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Hubble tension

In ΛCDM:  

 between Planck+ ACT+SPT and SH0ES 2024 

(Camphuis et al. 2506.20707 vs. Riess et al. 2402.08038) 

(may also replace CMB by BBN+BAO, 
SH0ES by TRGB, strong lensing, Coma distance…)

6.4σ

So: systematics or new physics?
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Summer 2024: preliminary indication from JWST and CCHP that 3 calibration methods (Cepheids, JAGB, TRGB) 

                             would give 3  different results (Freedman et al. 2408.06153)… 

18 Riess et al.

sample as shown in Fig. 6 in terms of expected H0 and variance with little sample bias. When increasing the number of
SN hosts, we can see from the widths of the middle panels in Fig. 6 how the second-rung uncertainty from SNe will
decrease. The impact of selection when comparing HST and JWST will diminish with the growing samples.

4. DISCUSSION

A complete JWST ladder, still “under construction,” is necessarily weaker than the one built by HST over decades as
it is limited to a single anchor rather than 4 (Breuval et al. 2024), resulting in less precision, loss of redundancy, and
a reduction in resolution of the tension at inception. Limiting the HST ladder to the same single anchor as JWST,
NGC4258, results in H0 = 72.5± 1.5 km s�1 Mpc�1 (R22), a reduction of the tension to 3� before any comparison
with JWST. Limiting to one anchor and the 17 SNe Ia at D < 25 Mpc trivially further reduces the significance of the
tension, H0 = 72.3± 1.8 km s�1 Mpc�1, but only masks the tension rather than o↵ering any explanation. The situation
is illustrated in Fig. 7. While JWST is enormously powerful for checking HST distances, it only weakly constrains the
tension due to its lack of statistics from SNe and anchors.
Simply summarized, JWST o↵ers the means to test HST on the second rung, but given their demonstrated consistency,

there is no reason not to use the full HST ladder — its SN sample is complete, it has superior statistics, and it uses
multiple, redundant anchors to measure H0. However, the expanding JWST sample will gradually remedy the disparity.
We show here that a combination of all JWST subsamples is already nearly complete to D  25 Mpc, reaches 40% of
the HST SN sample, and reduces the a priori bias, an expected consequence of reversion to the mean of larger samples.
Finally, we remark that the present circumstance is not unusual in observational cosmology; a comparable situation

was seen for CMB measurements. The South Pole Telescope (SPT) has measured CMB fluctuations on finer angular
scales than Planck but over smaller patches of the sky, including 2500 square degrees in the initial SPT-SZ survey
(Story et al. 2013), and 500 square degrees for the SPTpol survey (Henning et al. 2018). Fitting the ⇤CDM model to
these data sets the SPT team found H0 = 75.0± 3.5 and 71.3± 2.1 km s�1 Mpc�1, respectively, higher than the Planck

constraints and in good agreement with the SH0ES distance ladder. However, where the SPT and Planck measurements

Figure 7. Comparisons of H0 between HST Cepheids and other subsamples of JWST Cepheids and anchors.

Riess et al. 2408.11770, see also Li et al. 2504.08921                              Freedman et al. 2408.06153

Disappeared after correcting for selection effects…
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Hubble tension

Summer 2024: preliminary indication from JWST and CCHP that 3 calibration methods (Cepheids, JAGB, TRGB) 

                             would give 3  different results (Freedman et al. 2408.06153)… 

Disappeared after correcting for selection effects…

August 2025: independent group used own sample with TRGB calibration to get  km/s/Mpc 

                          (Newman et al. 2508.20023)… 

H0 = 75.3 ± 2.9

Sept. 2025: SH0ES compared HST and JWST observations 

                       to exclude crowding as a relevant systematic 

                       (Riess et al. 2509.01677)  

                         HST/host      JWST/host   JWST/companion

In ΛCDM:  

 between Planck+ ACT+SPT and SH0ES 2024 

(Camphuis et al. 2506.20707 vs. Riess et al. 2402.08038) 

(may also replace CMB by BBN+BAO, 
SH0ES by TRGB, strong lensing, Coma distance…)

6.4σ

Nice pedagogical update on observational status: 
Louise Breuval, CosmoVerse seminar,  

“Recent improvements to the cepheid-SNIa distance ladder”,  
25.09.2025, youyube.com 
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Increased sensitivity of supernovae and 

Baryon Acoustic Oscillations: 

small tension on late expansion history   

  = 1 -   ,    tension? 

 Dynamical DE ? 

 if not:  in  tension with 

     oscillation experiments

⇒ Ωm ΩΛ 2 − 3σ

⇒

⇒ Σmν 2 − 3σ

14

Figure 11. The Hubble diagram for the Pantheon sample. The top panel shows the distance modulus for each SN; the
bottom panel shows residuals to the best fit cosmology. Distance modulus values are shown using G10 scatter model.

Given a vector of binned distance residuals of the SN
sample that may be expressed as �~µ = ~µ � ~µmodel (as
shown in Fig. 11 (bottom)) where ~µmodel is a vector of
distances from a cosmological model, then the �2 of the
model fit is expressed as

�2 = �~µT ·C�1 ·�~µ. (8)

Here we review each step of the analysis of the Pan-
theon sample and their associated systematic uncertain-
ties.

5.1. Calibration

The ‘Supercal’ calibration of all the samples in this
analysis is presented in S15. S15 takes advantage of
the sub-1% relative calibration of PS1 (Schlafly et al.
2012) across 3⇡ steradians of sky to compare photome-
try of tertiary standards from each survey. S15 measures
percent-level discrepancies between the defined calibra-
tion of each survey by determining the measured bright-
ness di↵erences of stars observed by a single survey and
PS1 and comparing this with predicted brightness dif-
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Figure 1. Top row: DESI measurements of the BAO distance scales at di↵erent redshifts,
parametrised as (left) the ratio of the angle-averaged distance DV ⌘ (zD

2

M
DH)1/3 to the sound

horizon at the baryon drag epoch, rd, and (right) the ratio of transverse and line-of-sight comoving
distances FAP ⌘ DM/DH, from all tracers and redshift bins as labeled. For visual clarity and to
compress the dynamic range of the plot, an arbitrary scaling of z

�2/3 has been applied on the left,
and z

�1 on the right. The solid and dashed grey lines show model predictions from, respectively, the
flat ⇤CDM model that best fits this data, with ⌦m = 0.294 and H0rd = 1.0194 ⇥ 104 km s�1, and
from a ⇤CDM model with parameters matching the Planck best-fit cosmology. The BGS and QSO
data points appear only in the left panel and not the right one because the signal-to-noise ratio of the
data is not yet su�cient to measure both parameters for these tracers. Bottom row: The same data
points and models as in the top row, but now shown as the ratio relative to the predictions for the
best-fit flat ⇤CDM model.

