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What is H0?
The Hubble constant H0 describes the expansion rate of the Universe today.

This can be obtained in two ways:
1. measuring the luminosity distance and the recessional velocity of known 

galaxies, and computing the proportionality factor. 

Hubble’s Law

Jha, S. (2002) Ph.D. thesis (Harvard Univ., Cambridge, MA).

This approach is model independent 
and based on geometrical 

measurements.

2



What is H0?
The Hubble constant H0 describes the expansion rate of the Universe today.

This can be obtained in two ways:
1. measuring the luminosity distance and the recessional velocity of known 

galaxies, and computing the proportionality factor.
2. considering early universe measurements, and assuming a model for the 

expansion history of the universe.

1st Friedmann equation describes 
the expansion history of the universe:

For example, we have CMB 
measurements and we assume the 

standard model of cosmology, i.e. the 
ΛCDM scenario.
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Tommaso
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Planck 2018, Astron.Astrophys. 641 (2020) A6

The Planck estimate assuming a “vanilla" 
ΛCDM cosmological model:
H0 = 67.36 ± 0.54 km/s/Mpc

Riess et al. arXiv:2112.04510

The latest local 
measurements 
obtained by the 

SH0ES collaboration 

H0 = 73.04 ± 1.04 
km/s/Mpc

5σ = one in 3.5 million  
implausible to reconcile  

the two by chance

H0 tension
We thought we had a consistent picture of the cosmos. 

Yet today, these two independent methods for measuring the expansion rate of the 
Universe give conflicting results. This is the Hubble tension.
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Planck 2018, Astron.Astrophys. 641 (2020) A6

Distance Ladder

Riess et al. arXiv:2112.04510

The latest local 
measurements 
obtained by the 

SH0ES collaboration 

H0 = 73.04 ± 1.04 
km/s/Mpc

The Planck estimate assuming a “vanilla" 
ΛCDM cosmological model:
H0 = 67.36 ± 0.54 km/s/Mpc
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Distance Ladder

(1) geometric distance 
measurements to standardized 
Cepheid variables (lower left)

Riess et al. arXiv:2112.04510

H0 is measured via a 
three-step (or three-rung) 

distance ladder 
employing a single, 

simultaneous fit between:

The near Cepheids 
are calibrated 

geometrically using 
Gaia EDR3 
parallaxes.
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Distance Ladder

(2) standardized Cepheids and 
colocated SNe Ia in nearby 

galaxies (middle),

H0 is measured via a 
three-step (or three-rung) 

distance ladder 
employing a single, 

simultaneous fit between:

Riess et al. arXiv:2112.04510
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Distance Ladder

(3) SNe Ia in the Hubble flow 
(top right).

H0 is measured via a 
three-step (or three-rung) 

distance ladder 
employing a single, 

simultaneous fit between:

Riess et al. arXiv:2112.04510
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Distance Ladder

The fit is accomplished over the three 
rungs simultaneously by optimizing a χ2 

statistic to determine the most likely values 
of the parameters in the relevant relations.

Riess et al. arXiv:2112.04510
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Distance Ladder

Riess et al. arXiv:2112.04510
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Riess et al. arXiv:2112.04510

Planck 2018, Astron.Astrophys. 641 (2020) A6

The latest local 
measurements 
obtained by the 

SH0ES collaboration 

H0 = 73.04 ± 1.04 
km/s/Mpc

CMB constraints

The Planck estimate assuming a “vanilla" 
ΛCDM cosmological model:
H0 = 67.36 ± 0.54 km/s/Mpc
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The Universe originates from a hot 
Big Bang. 

The primordial plasma in 
thermodynamic equilibrium cools with 
the expansion of the Universe. It goes 
through the phase of recombination, 

where electrons and protons combine 
into hydrogen atoms, and decoupling, 

where the Universe becomes 
transparent to the motion of photons. 

The Cosmic Microwave Background 
(CMB) is the radiation coming from 

recombination, emitted about 13 
billion years ago, just 380,000 years 

after the Big Bang. 

Figura: http://wmap.gsfc.nasa.gov

CMB constraints
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Planck collaboration, 2018

The CMB shows us the state of the early Universe, 
when photons were in thermal equilibrium. 

