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Distance laddersCMB, BAO fits to ΛCDM
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Outline 
Intro: Hubble’s law

Summary, DESI w0wa

CMB, BAO fit to ΛCDM, sound horizon 

Distance ladders: SH0ES, CCHP, TDCOSMO

CMB, BAO fit to BSM
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Hubble’s Law - definition of H0
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Hubble tension
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FIG. 2. 68% CL constraint on H0 from di↵erent cosmological probes (based on Refs. [49, 50]).
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FIG. 2. 68% CL constraint on H0 from di↵erent cosmological probes (based on Refs. [49, 50]).
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Hubble tension, H0
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FIG. 2. 68% CL constraint on H0 from di↵erent cosmological probes (based on Refs. [49, 50]).
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FIG. 2. 68% CL constraint on H0 from di↵erent cosmological probes (based on Refs. [49, 50]).
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Hints of New Physics?
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Figure 12. Complete distance ladder. The simultaneous agreement of distance pairs: geometric and Cepheid-based (lower
left), Cepheid- and SN-based (middle), and SN- and redshift-based (top right) provides the measurement of H0. For each step,
geometric or calibrated distances on the abscissa serve to calibrate a relative distance indicator on the ordinate through the
determination of MB or H0. Results shown are an approximation to the global fit as discussed in the text. Red SNe points are at
0.0233 < z < 0.15 with the lower redshift bound producing the appearance of asymmetric residuals when plotted against distance.

Geometry > Cepheids > SN1a luminosity calibration

since 2022: all 42 supernovae of the

past 40 years with z < 0.01

SMC

<latexit sha1_base64="rvrw3Va0hwESXmoLG097lpf0L+Y=">AAACC3icdVDLSgMxFM34rPVVdekmtAguZMy0pY9d0Y0boYJ9QKeUTJppQ5OZIckIZejejb/ixoUibv0Bd/6N6QtU9MCFwzn3cu89XsSZ0gh9Wiura+sbm6mt9PbO7t5+5uCwqcJYEtogIQ9l28OKchbQhmaa03YkKRYepy1vdDn1W3dUKhYGt3oc0a7Ag4D5jGBtpF4mWy7YThm6kYDIrpTcM+j6EpNkJM7VJLmOyAT2Mjlko2oFFapwTor5JUHQsdEMObBAvZf5cPshiQUNNOFYqY6DIt1NsNSMcDpJu7GiESYjPKAdQwMsqOoms18m8MQofeiH0lSg4Uz9PpFgodRYeKZTYD1Uv72p+JfXibVf6SYsiGJNAzJf5Mcc6hBOg4F9JinRfGwIJpKZWyEZYpOFNvGlTQjLT+H/pJm3nZJduinmaheLOFLgGGTBKXBAGdTAFaiDBiDgHjyCZ/BiPVhP1qv1Nm9dsRYzR+AHrPcveFWY4g==</latexit>

73.17± 0.86
km/s

Mpc

Breuval (2024): SMC as

additional distance anchor



8

30 Riess et al.

Figure 12. Complete distance ladder. The simultaneous agreement of distance pairs: geometric and Cepheid-based (lower
left), Cepheid- and SN-based (middle), and SN- and redshift-based (top right) provides the measurement of H0. For each step,
geometric or calibrated distances on the abscissa serve to calibrate a relative distance indicator on the ordinate through the
determination of MB or H0. Results shown are an approximation to the global fit as discussed in the text. Red SNe points are at
0.0233 < z < 0.15 with the lower redshift bound producing the appearance of asymmetric residuals when plotted against distance.

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 
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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

1Department of Astronomy & Astrophysics, University of Chicago, 5640 South Ellis Avenue,
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2The Observatories of the Carnegie Institution for Science, 813 Santa Barbara St., Pasadena, CA
91101, USA

3Department of Astronomy & Astrophysics, University of Chicago, 5640 South Ellis Avenue,
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(Dated: Astrophysical Journal, submitted, August 05, 2024)

ABSTRACT

We present the latest results from the Chicago Carnegie Hubble Program ( CCHP)

to measure the Hubble constant using data from the James Webb Space Telescope

(JWST ). This program is based upon three independent methods: (1) Tip of the

Red Giant Branch (TRGB) stars, (2) JAGB (J-Region Asymptotic Giant Branch)

stars, and (3) Cepheids. Our program includes 10 nearby galaxies, each hosting Type

Ia supernovae (SNe Ia), suitable for measuring the Hubble constant (H0). It also

includes NGC 4258, which has a geometric distance, setting the zero point for all

three methods. The JWST observations have significantly higher signal-to-noise and

finer angular resolution than previous observations with the Hubble Space Telescope

(HST ). We find three independent values of H0 = 69.85 ± 1.75 (stat) ± 1.54 (sys) for

the TRGB, H0 = 67.96 ± 1.85 (stat) ± 1.90 (sys) km s↑1 Mpc↑1 for the JAGB, and

H0 = 72.05 ± 1.86 (stat) ± 3.10 (sys) for Cepheids. Tying into SNe Ia, and combining

Corresponding author: Wendy Freedman

wfreedman@uchicago.edu
→ This work is based on observations made with the NASA/ESA/CSA James Webb Space Telescope.

The data were obtained from the Mikulski Archive for Space Telescopes at the Space Telescope
Science Institute, which is operated by the Association of Universities for Research in Astronomy,
Inc., under NASA contract NAS 5-03127 for JWST. These observations are associated with program
JWST-GO-1995.
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ABSTRACT

JWST provides new opportunities to cross-check the HST Cepheid/SNe Ia distance ladder, which
yields the most precise local measure of H0. We analyze early JWST subsamples (→1/4 of the HST

sample) from the SH0ES and CCHP groups, calibrated by a single anchor (NGC4258). We find HST

Cepheid distances agree well (→1ω) with all 8 combinations of methods, samples, and telescopes: JWST

Cepheids, TRGB, and JAGB by either group, plus HST TRGB and Miras. The comparisons explicitly
include the measurement uncertainty of each method in NGC4258, an oft-neglected but dominant
term. Mean di!erences are →0.03 mag, far smaller than the 0.18 mag “Hubble tension.” Combining all
measures produces the strongest constraint yet on the linearity of HST Cepheid distances, 0.994± 0.010,
ruling out distance-dependent bias or o!set as the source of the tension at →7ω. Yet, measurements of
H0 from current JWST subsamples produce large sampling di!erences whose size and direction we can
directly estimate from the full HST set. We show that ”H0 →2.5 km s→1 Mpc→1 between the CCHP
JWST program and the full HST sample is entirely consistent with di!erences in sample selection.
Combining all JWST samples produces a new, distance-limited set of 16 SNe Ia at D ↑ 25 Mpc and
more closely resembles the full sample thanks to “reversion to the mean” of larger samples. Using
JWST Cepheids, JAGB, and TRGB, we find 73.4 ± 2.1, 72.2 ± 2.2, and 72.1 ± 2.2 km s→1 Mpc→1,
respectively. Explicitly accounting for SNe in common, the combined-sample three-method result from
JWST is H0 = 72.6± 2.0, similar to H0 = 72.8 expected from HST Cepheids in the same galaxies. The
small JWST sample trivially lowers the Hubble tension significance due to small-sample statistics and
is not yet competitive with the HST set (42 SNe Ia and 4 anchors), which yields 73.2±0.9. Still, the
joint JWST sample provides important crosschecks which the HST data passes.

1. INTRODUCTION

Currently, the primary route to a →1% local determination of the Hubble constant (H0) comes from distance ladders
composed of three “rungs”: (1) geometric distance measurements to multiple independent “anchors”; (2) primary
distance indicators (i.e., standard or standardizable luminous stars) observed in these anchors and in the hosts of
several dozen nearby Type Ia supernovae (SNe Ia); and (3) SNe observed in these local hosts and in the Hubble flow.
Given state-of-the-art measurements, the precision of this route has been most limited by the sample size, N , of the
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ABSTRACT

JWST provides new opportunities to cross-check the HST Cepheid/SNe Ia distance ladder, which
yields the most precise local measure of H0. We analyze early JWST subsamples (→1/4 of the HST

sample) from the SH0ES and CCHP groups, calibrated by a single anchor (NGC4258). We find HST

Cepheid distances agree well (→1ω) with all 8 combinations of methods, samples, and telescopes: JWST

Cepheids, TRGB, and JAGB by either group, plus HST TRGB and Miras. The comparisons explicitly
include the measurement uncertainty of each method in NGC4258, an oft-neglected but dominant
term. Mean di!erences are →0.03 mag, far smaller than the 0.18 mag “Hubble tension.” Combining all
measures produces the strongest constraint yet on the linearity of HST Cepheid distances, 0.994± 0.010,
ruling out distance-dependent bias or o!set as the source of the tension at →7ω. Yet, measurements of
H0 from current JWST subsamples produce large sampling di!erences whose size and direction we can
directly estimate from the full HST set. We show that ”H0 →2.5 km s→1 Mpc→1 between the CCHP
JWST program and the full HST sample is entirely consistent with di!erences in sample selection.
Combining all JWST samples produces a new, distance-limited set of 16 SNe Ia at D ↑ 25 Mpc and
more closely resembles the full sample thanks to “reversion to the mean” of larger samples. Using
JWST Cepheids, JAGB, and TRGB, we find 73.4 ± 2.1, 72.2 ± 2.2, and 72.1 ± 2.2 km s→1 Mpc→1,
respectively. Explicitly accounting for SNe in common, the combined-sample three-method result from
JWST is H0 = 72.6± 2.0, similar to H0 = 72.8 expected from HST Cepheids in the same galaxies. The
small JWST sample trivially lowers the Hubble tension significance due to small-sample statistics and
is not yet competitive with the HST set (42 SNe Ia and 4 anchors), which yields 73.2±0.9. Still, the
joint JWST sample provides important crosschecks which the HST data passes.

1. INTRODUCTION

Currently, the primary route to a →1% local determination of the Hubble constant (H0) comes from distance ladders
composed of three “rungs”: (1) geometric distance measurements to multiple independent “anchors”; (2) primary
distance indicators (i.e., standard or standardizable luminous stars) observed in these anchors and in the hosts of
several dozen nearby Type Ia supernovae (SNe Ia); and (3) SNe observed in these local hosts and in the Hubble flow.
Given state-of-the-art measurements, the precision of this route has been most limited by the sample size, N , of the
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Figure 3. F115W versus (F115W-F444W) color-magnitude diagram for the galaxy NGC
7250. The positions of all three distance indicators used in our program are identified in
the plot. Schematically, the dashed slanted black lines indicate the approximate blue and
red edges of the Cepheid instability strip; the white sloped line indicates the position of the
TRGB; and the dotted line indicates the peak of the carbon/JAGB star distribution. Red
points are stars in the outer field of the galaxy; blue points are stars in the inner field of
the galaxy.

mean (statistical) crowding correction. Application of, and the uncertainties in, these

statistical corrections are described in O24.Artificial star corrections were not needed

for the TRGB or JAGB measurements. The crowding corrections are most significant

for the inner disk (Cepheid) fields. As expected, they are significantly less for JWST

than for HST . For the NIRCam F115W filter, the average random (statistical) cor-

rections measured from the artificial stars ranged from -0.003 mag (M101) to -0.012

mag (NGC 3972). For the HST F555W filter, the average corrections ranged from

-0.010 mag (NGC 4424) to -0.096 mag (NGC 2442); and for the HST F814W filter,

the average corrections ranged from -0.033 mag (M101) to -0.133 mag (NGC 2442).

