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CMB, BAO fits to ACDM
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® Intro: Hubble’s law

@® Distance ladders: SHOES, CCHP, TDCOSMO
® CMB, BAO fit to ACDM, sound horizon
® CMB, BAO fit to BSM

® Summary, DESI wOwa
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Hubble tension

Snowmass Report 2022

CMB with Planck

Balkenhol etal. (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: 67.27  0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54
Ade etal. (2016), Planck 2015, HO = 67.27 £ 0.66
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Dutcher et al. (2021), SPT: 68.8 + 1.5
Aiola et al. 2020), ACT: 67.9 1.5

Afola et al. (2020), WMAP9+ACT: 67,6 + |
Zhang, Huang (2019), WMAP9+BAO: 68.36* )
Henning et al. (2018), SPT: 71.3 =

Hinshaw ct al. (2013), WMAP9: 70.0 +
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3
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No CMB, with BBN -
Zhang etal, 2021), BOSS corelation function+ BAO+BBN: 68.19+0.99 -
hen ctal. (2021), P+BAO+BBN; 69.2320.77 -
Philco ctal. (2021), P+Bispectrum +BAO+BBN: 68314043 -
D' Amico et al. (2020), BOSS DRI2+BBN: 68.5 + 2.2
Colasctal. (2020), BOSS DRI2+BBN: 68.7 £ 15 -
Ianov ctal. (2020), BOSS+BBN: 679 + 1.1 -
Alam etal. (2020), BOSS +eBOSS +BBN: 6735 + 097

CMB lensing -

Baxter et al, (2020): 73.5 + 5.3

Hy [km s7! Mpc]

indirect

Philcox et al, (2020), Py(k)+ CMB lensing: 70,643 |

LSS f¢q §

oq Standard ruler -
Farren et al. (2021):

69.5439
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CMB, BAO: “indirect” methods

use the sound horizon rs as ruler

to measure D, calculated in AC
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D D

DM

Riess ctal. (2022), R22: 73.04 £ 1.04
Camarena, Marra (2021): 7430 £ 1.45
Riess etal. (2020), R20: 732 = 13
Breuval etal. (2020): 728 + 2.7
Riess etal. (2019), R19: 74.03 + 1.42
Camarena, Marra (2019): 75.4 + 1.7

SNIa-TRGB

Dhawan ctal. (2

): 7694+ 64 -

Jones etal. 2022): 724 £33
Anand, Tully, Rizzi, Riess, Yuan (2021): 715 + 18 -
Freedman (2021): 69.8 £ 1.7 -

Kim, Kang, Lee, Jang 2021): 69.5 £ 4.2
Soliis, Casertano, Riess (2020): 72.1 2.0

Freedman et al. 2020): 69.6 = 1.9
Reid, Pesce, Riess (2019), SHOES: 711 + 199 -
Yuan etal. (2019): 724 £20 -

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

Blakeslee ctal. (2021) IR-SBF w/ HST: 73
Khetan et al. (2020) w/ LMC DEB: 71
Cantiello etal. (2018): 71

de Jacger etal. (2
de Jacger et al. 2020): 7

Masers
Pesce etal. (2020): 3.9 + 3.0

Tully Fisher
Kourkehi ctal. (20203: 76.0 £ 2.6
Schombert, McG

HII galaxy

igh, Lelli (2020): 75.1 = 2.8 |

Femandez Arenas etal. 2018): 71.0 35

Wang. Meng 2017:76.12434]

Lensing related,mass model dependent -

Denzel et al. C021): 715

Birer etal. (2020, TDCOSMO: 745750 -

Birrer et al. (2020), TDCOSMO+SLACS: 67.4:
Yang, Birrer, Hu (2020): 73.65*}

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

20): 73.6

Shajib et al. 2019), STRIDES: 74.2
Wong et al. 2019), HOLICOW 2019: 73.3

Mklherisctal Q022), GWITOSIT+GWIC-3: 673
Aottt 0021, GWIC 3 63

Palmese et al. (2021), GW170817: 72.77+-
Gayathri et al. (2020), GW190521 +GW 170817 *;41?1