It has a nearly perfect black-body spectrum that has cooled over time due to the Universe’s 
expansion, reaching a temperature of 2.725 K today.

This radiation, coming from all directions, is almost uniform but contains tiny variations in 
temperature of about 1/100000. 

These anisotropies reflect the small density differences at the time of recombination and 
carry the imprint of everything that happened to the photons on their journey to us.
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Wuensche & Villa, arXiv:1002.4902



Planck 2018, Astron.Astrophys. 641 (2020) A6

15

15

Borstnik et al., hep-ph/0401043

We can extract 4 independent angular spectra from 
the CMB:

• Temperature
• Cross Temperature Polarization E
• Polarization type E (density fluctuations)
• Polarization type B (gravitational waves)



Cosmological parameters:
(Ωbh2 , Ωmh2 , H0 , ns , τ, As )

Theoretical model

We choose a set of cosmological parameters that describes 
our theoretical model and compute the angular power spectra.
Because of the correlations present between the parameters, 

variation of different quantities can produce similar effects on the CMB.

Lemos & Shah, arXiv:2307.1308316



We compare the 
angular power 

spectra we 
computed with the 
data and, using a 
bayesian analysis, 

we get a 
combination of 
cosmological 

parameter values 
in agreement with 

these.

Cosmological parameters:
(Ωbh2 , Ωmh2 , H0 , ns , τ, As )

Theoretical model

Parameter constraints

Planck 2018, Astron.Astrophys. 641 (2020) A6
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Satellite CMB telescopes Ground based CMB telescopes
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• The cosmological constraints are obtained assuming a cosmological model. 
• The results are affected by the degeneracy between the parameters that induce 

similar effects on the observables.

CMB constraints
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SPT-3G D1, arXiv:2506.20707 [astro-ph.CO]



Riess et al. arXiv:2112.04510
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Planck 2018, Astron.Astrophys. 641 (2020) A6

The Planck estimate assuming a “vanilla" 
ΛCDM cosmological model:
H0 = 67.36 ± 0.54 km/s/Mpc

6.7 s
igma

CMB constraints



Are there other H0 estimates?
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Latest H0 measurements

Hubble constant 
measurements made by 

different astronomical 
missions and groups over 

the years. 

The red vertical band 
corresponds to the H0 

value from SH0ES Team 
and the grey vertical band 

corresponds to the H0 
value as reported by 

Planck 2018 team within a 
ΛCDM scenario. 
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CosmoVerse, Di Valentino et al., arXiv:2504.01669



ACT-DR6: 
H0 = 66.11 ± 0.79 km/s/Mpc in ΛCDM 

ACT-DR6 + WMAP: 
H0 = 66.78 ± 0.68 km/s/Mpc in ΛCDM

ACT-DR6 2025

Ground based CMB telescope

On the same side of Planck, i.e. 
preferring smaller values of H0 we have:

ΛCDM - dependent
23



SPT-3G:
H0 = 66.81 ± 0.81 km/s/Mpc in ΛCDM 

Ground based CMB telescope

On the same side of Planck, i.e. 
preferring smaller values of H0 we have:

ΛCDM - dependent SPT-3G collaboration, arXiv:2411.06000

24



In ΛCDM the tension between 
the DESI+BBN and SH0ES H0 

results now stands at 4.5σ 
independent of the CMB

DESI+BBN:
H0 = 68.51 ± 0.58 km/s/Mpc in ΛCDM 

DESI collaboration, Abdul Karim et al., arXiv:2503.14738ΛCDM - dependent

On the same side of Planck, i.e. 
preferring smaller values of H0 we have:



Latest H0 measurements

Cepheids-SN Ia:

H0 = 72.9 ± 2.4 km/s/Mpc
Kenworthy et al., arXiv:2204.10866 
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H0 = 73.17 ± 0.86 km/s/Mpc
Breuval et al., arXiv:2404.08038

H0 = 73.4 ± 2.1 km/s/Mpc
Riess et al., arXiv: 2408.11770

CosmoVerse, Di Valentino et al., arXiv:2504.01669



Latest H0 measurements

H0 = 73.9 ± 3.0 km/s/Mpc
Pesce et al. arXiv:2001.09213

The Megamaser Cosmology 
Project measures H0 using 

geometric distance 
measurements to six 
Megamaser - hosting 

galaxies. This approach 
avoids any distance ladder by 
providing geometric distance 
directly into the Hubble flow.
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CosmoVerse, Di Valentino et al., arXiv:2504.01669



Latest H0 measurements

The Tip of the Red Giant 
Branch (TRGB) is the peak 
brightness reached by red 
giant stars after they stop 
using hydrogen and begin 
fusing helium in their core.