H0 ~ 70+-2



Context for Comparing JWST and HST 11

JWST

HST

NGC 4258

-0.7-0.7

Milky Way

-0.2

LMC

+0.5

SMC

+0.9

Anchors SN Ia hosts

(ΔH0)

Figure 4. Anchors and SN Ia hosts selected to cross-check HST and JWST distances from the full HST sample of 4 anchors
and 42 SNe Ia. We show the value of H0 indicated by HST alone for each SN Ia. Small samples will produce large fluctuations
in the value of H0. (HST also indicates the selection by both teams of the anchor NGC4258 will produce a lower value of H0

by →0.7 km s→1 Mpc→1.) The JWST subsample selected by each team may be directly compared to the same from HST (i.e.,
“apples to apples”) without bias, but if used alone to determine H0 the subsample value is seen to be biased with respect to
the full HST sample mean with the values calculated from HST Cepheids indicated on the right. A larger sample, both teams
combined (red and blue, N = 15 SNe Ia), is found to be minimally biased, and nearly complete in distance to D < 25 Mpc.

Another di!erence in H0 between a JWST-only measurement and the full HST samples results from the availability
of anchors. NGC4258, the sole anchor available for JWST, produces the lowest value of H0 of the 4 anchors, decreasing
H0 from the 4-anchor mean of Breuval et al. (2024) by ”H0 → 0.7 km s→1 Mpc→1.
Determining H0 requires the standardized apparent magnitudes of the SN Ia (m0

B
) in the relevant hosts and absolute

magnitudes (M0
B
) determined as M0

B
= m

0
B
↑ µ0. For a well-measured mean M

0
B
, H0 may be determined from

5 log(H0/72.5) = M
0
B
↑ (↑19.28) . (6)

This is a useful approximation to the empirical calibration for the Pantheon+ SNe Ia sample from R22 (this simplified
approximation rather than the full, simultaneous distance-ladder fit including covariance is accurate to ↓0.01 mag).
Calibrating all 42 SNe Ia with HST Cepheids and the single anchor, NGC4258, produces a mean MB = ↑19.28 mag
and H0 = 72.5± 1.5 km s→1 Mpc→1, matching fit #10 given by R22.

We now predict di!erences in H0 due only to the selection of a JWST subsample by comparing the M
0
B

subsample
means determined from the HST Cepheid distances using equation 6. In Table A1 we list the relevant quantities for the
full sample of 42 SNe Ia from R22 as well as the SN Ia host subsamples selected for JWST studies. The comparisons
between expected (HST) and actual (JWST) measure of H0 are shown in Fig. 5.

3.2. CCHP JWST Sample Di!erence

For the 10 hosts of 11 SNe Ia selected by the CCHP for JWST observations, HST Cepheids gave M
0
B
= ↑19.32±

0.05 mag (where the uncertainty includes the measurement of NGC4258, ±0.04 without it) and a corresponding value

Differences in H0 are due to statistical scatter

in different subsets of calibrator SN1a

30 Riess et al.

Figure 12. Complete distance ladder. The simultaneous agreement of distance pairs: geometric and Cepheid-based (lower
left), Cepheid- and SN-based (middle), and SN- and redshift-based (top right) provides the measurement of H0. For each step,
geometric or calibrated distances on the abscissa serve to calibrate a relative distance indicator on the ordinate through the
determination of MB or H0. Results shown are an approximation to the global fit as discussed in the text. Red SNe points are at
0.0233 < z < 0.15 with the lower redshift bound producing the appearance of asymmetric residuals when plotted against distance.

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

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

• cross checks of all rungs of distance ladder ongoing
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ABSTRACT

The H0LiCOW collaboration inferred via strong gravitational lensing time delays a Hubble constant value of 𝐿0 = 73.3+1.7
−1.8 km s−1Mpc−1,

describing deflector mass density profiles by either a power-law or stars (constant mass-to-light ratio) plus standard dark matter halos. The mass-
sheet transform (MST) that leaves the lensing observables unchanged is considered the dominant source of residual uncertainty in 𝐿0. We quantify
any potential effect of the MST with a flexible family of mass models, which directly encodes it, and they are hence maximally degenerate with
𝐿0. Our calculation is based on a new hierarchical Bayesian approach in which the MST is only constrained by stellar kinematics. The approach is
validated on mock lenses, which are generated from hydrodynamic simulations. We first applied the inference to the TDCOSMO sample of seven
lenses, six of which are from H0LiCOW, and measured 𝐿0 = 74.5+5.6

−6.1 km s−1Mpc−1.
Secondly, in order to further constrain the deflector mass density profiles, we added imaging and spectroscopy for a set of 33 strong gravitational
lenses from the Sloan Lens ACS (SLACS) sample. For nine of the 33 SLAC lenses, we used resolved kinematics to constrain the stellar
anisotropy. From the joint hierarchical analysis of the TDCOSMO+SLACS sample, we measured 𝐿0 = 67.4+4.1

−3.2 km s−1Mpc−1. This measurement
assumes that the TDCOSMO and SLACS galaxies are drawn from the same parent population. The blind H0LiCOW, TDCOSMO-only and
TDCOSMO+SLACS analyses are in mutual statistical agreement. The TDCOSMO+SLACS analysis prefers marginally shallower mass profiles
than H0LiCOW or TDCOSMO-only. Without relying on the form of the mass density profile used by H0LiCOW, we achieve a ∼5% measurement of
𝐿0. While our new hierarchical analysis does not statistically invalidate the mass profile assumptions by H0LiCOW – and thus the 𝐿0 measurement
relying on them – it demonstrates the importance of understanding the mass density profile of elliptical galaxies. The uncertainties on 𝐿0 derived
in this paper can be reduced by physical or observational priors on the form of the mass profile, or by additional data. The full analysis is available
! here.

Key words. method: gravitational lensing: strong – cosmological parameters

1. Introduction

There is a discrepancy in the reported measurements of the Hub-
ble constant from early universe and late universe distance an-
chors. If confirmed, this discrepancy would have profound con-
sequences and would require new or unaccounted physics to
be added to the standard cosmological model. Early universe
measurements in this context are primarily calibrated with sound
horizon physics. This includes the cosmic microwave background
(CMB) observations from Planck with 𝐿0 = 67.4 ± 0.5 km
s−1Mpc−1(Planck Collaboration et al. 2018), galaxy clustering
and weak lensing measurements of the Dark Energy Survey
(DES) data in combination with baryon acoustic oscillations
(BAO) and Big Bang nucleosynthesis (BBN) measurements, giv-
ing 𝐿0 = 67.4± 1.2 km s−1Mpc−1(Abbott et al. 2018), and using
the full-shape BAO analysis in the BOSS survey in combination
with BBN, giving 𝐿0 = 68.4 ± 1.1 km s−1Mpc−1(Philcox et al.
2020). All of these measurements provide a self-consistent pic-
ture of the growth and scales of structure in the Universe within
the standard cosmological model with a cosmological constant,
ω, and cold dark matter (ωCDM).

Late universe distance anchors consist of multiple differ-
ent methods and underlying physical calibrators. The most well

𝐿 E-mail: sibirrer@stanford.edu

established one is the local distance ladder, effectively based
on radar observations on the Solar system scale, the parallax
method, and a luminous calibrator to reach the Hubble flow
scale. The SH0ES team, using the distance ladder method with
supernovae (SNe) of type Ia and Cepheids, reports a measure-
ment of 𝐿0 = 74.0 ± 1.4 km s−1Mpc−1(Riess et al. 2019). The
Carnegie–Chicago Hubble Project (CCHP) using the distance
ladder method with SNe Ia and the tip of the red giant branch
measures 𝐿0 = 69.6 ± 1.9 km s−1Mpc−1(Freedman et al. 2019,
2020). Huang et al. (2020) used the distance ladder method with
SNe Ia and Mira variable stars and measured 𝐿0 = 73.3 ± 4.0
km s−1Mpc−1.

Among the measurements that are independent of the dis-
tance ladder are the Megamaser Cosmology Project (MCP),
which uses water megamasers to measure 𝐿0 = 73.9 ± 3.0 km
s−1Mpc−1(Pesce et al. 2020), gravitational wave standard sirens
with 𝐿0 = 70.0+12.0

−8.0 km s−1Mpc−1(Abbott et al. 2017) and the
TDCOSMO collaboration1 (formed by members of H0LiCOW,
STRIDES, COSMOGRAIL and SHARP), using time-delay cos-
mography with lensed quasars (Wong et al. 2020; Shajib et al.
2020a; Millon et al. 2020). Time-delay cosmography (Refsdal
1964) provides a one-step inference of absolute distances on

1 http://tdcosmo.org

Article number, page 1 of 41

ar
X

iv
:2

00
7.

02
94

1v
3 

 [a
str

o-
ph

.C
O

]  
19

 D
ec

 2
02

0

Strong lensing time delay -TDCOSMO/HOLICOW
S. Birrer et al.: Hierarchical time-delay cosmography

Fig. 18: Comparison of different blind 𝐿0 measurements by the TDCOSMO collaboration, based on different mass profile assump-
tions and data sets incorporated. All measurements presented on this plot were performed blindly with regard to the inference of
𝐿0. The measurement on top is the combined H0LiCOW six lenses constraints presented by Wong et al. (2020), when averaging
power-law and composite NFW plus stars (with constant mass-to-light ratio) on a lens-by-lens basis without correlated errors among
the lenses. The next two measurements are from Millon et al. (2020) of six TDCOSMO time-delay lenses (five H0LiCOW lenses21and
one STRIDES lens by Shajib et al. (2020a)), when performing the inference assuming either a composite NFW plus stars (with
constant mass-to-light ratio) or the power-law mass density profile for the galaxy acting as a lens. In the lower panel, we show the
results from this work. The main difference with respect to previous work is that we have made virtually no assumption on the
radial mass density profile of the lens galaxy, and taken into account the covariance between the lenses. The analysis in this work is
constrained only by the stellar kinematics and fully accounts for the uncertainty related to the mass sheet transformation (MST). In
this framework, we obtain four measurements according to the datasets considered. The TDCOSMO-only inference is based on the
same set of seven lenses as those jointly included by Millon et al. (2020) and Wong et al. (2020). The inferred median value is the
same, indicating no bias, and the uncertainties, as expected, are larger. The next three measurements rely on external datasets from
the SLACS survey, by making the assumption that the lens galaxies in the two surveys are drawn from the same population. The
TDCOSMO+SLACSIFU measurements uses, in addition to the TDCOSMO sample, nine lenses from the SLACS sample with IFU
observations to inform the anisotropy prior applied on the TDCOSMO lenses. The TDCOSMO+SLACSSDSS measurement comes
from the joint analysis of the TDCOSMO sample and 33 SLACS lenses with SDSS spectroscopy. The TDCOSMO+SLACSSDSS+IFU
presents the joint analysis of all three data sets, again assuming self-similar distributions of the mass profiles and stellar anisotropy.
The TDCOSMO-only and TDCOSMO+SLACSIFU analyses do not rely on self-similar mass profiles of the SLACS and TDCOSMO
sample while the TDCOSMO+SLACSSDSS and TDCOSMO+SLACSSDSS+IFU measurements (orange and purple) do. All the mea-
surements shown in this plot are in statistical agreement with each other. See Section 8.5 for a discussion and physical interpretation
of the results. ! source
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S. Ertl et al.: Automated modeling of nine strongly lensed quasars

Fig. 7: Color images for each of the nine lenses in our sample created with the three HST bands F160W (red), F475X (blue), and
F814W (green).

to include by visual inspection of the residuals after modeling
lens and quasar light, that is, the remaining light from the arcs,
which are the lensed host galaxy of the quasar. If there was sig-
nificant arc light in one wavelength band, then we included that
band in the final multiband model.