Mukherjee et al. (2020), GWI70817+ZTF: 67.6°
Mukherjee et al. (2019), GWI70817+VLBI: 683738

Hotesstact et G010y 703753

Moresco et al. (20

), flat ACDM with systematics: 66.5 +
Moresco et al. (2 i

). open wCDM with systematics: 67.8
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ble tension, Ho

CMB with Plan

k
Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.5 -
Pogosian et al. (2020), ¢BOSS+Planck mH2: 69.6 + 1.8 -
Aghanim et a. (2020), Planck 2018: 67.27 £ 0,60 -
Aghanim etal. (2020), Planck 2018+ CMB lensing: 67.36 + 0.54 -
Ade etal. (2016), Planck 2015, H0 = 67.27 + 0.66 -

Dutcher etal. (2021, SPT: 688 + 1.5
Aiola etal. (2020), ACT: 67.9 % 1.5

Aiola etal. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP94BAO: 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 et al. (2021), P+BAO+BBN: 69.23+0.77 -
Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31 483 -

' Amico et al. (2020), BOSS DRI2+BBN: 68.5 2.
Colas ctal. (2020, BOSS DRI2+BBN: 68.7 + 1.5
Ivanov et al. (2020), BOSS+BBN: 67.9 + 1.1

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

CMB lensing
Baxter etal. (2020): 73.5 + 5.3
Philcox et al. (2020), Py(k)+CMB lensing: 70,643

5S 1eq standard ruler
Famen ctal. 2021); 69539

SNIa—Cepheid

Camarena, Marra (2019): 754 + 1.7

SNIa-TRGB

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

Riess ctal. (2022), R22: 73.04 £ 104 -
Camarena, Marra (2021): 7430 £ 1.45 -
Riess etal. (2020), R0: 732 2 13 |
Breuval etal. (2020): 728 +27 -
Riess etal. (2019), R19: 74.03 + 1.42 -

Dhawan et al. (2022): 76.94 = 6.4 -
Jones etal. 2022): 724 £33

Anand, Tully, Rizzi, Riess, Yuan (2021): 715 1.8
Freedman (2021): 69.8 £ 1.7 -

Soltis, Casertano, Riess (2020): 72.1 £ 2.0
Freedman etal. (2020): 69.6 = 19
Reid, Pesce, Riess (2019), SHOES: 711 £ 1.99 -

Nla—Miras
Huang etal. (2019): 733 £ 4.0

SBF

de Jacger et al. 2020)

Masers
Pesce etal. (2020): 3.9 + 3.0

Yuan etal. (2019): 724 £20 -

Blakeslee ctal. (2021) IR-SBF w/ HST: 733 225 -
Khetan etal. (2020) w/ LMC DEB: 71.1 £ 4.1 |
Cantiello etal. (2018): 719 £ 7.1 -

SNII
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Schombert, McGaugh, Lelli (2020): 75.1 = 2.8 -

rumndezmmsm\ 2018):71.0 £33

leng Q017):76 1234

Lensing related,mass model dependent
nzel et al. (2021): 7187

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

Birrer etal. (2020), TDCOSMO+SLACS: su‘

). TDCOSMO: 74.2 =
Qi ctal. 2020): 736
Liao ctal. (2020): 72.8%
Lizo etal. (2019): 72

Millon et al.

‘Wong etal. (2019), HOLICOW 2019: 73.3%]
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Mukherjee et al. 2022), GW170817+GWTC-3: 67+
\bbott et al. (2021), GWTC-3: m«'?

etal. (2021), GW170817: 72.77+ g
Gayathri et by nu’m GW190521+GWI70817: 73.47"
Mukheree el 2020), GWITOSIT+ZTF: 67,6743
Mukherjee et al. (2019), GW170817+VLBI: 68.3*:
Holokezaka et al. 2019): 703

21
Shajib et al. 2019), STRIDES: 74, z‘?é -

Moresco et al. (20
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), flat ACDM with systematics: 66.5
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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

« SN 1a

SN II: 11/2024

 DESI Fundamental Plane: 8/2024
e Surface brightness fluctuations 2/2025

Cepheids — Type Ia Supernovae *r 1

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)

Type Ia Supernovae — redshift(z)
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12 Aug 2024

21 Aug 2024

The Freedman vs. Riess tension summer 2024

FREEDMAN ET AL.