H0 = 73.22 ± 2.06 km/s/Mpc
Scolnic et al., arXiv:2304.06693
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H0 = 70.39 ± 1.94 km/s/Mpc
Freedman et al., arXiv:2408.06153

H0 = 71.5 ± 1.8 km/s/Mpc
Anand et al., arXiv: 2108.00007

CosmoVerse, Di Valentino et al., arXiv:2504.01669



Latest H0 measurements

Surface Brightness 
Fluctuations

(substitutive distance ladder 
for long range indicator, 

calibrated by both Cepheids 
and TRGB)

H0 = 73.44 ± 3.0 km/s/Mpc
Blakeslee et al., arXiv:2101.02221
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H0 = 73.2 ± 3.5 km/s/Mpc
Blakeslee et al., arXiv:2101.02221

H0 = 73.8 ± 2.4 km/s/Mpc
Jensen et al., arXiv:2502.15935

CosmoVerse, Di Valentino et al., arXiv:2504.01669



Latest H0 measurements

H0 = 72.37 ± 2.97 km/s/Mpc
Huang et al., arXiv:2312.08423]

MIRAS 
variable red giant stars from 

older stellar populations

30
CosmoVerse, Di Valentino et al., arXiv:2504.01669



Latest H0 measurements

H0 = 67.96 ± 2.65 km/s/Mpc
Lee et al., arXiv:2408.03474

JAGB 
The J-regions of the 

Asymptotic Giant Branch is 
expected from stellar theory 

to be populated by thermally-
pulsing carbon-rich dust-

producing asymptotic giant 
branch stars. 31

H0 = 74.7 ± 3.1 km/s/Mpc
Li et al., arXiv: 2401.04777

H0 = 73.3 ± 2.4 km/s/Mpc
Li et al., arXiv: 2502.05259

CosmoVerse, Di Valentino et al., arXiv:2504.01669



Latest H0 measurements

Spectral modeling-based 
Type II supernova distances: 
for each of these supernovae 

distances were measured 
through a recent variant of 

the tailored Expanding 
Photosphere Method using 
radiative transfer models.

H0 = 74.9 ± 1.9 km/s/Mpc
Vogl et al., arXiv:2411.04968

32
CosmoVerse, Di Valentino et al., arXiv:2504.01669



Latest H0 measurements

HII galaxies calibrated using 
Giant Extragalactic HII 

Regions (GEHRs) in local 
galaxies with Cepheid-based 

distances.

H0 = 71.5 ± 2.5 km/s/Mpc
Chávez et al., arXiv:2404.16261 
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CosmoVerse, Di Valentino et al., arXiv:2504.01669



Latest H0 measurements

H0 = 75.5 ± 2.5 km/s/Mpc
Kourkchi et al. arXiv:2201.13023

Tully-Fisher Relation 
(based on the correlation 

between the rotation rate of 
spiral galaxies and their 
absolute luminosity or 
total baryonic mass, 

and using as calibrators 
Cepheids and TRGB)

H0 = 75.10 ± 2.75 km/s/Mpc
Schombert et al. arXiv:2006.08615

34

H0 = 76.3 ± 2.6 km/s/Mpc
Scolnic et al. arXiv:2412.08449 

CosmoVerse, Di Valentino et al., arXiv:2504.01669



DESI measured relation 
between H0 and the distance 
to the Coma cluster using the 
fundamental plane relation of 

early-type galaxies.

Latest H0 measurements
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H0 = 76.5 ± 2.2 km/s/Mpc
Scolnic et al., arXiv: 2409.14546

CosmoVerse, Di Valentino et al., arXiv:2504.01669



Latest H0 measurements
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There are no late 
universe measurements 

below the early ones 
and vice versa.

CosmoVerse, Di Valentino et al., arXiv:2504.01669



We obtained a 
decorrelated, optimized, 

multi-method mean.