In Table A.1 we present figures of the modeled light and re-
constructed source for each of the nine lensing system in our
sample. We show the observed image (third column), the mod-
eled light and critical curves (fourth column), and the normal-
ized residuals in a range between−5σ and 5σ (fifth column). For

each pixel, the normalized residuals show the difference between
data and model, normalized by the estimated standard deviation.
We show cropped images instead of the full cutout that we used
for modeling for better visibility and indicate 1′′ with a white
line. The panels are oriented such that north is up and east is
left. The sixth column shows the reconstructed SSB distribution
of the quasar host galaxy on the image plane. The seventh col-
umn shows the SSB distribution on the source plane with plotted
caustic curves in red, and the mean weighted source position of
the quasar as a blue star. We show rulers with length of 0.5′′ in
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Fig. 1: Illustration of a composite profile consisting of a stellar component (Hernquist profile, dotted lines) and a dark matter
component (NFW + cored component (Eqn. 38), dashed lines) which transform according to an approximate MST (joint as solid
lines). The stellar component gets rescaled by the MST while the cored component transforms the dark matter component. Left: profile
components in three dimensions. Right: profile components in projection. The transforms presented here cannot be distinguished
by imaging data alone and require i.e., stellar kinematics constraints. ! source

amplitude 𝐿ext and direction 𝑀ext. The PEMD+shear model is one
of two lens models considered in the analysis of the TDCOSMO
sample. For the source and lens galaxies we use elliptical Sér-
sic surface brightness profiles. We add a Gaussian Point Spread
Function (PSF) with Full-Width-at-Half-Maximum (FWHM) of
0′′.1, pixel scale of 0′′.05 and noise properties consistent with the
current TDCOSMO sample of Hubble Space Telescope (HST)
images. The time delays between the images between the first
arriving image and the subsequent images are 11.7, 27.6, and
94.0 days, respectively. We chose time-delay uncertainties of ±2
days between the three relative delays. The time-delay precision
does not impact our conclusions about the MST. The inference is
performed on the pixel level of the mock image as with the real
data on the TDCOSMO sample.

In the modeling and parameter inference, we add an additional
cored mass component (Eqn 38) and perform the inference on
all the lens and source parameters simultaneously, including the
core radius 𝑁c and the projected core density ωc. In the limit of
a perfect MST there is a mathematical degeneracy if we only use
the imaging data as constraints. We thus expect a full covariance
in the parameters involved in the MST (Einstein radius of the
main deflector, source position, source size etc) and the posterior
inference of our problem to be inefficient in the regime where
the cored profile mimics the full MST (𝑂c (𝜴) acts as ωcrit for
𝑁c → ∞). To improve the sampling, instead of modeling the
cored profile 𝑂c (𝜴), we model the difference between the cored
component and a perfect MST, ε𝑂c = 𝑂c (𝜴) − ωcrit, with 𝑃c
(Eqn. 35) instead. ε𝑂c is effectively the component of the model
that does not transform under the MST and leads to a physical
three-dimensional profile interpretation.

Figure 2 shows the inference on the relevant lens model pa-
rameters for the mock image described in Appendix A. The input
parameters are marked as orange lines for the model without a
cored component. We can clearly see that for small core radii,
𝑁c, the approximate MST parameter 𝑃c can be constrained. This
is the limit where the additional core profile cannot mimic a pure
MST at a level where the data is able to distinguish between
them. For core radii 𝑁c = 3𝑄E, the uncertainty on the approxi-
mate MST, 𝑃c, is 10%. For core radii 𝑁c > 5𝑄E, the approximate
MST is very close to the pure MST and the imaging information
in our example is not able to constrain 𝑃c to better than 𝑃c ± 0.4.
We make use of the expected constraining power on 𝑃c as a func-

tion of 𝑁c when we discuss the plausibility of certain transforms.
When looking at the inferred time-delay distance 𝑃c𝑅ε𝐿 , we see
that this quantity is constant as a function of 𝑁c and thus the
time-delay prediction is accurately being transformed by a pure
MST (Eqn. 24). Overall, we find that 𝑃c ≈ 𝑃int is valid for larger
core radii.

Identical tests with a composite profile instead of a PEMD
profile result in the same conclusions and are available ! here.

2.6.2. Allowed cored mass components from physical

boundary conditions

In the previous section (2.6.1) we demonstrated that, for large
core radii, there are physical profiles that approximate a pure
MST (𝑃c ≈ 𝑃int). In this section we take a closer look at the
physical interpretation of such large positive and negative cored
component transforms with respect to a chosen mass profile. It is
possible that the core model itself does not require a physical in-
terpretation as it is overall included in the total mass distribution.
The galaxy surface brightness provides constraints on the stellar
mass distribution (modulo a mass-to-light conversion factor) and
the focus here is a consideration of the distribution of the invisi-
ble (dark) matter component of the deflector. Our starting model
is a NFW profile and we assess departures from this model by
using a cored component.

We apply the following conservative boundary conditions on
the distribution of the dark matter component: Firstly, the total
mass of the cored component within a three-dimensional radius
shall not exceed the total mass of the NFW profile within the same
volume, 𝑆core (< 𝑇) ≤ 𝑆NFW (< 𝑇). This is not a strict bound,
but violating this condition would imply changing the mass of
the halo itself. Secondly, the density profile shall never drop to
negative values, 𝑈NFW+core (𝑇) ≥ 0.

Those two imposed conditions define a physical interpreta-
tion of a three-dimensional mass profile as being a redistribution
of matter from the dark matter component and a rescaling of the
mass-to-light ratio of the luminous component. An independent
estimate of the mass-to-light ratio of few per cent is below our
current limits of knowledge about the stellar initial mass func-
tion, stellar evolution models and dust extinction. Moreover, the
mass-to-light ratio can vary with radius. Figure 3 provides the
constraints from the two conditions, as well as from the imaging
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Table 6: Marginalized posteriors of our hierarchical Bayesian cosmography inference based on the priors and parameterization
specified in Table 5 for a flat ωCDM cosmology.

Data sets 𝐿0 [km s−1Mpc−1] 𝑀int,0 𝑁𝐿 𝑂(𝑀int) 𝑃ani 𝑂(𝑃ani) 𝑂𝑀P ,sys

TDCOSMO-only 74.5+5.6
−6.1 1.02+0.08

−0.09 0.00+0.07
−0.07 0.01+0.03

−0.01 2.32+1.62
−1.17 0.16+0.50

−0.14 -
TDCOSMO + SLACSIFU 73.3+5.8

−5.8 1.00+0.08
−0.08 −0.07+0.06

−0.06 0.07+0.09
−0.05 1.58+1.58

−0.54 0.15+0.47
−0.13 -

TDCOSMO + SLACSSDSS 67.4+4.3
−4.7 0.91+0.05

−0.06 −0.04+0.04
−0.04 0.02+0.04

−0.01 1.52+1.76
−0.70 0.28+0.45

−0.25 0.06+0.02
−0.02

TDCOSMO + SLACSSDSS+IFU 67.4+4.1
−3.2 0.91+0.04

−0.04 −0.07+0.03
−0.04 0.06+0.08

−0.04 1.20+0.70
−0.27 0.18+0.50

−0.15 0.06+0.02
−0.02

Fig. 12: Posterior distributions of the key parameters for the hierarchical inference. Blue: constraints from the TDCOSMO-only
sample. Violet: constraints with the addition of IFU data of nine SLACS lenses to inform the anisotropy prior on the TDCOSMO
sample, TDCOSMO+SLACSIFU. Orange: constraints with a sample of 33 additional lenses with imaging and kinematics data (HST
imaging + SDSS spectra) from the SLACS sample, TDCOSMO+SLACSSDSS. Purple: Joint analysis of TDCOSMO and 33 SLACS
lenses with SDSS spectra of which nine have VIMOS IFU data, TDCOSMO+SLACSSDSS+IFU. Priors are according to Table 5. The
68th percentiles of the 1D marginalized posteriors are presented in Table 6. The posteriors in 𝐿0 and 𝑀int,0 were held blinded during
the analysis. ! source
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Table 6: Marginalized posteriors of our hierarchical Bayesian cosmography inference based on the priors and parameterization
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Data sets 𝐿0 [km s−1Mpc−1] 𝑀int,0 𝑁𝐿 𝑂(𝑀int) 𝑃ani 𝑂(𝑃ani) 𝑂𝑀P ,sys

TDCOSMO-only 74.5+5.6
−6.1 1.02+0.08

−0.09 0.00+0.07
−0.07 0.01+0.03

−0.01 2.32+1.62
−1.17 0.16+0.50

−0.14 -
TDCOSMO + SLACSIFU 73.3+5.8

−5.8 1.00+0.08
−0.08 −0.07+0.06

−0.06 0.07+0.09
−0.05 1.58+1.58

−0.54 0.15+0.47
−0.13 -

TDCOSMO + SLACSSDSS 67.4+4.3
−4.7 0.91+0.05

−0.06 −0.04+0.04
−0.04 0.02+0.04

−0.01 1.52+1.76
−0.70 0.28+0.45

−0.25 0.06+0.02
−0.02

TDCOSMO + SLACSSDSS+IFU 67.4+4.1
−3.2 0.91+0.04

−0.04 −0.07+0.03
−0.04 0.06+0.08

−0.04 1.20+0.70
−0.27 0.18+0.50

−0.15 0.06+0.02
−0.02
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68th percentiles of the 1D marginalized posteriors are presented in Table 6. The posteriors in 𝐿0 and 𝑀int,0 were held blinded during
the analysis. ! source
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Fig. 13. Comparison of the H0 measurements by the TDCOSMO collaboration (and its predecessor H0LiCOW) in chronological order. The
measurements at the top by Wong et al. (2020) and Millon et al. (2020b) are "assertive" in the definition of Treu et al. (2022). They are based on
power-law and composite models to describe the mass density profile of the deflector galaxies, thus implicitly breaking the MSD and obtaining
→2% precision. The TDCOSMO-4 results from Birrer et al. (2020) are "conservative" (Treu et al. 2022). They are based on the same data but
obtain larger uncertainties by introducing the internal MSD parameter ωint, and constraining it with unresolved stellar kinematics. The Birrer et al.
(2020) measurement in combination with SLACS is shown as a dashed line for historical purposes but should not be used anymore, as it was
later discovered that the stellar velocity dispersions based on low SNR (→9 Å↑1) spectra from SDSS suffer from systematic errors and covariance
(Knabel et al. 2024). The new measurements presented in this work are shown in the bottom panel. They are "conservative" in terms of uncertainties
and constrain the MSD using new stellar kinematics based on high SNR JWST-NIRSpec, VLT-MUSE, and Keck-KCWI spectra, as well as an
improved methodology (Knabel et al. 2025).
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ABSTRACT

We present cosmological constraints from 8 strongly lensed quasars (hereafter, the TDCOSMO-2025 sample). Building on previous work, our
analysis incorporated new deflector stellar velocity dispersions measured from spectra obtained with the James Webb Space Telescope (JWST),
the Keck Telescopes, and the Very Large Telescope (VLT), utilizing improved methods. We used integrated JWST stellar kinematics for 5 lenses,
VLT-MUSE for 2, and resolved kinematics from Keck and JWST for RX J1131→1231. We also considered two samples of non-time-delay lenses:
11 from the Sloan Lens ACS (SLACS) sample with Keck-KCWI resolved kinematics; and 4 from the Strong Lenses in the Legacy Survey
(SL2S) sample. We improved our analysis of line-of-sight effects, the surface brightness profile of the lens galaxies, and orbital anisotropy, and
corrected for projection effects in the dynamics. Our uncertainties are maximally conservative by accounting for the mass-sheet degeneracy in
the deflectors’ mass density profiles. The analysis was blinded to prevent experimenter bias. Our primary result is based on the TDCOSMO-2025
sample, in combination with Ωm constraints from the Pantheon+ Type Ia supernovae (SN) dataset. In the flat Λ Cold Dark Matter (CDM), we find
H0 = 71.6+3.9

→3.3 km s→1 Mpc→1. The SLACS and SL2S samples are in excellent agreement with the TDCOSMO-2025 sample, improving the precision
on H0 in flatΛCDM to 4.6%. Using the Dark Energy Survey SN Year-5 dataset (DES-SN5YR) or DESI-DR2 baryonic acoustic oscillations (BAO)
likelihoods instead of Pantheon+ yields very similar results. We also present constraints in the open ΛCDM, wCDM, w0waCDM, and wεCDM
cosmologies. The TDCOSMO H0 inference is robust and consistent across all presented cosmological models, and our cosmological constraints
in them agree with those from the BAO and SN.