It is also worth confirming that the parameters inferred from each individual redshift
bin are consistent with each other. This is shown in Figure 2, where in the left panel
we show the 68% and 95% credible intervals on ⌦m and H0rd obtained from fitting a flat
⇤CDM model to each DESI tracer type individually, using the priors described in Table 2.
The slightly anomalous FAP(z = 0.51) value results in a mild shift in the contour for the
0.4 < z < 0.6 LRG1 bin, but we do not regard this as significant. The individual contours
have characteristic degeneracy directions that depend on redshift [194], and show a strong
degree of overlap, confirming the internal consistency of the DESI data. A consequence of
the change in the degeneracy directions with redshift is that the combination of all tracers
provides a tight final constraint, shown in the right panel of Figure 2.

3.3 Comparison to BAO results from SDSS

The region of the sky and the range of redshifts observed by DESI partially overlap with those
observed by the previous generation of BOSS [195] and eBOSS [196] survey programs of SDSS
[197], whose final BAO results were presented in [139]. It is therefore pertinent to compare
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Comments on The Role of  SN Ia in 
Measuring H0

Adam Riess,
 JHU/STScI

Distance Ladder:
GeometryàStarsàSN Ia

SH0ES: DR5 Riess+2022

Increased sensitivity of Distance Ladders: 

Hubble tension    

   ,  tension ⇒ H0 5 − 6σ

5

A multiplication of tensions …

Increased sensitivity of weak lensing:            

small-scale perturbation amplitude tension 

   ,  tension ⇒ S8 2 − 3σ

Cosmological constraints from 
clusters, galaxies, and weak gravitational lensing

Chun-Hao To (KIPAC/Stanford/SLAC)

Small tension in high-l Planck data  

going away with Planck PR4, ACT, SPT

Are all astrophysicists underestimating systematics? 

Or tensions = different hints of the same new physics?

Assume no unknown systematics in observations: 

• What categories of extended cosmology may work? 

• Price to pay? 

• Are working models elegant or fine-tuned, ad hoc? 
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Cosmological distances

Angular diameter distance Luminosity distance 

3.3. LIGHT PROPAGATION IN THE FLRW UNIVERSE 27

time, unlike the physical distance between them. However, this is a purely con-
ventional and rather artificial definition of distances, since we can’t see remote
objects today - they might even have disappeared. Anyway, we should not argue
about the definition of distances, because distances are not directly measurable
quantities in cosmology. We should concentrate on experimental, indirect ways
to probe them. Each experimental technique will lead to a particular definition
of distance.

In astrophysics, distances are usually measured in three ways:

• From the redshift. In principle the observed redshift of objects measures
the ratio a(t0)/a(te) plus corrections due to the local e↵ects of small-scale
inhomogeneities (peculiar velocity of the object, ...). On very large dis-
tances, one can neglect the impact of inhomogeneities and assume in first
approximation that the observed redshift is really equal to a(t0)/a(te)�1.
Then, if we know in advance the function a(t), we can identify the time
te and compute the comoving distance �(te) by integrating (c dt/a(t))
from te to t0. This method is (in first approximation) the one used by
observers trying to infer the spatial distribution of galaxies from galaxy
redshift surveys. The distance reported in pictures showing the distribu-
tion of galaxies in slices of our universe is obtained in that way. However,
it assumes an a priori knowledge of the function a(t). In many cases, this
function is precisely what one wants to measure.

• From the angular diameter of standard rulers. Surprisingly, there exist
a few objects in astrophysics and cosmology which physical size can be
known in advance, given some physical properties of these objects. They
are called standard rulers. In the next chapters we will introduce one
example of standard ruler: the sound horizon at decoupling, “observed” in
CMB anisotropies. In Euclidean space, the distance d to a spherical object
can be inferred from its physical diameter dl and its angular diameter d✓

through dl = d ⇥ d✓. In FLRW cosmology, although the geometry is
not Euclidean, we will adopt exactly this relation as one of the possible
definitions of distance. The corresponding quantity is called the angular
diameter distance dA,

dA ⌘
dl

d✓
. (3.39)

In Euclidean space, dA would be proportional to the usual Euclidean dis-
tance to the object and therefore to its redshift. In the FLRW universe,
the relation between the angular diameter distance and the redshift is
non-trivial and depends on the spacetime curvature, as we shall see in the
next subsection.

• From the luminosity of standard candles. As we have seen already with
Cepheids, there exists also objects called standard candles for which the
absolute luminosity (i.e. the total luminous flux emitted per unit of time)
can be estimated independently of its distance and apparent luminosity.
In Euclidean space, the distance could be inferred from the absolute lumi-
nosity L and apparent one l through l = L/(4⇡d

2). In cosmology, although
the geometry is not Euclidean, we will adopt exactly this relation as one of
the possible definitions of distance. The corresponding quantity is called
the luminosity distance dL,

dL ⌘

r
L

4⇡l
. (3.40)

In Euclidean space, dL would be again proportional to the usual Euclidean
distance to the object and therefore to its redshift, while in the FLRW
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Standard candleStandard ruler

Distance duality relation (Etherington) relation:       
(excepted if:  

• very non-trivial gravity theories 
• photon non-conservation, e.g., decay/oscillation into ALPs)

dL(z) = (1 + z)2 dA(z)

Distance-redshift relation:  dL(z) ∝ (1 + z) fk (∫
z

0

dz̃
H(z̃) )
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“Distance ladder” versus “Inverse distance ladders”