Excluding Cepheids or 
some of the distance 

anchors does not lead to 
significant changes in the 

result.

Casertano et al., in preparation

Towards a consensus value on the local 
expansion rate of the Universe

The Hubble tension doesn’t depend on any one source!



Why Do We Care?
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H0 correlates with neutrinos

Di Valentino et al. Phys.Rev. D93 (2016) no.8, 083527

The H0 value is very important for the 
determination of the 
total neutrino mass.

In fact, there exist a strong negative 
correlation between the 

Hubble constant and the sum of the 
neutrino masses.
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We can see a clear geometrical 
degeneracy between these two 

parameters. To reconcile the 
SH0ES measurement of H0 with 

Planck we need a negative 
effective neutrino mass of

Elbers al., arXiv:2407.10965

40

H0 correlates with neutrinos



Moreover, there is a very strong 
positive correlation between H0 and 

the neutrino effective number.
Therefore, imposing an H0 prior as 

obtained by SH0ES can give an 
indication for extra particles at 

recombination.

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]

H0 correlates with neutrinos



Systematics or problems with ΛCDM? 
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It is difficult to attribute the Hubble constant tension 
to a single systematic error because such an error would need to consistently 

explain discrepancies across a wide range of phenomena. 

This tension persists at a statistically significant level >6σ 
even when different types of measurements, 

teams, and calibrations are considered.
 

While multiple independent systematic errors could 
theoretically resolve the tension, they are unlikely to bias 

the measurements all in the same direction.

Since indirect constraints rely on model assumptions, 
it is worth exploring modifications to the Standard cosmological model ΛCDM. 

Investigating these extensions could help resolve discrepancies 
between different cosmological observations.
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Among the various cosmological models proposed in literature, 
the Lambda cold dark matter (ΛCDM) scenario has been adopted 

as the standard cosmological model, due to its simplicity and its ability to accurately 
describe a wide range of astrophysical and cosmological observations. 

However, despite its incredible success, 
ΛCDM harbours large areas of phenomenology and ignorance.

For example, it still cannot explain key concepts in our understanding of the structure and 
evolution of the Universe, at the moment based on 

unknown quantities, that are also its largest components. 
In addition, their physical evidence comes from cosmological and astrophysical 

observations only, without strong theoretical motivations.

All the models are wrong,  
but some are useful



Unknown quantities:

• an early stage of accelerated 
expansion (Inflation) which 
produces the initial, tiny, density 
perturbations, needed for 
structure formation. 

• a clustering matter component to 
facilitate structure formation 
(Dark Matter), 

• an energy component to explain 
the current stage of accelerated 
expansion (Dark Energy). 

The ΛCDM model



Specific solutions for ΛCDM:

• Inflation is given by a single, 
minimally coupled, slow-rolling 
scalar field; 

• Dark Matter is a pressureless fluid 
made of cold, i.e., with low 
momentum, and collisionless 
particles; 

• Dark Energy is a cosmological 
constant term. 

The ΛCDM model
Unknown quantities:

• an early stage of accelerated 
expansion (Inflation) which 
produces the initial, tiny, density 
perturbations, needed for 
structure formation. 

• a clustering matter component to 
facilitate structure formation 
(Dark Matter), 

• an energy component to explain 
the current stage of accelerated 
expansion (Dark Energy). 46



Despite its theoretical shortcomings, ΛCDM remains the preferred model 
due to its ability to accurately describe observed phenomena. 

However, the ΛCDM model with its six parameters is not based on deep-rooted physical 
principles and should be considered, at best, 

an approximation of an underlying physical theory that remains undiscovered. 

Hence, as observations become more numerous and accurate, 
deviations from the ΛCDM model are expected to be detected. 

And in fact, discrepancies in important cosmological parameters, 
not only H0, have already arisen in other observations 

with different statistical significance. 

While some of these tensions may have a systematic origin, 
their recurrence across multiple probes suggests that there may be flaws in the standard 

cosmological scenario, and that new physics may be necessary 
to explain these observational shortcomings.