Key words. Gravitational lensing: strong – Cosmology: cosmological parameters – Cosmology: distance scale – Cosmology: dark energy –
Methods: data analysis

1. Introduction

1.1. The H0 tension

Allan Sandage famously described his life’s work as the "search
for two numbers": the Hubble constant, H0, and the decelera-
tion parameter, q0. Our view of cosmology has changed signifi-
cantly since then, chiefly with the discovery that the Universe is
accelerating (Riess et al. 1998; Perlmutter et al. 1999), the ex-
plosion in the number of precise cosmological probes, and the
emergence of the concordance Λ Cold Dark Matter (ΛCDM)
model (e.g., Frieman et al. 2008, and references therein).

The Hubble constant has become even more central in our
quest for understanding the composition and expansion history
of the Universe. As the uncertainties in the inferred H0 have
shrunk from a factor of two to a percent level, a tension has
emerged between direct measurements based on the present-day
Universe, and those based on early-Universe probes, extrapo-
lated to the present day under the assumption of a standard flat

ω Corresponding authors. Emails: simon.birrer@stonybrook.edu,
mmillon@ethz.ch, ajshajib@uchicago.edu
ωω Brinson Fellow
ωωω NHFP Einstein Fellow

ΛCDM cosmology. For example, whereas analysis of the cosmic
microwave background (CMB) data from the Planck satellite
yields 67.4±0.5 km s→1 Mpc→1 in flat ΛCDM (Planck Collabora-
tion et al. 2020), the most recent measurement based on the tra-
ditional local distance ladder by the SH0ES team, with Cepheids
and Type Ia supernova (SN Ia), yields 73.04±1.04 km s→1 Mpc→1

(Riess et al. 2022). Considerable effort has gone into building al-
ternative local distance ladders based on alternatives to Cepheids
(e.g. Freedman et al. 2024; Lee et al. 2024; Li et al. 2024b,a);
developing independent methods such as cosmic chronometers
(Tomasetti et al. 2023); exploiting early-Universe probes inde-
pendent of the CMB, including Big Bang nucleosynthesis in
combination with baryon acoustic oscillations (BAO, e.g., DESI-
Collaboration et al. 2025). Overall, this 8% difference, known as
the "Hubble tension", between early-Universe and late-Universe
probes, has crossed the traditional gold-standard 5ϑ threshold
in terms of statistical significance (see, e.g., Di Valentino et al.
2025, for a recent review).

If the Hubble tension is real – and not due to unknown sys-
tematic uncertainties in multiple measurements – the implica-
tions are profound. From a theoretical standpoint, there is no
obvious leading contender to reconcile the measurements in ten-
sion. Proposed solutions include for example a modification of
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We present cosmological constraints from 8 strongly lensed quasars (hereafter, the TDCOSMO-2025 sample). Building on previous work, our
analysis incorporated new deflector stellar velocity dispersions measured from spectra obtained with the James Webb Space Telescope (JWST),
the Keck Telescopes, and the Very Large Telescope (VLT), utilizing improved methods. We used integrated JWST stellar kinematics for 5 lenses,
VLT-MUSE for 2, and resolved kinematics from Keck and JWST for RX J1131→1231. We also considered two samples of non-time-delay lenses:
11 from the Sloan Lens ACS (SLACS) sample with Keck-KCWI resolved kinematics; and 4 from the Strong Lenses in the Legacy Survey
(SL2S) sample. We improved our analysis of line-of-sight effects, the surface brightness profile of the lens galaxies, and orbital anisotropy, and
corrected for projection effects in the dynamics. Our uncertainties are maximally conservative by accounting for the mass-sheet degeneracy in
the deflectors’ mass density profiles. The analysis was blinded to prevent experimenter bias. Our primary result is based on the TDCOSMO-2025
sample, in combination with Ωm constraints from the Pantheon+ Type Ia supernovae (SN) dataset. In the flat Λ Cold Dark Matter (CDM), we find
H0 = 71.6+3.9

→3.3 km s→1 Mpc→1. The SLACS and SL2S samples are in excellent agreement with the TDCOSMO-2025 sample, improving the precision
on H0 in flatΛCDM to 4.6%. Using the Dark Energy Survey SN Year-5 dataset (DES-SN5YR) or DESI-DR2 baryonic acoustic oscillations (BAO)
likelihoods instead of Pantheon+ yields very similar results. We also present constraints in the open ΛCDM, wCDM, w0waCDM, and wεCDM
cosmologies. The TDCOSMO H0 inference is robust and consistent across all presented cosmological models, and our cosmological constraints
in them agree with those from the BAO and SN.
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1. Introduction

1.1. The H0 tension

Allan Sandage famously described his life’s work as the "search
for two numbers": the Hubble constant, H0, and the decelera-
tion parameter, q0. Our view of cosmology has changed signifi-
cantly since then, chiefly with the discovery that the Universe is
accelerating (Riess et al. 1998; Perlmutter et al. 1999), the ex-
plosion in the number of precise cosmological probes, and the
emergence of the concordance Λ Cold Dark Matter (ΛCDM)
model (e.g., Frieman et al. 2008, and references therein).

The Hubble constant has become even more central in our
quest for understanding the composition and expansion history
of the Universe. As the uncertainties in the inferred H0 have
shrunk from a factor of two to a percent level, a tension has
emerged between direct measurements based on the present-day
Universe, and those based on early-Universe probes, extrapo-
lated to the present day under the assumption of a standard flat
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ΛCDM cosmology. For example, whereas analysis of the cosmic
microwave background (CMB) data from the Planck satellite
yields 67.4±0.5 km s→1 Mpc→1 in flat ΛCDM (Planck Collabora-
tion et al. 2020), the most recent measurement based on the tra-
ditional local distance ladder by the SH0ES team, with Cepheids
and Type Ia supernova (SN Ia), yields 73.04±1.04 km s→1 Mpc→1

(Riess et al. 2022). Considerable effort has gone into building al-
ternative local distance ladders based on alternatives to Cepheids
(e.g. Freedman et al. 2024; Lee et al. 2024; Li et al. 2024b,a);
developing independent methods such as cosmic chronometers
(Tomasetti et al. 2023); exploiting early-Universe probes inde-
pendent of the CMB, including Big Bang nucleosynthesis in
combination with baryon acoustic oscillations (BAO, e.g., DESI-
Collaboration et al. 2025). Overall, this 8% difference, known as
the "Hubble tension", between early-Universe and late-Universe
probes, has crossed the traditional gold-standard 5ϑ threshold
in terms of statistical significance (see, e.g., Di Valentino et al.
2025, for a recent review).

If the Hubble tension is real – and not due to unknown sys-
tematic uncertainties in multiple measurements – the implica-
tions are profound. From a theoretical standpoint, there is no
obvious leading contender to reconcile the measurements in ten-
sion. Proposed solutions include for example a modification of
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ABSTRACT
The European Space Agency’s Planck satellite, which was dedicated to studying the early Universe and its subsequent evolution, was launched
on 14 May 2009. It scanned the microwave and submillimetre sky continuously between 12 August 2009 and 23 October 2013, producing deep,
high-resolution, all-sky maps in nine frequency bands from 30 to 857 GHz. This paper presents the cosmological legacy of Planck, which currently
provides our strongest constraints on the parameters of the standard cosmological model and some of the tightest limits available on deviations
from that model. The 6-parameter ⇤CDM model continues to provide an excellent fit to the cosmic microwave background data at high and low
redshift, describing the cosmological information in over a billion map pixels with just six parameters. With 18 peaks in the temperature and
polarization angular power spectra constrained well, Planck measures five of the six parameters to better than 1 % (simultaneously), with the
best-determined parameter (✓⇤) now known to 0.03 %. We describe the multi-component sky as seen by Planck, the success of the ⇤CDM model,
and the connection to lower-redshift probes of structure formation. We also give a comprehensive summary of the major changes introduced in
this 2018 release. The Planck data, alone and in combination with other probes, provide stringent constraints on our models of the early Universe
and the large-scale structure within which all astrophysical objects form and evolve. We discuss some lessons learned from the Planck mission,
and highlight areas ripe for further experimental advances.

Key words. Cosmology: observations – Cosmology: theory – cosmic background radiation – Surveys
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Planck Collaboration: The cosmological legacy of Planck
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Fig. 6. Planck CMB sky. The top panel shows the 2018 SMICA temperature map. The middle panel shows the polarization field
as rods of varying length superimposed on the temperature map, with both smoothed to 5�. This smoothing is done for visibility
purposes; the enlarged region presented in Fig. 7 shows that the Planck polarization map is still dominated by signal at much smaller
scales. Both CMB maps have been masked and inpainted in regions where residuals from foreground emission are expected to be
substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution temperature map. The
bottom panel shows the Planck lensing map (derived from r�, that is, the E mode of the lensing deflection angle), specifically a
minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the unmasked area covers
80.7 % of the sky, which is larger than that used for cosmology.
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Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left), and the
lensing potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from
Planck, and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance,
rather than by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially
exhausted within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE

spectrum still has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection
of CMB lensing to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at
` = 30), but are plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `. In all panels, the
blue line is the best-fit Planck 2018 model, based on the combination of TT , T E, and EE.
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5

Figure 1. ACT DR6 and Planck PR3 (Planck Collaboration 2020b) combined TT (top), EE (middle), and TE (bottom) power
spectra. The gray lines show the joint ACT and Planck (P-ACT) !CDM best-fit power spectra. For plotting purposes we have
subtracted the best-fit foreground power spectra. The full ACT multi-frequency spectra extend to ω = 8500. The !CDM model
provides an excellent fit to both data sets.
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ABSTRACT

We present power spectra of the cosmic microwave background (CMB) anisotropy in temperature
and polarization, measured from the Data Release 6 maps made from Atacama Cosmology Telescope
(ACT) data. These cover 19,000 deg2 of sky in bands centered at 98, 150 and 220 GHz, with white
noise levels three times lower than Planck in polarization. We find that the ACT angular power
spectra estimated over 10,000 deg2, and measured to arcminute scales in TT, TE and EE, are well
fit by the sum of CMB and foregrounds, where the CMB spectra are described by the !CDM model.
Combining ACT with larger-scale Planck data, the joint P-ACT dataset provides tight limits on the
ingredients, expansion rate, and initial conditions of the universe. We find similar constraining power,
and consistent results, from either the Planck power spectra or from ACT combined with WMAP

data, as well as from either temperature or polarization in the joint P-ACT dataset. When combined
with CMB lensing from ACT and Planck, and baryon acoustic oscillation data from the Dark Energy
Spectroscopic Instrument (DESI Y1), we measure a baryon density of ”bh2 = 0.0226± 0.0001, a cold
dark matter density of ”ch2 = 0.118 ± 0.001, a Hubble constant of H0 = 68.22 ± 0.36 km/s/Mpc, a
spectral index of ns = 0.974 ± 0.003, and an amplitude of density fluctuations of ω8 = 0.813 ± 0.005.
We find no evidence for excess lensing in the power spectrum, and no departure from spatial flatness.
The contribution from Sunyaev-Zel’dovich (SZ) anisotropy is detected at high significance; we find
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auto- and cross-frequency spectra. We also show the best-fit !CDM model to SPT-3G D1 T&E (solid line). Top: TT and
EE band powers on a logarithmic scale. SPT TT band powers are estimated in the multipole range ω = 400 to 3000, while
the range for TE and EE band powers is ω = 400 to 4000, see §IV D for details. Bottom: TE band powers in linear scale,
with a zoomed-in view of the ω > 2000 region where ground-based experiments dominate the measurement. These data sets
demonstrate excellent agreement with each other, and the SPT-3G D1 T&E data provide the tightest measurement of the
lensed EE and TE band powers at ω = 1800-4000 and ω = 2200-4000, respectively.