I

I

Status Report on the Chicago-Carnegie Hubble Program (CCHP): "
Three Independent Astrophysical Determinations of the '
Hubble Constant Using the James Webb Space Telescope
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Selection of Supernova Subsample Explains Differences in JIWST Estimates of Local Hy
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Differences in HO are due to statistical scatter
in different subsets of calibrator SN1a

Anchors SN la hosts

+0.5

- 4 anchors + 42 SNla

- CCHP Selected:
* JAGB excluded:

- SHOES Selected:
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Supernovae 1a bottom line:

good agreement between Cepheids, TRGB, JAGB

local HO = 73.2+-0.9 km/s/Mpc (SHOES HST 2024)
cross checks of all rungs of distance ladder ongoing

new (2025) effort to standardize and combine
different groups’ methods for rungs of distance
ladder into one analysis code

11



ble tension, Ho

CMB with Plan

k
Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £0.5 -
Pogosian et al. (2020), ¢BOSS+Planck mH2: 69.6 + 1.8 -
Aghanim et a. (2020), Planck 2018: 67.27 £ 0,60 -
Aghanim etal. (2020), Planck 2018+ CMB lensing: 67.36 + 0.54 -
Ade etal. (2016), Planck 2015, H0 = 67.27 + 0.66 -

Dutcher etal. (2021, SPT: 688 + 1.5
Aiola etal. (2020), ACT: 67.9 % 1.5

Aiola etal. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP94BAO: 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 et al. (2021), P+BAO+BBN: 69.23+0.77 -
Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31 483 -

' Amico et al. (2020), BOSS DRI2+BBN: 68.5 2.
Colas ctal. (2020, BOSS DRI2+BBN: 68.7 + 1.5
Ivanov et al. (2020), BOSS+BBN: 67.9 + 1.1

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

CMB lensing
er etal. (2020): 735+ 53
Philcox et al. (2020), P,Ak)»LMBl:nsmg 706434

LSS fq standard ruler
Famen ctal. 2021); 69539

SNIa—Cepheid

Camarena, Marra (2019): 754 + 1.7

SNIa-TRGB

Dhawan et al. (2022): 76.94 = 6.4 -
Jones etal. 2022): 724 £33

Anand, Tully, Rizzi, Riess, Yuan (2021): 715 1.8
Freedman (2021): 69.8 £ 1.7 -

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

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

Reid, Pesce, Riess (2019), SHOES: 711 £ 1.99 -
Yuan etal. (2019): 724 £20 -

Nla—Miras
Huang etal. (2019): 733 £ 4.0

SBF

Blakeslee ctal. (2021) IR-SBF w/ HST: 733 225 -
Khetan etal. (2020) w/ LMC DEB: 71.1 £ 4.1 |
Cantiello etal. (2018): 719 £ 7.1 -

SNIL
descgerral oy 75434
5155543 -

de Jacger et al. 2020)

Masers
Pesce etal. (2020): 3.9 + 3.0

Tully Fisher
Kourkchi et al. (2020): 76.0 + 2.6

Schombert, McGaugh, Lelli (2020): 75.1 = 2.8 -

alaxy
Femrmdevsznasem! 2018):71.0 £33

Riess ctal. (2022), R22: 73.04 £ 104 -
Camarena, Marra (2021): 7430 £ 1.45 -
Riess etal. (2020), R0: 732 2 13 |
Breuval etal. (2020): 728 +27 -
Riess etal. (2019), R19: 74.03 + 1.42 -

leng Q017):76 1234

Lensing related,mass model dependent
Denzel et al. (2021): 7187

Birrer etal. (2020), TDCOSMO: 74.5*;

Birrer etal. (2020), TDCOSMO+SLACS: 674
Yang, Birrer, Hu (2020): 73.65+}33

Millon et al. (2020), TDCOSMO: 74.2 + 1
Qietal. 2020): 73.6*
Liao ctal. (2020): 72.8%
Liao etal. (2019): 722+ 2
Shajib et al. 12019),5TRIDFS'7J2‘?