Therefore, the persistence of these tensions could indicate 
the failure of the canonical ΛCDM model. 47

The ΛCDM model - sanity check



48

A flat ΛCDM model is in agreement  
with most of the data



In a Bayesian framework, all models can, in principle, agree with the data.
What matters is whether they are disfavoured due to a poor fit 

or because another model is preferred.
Therefore, to me, this means that ΛCDM provides a good fit to the data 

and shows no clear signs of deviation, even when extended.

 
However, currently the cosmological parameters inferred 

from different probes are not the same.

So ΛCDM appears different for the different data!

49

But what does it mean that ΛCDM 
agrees well with each probe?



50

Tensions and Disagreements in ΛCDM

CamSpec CamSpec

DESI collaboration, Abdul Karim et al., arXiv:2503.14738

The same ΛCDM cannot fit 2 datasets together!
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Tensions and Disagreements in ΛCDM

CamSpec CamSpec

The same ΛCDM cannot fit 2 datasets together!

SPT-3G D1, arXiv:2506.20707 [astro-ph.CO]
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CMB tension in ΛCDM

ACT collaboration, Louis et al., arXiv:2503.14452

CamSpec CamSpec
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Consequences? Indication for DDE

DESI collaboration, Abdul Karim et al., arXiv:2503.14738
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Consequences? Indication for DDE

DESY5 collaboration: Abbott et al., arXiv:2401.02929
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DESI collaboration, Elbers et al., arXiv:2503.14744

Consequences? Indication for negative 
neutrino mass



Could these additional tensions 
be due to systematics?
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What about the CMB problems?
57

There is a lot of literature trying to dissect BAO and SN 

data looking for possible problems.

There is a selection bias in our community:
we tend to trust data only when they agree with Planck ΛCDM.



CMB photons emitted at recombination are 
deflected by the gravitational lensing effect of 

massive cosmic structures. 
The lensing amplitude AL parameterizes the 

rescaling of the lensing potential ϕ(n), then the 
power spectrum of the lensing field: 

The gravitational lensing deflects the photon path 
by a quantity defined by the gradient of the 

lensing potential ϕ(n), integrated along the line of 
sight n, remapping the temperature field. 

58

Plik PR3 AL problem 



Its effect on the power spectrum is the 
smoothing of the acoustic peaks, 

increasing AL. 

Interesting consistency checks is if the 
amplitude of the smoothing effect in the

CMB power spectra matches the 
theoretical expectation AL = 1 and 

whether the amplitude of the smoothing 
is consistent with that measured by the 

lensing reconstruction.

If AL =1 then the theory is correct, 
otherwise we have a new physics or 

systematics. Calabrese et al., Phys. Rev. D, 77, 123531

9,6,3,1,0=LA

59

Plik PR3 AL problem 



The preference for a high AL is not merely a volume effect in the full parameter space; 
the best fit improves by Δχ² ≈ 9 when adding AL for TT+lowE, 

and by ≈ 10 for TTTEEE+lowE.

Plik PR3 AL problem 

Planck 2018, Astron.Astrophys. 641 (2020) A6

60

AL > 1 to 2.8σ



Di Valentino, Melchiorri and Silk, Nature Astron. 4 (2019) 2, 196-203

61

This excess of lensing affects the constraints on the curvature of the universe:

leading to a detection of non-zero curvature, 
with a 99% probability region of −0.095 ≤ ΩK ≤ −0.007.

Planck 2018, Astron.Astrophys. 641 (2020) A6

Plik PR3 ΩK problem 



Allowing curvature to vary reveals a significant disagreement 
between the Planck spectra and BAO data. 

Plik PR3 - SDSS tension in kΛCDM

Di Valentino, Melchiorri and Silk, Nature Astron. 4 (2019) 2, 196-203

CamSpec PR3

62

Handley, Phys.Rev.D 103 (2021) 4, L041301



What about Planck PR4 (NPIPE) with CamSpec?
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Rosenberg et al., arXiv:2205.10869

This new likelihood does not truly resolve 
the problem of AL/ΩK, 

which originates primarily from the TT power spectrum.
Moreover, the constraints from TT remain essentially 

unchanged between the two releases. 64

CamSpec PR4



Rosenberg et al., arXiv:2205.10869

The constraints derived from the EE power spectrum are the ones pulling all parameters 
toward ΛCDM, thereby alleviating the tensions.