5. We investigate the amplitude of CMB lensing
implied from its e!ect on the primary CMB power
spectra and find a value consistent with the !CDM
prediction, Alens = 1.016

+0.048
→0.054 from SPT+ACT

T&E data, a result that di!ers at → 2ω from the
mild anomaly in the Planck data [1].

6. We report a growing discrepancy between CMB
data and BAO data from DESI DR2 in !CDM, at
the level of 2.8ω in the ”m-hrd plane4 when SPT,
ACTDR6, and Planck are combined.

7. While the CMB data alone do not prefer any
extended model over !CDM, the discrepancy

4
rd is the sound horizon at the drag epoch and h →
H0/100 km s→1 Mpc→1.

between the CMB experiments and DESI is al-
leviated in some extended models of cosmology.
The combination of CMB and BAO yields 2-3 ω

deviations from the standard model of cosmology.

III. SKY MAPS

There are several steps between observations of the
microwave sky and cosmological analysis of the CMB. In
this section, we discuss the steps to produce CMB maps
from the raw observations. The observations themselves
and the processing of the data are described in great
detail in Q25; in this work we highlight characteristics of
the data that we need to take into account in our power
spectrum modeling.

SPT-3G D1: CMB temperature and polarization power spectra and cosmology from
2019 and 2020 observations of the SPT-3G Main field
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Figure 34. Constraints on the number of strongly self-
interacting dark relativistic species, Nidr. The addition of
ACT DR6 spectra improves the constraint from Planck by
more than a factor of three (navy versus orange) and notably
disfavors values of H0 above 70 km/s/Mpc that are allowed
by Planck alone. Inclusion of CMB lensing and DESI BAO
data (purple) slightly weakens the SIDR upper limit due to
small shifts in the best-fit model parameters, but neverthe-
less further tightens the H0 posterior. These are the tightest
bounds on SIDR obtained to date.

Including Planck primary CMB power spectra, we ob-
tain

Nidr < 0.114 (95%, P-ACT)

H0 =68.00+0.55

→0.63
(68%, P-ACT). (55)

The joint P-ACT constraint represents more than a
factor-of-three improvement over the constraint from
Planck alone, for which we find Nidr < 0.379 at 95%
confidence. The origin of this tight constraint is the
lack of preference for excess high-ω damping in the DR6
power spectra; since SIDR can only increase damping
(due to the physical bound Nidr > 0), its existence is
thus disfavored by the data. From the primary CMB,
we thus see no evidence of additional SIDR species, ex-
tending our results for the free-streaming DR case (Ne!)
to a very di!erent physical regime.

Including additional low-redshift datasets does not
significantly tighten the bound on Nidr, but further
tightens the error bar on H0 and other cosmological pa-
rameters. From the combination of ACT and Planck
CMB spectra, ACT and Planck CMB lensing, and DESI

BAO, we obtain

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

H0 =68.59+0.41

→0.50
(68%, P-ACT-LB). (56)

The upper limit on Nidr weakens slightly compared to
that found for P-ACT above, due to small shifts in the
best-fit parameter values. Further including SNIa data
in the analysis yields negligible changes to these con-
straints.

The MAP SIDR model found for P-ACT, as well as
that found for P-ACT-LB, yields negligible improvement
in the quality of fit over ”CDM — in fact, we find that
the MAP SIDR model lies at the ”CDM limit of the
parameter space in both cases, i.e., with Nidr = 0, indi-
cating no preference for this model extension. We em-
phasize again that this lack of preference arises from the
lack of excess damping seen at high-ω in ACT: because
SIDR can only increase damping over that in ”CDM,
the model cannot accommodate decreased damping (un-
like Ne! , which can do so via a value of Ne! < 3.044).

These are the tightest bounds on SIDR presented to
date. The ability of this model to increase the value of
H0 inferred from cosmological data is strongly limited
by these observations, with the new ACT DR6 spectra
playing a crucial role in significantly tightening the con-
straints compared to those from Planck.

6.5.2. Interacting DR-DM

A wide range of dark sector models have been con-
sidered in the literature, featuring various types of
interactions between dark radiation and dark matter
species (e.g., Cyr-Racine et al. 2016; Buen-Abad et al.
2015; Lesgourgues et al. 2016). As a first step in prob-
ing this space of models, here we consider the fidu-
cial scenario studied in Rubira et al. (2023), in which
an SIDR fluid (identical to that studied above) inter-
acts with all of the DM via an interaction with a mo-
mentum transfer rate #(a) = #0,nadma→2 between the
DM and the DR (Buen-Abad et al. 2018). Microphysi-
cally, such an interaction can be realized in dark-sector
models featuring non-Abelian gauge bosons (hence the
“nadm” subscript) that mediate interactions between
Dirac fermion DM particles (Buen-Abad et al. 2015; Les-
gourgues et al. 2016). In this particular model, # has
a redshift (or temperature) dependence that matches
that of the Hubble rate during radiation domination
— see Buen-Abad et al. (2015) for an explicit calcu-
lation of the momentum transfer rate in the “nadm”
model. As a consequence, the interaction between the
DR and the DM is relevant while modes covering a broad
range of scales enter the horizon (essentially during all of
radiation domination), which leads to a roughly scale-

21

z > 50 (z < 50, including today). We adopt a flat,
uninformative prior: me/me,0 → [0.3, 1.7]. Combining
ACT and Planck, we find

me/me,0 =0.856+0.060

→0.073
(68%, P-ACT), (17)

whereas Planck alone yields me/me,0 = 0.880+0.068

→0.080
.

While the P-ACT result lies 2.4ω below unity, we find
that this is driven mostly by the Planck data: ACT
alone yields me/me,0 = 1.02+0.11

→0.15
, while combining ACT

with WMAP yields

me/me,0 =0.921 ± 0.083 (68%, W-ACT). (18)

Interpreting the P-ACT result as a statistical fluctuation,
we further include CMB lensing and DESI BAO data to
obtain

me/me,0 = 1.0096 ± 0.0060

H0 = 69.8 ± 1.1

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

(19)
Further adding SNIa data slightly tightens the con-
straints while moving them closer to !CDM, giving
me/me,0 = 1.0063 ± 0.0056 and H0 = 69.1 ± 1.0 (68%,
P-ACT-LBS).

These bounds represent the tightest constraints to
date on the value of the electron mass at the recom-
bination epoch, now approaching the half-percent level.
Here, the BAO data are crucial in breaking severe geo-
metric degeneracies that arise in the primary CMB when
the electron mass is allowed to vary (see, e.g., Hart &
Chluba 2018 and Sekiguchi & Takahashi 2021 for de-
tailed discussion). These severe degeneracies also allow
much more freedom in the Hubble constant, which in-
creases compared to the value found in !CDM when
fitting these datasets. Nevertheless, we emphasize again
that this model is not physical: no dynamical field has
been introduced that drives the evolution of me.

5.2.2. Electron mass and spatial curvature

Sekiguchi & Takahashi (2021) noted that variation of
the electron mass has the unique property of allowing
multiple scales in the CMB to be preserved (in combi-
nation with other !CDM parameters changing), includ-
ing the acoustic scale and the damping scale. However,
this variation will change the late-time expansion his-
tory, which is why the inclusion of BAO data plays a
key role in the constraints above. This observation mo-
tivates further extending the model to allow freedom to
adjust the late-time distance-redshift relation. Sekiguchi
& Takahashi (2021) considered scenarios in which either
the spatial curvature or the dark energy equation of state
were allowed to vary in addition to me. They found
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Figure 14. Constraints on a (non-physical) model with time
variation of the electron mass and non-zero spatial curvature.
This model opens up significant degeneracies in the CMB
(and BAO) data. A joint fit to P-ACT-LB yields a higher
value of H0 than in !CDM, but with a much larger error bar;
the same behavior is seen for W-ACT-LB, indicating that the
results are not specific to Planck. However, inclusion of SNIa
data (P-ACT-LBS, green) pushes the results toward !CDM,
disfavoring this approach for increasing the cosmologically-
inferred value of H0.

spatial curvature to yield surprising success in accom-
modating significant variation of me (and hence H0) in
fits to Planck CMB and BOSS BAO data, a result that
was further validated in Schöneberg et al. (2022).

Here, we revisit this model with the new ACT DR6
spectra. We adopt a uniform prior ”k → [↑0.6, 0.6] and
the same prior on me used above. We compute theoret-
ical predictions using class.

We find that this two-parameter extension of !CDM
is highly unconstrained in fits to CMB data alone. We
thus focus solely on joint analyses of CMB and late-time
data here, with results shown in Fig. 14. Our baseline
dataset combination yields

me/me,0 = 1.022 ± 0.016

”k = ↑0.0031 ± 0.0037

H0 = 71.0 ± 1.7





(68%, P-ACT-LB).

(20)
While neither non-standard me or non-flat ”k are de-
tected on their own in this fit, their combined impact al-
lows H0 to take on higher values, consistent with earlier
results from Sekiguchi & Takahashi (2021); Schöneberg
et al. (2022). To assess the additional constraining
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We sample the model parameters with uniform
priors fEDE→ [0.001, 0.5], log

10
(zc)→ [3.0, 4.3], and

ωi→ [0.1, 3.1]. We compute theoretical predictions using
the EDE model implementation in class, which itself
was merged from the modified version class ede (Hill
et al. 2020),11 as well as using CosmoPower-based emu-
lators of the class EDE predictions (described in Qu
et al. 2024a). One important detail to note is that these
emulators were trained on theory predictions computed
assuming three massive neutrino species, which is di!er-
ent from our baseline convention in this paper of assum-
ing one massive neutrino. This di!erence leads to very
small shifts in the H0 posteriors (< 0.1 km/s/Mpc), but
otherwise leaves the parameter constraints una!ected,
as we verify using full class runs. For calculations in
the n = 2 EDE model, we compute theoretical predic-
tions using the implementation in camb, as we find that
calculations for this model are more numerically stable
in camb than in class (for some extreme n = 2 scenar-
ios, we find that class does not run successfully). As
a test of the theory codes used for the EDE model, we
verify that the ε2

ACT
values computed for a benchmark

n = 3 EDE model with camb and class agree with one
another to within 0.06, nearly as good as the ”CDM
agreement for these codes (see Appendix A).

Figures 12 and 13 show the marginalized posterior dis-
tributions for key parameters in the n = 3 EDE model,
for di!erent dataset combinations. With the new ACT
DR6 spectra, we find

fEDE < 0.088 (95%, ACT),

fEDE < 0.12 (95%, P-ACT), (14)

and

H0 =67.5+0.9

→1.7
(68%, ACT),

H0 =69.3+0.9

→1.5
(68%, P-ACT) , (15)

with the W-ACT case also shown in the figures to allow a
Planck-independent assessment of the EDE constraints.
We find that ACT alone shows essentially no shift in
H0 within the EDE model, compared to ”CDM — the
hint of non-zero EDE seen in the DR4 data is not seen in
DR6 (comparisons between the DR4 and DR6 EDE con-
straints can be found in Appendix E). When combining
with Planck, the H0 posterior shifts upward, but when
combining with WMAP, this is significantly lessened: we
find H0 = 68.1+0.8

→1.6
(68%, W-ACT). As discussed below,

the improvement in quality of fit in all cases is not sta-
tistically significant. When we also include CMB lensing

11 https://github.com/mwt5345/class ede

Figure 12. Marginalized contours at 68% and 95% con-
fidence for the EDE fraction showing (well-known) positive
correlations with H0, !ch

2, and S8 for di”erent dataset com-
binations (ACT in blue, W-ACT in brown, and P-ACT in
navy). The small bump in the marginalized fEDE posterior
for P-ACT is real and arises from the mild EDE improvement
in ω

2 over #CDM in this model — see Table 2.

and BAO data, we obtain

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

H0 =69.9+0.8

→1.5
(68%, P-ACT-LB) , (16)

with W-ACT-LB giving similar results. For comparison,
H0 = 68.2 ± 0.4 km/s/Mpc in ”CDM for P-ACT-LB

(L25). We also consider substituting BOSS BAO for
DESI BAO data, which yields fEDE < 0.10 (95%, P-

ACT-LBBOSS) and H0 = 69.2+0.7

→1.3
km/s/Mpc (68%, P-

ACT-LBBOSS), slightly decreasing H0 and tightening the
bound on fEDE compared to P-ACT-LB.12 We further
verify that these results are essentially unchanged with
the inclusion of SNIa data in the analysis.