‘Wong etal. (2019), HOLICOW 2019: 73.3%]

Mukherjee et al. (2022), GW170817+GWTC-3: 67
Abboltctal. C021). GWTC-3: 68
el 031, GW 170817 277511 s
Gayathri et by m)’ln GWI90521+GWI70817: 73,47
Mukherjee et al. (2020), GW170817+ZTF: 67.61; ;
Mukherjee et al. (2019), GW170817+VLBI: 68.3%;
Holokezaka et al. 2019): 70.3%:

Moresco et al. (20
Moresco etal.
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Strong lensing time delay -TDCOSMO/HOLICOW

S Ho measurements in flat ACDM - performed blindly
S |Wong et al. 2020 73.3%L7
=
D ES J 2 1 00_445 2 8 6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L)
-
=)
—

[ Millon et al. 2020

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

D

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%3
TDCOSMO-only
+5.8
73.3+28
@

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

TDCOSMO+SLACSspss (profile constraints from 33 SLACS lenses)

67.4.li§j%

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

1
AN 60 65 70 75 80
Ho [km st Mpc~!]
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normalized density

Approximate “mass-sheet” degeneracy

3d density profile
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B TDCOSMO-only: Hy = 74.5%2% km s~ Mpc~!

B TDCOSMO + SLACSgy: Hp = 73.3728 km s=! Mpc~?!
TDCOSMO + SLACSspss: Ho = 67.4%%3 km s~ Mpc~?

B TDCOSMO + SLACSspss +iru: Ho = 67.4%%3 km s~ Mpc~?!
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Evidence for mass-sheet disappeared

TDCOSMO 2025: Cosmological constraints from strong lensing
time delays

Ho measurements in flat ACDM - performed blindly

Wong et al. 2020 73.3f%:é
——

6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L)
Millon et al. 2020
7 time-delay lenses (6 HOLICOW + 1 STRIDES) TDCOSMO-1 (NFW + stars/constant M/L)

TDCOSMO-1 (power-law)

Birrer et al. 2020 kinematics-only constraints on mass profile

7 time-delay lenses (+ 33 SLACS lenses)

25 Jun 2025

74.5%2-6
- 6.1
TDCOSMO-4

TDCOSMO-4 + SLACS

8 time-delay lenses (+ 11 SLAC lenses + 4 SL2S) with improved kinematics

TDCOSMO-2025 + Pantheon+
+3.6
74. %_3. 3
TDCOSMO-2025 + SLACS + Pantheon+
72.1+38
._ .
TDCOSMO-2025 + SL2S + Pantheon+
+3.1
74. %—3.7
TDCOSMO-2025 + SLACS + SL2S + Pantheon+

60 65 70 75 80
Ho [kms=tMpc~1]



local Ho measurements are not going away

HO —73.2+0.9 (stat.+syst.)

SHOES 2024

e direct, but depend 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

16



“Indirect” Ho from CMB and BAO
Hy = 67.24 +£0.35 o

Planck + ACT 2025 + SPT 2025

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

caleulated W
ICDM model
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The sound horizon rs
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sound horizon calculation
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Planck 2018 results. I.
Overview and the cosmological legacy of Planck

Temperature
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The Atacama Cosmology Telescope: DR6 Power Spectra, Likelihoods and ACDM Parameters
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SPT-3G D1: CMB temperature and polarization power spectra and cosmology from
2019 and 2020 observations of the SPT-3G Main field

25 Jun 2025
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a smaller rs with additional early energy
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Temperature fluctuations [ K? ]
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Does it work? maybe, half-way

ACT DR6 Constraints on Extended Cosmological Models

o Varyug Me
QoY e,

18 Mar 2025

Nigr <0.134
Hy=68.5970-41

(95%, P-ACT-LB)
(68%, P-ACT-LB).