Parallax 

Masers 

LMC, SMC eclip.
SNIa

Cepheids, T
RGB, JA

GB, 

Distance ladders

Standardised SNIa luminosity  
or magnitude 

L
MB

Apparent SNIa luminosity

Ratio dL(z)/ L

Various cosmological observables sensitive to 
baryon and matter density (CMB, BBN+BAO, …)

Sound horizon  (model dependent)dS

Cosmological constraints from 
clusters, galaxies, and weak gravitational lensing

Chun-Hao To (KIPAC/Stanford/SLAC)
Correlation  
of galaxies

Correlation 
of CMB anisotropies

Ratio   and product dA(z)/ds H(z) × dS
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“Distance ladder” versus “Inverse distance ladders”

log z10−2 1 103

Supernovae SNIa: 
 calibrated to dL(z) MB

10−4

Hubble tension between H0 = H(z=0) inferred from: 

•  from supernovae, calibrated to  from distance ladders (e.g. SH0ES) 

•  and  from BAO and CMB, calibrated to  from CMB (or from BAO+BBN), 
assuming ΛCDM 

dL(z) MB

dA(z) H(z) dS

BAO 
 and  calibrated to  dA(z) H(z) dS

CMB 
 calibrated to  dA(zdec) dS

Distance ladders 
Infer SNIa luminosity, MB

CMB 
Infer  

(model-dependent)
dS

BBN 
Infer  

(model-dep.)
dS
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Issue: over-constrained by overlap between BAO and remote SNIa! As long as:  
•  taken from CMB or BBN+BAO, assuming same early cosmology as in ΛCDM, 

•  taken from SH0ES 

… direct contradiction between  on same redshifts! 

dS

MB

dL(z) = (1 + z)2dA(z)

Category 1: Modify late background expansion

log z10−2 1 103

Supernovae SNIa: 
 calibrated to dL(z) MB

10−4

BAO 
 and  calibrated to  dA(z) H(z) dS

CMB 
 calibrated to  dA(zdec) dS

Distance ladders 
Infer SNIa luminosity, MB

CMB 
Infer  

(model-dependent)
dS

BBN 
Infer  

(model-dep.)
dS

Change  at 0 < z < 2 to get different  but same H(z) H0 dL(z)

Re
si

du
al

s  from BAO(1 + z)2dA(z)

 from SNIadL(z)

Poulin et al. 2407.18292
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Category 2: Violation of Distance Duality Relation

Very unusual gravity theory, or non-conservation of photon number (interaction with axions, 
gravitons?)

 from BAO(1 + z)2dA(z)

 from SNIadL(z)

• Constrained by CMB blackbody distribution, quasar spectra, laboratory bounds, 
supernovae modelling, etc. (Mirrizi et al. astro-ph/0506078) 

• Requires photon flux to increase during propagation  

• E.g. SN emits photons+axions, then axions convert into photons; expect stronger effect for 
more distant SNIa 

• But data prefers z-independent effect:  (equivalent to rescaling 
of either  or )  (Teixeira et al. 2504.10464)

dL(z) = 0.925 (1 + z)2dA(z)
MB dS
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Category 3: shift recombination/photon decoupling

dS = ∫
∞

zdec

dz̃ cs(z̃) H−1(z̃)

Recombination temperature and redshift very constrained by Hydrogen atom model 

• Inhomogeneous recombination, e.g. primordial magnetic fields (Jedamzik et al. 2503.09599, 
2307.05475) 

• Time-varying constants, e.g. ,  (Hart et al. 1912.03986, Schöneberg et al. 2507.16845) 

Additional effects in spectrum of CMB (damped oscillations, early integrated Sachs-Wolfe, …)

α me

 from BAO(1 + z)2dA(z)

 from SNIadL(z)

New physics shifts recombination / decoupling to earlier time = larger redshift 
 smaller    smaller ⇒ ds ⇒ dA(z)

Sound horizon
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Category 4: Modified early background expansion

 constrained at BBN temperature (primordial Helium…) 

• Stepped dark radiation: entropy release into neutrinos/dark radiation enhancing  after 
BBN (extra radiation may be free-streaming, self-interacting…) (Aloni et al. 2111.00014, …) 

• Early Dark Energy (various implementations; stringy axions, spontaneous symmetry 
breaking in dark sector, …) (Karwal et al. 1608.01309, Niedermann et al. 2006.06686 …) 

• Early Modified Gravity (Brans-Dicke) (Ferrari et al. 2501.15298) 

Usually, additional effects in spectrum of CMB and large scale structure…

H(z)

Neff

 from BAO(1 + z)2dA(z)

 from SNIadL(z)

Enhanced expansion due to additional species before recombination/decoupling 
 smaller    smaller ⇒ ds ⇒ dA(z)

dS = ∫
∞

zdec

dz̃ cs(z̃) H−1(z̃)Sound horizon
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Reviews on existing proposals

In the Realm of the Hubble tension � a Review of Solutions 30

Figure 4. Whisker plot with the 68% marginalized Hubble constant constraints for
the models of Section 4. The cyan vertical band corresponds to the H0 value measured
by R20 [2] and the light pink vertical band corresponds to the H0 value estimated
by Planck 2018 [11] in a ⇤CDM scenario. For each line, when more than one error
bar is shown, the dotted one corresponds to the Planck only constraint on the Hubble
constant, while the solid one to the di↵erent dataset combinations reported in the red
legend, in order to appreciate the shift due to the additional datasets.

of the scale factor ac ⌘ (1 + zc)�1 at which the transition occurs are, respectively [215]:

⌦�(a) =
2⌦�(ac)

(a/ac)
3(1+wn) + 1

, (2)

w�(a) = � 1 +
1 + wn

1 + (ac/a)3(1+wn)
. (3)

At early times a ! 0, the scalar field behaves as a cosmological constant with the

equation of state w�(a) ! �1, while for a � ac we have w�(a) ! wn. Hence, the

energy density is constant at early times, and decays as a�3(1+wn) when the scalar field

becomes dynamical [216]. The EDE component dilutes like matter (wn = 0) for n = 1 ,

like radiation (wn = 1/3) for n = 2, and faster than radiation for n � 3; for n ! 1, the

In the Realm of the Hubble tension � a Review of Solutions 38

Figure 6. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Section 5. The cyan vertical band shows the H0 value
measured by R20 [2] and the light pink vertical band corresponds to the H0 value
estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line, when more than
one error bar is shown, the dotted one corresponds to the Planck only constraint on
the Hubble constant, while the solid one to the di↵erent dataset combinations reported
in the red legend, in order to appreciate the shift due to the additional datasets.

