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How robust are tension claims in cosmology?
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Overview

1) Context: Tensions in Cosmology
● Hubble tension (H0)
● Clustering tension (σ8, S8)
● Today: 

— Cosmological Constant tension (Λ vs w0wa)

2) Data
● Cosmic Microwave Background (CMB)
● Baryon Acoustic Oscillations (BAO)
● Supernovae (SN)

3) Bayesian Statistics
● Parameter Estimation
● Model Comparison
● Data Consistency

— Hidden tensions
— Model Dimensionality

4) Results

● “Big Picture” overview

● ΛCDM
— Planck likelihood comparison
— SN likelihood comparison

● ΛCDM + ΩK

— Curvature tension

● w0waCDM
— Cosmological Constant tension

5) New high-ℓ likelihoods ACT & SPT

6) Conclusion
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The “Hubble Tension” (a.k.a. H0 tension)

Credit: D’arcy Kenworthy

Planck+ACT+SPT
(2025)

update with JWST



Lukas T. Hergt 6

The “Hubble Tension” (a.k.a. H0 tension)

   v ol ume 2 | Ja nua r y 20 20 | 11

to yield H0 = 73.3 ± 1.8 km s−1 Mpc−1 (r ef.4) with 
a seventh from a different team, STRIDES 
(strong  lensing insights into dark energy 
survey), yielding H0 = 74.2 ± 3.0 km s−1 Mpc−1 
(r ef . 5). Lensing analyses have markedly 
improved in the past two decades, and these 
have demonstrated internal consistency from 
systems with different numbers of quasar 
images, mean time delays, telescopes and 
methods used to estimate the lens mass.

Alternative distance ladders have recently 
been constructed substituting other types of 
stars in the role usually played by Cepheids. 
The tip of the red giant branch (TRGB) is the 
peak brightness reached by red giant stars after 
they stop fusing hydrogen and begin fusing 
helium in their core, a valuable discontinuity 
that can be observed in SNe Ia hosts at dis
tances up to ~20 Mpc with the HST. Because 
the TRGB is not a type of star, but rather a 
feature of the distribution of thousands, its 
luminosity cannot be easily calibrated with 
the limited quality of parallax measurements 
in the Milky Way, nor readily seen directly 
with HST in our nearest neighbour, the Large 
Magellanic Cloud, limiting the precision of its 
calibration. Nevertheless, recent results from 

the results while using only measurements 
without overlapping data. They range from 
72.8 ± 1.1 km s−1 Mpc−1 to 74.3 ± 1.0 km s−1 
Mpc−1 and 4.5σ to 6.3σ tension with the 
Planck estimate. Indeed, it is telling that all 
recent local measurements exceed the early 
Universe prediction. Thus, it is hard to avoid 
the conclusion that the tension with the early 
Universe prediction is both highly significant 
and not easily attributed to an error in any one 
tool, team or method. New measurements 
from the local Universe using gravitational 
lensing and from the early Universe using 
ground  based CMB polarization are highly 
anticipated to weigh in over the next few years 
and may provide new insights.

If the Universe fails this crucial end 
toend test (it surely hasn’t yet passed), what 
might this tell us? It is tempting to think we 
may be seeing evidence of some ‘new physics’  
in the cosmos. Indeed, a large number of 
theor etical solutions have been proposed 
and are reviewed in r ef.10. For example, if we 
lived near the middle of a vast and deep void 
in the large  scale structure of the Universe, 
this could cause excessive, local expansion. 
However, the odds of a void this large occur
ring by chance is incredibly low. Calculations 
show that it exceeds 10σ (r ef. 11) and is also 
strongly ruled out empirically by the lack of 
evidence of any end to the void from SNe Ia 
at greater distances12. Dark energy with an 
equation of state lower than vacuum energy 
could produce stronger acceleration and 
explain the discrepancy, but this possibility 
is disfavoured by other intermediate redshift 
measurements.