We also obtain constraints for P-ACT-LB-S8,13 which
includes an external prior on S8 from the joint analy-
sis of DES-Y3 and KiDS-1000 cosmic shear data (Dark
Energy Survey and Kilo-Degree Survey Collaboration
2023), as described in §2.5. Hill et al. (2020), who

12 This is consistent with the results of Qu et al. (2024a), who found
that the shift in the best-fit !m between BOSS and DESI BAO
data led to a weaker upper limit on EDE from DESI in combi-
nation with data from Planck and other probes.

13 Note that we obtain S8 = 0.825 ± 0.011 for P-ACT-LB; this S8

constraint agrees with that from Dark Energy Survey and Kilo-
Degree Survey Collaboration (2023) at 1.5ω.
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ABSTRACT

We use new cosmic microwave background (CMB) primary temperature and polarization anisotropy
measurements from the Atacama Cosmology Telescope (ACT) Data Release 6 (DR6) to test founda-
tional assumptions of the standard cosmological model, !CDM, and set constraints on extensions to
it. We derive constraints from the ACT DR6 power spectra alone, as well as in combination with
legacy data from the Planck mission. To break geometric degeneracies, we include ACT and Planck
CMB lensing data and baryon acoustic oscillation data from DESI Year-1. To test the dependence
of our results on non-ACT data, we also explore combinations replacing Planck with WMAP and
DESI with BOSS, and further add supernovae measurements from Pantheon+ for models that a”ect
the late-time expansion history. We verify the near-scale-invariance (running of the spectral index
dns/d ln k = 0.0062 ± 0.0052) and adiabaticity of the primordial perturbations. Neutrino proper-
ties are consistent with Standard Model predictions: we find no evidence for new light, relativistic
species that are free-streaming (Ne! = 2.86 ± 0.13, which combined with astrophysical measurements
of primordial helium and deuterium abundances becomes Ne! = 2.89 ± 0.11), for non-zero neutrino
masses (

∑
mω < 0.082 eV at 95% CL), or for neutrino self-interactions. We also find no evidence

for self-interacting dark radiation (Nidr < 0.134), or for early-universe variation of fundamental con-
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it. We derive constraints from the ACT DR6 power spectra alone, as well as in combination with
legacy data from the Planck mission. To break geometric degeneracies, we include ACT and Planck
CMB lensing data and baryon acoustic oscillation data from DESI Year-1. To test the dependence
of our results on non-ACT data, we also explore combinations replacing Planck with WMAP and
DESI with BOSS, and further add supernovae measurements from Pantheon+ for models that a”ect
the late-time expansion history. We verify the near-scale-invariance (running of the spectral index
dns/d ln k = 0.0062 ± 0.0052) and adiabaticity of the primordial perturbations. Neutrino proper-
ties are consistent with Standard Model predictions: we find no evidence for new light, relativistic
species that are free-streaming (Ne! = 2.86 ± 0.13, which combined with astrophysical measurements
of primordial helium and deuterium abundances becomes Ne! = 2.89 ± 0.11), for non-zero neutrino
masses (
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Summary 
Hubble tension, 6.2σ, and growing

many cross checks, several methods, bigger error

more constraints on BSM models

29

local “direct” 

“indirect” BAO, CMB 
precise, Planck, ACT, SPT, BAO all agree, rely on sound horizon

which is sensitive to BSM physics. No full BSM solution yet.
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F. Valdes ,5 G. Valogiannis ,20, 21 M. Vargas-Magaña ,30 L. Verde ,73, 49 M. Walther ,88, 89 B. A. Weaver,5

D. H. Weinberg ,60, 25 M. White ,90, 37 M. Wolfson,25 C. Yèche ,1 J. Yu ,54 E. A. Zaborowski ,56, 57, 25

P. Zarrouk ,66 Z. Zhai,91 H. Zhang ,62, 64 C. Zhao ,92 G. B. Zhao ,93, 94 R. Zhou ,2 and H. Zou 93

(DESI Collaboration)→
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Figure 1.7: Type IA supernovae and the discovery dark energy. If we assume a flat universe, then the
supernovae clearly appear fainter (or more distant) than predicted in a matter-only universe (⌦m = 1.0).
(SDSS = Sloan Digital Sky Survey; SNLS = SuperNova Legacy Survey; HST = Hubble Space Telescope.)

where we have defined a “curvature” density parameter, ⌦k,0 ⌘ �k/(a0H0)2. It should be noted

that in the literature, the subscript ‘0’ is normally dropped, so that e.g. ⌦m usually denotes

the matter density today in terms of the critical density today. From now on we will follow

this convention and drop the ‘0’ subscripts on the density parameters. We will also use the

conventional normalization for the scale factor, a0 ⌘ 1. Equation (1.3.120) then becomes

H
2

H
2

0

= ⌦r a
�4 + ⌦ma

�3 + ⌦ka
�2 + ⌦⇤ . (1.3.121)

⇤CDM

Observations (see Figs. 1.7 and 1.8) show that the universe is filled with radiation (‘r’), matter

(‘m’) and dark energy (‘⇤’):

|⌦k|  0.01 , ⌦r = 9.4⇥ 10�5
, ⌦m = 0.32 , ⌦⇤ = 0.68 .

The equation of state of dark energy seems to be that of a cosmological constant, w⇤ ⇡ �1. The

matter splits into 5% ordinary matter (baryons, ‘b’) and 27% (cold) dark matter (CDM, ‘c’):

⌦b = 0.05 , ⌦c = 0.27 .

We see that even today curvature makes up less than 1% of the cosmic energy budget. At earlier

times, the e↵ects of curvature are then completely negligible (recall that matter and radiation

scale as a�3 and a
�4, respectively, while the curvature contribution only increases as a�2). For

the rest of these lectures, I will therefore set ⌦k ⌘ 0. In Chapter 2, we will show that inflation

indeed predicts that the e↵ects of curvature should be minuscule in the early universe (see also

Problem Set 2).

Single-Component Universe

The di↵erent scalings of radiation (a�4), matter (a�3) and vacuum energy (a0) imply that for

most of its history the universe was dominated by a single component (first radiation, then

Hubble diagram from Supernovae 1a
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A. D. Myers,76 S. Nadathur ,23 K. Naidoo ,23 L. Napolitano ,76 J. A. Newman ,34 G. Niz ,50, 11

H. E. Noriega ,10, 30 E. Paillas ,77 N. Palanque-Delabrouille ,1, 2 J. Pan ,8 J. A. Peacock ,18 M. P. Ibanez ,18
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1IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
2Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA

3Physics Dept., Boston University, 590 Commonwealth Avenue, Boston, MA 02215, USA
4Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400005, India

5NSF NOIRLab, 950 N. Cherry Ave., Tucson, AZ 85719, USA
6Departamento de Astrof́ısica, Universidad de La Laguna (ULL), E-38206, La Laguna, Tenerife, Spain

7Instituto de Astrof́ısica de Canarias, C/ Vı́a Láctea, s/n, E-38205 La Laguna, Tenerife, Spain
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FIG. 10. Marginalized 1D posteriors for !m, when fixing
the background model to ”CDM (Section VI). We show the
probability distributions for DESI DR1 and DR2, as well as
the measurements from CMB, and the three SNe datasets
used throughout this paper.

Figure 9 shows the DESI+BBN result for !m and
H0 relative to the SH0ES result [128]. The contours
also show how the constituent tracers of the DR2 sam-
ple at di”erent redshifts contribute to the final con-
straint, with the degeneracy directions of the contours
changing as the best measured combination of transverse
and line-of-sight BAO changes with redshift. In #CDM
the tension between the DESI+BBN and SH0ES H0 re-
sults now stands at 4.5ω independent of the CMB. Note
that the DESI+BBN result does assume standard pre-
recombination physics to determine rd through eq. (2).

We have highlighted the tension between DESI and
CMB in #CDM in order to provide context to the results
for extended models in the following sections. However,
given that this tension is not close to 3ω, it is still valid to
combine the two datasets within the #CDM model and
obtain joint constraints. In this case we find

!m = 0.3027 ± 0.0036,

H0 = (68.17 ± 0.28) km s→1 Mpc→1
,

}

DESI+CMB,

(21)
with a correlation coe$cient of r = →0.975.

We also allow for spatial curvature to vary in our cos-
mological fits and we do not find a significance preference
for a non-flat #CDM model. Table V summarizes the
cosmological parameter results from DESI alone as well
as in combination with external datasets, in both #CDM
and extended models.

Finally, as in [38], we note a mild to moderate discrep-
ancy between the recovered values of !m from DESI and
SNe in the context of the #CDM model. This is shown
in the marginalized posteriors in Figure 10: the discrep-
ancy is 1.7ω for Pantheon+, 2.1ω for Union3, and 2.9ω

for DESY5, with all SNe samples preferring higher values
of !m though with larger uncertainties. For #CDM we
do not report joint constraints on parameters from any
combination of DESI and SNe data. However, as with
the CMB, these apparent parameter di”erences poten-
tially indicate that DESI and at least some of the SNe
datasets cannot be consistently fit except with models
that have greater freedom in the background evolution,
as described in the next section (see also [129]).

VII. DARK ENERGY

Probing the behavior and nature of dark energy is the
primary goal of DESI. The question of perhaps greatest
interest, and the one that BAO measurements can best il-
luminate, is the value of the equation-of-state parameter
w = P/(εc

2), and its possible evolution with time. To ex-
amine this we will primarily use the so-called Chevallier-
Polarski-Linder (CPL) parametrization [35, 36] of eq. (9).
While this form of w(a) does not arise directly from an
underlying physical model, it is a flexible parametrization
that is capable of matching the predictions for observ-
able quantities obtained in a wide range of models that
are physically motivated [130]. The accompanying paper
[47] explores various other parametrizations of w(z), as
well as non-parametric reconstruction methods.

For certain ranges of parameters w0 and wa, the
parametrization of eq. (9) allows so-called ‘phantom’ be-
havior of dark energy, in which the equation of state
crosses to the regime w(z) < →1 [131] where the null
energy condition (NEC)—which requires that the en-
ergy density of dark energy not increase with the expan-
sion of the Universe—is violated. For single scalar-field
models of dark energy, this phantom crossing presents
severe theoretical di$culties [e.g., 132, 133]. However,
more complex models of dark energy, with multiple fields,
other dark energy internal degrees of freedom, or non-
minimal coupling, can evade these di$culties, as can
some modified gravity models, see, e.g., [134–138]. We
therefore adopt wide uniform priors on the parameters,
w0 ↑ U [→3, 1] and wa ↑ U [→3, 2], together with imposing
the condition w0+wa < 0 to enforce early matter domina-
tion. While other justifiable choices are possible, and the
values of Bayesian quantities such as the model evidence
will always depend on the particular choice used, we con-
sider this the minimal empirical approach. Whenever
the equation of state crosses the w = →1 boundary we
use the parametrized post-Friedmann (PPF) approach
of [139, 140] to include dark energy perturbations when
calculating CMB power spectra—however, as shown be-
low, the method of accounting for dark energy perturba-
tions does not play a major role, since simply applying
an early-Universe CMB prior on (ϑ↑, ϖb, ϖc) largely re-
produces the same results on w0 and wa.