In the Realm of the Hubble tension � a Review of Solutions 52

Figure 8. Whisker plot with the 68% marginalized Hubble constant constraints for
the models of Section 6. The cyan vertical band shows the H0 value measured by
R20 [2] and the light pink vertical band denotes the H0 value estimated by Planck

2018 [11] in a ⇤CDM scenario. For each line, when more than one error bar is shown,
the dotted one corresponds to the Planck only constraint on the Hubble constant, while
the solid one to the di↵erent dataset combinations reported in the red legend, in order
to appreciate the shift due to the additional datasets.

Using the Planck 2015 CMB distance priors + Pantheon + BAO + Ly-↵ data, Ref. [391]

finds H0 = 71.02+1.45

�1.37
km s�1 Mpc�1 at 68% CL, solving the Hubble tension at 1.1�.

Considering a full CMB analysis for this scenario, Planck 2015 alone gives instead

H0 = 72.58+0.79

�0.80
km s�1 Mpc�1 at 68% CL [392], solving the Hubble tension within

1�, and Planck 2015 + BAO gives H0 = 71.55+0.55

�0.57
km s�1 Mpc�1 at 68% CL, in

agreement with R20 at 1.2�. This result is in agreement with Ref. [393], where CC

measurements are considered. The very same model has been updated in Ref. [394],

which finds H0 = 72.35+0.78

�0.79
km s�1 Mpc�1 at 68% CL for the Planck 2018 data, and

H0 = 72.16 ± 0.44 km s�1 Mpc�1 at 68% CL for Planck 2018 + CMB lensing + BAO

+ Pantheon + DES + R19, confirming the agreement with R20 within one standard

deviation. However, in Ref. [395] it has been argued that, while at the background level

the flat-PEDE model fits the data as well as the ⇤CDM scenario, at the perturbation

level the PEDE model can not fit the observational data in cluster scales compared to

the ⇤CDM. Extensions of this model considering neutrinos or a non-zero curvature of

the Universe can be found in Refs. [394–396].

6.1.1. Generalized Emergent Dark Energy: A generalization of the PEDE model,

including one more degree of freedom �, known as Generalized Emergent Dark Energy

In the Realm of the Hubble tension � a Review of Solutions 56

Figure 10. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Section 7. The cyan vertical band corresponds to the H0

value measured by R20 [2] and the light pink vertical band corresponds to the H0 value
estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line, when more than one
error bar is shown, the dotted one corresponds to the Planck only constraint on the
Hubble constant, while the solid one to the di↵erent dataset combinations reported in
the red legend, in order to appreciate the shift due to the additional datasets.

7. Models With Extra Relativistic Degrees of Freedom

One classical extension of the standard ⇤CDM model considered for the H0 tension

resolution, is the possibility of having extra “dark” radiation at the recombination

period, usually quantified by the number of relativistic degrees of freedom, Ne↵ [403].

The radiation density ⇢r can be written as a function of the photon density ⇢�, where we

consider the ratio T⌫/T� = (4/11)1/3 between the background temperatures of neutrinos

In the Realm of the Hubble tension � a Review of Solutions 68

Figure 12. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models discussed throughout the Section 8.1 of the main Section 8.
The cyan vertical band corresponds to the H0 value measured by R20 [2] and the light
pink vertical band corresponds to the H0 value estimated by Planck 2018 [11] in a
⇤CDM scenario. For each line, when more than one error bar is shown, the dotted one
corresponds to the Planck only constraint on the Hubble constant, while the solid one
to the di↵erent dataset combinations reported in the red legend, in order to appreciate
the shift due to the additional datasets.
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Figure 14. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models discussed throughout the Sections 8.2 and 8.4 of the main
Section 8. The cyan vertical band corresponds to the H0 value measured by R20 [2]
and the light pink vertical band corresponds to the H0 value estimated by Planck

2018 [11] in a ⇤CDM scenario. For each line, when more than one error bar is shown,
the dotted one corresponds to the Planck only constraint on the Hubble constant, while
the solid one to the di↵erent dataset combinations reported in the red legend, in order
to appreciate the shift due to the additional datasets.

The coupling between the dark matter fluid and photons can be described by:

⇢̇DM + 3H⇢DM = �Q ; (81)

⇢̇� + 4H⇢� = Q , (82)

where Q = ��H⇢DM. For this scenario, where the neutrino sector is free to vary, Planck

2015 TT + CMB lensing + BAO gives H0 = 71.9± 4.0 km s�1 Mpc�1 at 68% CL [685],

solving the H0 tension within 1�. However, this result has been obtained fitting the

CMB temperature power spectrum only.

An extension of this model has been investigated in Ref. [686], considering a CPL

parameterization for the DE equation of state, obtaining H0 = 67.4± 3.9 km s�1 Mpc�1

at 68% CL for Planck 2015 + BAO, and alleviating the tension with R20 at 1.4�.

An updated analysis is instead presented in Ref. [534], where Planck 2018 + BAO

gives H0 = 67.70± 0.43 km s�1 Mpc�1 at 68% CL, showing a disagreement with R20 at

4�.
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Figure 16. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Sections 9 and 10. The cyan vertical band corresponds
to the H0 value measured by R20 [2] and the light pink vertical band corresponds
to the H0 value estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line,
when more than one error bar is shown, the dotted one corresponds to the Planck

only constraint on the Hubble constant, while the solid one to the di↵erent dataset
combinations reported in the red legend, in order to appreciate the shift due to the
additional datasets.
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Figure 18. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Sections 11-14. The cyan vertical band corresponds
to the H0 value measured by R20 [2] and the light pink vertical band corresponds
to the H0 value estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line,
when more than one error bar is shown, the dotted one corresponds to the Planck

only constraint on the Hubble constant, while the solid one to the di↵erent dataset
combinations reported in the red legend, in order to appreciate the shift due to the
additional datasets.

