvnb0ygada6cF+JHSFCs7U3xMp4lKOeaA7OVJDuehNxf+8bqL6l15KwzhRJMTzRf2EQRXBaS6wRwXBio01QVhQfSvEQyQQVjq9gg7BWXx5mbTKllOxKnfnxdp1FkceHIETcAYcUAU1UAcN0AQYPIJn8ArejCfjxXg3PuatOSObOQR/YHz+AH24l6c=</latexit>

H0 = 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, …)

             - 133,000 ellipticals in fundamental plane relation
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7

Figure 4. Historical (1990 onward) distance modulus measurements of the Coma cluster (as reviewed in de Grijs & Bono 2020).
Only distance measurements that do not depend on redshift and H are included.

Coma cluster distance measurements

Riess 2024
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