Our primary measure of the statistical significance of
preference for evolving dark energy from a given data
combination is based on %ϱ

2

MAP
between the best-fit
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DESI DR2 BAO, or just DESI), and adopt the 13
distance measurements, and their covariance, as quoted
in Table IV of [2] and validated in supporting DESI
DR2 publications [27, 28]. To make our analysis simple
and as model-independent as possible, we do not use the
additional information from the full-shape clustering of
DESI sources [29].

Compressed CMB data. It is often very useful to
compress the CMB data to a few physically motivated
quantities. There are two fundamental reasons for this:
first, such compression allows analyses of purely phe-
nomenological models for which a theoretically expected
CMB angular power spectrum cannot be computed. And
second, the compression also allows a much faster evalu-
ation of the CMB likelihood than a full power-spectrum-
based likelihood would. The compression is likely to ac-
curately capture information from dark-energy models
that smoothly a!ect the expansion and growth history.

Following a similar well-established approach (e.g. [30–
36]), we compress the CMB into three physical quantities:
the “shift” parameter R [30] and the angular location ωa,
which are defined as

R = 100
√

!bh2 + !cdmh2 + !ω,mh2DM→/c

ωa = εDM→/r→,

(4)

as well as the physical baryon density !bh
2. Here DM→

and r→ are respectively the transverse comoving distance
to, and the sound horizon at, the surface of last scat-
tering evaluated at z→ = 1090. Moreover, !ω,mh

2(=∑
mω/93.14) describes the massive neutrino density; in

this work, we have fixed
∑

mω to 0.06 eV.
We use the combined likelihood from Planck and Ata-

cama Cosmology Telescope (ACT). Specifically, we adopt
the joint likelihood that makes use of the PR3 Planck
plik likelihood [37] and the Data Release 6 of ACT [38].2.
The resulting compressed datavector is

vCMB →




R

ωa

!bh
2



 =




1.7504
301.77

0.022371



 (5)

and the covariance matrix between these three com-
pressed parameters is given by

CCMB = 10↑8 ↑




1559.83 ↓1325.41 ↓36.45

↓1325.41 714691.80 269.77
↓36.45 269.77 2.10



 . (6)

We find an excellent fit not only for the ”CDM model
on which this compression was derived, but also for

2 The likelihood is available from https://github.com/
ACTCollaboration/act_dr6_lenslike.

FIG. 1. Constraints from our modified-H model, assuming
DESI+CMB+DESY5 data. We show the constraints on the
expansion rate H(z) (top panel), followed (in panels that fol-
low, moving down) by the derived constraints on the angular-
diameter distance, Hubble distance, and volume-averaged dis-
tance all divided by the sound horizon, and finally the appar-
ent magnitude of SNIa. All of the quantities are shown rela-
tive to their !CDM values computed with best-fit parameters
from our analysis. The data points show the DESI DR2 BAO
measurements, except in the lowest panel where we show data
from SNIa. See text for more details, and in particular the
explanation of how SNIa magnitude residuals were defined.

the w0waCDM model. We provide the details of this
validation in Appendix A.

Type Ia supernovae. Our principal SNIa dataset is
the Dark Energy Survey Year 5 Data Release (DESY5
[39]). It contains 1829 SNIa, of which 1635 are
photometrically-classified objects in the redshift range
0.1 < z < 1.3, complemented with 194 low-redshift
SNIa in the range 0.025 < z < 0.1. We also con-
sider two other SNIa datasets (following the same logic
in [1]): the Union3 compilation of 2087 SNIa [40], and
the PantheonPlus compilation of 1550 spectroscopically-
confirmed SNIa in the redshift range 0.001 < z < 2.26
[41], many (1363) in common with Union3. In the Pan-
theonPlus analysis, we also impose a z > 0.01 condition
to object selection in order to mitigate the impact of pe-
culiar velocities in the Hubble diagram [42]. In all SNIa
data combinations, we marginalize analytically over the
o!set in the Hubble diagram M which is a nuisance pa-
rameter in a cosmological SNIa analysis.
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the w0waCDM model. We provide the details of this
validation in Appendix A.

Type Ia supernovae. Our principal SNIa dataset is
the Dark Energy Survey Year 5 Data Release (DESY5
[39]). It contains 1829 SNIa, of which 1635 are
photometrically-classified objects in the redshift range
0.1 < z < 1.3, complemented with 194 low-redshift
SNIa in the range 0.025 < z < 0.1. We also con-
sider two other SNIa datasets (following the same logic
in [1]): the Union3 compilation of 2087 SNIa [40], and
the PantheonPlus compilation of 1550 spectroscopically-
confirmed SNIa in the redshift range 0.001 < z < 2.26
[41], many (1363) in common with Union3. In the Pan-
theonPlus analysis, we also impose a z > 0.01 condition
to object selection in order to mitigate the impact of pe-
culiar velocities in the Hubble diagram [42]. In all SNIa
data combinations, we marginalize analytically over the
o!set in the Hubble diagram M which is a nuisance pa-
rameter in a cosmological SNIa analysis.
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FIG. 11. Results for the posterior distributions of w0 and
wa, from fits of the w0waCDM model to DESI in combina-
tion with CMB and three SNe datasets as labelled. We also
show the contour for DESI combined with CMB alone. The
contours enclose 68% and 95% of the posterior probability.
The gray dashed lines indicate w0 = →1 and wa = 0; the
!CDM limit (w0 = →1, wa = 0) lies at their intersection.
The significance of rejection of !CDM is 2.8ω, 3.8ω and 4.2ω

for combinations with the Pantheon+, Union3 and DESY5
SNe samples, respectively, and 3.1ω for DESI+CMB without
any SNe.

!CDM and w0waCDM models for that combination. Be-
cause !CDM is nested within w0waCDM, correspond-
ing to w0 = →1, wa = 0, Wilks’ theorem [141] implies
that ”ω

2

MAP
should follow a ω

2 distribution with two
degrees of freedom under the assumption the null hypoth-
esis (!CDM model) holds, and assuming that errors are
Gaussian and correctly estimated. To translate ”ω

2

MAP

into familiar terms, we quote the corresponding frequen-
tist significance Nε for a 1D Gaussian distribution,

CDFω2

(
”ω

2

MAP
| 2 dof

)
=

1↑
2ϑ

∫ N

→N
e
→t2/2

dt , (22)

where the left hand side denotes the cumulative distribu-
tion of ω

2. We also compute the Deviance Information
Criterion (DIC) [142–145], which takes into account the
Bayesian complexity of the model and penalizes including
extra parameters.

A. Results

From DESI DR2 BAO alone, we obtain rather weak
constraints on the parameters

w0 = →0.48+0.35
→0.17

wa < →1.34

}
DESI BAO, (23)

which mildly favor the w0 > →1, wa < 0 quadrant but
are cut o# by the priors. The upper bound on wa here
is the 68% limit, and wa = 0 is not excluded at 95%. As
was the case in DR1, BAO data alone define a degener-
acy direction in the w0-wa plane, but they do not show a
strong preference for dark energy evolution: the improve-
ment in ω

2

MAP
relative to the !CDM case of w0 = →1,

wa = 0 is equivalent to a preference of just 1.7ε.
The minimal extension we consider, beyond BAO data

alone, is to add a high-redshift constraint from the early
universe. This can be achieved by imposing CMB-derived
priors on ϖ↑, ϱb and ϱbc, as described in Section IV.
These priors are independent of the late-time dark en-
ergy, and also marginalize over contributions such as the
late ISW e#ect and CMB lensing. Therefore, they pro-
vide us with an early time physics prior that can help
us set the sound horizon and is based solely on early-
Universe information. The result from this data combi-
nation is

w0 = →0.43 ± 0.22

wa = →1.72 ± 0.64

}
DESI+(ϖ↑, ϱb, ϱbc)CMB. (24)

While this is still bounded by the wa > →3 prior at the
lower end, the posterior already clearly disfavors !CDM.
The ”ω

2

MAP
value decreases to →8.0, indicating a prefer-

ence for an evolving dark energy equation of state at the
2.4ε level.

Replacing these minimal early-Universe priors with the
full CMB information leads to only a small shift in the
maginalized posteriors

w0 = →0.42 ± 0.21

wa = →1.75 ± 0.58

}
DESI+CMB, (25)

showing that most of the information that the CMB pro-
vides on w(z) comes from its role in anchoring early-
Universe values of (ϖ↑, ϱb, ϱbc) and thus limiting the free-
dom for models to fit the low-redshift data without an
evolving dark energy component. Nevertheless, when in-
cluding the full CMB information the ”ω

2

MAP
decreases

to →12.5, corresponding to a 3.1ε preference for evolv-
ing dark energy. This change in the ”ω

2

MAP
is driven

primarily by the inclusion of CMB lensing, the e#ect of
which is (by construction) not captured in the minimal
early-Universe priors (see Appendix A for further discus-
sion and a comparison of posteriors with di#erent choices
of CMB likelihoods).

SNe data alone provide a complementary degeneracy
direction in the w0-wa plane, as they measure w0 well
independently of wa, which is only weakly constrained.
The combination of SNe data with DESI BAO can there-
fore measure w0 and wa without having the posteriors
cut o# by the prior ranges we assumed. The marginal-
ized posterior results are listed in Table V and depend on
the choice of SNe dataset, with the significances of the
preference for the model over !CDM ranging from 1.7ε

to 3.3ε as summarized in Table VI.

ΛCDM

DESI (2025) w0wa fit

DESI 2025
<latexit sha1_base64="SlDSQR/gakQCqhKJbj5kmeyGxRQ=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0WoiCURqW6EohuXFewD2hhuppN26GQSZiaGEvofblwo4tZ/ceffOH0stHrgwuGce7n3Hj/mTGnb/rJyS8srq2v59cLG5tb2TnF3r6miRBLaIBGPZNsHRTkTtKGZ5rQdSwqhz2nLH95M/NYjlYpF4l6PYuqG0BcsYAS0kR7Sq9SzT1IPys4pHHvFkl2xp8B/iTMnJTRH3St+dnsRSUIqNOGgVMexY+1mIDUjnI4L3UTRGMgQ+rRjqICQKjebXj3GR0bp4SCSpoTGU/XnRAahUqPQN50h6IFa9Cbif14n0cGlmzERJ5oKMlsUJBzrCE8iwD0mKdF8ZAgQycytmAxAAtEmqIIJwVl8+S9pnlWcaqV6d16qXc/jyKMDdIjKyEEXqIZuUR01EEESPaEX9Gql1rP1Zr3PWnPWfGYf/YL18Q2FU5E9</latexit>

w = w0 + wa(1� a)

dark energy 

equation of state:
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H0 measurements require absolute distances

• SH0ES luminosity distances (z~0.1)

• BAO & CMB angular diameter distances (range of z)

is there a connection?

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

• disagreement on 
<latexit sha1_base64="AMqo+aEmR+YLgJNnP5wnNiMtjmU=">AAAB73icdVBNSwMxEM3Wr1q/qh69BIvgqewWWdtb0Ys3K9gPaJeSTWfb0CS7JlmhlP4JLx4U8erf8ea/MdtWUNEHA4/3ZpiZFyacaeO6H05uZXVtfSO/Wdja3tndK+4ftHScKgpNGvNYdUKigTMJTcMMh06igIiQQzscX2Z++x6UZrG8NZMEAkGGkkWMEmOlTu9awJD0Rb9Ycsuuhe/jjHhV17OkVqtWKjXszS3XLaElGv3ie28Q01SANJQTrbuem5hgSpRhlMOs0Es1JISOyRC6lkoiQAfT+b0zfGKVAY5iZUsaPFe/T0yJ0HoiQtspiBnp314m/uV1UxNVgymTSWpA0sWiKOXYxDh7Hg+YAmr4xBJCFbO3YjoiilBjIyrYEL4+xf+TVqXs+WX/5qxUv1jGkUdH6BidIg+dozq6Qg3URBRx9ICe0LNz5zw6L87rojXnLGcO0Q84b58+HZAj</latexit>

⌦m

• evidence for “evolving dark energy” w0wa
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much more data is coming!