13. Physics of the critical Phenomena

Since the physics operating at late time seems to be di↵erent from the physics of early

time, yet another interesting possibility could be a phase transition in the dark sector.

The critical phenomena studied extensively the idea of a phase transition, in which

local interactions of a many-body system produce a global phase transition, if a free

parameter of the model is lowered beyond a critical point.

We refer to Figures 17 and 18 summarizing the performance of the models discussed

in this section in light of the Hubble constant tension.

13.1. Double-⇤CDM (⇤⇤CDM)

The Double� ⇤ Cold Dark Matter (⇤⇤CDM) scenario is inspired by the Ising model, a

classic model of critical phenomena describing the phase transition from para-magnet to

ferro-magnet at Curie temperature. This cosmological scenario assumes a cosmological

De Valentino et al. 2103.01183, 2504.01669 (CosmoVerse)
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Fair comparison of models

• Selection of 19 “representative models”; Planck, BAO till BOSS DR12, Pantheon, SH0ES21 

• Three metrics to quantify the (resolution of the) tension 

Model �Nparam MB
Gaussian

Tension

QDMAP

Tension
��

2 �AIC Finalist

⇤CDM 0 �19.416± 0.012 4.4� 4.5� X 0.00 0.00 X X

�Nur 1 �19.395± 0.019 3.6� 3.8� X �6.10 �4.10 X X

SIDR 1 �19.385± 0.024 3.2� 3.3� X �9.57 �7.57 X X
mixed DR 2 �19.413± 0.036 3.3� 3.4� X �8.83 �4.83 X X

DR-DM 2 �19.388± 0.026 3.2� 3.1� X �8.92 �4.92 X X

SI⌫+DR 3 �19.440+0.037
�0.039 3.8� 3.9� X �4.98 1.02 X X

Majoron 3 �19.380+0.027
�0.021 3.0� 2.9� X �15.49 �9.49 X X

primordial B 1 �19.390+0.018
�0.024 3.5� 3.5� X �11.42 �9.42 X X

varying me 1 �19.391± 0.034 2.9� 2.9� X �12.27 �10.27 X X
varying me+⌦k 2 �19.368± 0.048 2.0� 1.9� X �17.26 �13.26 X X
EDE 3 �19.390+0.016

�0.035 3.6� 1.6� X �21.98 �15.98 X X
NEDE 3 �19.380+0.023

�0.040 3.1� 1.9� X �18.93 �12.93 X X
EMG 3 �19.397+0.017

�0.023 3.7� 2.3� X �18.56 �12.56 X X
CPL 2 �19.400± 0.020 3.7� 4.1� X �4.94 �0.94 X X

PEDE 0 �19.349± 0.013 2.7� 2.8� X 2.24 2.24 X X

GPEDE 1 �19.400± 0.022 3.6� 4.6� X �0.45 1.55 X X

DM ! DR+WDM 2 �19.420± 0.012 4.5� 4.5� X �0.19 3.81 X X

DM ! DR 2 �19.410± 0.011 4.3� 4.5� X �0.53 3.47 X X

Table 1: Test of the models based on dataset Dbaseline (Planck 2018 + BAO + Pantheon), using the direct mea-
surement of Mb by SH0ES for the quantification of the tension (3rd column) or the computation of the AIC (5th
column). Eight models pass at least one of these three tests at the 3� level.

Before declaring the o�cial finalists, let us briefly comment on models that do not make it to the
final, starting with late-universe models. The CPL parameterization, our “late-universe defending
champion” only reduces the tension to 3.7�, inducing a minor improvement to the global fit. The
PEDE model noticeably degrades the �

2 of BAO and Pantheon data, leading to an overall worse
fit than ⇤CDM. Thus, according to the general rules defined at the end of the previous subsection,
we must exclude PEDE from the final. We further comment on this choice in Section 4.2 and
below. The GPEDE model, which generalises PEDE to include ⇤CDM as a limiting case, does
not pass any of the tests. This shows the danger of using only criterion 1 or 2 for models that do
not include ⇤CDM as a limit. Ideally, one should always perform a test equivalent to the �AIC
or consider models in which ⇤CDM is nested. As emphasized above, for late-time modifications of
⇤CDM, it is also important to treat the SH0ES observation as a model-independent measurement
of Mb , rather than a model-dependent measurement of H0 . We checked explicitly that using a
SH0ES likelihood on H0 rather than Mb incorrectly yields more favorable results for these late-
time models, a result consistent with the claims of Refs. [42–44, 50, 51, 53]. Finally, the models
of decaying dark matter studied here are only capable of reducing the tension from 4.4� to 4.2�,
despite only introducing two new parameters. Consequently, the �AIC criteria disfavors both
DDM models. We thus conclude that the late-time DE and dark matter decay models considered
in this work cannot resolve the Hubble tension.

Secondly, the class of models invoking extra relativistic degrees of freedom perform significantly bet-
ter than late-universe models, but a majority are not successful enough to pass our pre-determined

12

DR

Early DE

Shifted rec.

Late DE

DM decay

Early

Late

Standard model

The Hubble Olympics 
Schöneberg, Abellan, Pérez, JL, Witte, Poulin, Lesgourgues, 2107.10291, Phys. Rep. 984 (2022) 1-55
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Reviews on existing proposals

• Selection of 11 “representative models”; + SPT-3G, ACT, BAO till BOSS DR16, SH0ES23 

• Four metrics to quantify the (resolution of the) tension 

DR

Early DE

Shifted rec.

Late DE
Early
Late

Standard model

curvature

Early

Rida Khalife, Bahrami, Guenther, Galli, Lesgourgues, 2312.09814

measurements [25], the inclusion of SPT-3G 2018 and SDSS-DR16 [17] data plays a crucial
role in our conclusions. For instance, compared to ref. [5], the fact that the tension level
exceeds the 3‡ threshold for the �CDM+me is due to the inclusion of SDSS-DR16 data.6
On the other hand, as we explain in more detail in section 5, the improved polarization
measurements from SPT-3G 2018 straighten the constraints on me + �K and EDE. Second,
it is not the purpose of this paper to discuss the S8 tension [74, 75] in as many details as the
Hubble tension, but the short discussion provided in section 5.6 suggests that none of the
models presented here exacerbates this other tension beyond the 3‡ level.