Greater success in explaining the H0 meas
urement discrepancies has been achieved by 
altering the composition of the Universe 
shortly before the emergence of the CMB. 
An additional component in ΛCDM, such 
as a new neutrino or scalar field (the latter 
called early dark energy or EDE), could have 
increased the early expansion, decreased the 
sound horizon of primordial fluctuations and 
raised the predicted value of H0 depending 
on the approach used, to 70–73 km s−1 Mpc−1 
(r ef.10) in plausible agreement with the local 
value. New particles tend to create new con
flicts with the CMB, whereas EDE is claimed 
to improve agreement with the CMB. A crit
icism of EDE is that its scales must be finely 
tuned, although the same may be said of the 
other two episodes of dark energy (inflation 
and present acceleration). This raises the 
question of whether apparent episodes of 
such anomalous expansion are common or 
even related. Further, if the true expansion 
rate is the higher, local value, the Universe 
may actually be up to a billion years younger 
than expected. More work on the theoretical 

TRGB have yielded 69.8 ± 1.9 km s−1 Mpc−1 
(r ef. 6) and 72.4 ± 1.9 km s−1 Mpc−1 (r ef. 7) with 
the primary difference between these result
ing from different estimates of the extinction 
of TRGB by dust in the Large Magellanic 
Cloud and of the calibration between HST 
and ground based photometry.

Miras are variable, red giant stars recently 
pressed into service to measure H0 as a check 
on both Cepheids and TRGB and yield 
H0 = 73.3 ± 3.9 km s−1 Mpc−1 using new HST 
observations and the previously discussed 
geometric distances8. Two other updates 
to the local measurement of H0 come from 
water masers in four galaxies at great distances 
(H0 = 74.8 ± 3.1 km s−1 Mpc−1) and the use of a 
method called Surface Brightness Fluctuations 
(H0 = 76.5 ± 4.0 km s−1 Mpc−1) (r ef.9). See fig.  1 
for a summary of results.

Eleven unique averages provide a com
prehensive picture of these recent H0 meas
urements (see Supplementary information). 
These were constructed to each exclude a 
different method (Cepheids, TRGB, Miras, 
SNe Ia, lensing) or geometric calibration 
(parallaxes, DEBs, masers in NGC 4258) or 
team to allow for ‘peremptory challenges’ to 
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Fig. 1 | Disagreement between the Hubble constant prediction from the cosmological 
model using measurements of the early Universe and the more direct measurements  
from the late Universe. The discrepancy between the early and late Universe central values  
represented by the dashed lines at 67.4 km s−1 Mpc−1 and 73.0 km s−1 Mpc−1 is of 4  to 6 . The labels 
denote different measurements: a, Planck stands for the ESA Planck satellite cosmic microwave 
background observations; b, BBN + BAO refers to Big Bang nucleosynthesis and baryon acoustic 
oscillations (BAO); c, WMAP + BAO refers to measurements using a combination of data from 
Wilkinson Microwave Anisotropy Probe (WMAP) and BAO; d, ACTPol + BAO refers to measurements 
using a combination of data from the Atacama Cosmology Telescope Polarization camera (ACTPol) 
and BAO; e, SPT- SZ + BAO refers to measurements using a combination of data from the South Pole 
Telescope SZ camera (SPT- SZ) and BAO; f, SH0ES (supernovae H0 for the equation of state) refers  
to the SH0ES project measurements; g and h refer to the H0LiCOW (H0 lenses in COSMOGRAIL’s 
Wellspring) team and STRIDES (strong- lensing insights into dark energy survey) collaboration  
estimates, respectively ; i and j refer to TRGB (tip of the red giant branch) estimates; k refers to  
the estimation using Miras stars; l refers to the estimation using water masers; m, SBF refers to the 
surface brightness fluctuation method.

Early route

Late route

Credit: Adam G. Riess, Nature Rev. Phys. (2020)
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The “Clustering Tension” (a.k.a. σ8 or S8 tension): 
Weak Lensing (WL) vs Cosmic Microwave Background (CMB)

What changed since 2021?

0.7 0.8
Σ8=σ8(Ωm 0.3)0.58

KiDS−1000 Analyses

Legacy Analyses

Planck Legacy

Asgari et al. (2021) −3.75σ

Li et al. (2023) −2.93σ

Legacy Nz est. & calib. −2.08σ

Legacy Tomo. & KiDZ (5 bins) −1.61σ

K1000 Tiles; NLA; 5 bins −1.17σ

K1000 Tiles; NLA−M; 6 Bins −1.40σ

Legacy (fiducial) −0.73σ

0.75 0.8 0.85
S8=σ8 Ωm 0.3Wright et al. (2025b)

Driving Factors  

• New spectroscopic sample for  estimation 

• Updated  calibration and estimation methods  

• New imaging, new area  

Further changes  

• Revised scale cut  

• New IA modelling  

• New tomography

N(z)

N(z)

• New  emulation 

• New sampler   

• New analysis pipelines 

P(k)

Credit: Angus Wright, CMB France 2025

CMBWL
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● σ8: amplitude of matter 
density fluctuations

● ~ 2017: 
Discrepancy emerged 
between CMB and WL

● Trend:

– until 2026: trend towards 
consistency

– since this year: 
renewed tension? 