fepe <0.12
Hy=69.919%

(95%, P-ACT-LB)
(68%, P-ACT-LB)

Me/Me o = 1.022 +£0.016 )
O, = —0.00314+0.0037 & (68%, P-ACT-LB)
Hy = 1.0+1.7 |




Summary

® Hubble tension, 6.20, and growi

Nng

- ' km/s
® local "direct” Hy=73.1+£09 ;-

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

@ 'Indirect” BAO,CMB Hy = 67.2-

- (0.4

precise, Planck, ACT, SPT, BAO all agree, rely on sound horizon
which is sensitive to BSM physics. No full BSM solution yet.

® connectionto wo+w, <—1



DESI: Evolving “phantom” dark energy

DESI DR2 Results II: Measurements of Baryon Acoustic Oscillations and
Cosmological Constraints

26 Mar 2025

< 0.1% of full survey volume




Hubble diagram from Supernovae 1o

distance (apparent magnitude)
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DESI DR2 Results 1I: Measurements of Baryon Acoustic Oscillations and
Cosmological Constraints
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Hubble diagram from BAO-DESI

Bansal Huterer 2025
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DESI (2025) wOwa fit
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HO measurements require absolute distances

 SHOES luminosity distances (z~0.1)
« BAO & CMB angular diameter distances (range of z)

SN1a and BAO measurements of H(z) evolution
disagree with each other and LCDM for 0<z<2

» disagreement on ().,

e evidence for “evolving dark energy” wOwa

IS there a connection?
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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), DES (ongoing), LSST

GW: LIGO 100 NS-NS mergers + optical (2030)
Einstein Telescope (20357?)

36






Standard Sirens for HO



LIGO: Gravitational waves from
neutron star mergers
Qﬁvm

Qonad to
et &

@
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H, = 70%¢* km/s/

Abbott et al.
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Improved constraints on HQ from the BNS merger GW 170817 through combination of GW
and EM data. (review by Bulla et al 2205.09145)
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Extra slides on Hubble
from the distance to the
Coma cluster



DESI Peculiar Velocity Survey — Fundamental Plane

Khaled Said®,'* Cullan Howlett®,! Tamara Davis®,' John Lucey®,” Christoph Saulder®,? Kelly Douglass®,
Alex G. Kim®,’ Anthony Kremin )5 Caitlin Ross,! Greg Aldering,5 Jessica Nicole Aguilar,5 Steven Ahlen®,'
Segev BenZvi .4 Davide Bianchi®,” David Brooks,? Todd Claybaugh,5 Kyle Dawson,” Axel de la Macorra®,
Biprateep Dey 1 Peter Doel,® Kevin Fanning L1213 Simone Ferraro®,>* Andreu Font-Ribera®,!-8
Jaime E. Forero-Romero®,'%!7 Enrique Gaztanaga,'*?%!® Satya Gontcho A Gontcho®, Julien Guy®,
Klaus Honscheid,?32!-22 Robert Kehoe,2* Theodore Kisner®,” Andrew Lambert,” Martin Landriau®,’
Laurent Le Guillou®,2> Marc Manera®,?%!5 Aaron Meisner®,?’” Ramon Miquel,?®!3 John Moustakas®,
Andrea Mufioz-Gutiérrez,'© Adam Myers,30 Jundan Nie®,3! Nathalie Palanque-Delabrouille )32

Will Percival®,3+33:35 Francisco Prada®,%® Graziano Rossi,3” Eusebio Sanchez®,® David Schlegel,’
Michael Schubnell,>**° Joseph Harry Silber®,> David Sprayberry,?” Gregory Tarlé®,*

Mariana Vargas Magana®,'? Benjamin Alan Weaver,”’” Risa Wechsler®,*!:1>:3 Zhimin Zhou®,?! Hu Zou

5

29

25 Aug 2024

31

« 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

d£5.
u] km/s/Mpc

Coma

Hy=76.050£1.3* [

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

DANIEL SCOLNIC,' ADAM G. RiEsS,>? YUKEI S. MurakaMI,® 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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