68 70 72 74

H0 [km s�1 Mpc�1]

�CDM

+ �m�

+ �m� + CPL

+ �m� + Ne�

+ �m� + �K

+ �m� + NSIDR

me

me + �m�

me + �K

me + �K + �m�

EDE

Majoron

SH0ESPlanck

0 3 5
�

QMPCL
QDMAP

Figure 1: A graphical representation of the first four columns of Table 1. Left: The black
dots and their intervals correspond to the mean value of H0 and its 68%CL, respectively, for
each model. The gold band is the 68% CL on H0 from Planck [9], while the light-salmon one
corresponds to that of SH0ES [25]. Right: The top horizontal bar of each model correspond to
QMPCL, colored in red when surpassing the 3‡ level, and dark green otherwise. The bottom
horizontal bar, when applicable, corresponds to QDMAP, colored in orange when surpassing
the 3‡ level, and light green otherwise

– 7 –

Bayesian 
Frequentist

Late
DR

DR

Planck 2018 
+ SPT-3G 

+ BAO 
+ Pantheon

reason, we compute the DMAP and AIC metrics only for �CDM and for extended models
that have QMPCL Æ 4‡.

w/o SH0ES w/ SH0ES

Models H0(km/s/Mpc) QMPCL(‡) QDMAP(‡) �‰
2 �AIC �‰

2 �AIC

�CDM 67.56(67.58)+0.38

≠0.38
6.0 5.8 0 0 0 0

+�m‹ 67.60(67.01)+0.49

≠0.43
5.9 — — — — —

+�m‹+CPL 67.94(67.89)+0.78

≠0.79
4.5 — — — — —

+�m‹+ Ne� 68.25(67.45)+0.62

≠0.76
4.2 — — — — —

+�m‹ + �K 67.67(66.88)+0.62

≠0.62
5.1 — — — — —

+�m‹+ NSIDR 68.53(69.06)+0.69

≠0.92
3.8 4.0 -0.1 3.9 -17.1 -13.1

me 68.00(68.03)+1.06

≠1.07
3.8 3.9 0.0 2.0 -18.0 -16.0

me+�m‹ 68.22(67.70)+1.09

≠1.23
3.5 3.6 -1.0 3.1 -21.6 -17.6

me + �K 68.20(67.42)+1.63

≠1.60
2.9 3.1 -1.0 3.0 -24.7 -20.7

me + �K + �m‹ 69.75(67.75)+1.85

≠2.93
1.5 3.0 -0.9 5.1 -25.6 -19.8

EDE 68.18(68.55)+0.42

≠0.79
3.7 2.7 -4.6 1.4 -31.1 -25.1

Majoron 68.55(68.08)+0.48

≠0.70
4.3 — — — — —

Table 1: Summary of this work’s main results. All the values reported here correspond
to the data set combination: Planck (TT,TE,EE+lowE+lensing), SPT-3G (TT+TE+EE),
BAO (6dFGS+DR7+DR12+DR16), and SN Ia. For each of our models, we report in the
second column the mean, best fit5 and 68%CL credible interval of H0. The third column
presents the Marginalised Posterior Compatibility Level between SH0ES and the rest of the
data, expressed in units of ‡. The third column presents a frequentist version of the same
test. The numbers in boldface show the cases reducing the tension below the 3‡ level. The
next columns show the ‰

2 and Akaike Information Criterion improvement for each model
relative to �CDM, either without or with SH0ES data included. We refer the reader to
Figure 1 for a graphical representation of the first four columns, and to section 4 for more
details.

The first line of Table 1 shows that the Hubble tension is now of the order of 6‡ for
�CDM with our baseline data set. Like in [5], we will consider that a given model brings the
tension down to an acceptable level when it decreases to 3‡ or less. This condition may sound
too permissive since a 3‡ tension is still significant. However, we need to set a conservative
threshold given that in the future we may get new insight on unaccounted systematics in
current data, that may not completely solve the tension, but bring it from an apparent 3‡

level to less than 2‡. Thus, to be on the safe side, we will not describe models with a 3‡

tension as clearly incompatible with all existing data. This threshold could be imposed to
either of the QMPCL or QDMAP metrics, but we wish to remain agnostic concerning the use
of a Bayesian versus frequentist metric. Thus, we will conservatively consider that our main

5For the models for which we did not run an explicit minimization algorithm, we report the value of the
best-fitting sample from the MCMC.

– 5 –

• Getting harder and harder to find theoretical solutions 
• Needs complicated ad hoc model 
• Even more complicated may work better… e.g. EDE+LDE
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All interpretation of cosmological data gets stuck due to tensions…

For instance, situation with neutrino mass… 

4 observable effects. Currently, dominant ones: 

• Background effect (expansion rate), affected by BAO+SN tension on late expansion history 

• CMB lensing effect, affected by slightly unexpected shape of high-l CMB temperature 2

trino oscillations,
Õ
<a > 0.059 eV, significantly degrades

the DESI constraint to
Õ
<a < 0.113 eV (95%) [18]. This

dependence on a priori assumptions also calls into question
the

Õ
<a � 0 prior. Only by relaxing this constraint, can we

assess whether cosmological data are compatible with physical
neutrino masses, determine the sensitivity of the data indepen-
dently of the prior, and reveal the dependence of the central
value on the data and choice of cosmological model.

Previously, [45] extended the posterior distribution to neg-
ative values by fitting a Gaussian distribution to %(Õ<a).
In this way, the combination of Planck and SDSS BAO gaveÕ
<a = �0.026 ± 0.074 eV (68%). More recently, [44] ex-

tended the analysis to negative neutrino masses by expressing
the effect of neutrinos on the CMB in terms of �lens (

Õ
<a),

finding
Õ
<a = �0.16±0.09 eV (68%) from Planck, ACT, and

DESI BAO. However, neither approach can fully characterize
the effects of

Õ
<a < 0, such as the impact on the expansion

history, as probed by DESI, or capture parameter correlations
independently of �lens. In this work, we introduce a model that
extends the domain to negative masses in a complete and self-
consistent manner and examine the preference for

Õ
<a < 0.