The “Clustering Tension” (a.k.a. σ8 or S8 tension): 
Weak Lensing (WL) vs Cosmic Microwave Background (CMB)

Credit: Pantos & Perivolaropoulos
 Phys. Dark Univ. 52 (2026)
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Cosmological Constant Tension ?

● Standard model of Cosmology:

– ΛCDM with cosmological 
constant Λ

– Corresponding equation-of-state 
parameters of Dark Energy:

 w0 = –1
 wa = 0
 w(a) = w0 + wa (1 – a)

● CMB + BAO + SN:
Preference for w0waCDM?

Credit: DESI Collaboration (2025)
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Credit: ESA and Planck Collaboration

The Cosmic Microwave Background (CMB)

Angular Power Spectrum
(“Fourier Transform” of 

2-point correlation function)

Stacking on
Cold Spots

Credit: WMAP Collaboration

Credit: Particle Data Group

CMB = snapshot of anisotropies at recombination
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Baryon Acoustic Oscillations (BAO)

Artist impression of BAO “bubbles”
imprinted on galaxy distribution
(exaggerated!!)
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Baryon Acoustic Oscillations (BAO)

2-point Correlation Functions in different redshift bins

● Interplay between gravity 
and photon-baryon-
pressure in the early 
Universe 
→ overdensities propagate 

as sound waves 

● Waves freeze when 
Universe becomes neutral 
(at recombination)
→ characteristic length 

scale: sound horizon
→ Standard Ruler

Credit: DESI Collaboration (2024)
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Supernovae as Standard Candles  —  BAOs as Standard Rulers

Credit: NASA/JPL-Caltech
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Credit: DES Collaboration
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Variations on Bayes Theorem
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Variations on Bayes Theorem
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Variations on Bayes Theorem
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Variations on Bayes Theorem
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The 3 Pillars of Bayesian Inference
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Tensions can be hidden in 1D and 2D projections

● Projections can be misleading.  Can miss tensions after marginalisation.→

● Evidence ratio, R, and likelihood ratio or “suspiciousness”, S, take full dimensionality into account 
(estimated by the Bayesian Model Dimensionality d).

Credit: Handley & Lemos, Phys. Rev. D 100 (2019)
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Bayesian Model Dimensionality

● Same number (i.e. 2) of sampling parameters.
● Same Kullback–Leibler divergence D  (i.e. same prior to posterior compression).

● Different dimensionality d  (i.e. different number of constrained parameters).

Credit: Handley & Lemos, Phys. Rev. D 100 (2019)
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Bayesian Model Dimensionality in action

● Estimated from the log-likelihood (or χ2) of the full sampling chain.

● Unconstrained 
parameters do not 
contribute!

d / 2 = á(lnL)2ñ  á– lnLñ2
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Range of dataset combinations

● CMB: Planck PR3 and PR4
– low-ℓ: SimAll, Lollipop
– high-ℓ: Plik, CamSpec, Hillipop

● CMB lensing:
– Planck PR3 and PR4

● BAO:
– SDSS DR12 and DR16
– DESI DR2

● SN:
– Pantheon+
– DES year-5

Range of models
● ΛCDM: dominated by cold dark matter 

and cosmological constant Λ
● ΛCDM+Σmν: 3 massive neutrinos (instead of just one)
● ΛCDM+ΩK: non-zero curvature
● wCDM: constant equation of state w of dark energy
● w0waCDM: evolving equation of state w(a) of dark energy

Slightly overwhelming 
overview
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Slightly overwhelming 
overview

3σ

Remark 1:
Allmost all points below 3σ line.
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Slightly overwhelming 
overview

Remark 2:
Hubble Tension clearly strongest.
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Slightly overwhelming 
overview

Remark 3:
CMB internal tensions have also
reached beyond 2σ  in the past.
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Slightly overwhelming 
overview

Remark 4:
Highly variable tension statistics
dependent on dataset choices for
CMB vs BAO vs SN.
(Independent of theory model!)
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Comparison of Planck Likelihoods

● Plik: 
– Planck PR3 (2018)