CMB: Simons Observatory (first light 2/2025)

LSS: DESI (Y3 data), Euclid

Supernovae: JWST (observing), DES (ongoing), LSST

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?)





Standard Sirens for H0
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LIGO: Gravitational waves from

neutron star mergers



Gravitational Wave 
Standard Sirens

Maya Fishbach & Daniel Holz 
The University of Chicago

�1

• GW distance measurement: 


• NGC 4993 is a member of a 
group, with center-of-mass 
velocity (CMB-frame):


• Coherent bulk flow velocity:   

First Standard Siren 
Measurement: GW170817

43.8+2.9
−6.9 Mpc

3327 ± 72 km/s

310 ± 150 km/s

�9

H0 from GW170817
H0 = 70+12

−8 km/s/Mpc
Abbott et al. Nature 551, 85-88 (2017) 

�10

assume observation 
in plane of orbit, infer 
smaller distance D, 

larger H0~cz/D

40
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9 of 23

Figure 2. Improved constraints on H0 from the BNS merger GW170817 through combination of GW
and EM data. (Top-right) Posterior distributions on the observer viewing-angle from model fitting
of the associated short GRB and KN. Constraints from GRB 170817A are shown for model fits with
(cyan [12]) or without (light green [11]; red [13]) information from the jet superluminal motion [95,96].
Constraints from the KN AT 2017gfo are shown for model fits of broad-band photometry (pink [14]) and
spectroscopy (orange [17]). The color scheme is the same in the remaining two panels. (Top-left) Same
as in Figure 1 but adding improvements to the 2D posterior density contours when the viewing-angle
constraints from GRB and KN fitting are used as priors for the inclination in the GW analysis. (Bottom)
Marginalized 1D posterior density distributions for H0 when using the original standard siren approach
(black, same as in Figure 1) and when adding constraints on the viewing-angle from EM probes. The
inferred H0 values are reported in the legend.

A superluminal motion of the jet was observed in the aftermath of GW170817 using
radio observations with the VLBI. Mooley et al. [95] found a shift of 2.7 ± 0.3 mas in the
centroid of the radio image from 75 to 230 days. These measurements were confirmed by
Ghirlanda et al. [96] with additional VLBI observations at 203 days, finding a displacement
of 2.44 ± 0.32 mas compared to the position at 75 days. The apparent velocity was estimated
to be bapp = 4.1 ± 0.5 c, which then constrained G ⇠ 4 and (qobs � qj) ⇠ 0.25 rad ⇠ 14� [95].
When combined with the radio light-curves of GW170817, this constraint greatly reduces

Improved constraints on H0 from the BNS merger GW170817 through combination of GW 
and EM data. (review by Bulla et al 2205.09145)
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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
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ABSTRACT

The Dark Energy Spectroscopic Instrument (DESI) collaboration measured a tight relation between
the Hubble constant (H0) and the distance to the Coma cluster using the fundamental plane (FP)
relation of the deepest, most homogeneous sample of early-type galaxies. To determine H0, we measure
the distance to Coma by several independent routes each with its own geometric reference. We measure
the most precise distance to Coma from 12 Type Ia Supernovae (SNe Ia) in the cluster with mean
standardized brightness of m0

B = 15.712 ± 0.041 mag. Calibrating the absolute magnitude of SNe Ia
with the HST distance ladder yields DComa = 98.5 ± 2.2 Mpc, consistent with its canonical value of
95–100 Mpc. This distance results in H0 = 76.5±2.2 km/s/Mpc from the DESI FP relation. Inverting
the DESI relation by calibrating it instead to the Planck+!CDM value of H0 = 67.4 km/s/Mpc
implies a much greater distance to Coma, DComa = 111.8 ± 1.8 Mpc, 4.6ω beyond a joint, direct
measure. Independent of SNe Ia, the HST Key Project FP relation as calibrated by Cepheids, Tip
of the Red Giant Branch from JWST, or HST NIR surface brightness fluctuations all yield DComa <
100 Mpc, in joint tension themselves with the Planck-calibrated route at > 3ω. From a broad array of
distance estimates compiled back to 1990, it is hard to see how Coma could be located as far as the
Planck+!CDM expectation of >110 Mpc. By extending the Hubble diagram to Coma, a well-studied
location in our own backyard whose distance was in good accord well before the Hubble Tension,
DESI indicates a more pervasive conflict between our knowledge of local distances and cosmological
expectations. We expect future programs to refine the distance to Coma and nearer clusters to help
illuminate this new, local window on the Hubble Tension.

1. INTRODUCTION

The ‘Hubble Tension’ refers to the discrepancy in
the value of the Hubble constant, H0, between multi-
ple measures of local distance and redshift (clustering
around H0 → 73 km/s/Mpc) versus an inferred value
based on measurements of the Cosmic Microwave Back-
ground and the standard model of cosmology (found to
be aroundH0 → 67.5 km/s/Mpc); see Verde et al. (2024)
for a review. As there is not yet an accepted theory of
new physics to explain this discrepancy, there has been
a wide focus on new and improved ways to study this
phenomenon.
Recently, the Dark Energy Spectroscopic Instrument

(DESI) collaboration (Said et al. 2024, hereafter S24)
measured a tight relation between the Hubble constant

(H0) and the distance to the Coma cluster using the
fundamental plane (FP) relation of the deepest, most
homogeneous sample of early-type galaxies. The FP is
a long-known relation for early-type galaxies between
their velocity dispersion, surface brightness and appar-
ent radius Djorgovski & Davis (1987); Dressler et al.
(1987) which adds a parameter and tightens the earlier
Faber-Jackson relation between their velocity and lumi-
nosity Faber & Jackson (1976). The DESI measurement
consists of redshifts and uncalibrated FP distances to
4,191 early-type galaxies in the Hubble flow and 226
such FP distances in the Coma cluster. DESI measures
the Hubble flow at 0.023 < z < 0.1 and Coma serves
only as a reference location, rich in early type galaxies,
where the uncalibrated FP distances may be calibrated
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B = 15.712 ± 0.041 mag. Calibrating the absolute magnitude of SNe Ia
with the HST distance ladder yields DComa = 98.5 ± 2.2 Mpc, consistent with its canonical value of
95–100 Mpc. This distance results in H0 = 76.5±2.2 km/s/Mpc from the DESI FP relation. Inverting
the DESI relation by calibrating it instead to the Planck+!CDM value of H0 = 67.4 km/s/Mpc
implies a much greater distance to Coma, DComa = 111.8 ± 1.8 Mpc, 4.6ω beyond a joint, direct
measure. Independent of SNe Ia, the HST Key Project FP relation as calibrated by Cepheids, Tip
of the Red Giant Branch from JWST, or HST NIR surface brightness fluctuations all yield DComa <
100 Mpc, in joint tension themselves with the Planck-calibrated route at > 3ω. From a broad array of
distance estimates compiled back to 1990, it is hard to see how Coma could be located as far as the
Planck+!CDM expectation of >110 Mpc. By extending the Hubble diagram to Coma, a well-studied
location in our own backyard whose distance was in good accord well before the Hubble Tension,
DESI indicates a more pervasive conflict between our knowledge of local distances and cosmological
expectations. We expect future programs to refine the distance to Coma and nearer clusters to help
illuminate this new, local window on the Hubble Tension.

1. INTRODUCTION

The ‘Hubble Tension’ refers to the discrepancy in
the value of the Hubble constant, H0, between multi-
ple measures of local distance and redshift (clustering
around H0 → 73 km/s/Mpc) versus an inferred value
based on measurements of the Cosmic Microwave Back-
ground and the standard model of cosmology (found to
be aroundH0 → 67.5 km/s/Mpc); see Verde et al. (2024)
for a review. As there is not yet an accepted theory of
new physics to explain this discrepancy, there has been
a wide focus on new and improved ways to study this
phenomenon.
Recently, the Dark Energy Spectroscopic Instrument

(DESI) collaboration (Said et al. 2024, hereafter S24)
measured a tight relation between the Hubble constant

(H0) and the distance to the Coma cluster using the
fundamental plane (FP) relation of the deepest, most
homogeneous sample of early-type galaxies. The FP is
a long-known relation for early-type galaxies between
their velocity dispersion, surface brightness and appar-
ent radius Djorgovski & Davis (1987); Dressler et al.
(1987) which adds a parameter and tightens the earlier
Faber-Jackson relation between their velocity and lumi-
nosity Faber & Jackson (1976). The DESI measurement
consists of redshifts and uncalibrated FP distances to
4,191 early-type galaxies in the Hubble flow and 226
such FP distances in the Coma cluster. DESI measures
the Hubble flow at 0.023 < z < 0.1 and Coma serves
only as a reference location, rich in early type galaxies,
where the uncalibrated FP distances may be calibrated
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New supernova based determination of the distance to the Coma cluster D = 98.5+- 2.2 Mpc.  
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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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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 H0 are included.

Chen et al. 2022). We verify that fast-declining SNe
Ia are standardized without significant bias by checking
those in the Pantheon+ sample and find that the mean
Hubble residuals for x1 < →1.0 is +0.01± 0.02 mag.
As a crosscheck of the mean standardized brightness

found here, we examine the Pantheon+ Hubble diagram
to measure the mean standardized brightness for SNe
at the redshift of the Coma cluster. We measure the
Cosmic Microwave Background (CMB)-frame redshift
of the Coma cluster from the group catalog as shown in
Fig. 1 and find the mean to be 0.02422, and the median is
0.02445±0.00024. If we query the Pantheon+ sample for
SNe with CMB redshifts within 0.005 of 0.02422, we find
a mean magnitude of mB,corr = 15.71 ± 0.022, in < 1ω
agreement with that directly found for SNe in the Coma
cluster. This indicates that the mean redshift of the
Coma cluster is accurately measured using the group-
average and that calibration / bias-correction di!erences
between the new samples and the Pantheon+ sample are
likely limited to the ↑ 0.03 mag level. We thus consider
our mean result in Eq. 3 as robust and representative
of the mean standardized brightness of a SN Ia in the
Coma cluster.

4. THE DISTANCE TO COMA

4.1. Converting SN Ia Brightness into Distance

The luminosities of standardized SNe Ia, MB ,
have been calibrated by other standard candles (e.g.,
Cepheids or TRGB, themselves calibrated geometri-
cally) so that we can measure the distance (modulus)
to Coma,

µ = m0
B →MB . (5)

The most precise measurement of MB for SNe Ia
(and with Pantheon+ standardization) comes from the
calibration of 42 SNe Ia with measurements of HST

Cepheids and 4 geometric anchors (Riess et al. 2022,
hereafter R22). As shown in Riess et al. (2024) and
with measurements from Freedman et al. (2024) for the
largest JWST samples, HST Cepheids yield consistent
distances (to within ↑ 1ω) with 8 other methods or tele-
scope samples; JWST Cepheids, TRGB, and JAGB by
two groups, plus HST TRGB and Miras. We take the
baseline value from R22 of M = →19.253 ± 0.027 mag,
then following Eq. 5, we measure a distance modulus to
Coma of 34.97 ± 0.05 mag. This can be directly con-
verted into a distance to Coma following,

Distance (Mpc) = 100.2→(µ↑25) (6)

Coma cluster distance measurements

Riess 2024
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