II. NEGATIVE NEUTRINO MASSES

Formally, the Friedmann equations that govern the expan-
sion of space depend only on the neutrino masses squared, <2

8 ,
via expressions like

⌦a (0) =
#a’
8=1

8⌧)4
a

3c�2
0

π 1

0

G2
q
G2 + 02<2

8 /)2
a

1 + 4G
dG, (1)

where #a is the number of neutrino species, )a the present-
day neutrino temperature, and �0 the Hubble constant. Only
at late times, when the neutrinos become non-relativistic and
the 02<2

8 /)2
a term dominates, does this expression reduce to

the well-known approximation

⌦a ⇡
Õ
<a

93.14⌘2 . (2)

The strict dependence on <2
8 remains true at the perturba-

tion level. Hence, an alternative approach is needed to ex-
tend cosmological calculations to negative masses. The ef-
fect of Eq. (1) is to produce a greater radiation density while
neutrinos are relativistic and a greater matter density once
neutrinos become non-relativistic. Without attributing the
effect to neutrinos, a phenomenological term of the form,
⌦a,eff (0) = ^⌦a (0), would behave in the opposite way for
^ < 0, reducing the radiation density at early times and the
matter density at late times. To make contact with terrestrial
constraints, we could reinterpret such a term as an effective cos-

mological neutrino mass parameter,
Õ
<a,eff ⌘ 93.14⌘2 ⌦a,eff.

Rather than explicitly implementing a term like ⌦a,eff (0),
we accomplish the same with the following operational defini-
tion. For simplicity, we restrict to the case where all masses are
either positive or negative. For any cosmological observable
- , such as the CMB temperature power spectrum, - = ⇠TT

✓ ,

SH0ES

DESI + BBN

�1.5 �1 �0.5 0 0.5
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Õ
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FIG. 1. Constraints on the effective neutrino mass,
Õ
<a,eff, the

Hubble constant, �0, and the amplitude of matter fluctuations, f8,
from Planck temperature and polarization data [32, 39, 46], assuming
⇤CDM. The degeneracy between these parameters can be broken with
measurements of the expansion history. Shown are the ±1f bounds
from DESI BAO, combined with a Big Bang nucleosynthesis (BBN)
prior on ⌦b⌘

2 [16, 17], and the SH0ES measurement of �0 from
the local distance ladder [47]. The unphysical regime,

Õ
<a,eff < 0,

is grey and the dotted lines indicate the lower bounds from neutrino
oscillations for the normal ordering (NO) and inverted ordering (IO).

and a set of fixed parameters, ) = {lb,lc, \s, g, �B , =B}, we
define the prediction for the effective neutrino mass,

Õ
<a,eff,

as a first-order Taylor expansion around the massless case,

-
Õ
<a,eff

) ⌘-
Õ
<a=0

) + sgn(Õ<a,eff)
h
-

|Õ<a,eff |
) �-

Õ
<a=0

)

i
, (3)

where sgn is the sign function and -
|Õ<a,eff |
) is the prediction

for a cosmological model with positive neutrino masses |<8 |.
A key advantage of this approach is that one recovers exactly
the physical neutrino model for

Õ
<a,eff =

Õ
<a � 0. More-

over, by extrapolating in data space rather than in parameter
space, one need not assume a functional form for the marginal-
ized posterior distribution, nor make any assumptions about
parameter correlations. We implemented this model in the
Boltzmann code CLASS [48, 49] and the cosmological sam-
pling code cobaya [50]. We apply the model to the latest
BAO measurements from DESI [16, 17] and CMB temper-
ature and polarization measurements from Planck, using the
low-✓ Commander likelihood [32] and the high-✓ CamSpec like-
lihood [39, 46] based on the final data release (PR4). In some
cases, we also include CMB lensing measurements based on
ACT DR6 [51–53] and Planck PR4 lensing maps [54]. Our
primary analysis is explicitly blind to the constraints from neu-
trino oscillations. In this case, we assume a degenerate mass
spectrum with #a = 3 species and <a,eff ⌘ <1 = <2 = <3.
We use a uniform prior, <a,eff 2 [�1.5, 1.5] eV. When we
perform a combined analysis of cosmological data and labora-
tory constraints, we adopt Gaussian likelihoods on �<2

21 and
|�<2

31 |, based on global fits to the experimental data [11], and
fix <1,<2,<3 in terms of �<2

21, |�<2
31 |, V, and <lightest, with

a uniform prior on <lightest 2 [0, 0.5] eV [55].

Elbers et al. 2407.10965 Push from CMB lensing
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All interpretation of cosmological data gets stuck due to tensions…

For instance, situation with neutrino mass… 

4 observable effects. Currently, dominant ones: 

• Background effect (expansion rate), affected by BAO+SN tension on late expansion history 

• CMB lensing effect, affected by slightly unexpected shape of high-l CMB temperature 2

trino oscillations,
Õ
<a > 0.059 eV, significantly degrades

the DESI constraint to
Õ
<a < 0.113 eV (95%) [18]. This

dependence on a priori assumptions also calls into question
the

Õ
<a � 0 prior. Only by relaxing this constraint, can we

assess whether cosmological data are compatible with physical
neutrino masses, determine the sensitivity of the data indepen-
dently of the prior, and reveal the dependence of the central
value on the data and choice of cosmological model.

Previously, [45] extended the posterior distribution to neg-
ative values by fitting a Gaussian distribution to %(Õ<a).
In this way, the combination of Planck and SDSS BAO gaveÕ
<a = �0.026 ± 0.074 eV (68%). More recently, [44] ex-

tended the analysis to negative neutrino masses by expressing
the effect of neutrinos on the CMB in terms of �lens (

Õ
<a),

finding
Õ
<a = �0.16±0.09 eV (68%) from Planck, ACT, and

DESI BAO. However, neither approach can fully characterize
the effects of

Õ
<a < 0, such as the impact on the expansion

history, as probed by DESI, or capture parameter correlations
independently of �lens. In this work, we introduce a model that
extends the domain to negative masses in a complete and self-
consistent manner and examine the preference for

Õ
<a < 0.