● CamSpec: 
– Planck PR4 (2020)
– pre-cleaning of

galactic dust
– fitting of 

foreground residuals

● Hillipop: 
– Planck PR4 (2020)
– fitting of  

foreground spectra
Takeaway:
Big shifts in tension statistics from choice of 
CMB likelihood pipeline (for the same data!)
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Comparison of Supernovae Likelihoods

Takeaway:
Big shifts in tension statistics from choice of SN likelihood. 
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Tension driving parameter: Matter density Ωm

DES SN update

(Nov. 2025)

Credit: Popovic et al. (2025)
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The “Curvature Tension”

● ΛCDM extension with 
curvature density parameter ΩK

● Tension around 2018:
– 2.3σ between Plik and lensing.
– 3σ between Plik and SDSS 12.

● BAO update:
– Reduces to 2.5σ with 

SDSS 16 or DESI 2.

● CMB update:
– Goes away with CamSpec or Hillipop.

● Takeaway: 
Tension after opening parameter space!
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Evolving Dark Energy w(a)

Takeaway:
Cosmologic Constant Tension highly
dependent on choice of dataset combination.

Tension
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Evolving Dark Energy w(a)

Takeaway:
Model preference completely flips with 
SN likelihood.

Model
Comparison
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Planck, ACT, SPT

● ACT or SPT on their own: no tension with BAO

● Signs of tension only in combination with low-ℓ from Planck.
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Conclusion
● Hubble Tension the only one clearly over 3σ 

threshold.
– Still persisting after first JWST updates.

● Tensions vary with choice of CMB likelihood:
– 0.5σ to 1.5σ.
– Trend: tensions reduce from 

Plik  CamSpec  Hillipop→ →

● Tensions vary with choice of SN likelihood:
– –1σ going from DES-y5  Pantheon+→
– Model comparison switches from

”strongly preferred” to “disfavoured”

● Many tensions have reduced over time with 
analysis updates:
– Clustering tension between Weak Lensing and 

CMB.
– CMB low-  vs high-ℓ  or CMB vs lensing ℓ

with updates PR3  PR4.→
– SN update DES-y5  DES-Dovekie.→

● Curvature tension?
– Model preference and tension go 

away with Planck updates

● Cosmological Constant Tension and 
preference for w0waCDM?
– Only specifically for 

Plik + DESI + DES-y5
– Gone with 

Hillipop + DESI + Pantheon+

→ Claims for a needed update 
from ΛCDM to w0waCDM 
are premature.
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Backup slides
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Supernovae Cosmology

“Hubble Diagram” 
of Supernovae  (Pantheon+)

Credit: Pantheon+ (2022)
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The “Clustering Tension” (a.k.a. σ8 or S8 tension): 
Weak Lensing (WL) vs Cosmic Microwave Background (CMB)

Credit: Pantos & Perivolaropoulos, Phys. Dark Univ. 52 (2026)
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The “Curvature Tension”

ΛCDM extension with 
curvature density parameter ΩK

● ΩK = 0: 

– flat universe  Euclidean Geometry→

● introduces tension between 
CMB and BAO

– CMB: Planck (2018)

– BAO: SDSS DR12 (2016)

Credit: Will Handley, Phys. Rev. D 103 (2021)
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CMB likelihoods

● Planck

– Plik
● Planck PR3, 2018, “Legacy”

– CamSpec
● Planck PR4, 2022, NPIPE

– Hillipop
● Planck PR4, 2023, NPIPE

● Since last year (2025):

– ACT DR6

– SPT-3G DR1
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Range of dataset combinations
● CMB: Planck PR3 and PR4

– low-ℓ: SimAll, Lollipop
– high-ℓ: Plik, CamSpec, Hillipop

● CMB lensing:
– Planck PR3 and PR4

● BAO:
– SDSS DR12 and DR16
– DESI DR2

● SN:
– Pantheon+
– DES year-5

Slightly overwhelming 
overview
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Model Comparison
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Comparison of Planck Likelihoods

● Plik: 
– Planck PR3 (2018)

● CamSpec: 
– Planck PR4 (2020)
– pre-cleaning of

galactic dust
– fitting of 

foreground residuals

● Hillipop: 
– Planck PR4 (2020)
– fitting of  

foreground spectra
Takeaway:
Big shifts in tension statistics from choice of 
CMB likelihood pipeline (for the same data!)



Lukas T. Hergt 48

τ – tension?