II. NEGATIVE NEUTRINO MASSES

Formally, the Friedmann equations that govern the expan-
sion of space depend only on the neutrino masses squared, <2

8 ,
via expressions like

⌦a (0) =
#a’
8=1

8⌧)4
a

3c�2
0

π 1

0

G2
q
G2 + 02<2

8 /)2
a

1 + 4G
dG, (1)

where #a is the number of neutrino species, )a the present-
day neutrino temperature, and �0 the Hubble constant. Only
at late times, when the neutrinos become non-relativistic and
the 02<2

8 /)2
a term dominates, does this expression reduce to

the well-known approximation

⌦a ⇡
Õ
<a

93.14⌘2 . (2)

The strict dependence on <2
8 remains true at the perturba-

tion level. Hence, an alternative approach is needed to ex-
tend cosmological calculations to negative masses. The ef-
fect of Eq. (1) is to produce a greater radiation density while
neutrinos are relativistic and a greater matter density once
neutrinos become non-relativistic. Without attributing the
effect to neutrinos, a phenomenological term of the form,
⌦a,eff (0) = ^⌦a (0), would behave in the opposite way for
^ < 0, reducing the radiation density at early times and the
matter density at late times. To make contact with terrestrial
constraints, we could reinterpret such a term as an effective cos-

mological neutrino mass parameter,
Õ
<a,eff ⌘ 93.14⌘2 ⌦a,eff.

Rather than explicitly implementing a term like ⌦a,eff (0),
we accomplish the same with the following operational defini-
tion. For simplicity, we restrict to the case where all masses are
either positive or negative. For any cosmological observable
- , such as the CMB temperature power spectrum, - = ⇠TT
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SH0ES

DESI + BBN

�1.5 �1 �0.5 0 0.5

65

70

75

80

Õ
<a,eff [ eV ]

�
0
⇥ km

s�
1

M
pc

�1
⇤

0.8

0.9

1

f8
NO
IO

FIG. 1. Constraints on the effective neutrino mass,
Õ
<a,eff, the

Hubble constant, �0, and the amplitude of matter fluctuations, f8,
from Planck temperature and polarization data [32, 39, 46], assuming
⇤CDM. The degeneracy between these parameters can be broken with
measurements of the expansion history. Shown are the ±1f bounds
from DESI BAO, combined with a Big Bang nucleosynthesis (BBN)
prior on ⌦b⌘

2 [16, 17], and the SH0ES measurement of �0 from
the local distance ladder [47]. The unphysical regime,

Õ
<a,eff < 0,

is grey and the dotted lines indicate the lower bounds from neutrino
oscillations for the normal ordering (NO) and inverted ordering (IO).

and a set of fixed parameters, ) = {lb,lc, \s, g, �B , =B}, we
define the prediction for the effective neutrino mass,

Õ
<a,eff,

as a first-order Taylor expansion around the massless case,

-
Õ
<a,eff

) ⌘-
Õ
<a=0

) + sgn(Õ<a,eff)
h
-

|Õ<a,eff |
) �-

Õ
<a=0

)

i
, (3)

where sgn is the sign function and -
|Õ<a,eff |
) is the prediction

for a cosmological model with positive neutrino masses |<8 |.
A key advantage of this approach is that one recovers exactly
the physical neutrino model for

Õ
<a,eff =

Õ
<a � 0. More-

over, by extrapolating in data space rather than in parameter
space, one need not assume a functional form for the marginal-
ized posterior distribution, nor make any assumptions about
parameter correlations. We implemented this model in the
Boltzmann code CLASS [48, 49] and the cosmological sam-
pling code cobaya [50]. We apply the model to the latest
BAO measurements from DESI [16, 17] and CMB temper-
ature and polarization measurements from Planck, using the
low-✓ Commander likelihood [32] and the high-✓ CamSpec like-
lihood [39, 46] based on the final data release (PR4). In some
cases, we also include CMB lensing measurements based on
ACT DR6 [51–53] and Planck PR4 lensing maps [54]. Our
primary analysis is explicitly blind to the constraints from neu-
trino oscillations. In this case, we assume a degenerate mass
spectrum with #a = 3 species and <a,eff ⌘ <1 = <2 = <3.
We use a uniform prior, <a,eff 2 [�1.5, 1.5] eV. When we
perform a combined analysis of cosmological data and labora-
tory constraints, we adopt Gaussian likelihoods on �<2

21 and
|�<2

31 |, based on global fits to the experimental data [11], and
fix <1,<2,<3 in terms of �<2

21, |�<2
31 |, V, and <lightest, with

a uniform prior on <lightest 2 [0, 0.5] eV [55].

Elbers et al. 2407.10965 Push from CMB lensing

In ΛCDM 
With dynamically DE: 
• DESI+BBN moves down 
• Mass bound relaxed 
• Hubble tension gets worse 
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So what shall we do?

1.    In all areas of observational cosmology relevant for these tensions, reassess 

systematics: 

• Push experts to open their data analysis pipeline, challenge each other’s assumptions 

• Push experts from other areas of observational cosmology and theorists to learn 

physics relevant for these observations and enter the debate as challengers or 

moderators 

• Push towards “search for consensus” rather than “deadly competition”
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So what shall we do?

2.    As theorists: change prospective w.r.t. global analyses and top-down model fitting 

• isolate independent effects of each ingredient in cosmological model 

• search for model-independent combinations of observables 

• Formulate guardrails on what “cosmological model v2” should have or not have 

… and only then search for specific models that work. Maybe combination of several 

ingredients? 

Examples of model-independent combinations:
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So what shall we do?

3.    As observers: look for independent direct measurements of  

• Angular diameter distance to water megamasers in AGNs  

• Lensing time-delays (quasars & SNIa)  

• Age of objects, cosmic clocks/chronometers 

• Full shape of galaxy clustering and weak lensing power spectrum 

• Gamma-ray bursts 

• Redshift drifts (ELT, SKA, CHIME, HIRAX…) 

• Standard sirens (  from gravitons!)

H0

dL(z)