65

CamSpec PR4

However, this change in EE induces a significant shift in the acoustic scale parameter θ, 
leading to an internal tension of 2.8σ between TT and EE, 

which increases to over 3.2-3.3σ when AL/ΩK are allowed to vary.



Moreover, the reduced χ2 values reveal a 
>4σ tension between the data and the 

ΛCDM best-fit from TTTEEE.

Rosenberg et al., arXiv:2205.10869
66

CamSpec PR4
Efstathiou & Gratton, arXiv:1910.00483



Given that massive neutrinos practically do not form structure,
more massive the neutrino is less structure we have, less the CMB lensing will be. 

So a larger signal of lensing means a smaller neutrino mass.

The total neutrino mass and CMB lensing
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The excess of lensing observed in the CMB affects the inferred total neutrino mass:
Planck alone (CamSpec PR4) prefers a negative neutrino mass,

a trend already seen in Plik PR3 combined with SDSS.

Negative total neutrino mass

68

Elbers et al., arXiv: 2407.10965

eBOSS collaboration, Alam et al.,  
Phys.Rev.D 103 (2021) 8, 083533



The preference for a high AL is at the 3.5σ level without Planck, 
but when combining SPT with DESI. This leads to a very strong upper limit 

on the total neutrino mass and favors a non-flat universe.

SPT AL problem 

SPT-3G D1, arXiv:2506.20707 [astro-ph.CO]
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Reionization leaves an imprint on the large-scale 
CMB E-mode polarization (EE) and causes a 
suppression of temperature anisotropies at 

smaller scales (proportional to Ase−2τ). 

Planck measured τ = 0.054 ± 0.008 at 68% CL, 


a significant improvement over the 

WMAP9 value of τ = 0.089 ± 0.014. 


However, the low-ℓ EE signal is extremely weak, 
in the cosmic variance limited region, 

and close to the detection threshold. 


We tested the EE spectrum: fitting it with a flat 
line (i.e., no reionization bump) 


yields a p-value of 0.063. 

If we focus only on data points at 2 ≤ l ≤ 15, the 
case C=0 (no signal) falls within the 1σ range. 

This raises concerns that, when dealing with 

measurements so close to the noise level, any 
statistical fluctuation or insufficient 

understanding of foregrounds could significantly 
affect the measurement of τ. 70Giarè, Di Valentino, Melchiorri, Phys.Rev.D 109 (2024) 10, 103519

The role of the optical depth



The role of the optical depth

When the lowE data are excluded, the results become 
consistent with ΛCDM, and the Planck anomalies disappear.

Giarè, Di Valentino, Melchiorri, Phys.Rev.D 109 (2024) 10, 103519



The role of the optical depth
In the CMB TT spectrum, massive 

neutrinos suppress small-scale power, 
which can be compensated by increasing 

the optical depth τ.
Since TT measures Ase−2τ, raising τ 

requires raising As, but As also controls 
structure growth, that is entangled with 

Σmν effects.
This degeneracy means CMB-only data 

allow biased Σmν values; low-ℓ 
polarization is essential to pin down τ 

and break the degeneracy.
Jhaveri et al., arXiv:2504.21813

The apparent CMB+BAO preference for negative neutrino masses could be an artifact 
of the τ–Σmν degeneracy.

Allowing either a free lensing amplitude AL or dropping low-ℓ EE τ constraints both 
restore consistency with minimal neutrino masses.

In other words: the “negative neutrino mass” problem disappears if τ is allowed to rise, 
highlighting that τ systematics strongly impact cosmological neutrino mass bounds.



We shouldn’t interpret observations through personal, theoretical, or historical priors.
If data agree with our beliefs, we call them “robust.”

If they don’t, we dismiss them or question their reliability.

We’re cherry-picking datasets based on convenience:
Plik PR3 or CamSpec? Pantheon+ or DESY5? DESI or SDSS?

Depends on which agrees better with “our” preferred results.

The same is happening with BAO: once considered a gold standard, is now questioned.
And we cannot just go back to using older data like SDSS only when it supports our 

narrative. That’s arbitrary and it’s undermining scientific objectivity.

Instead of pointing fingers it is time to re-evaluate our standard model in cosmology 
and try to solve the cosmological tensions in this way.

73

We have become too precise  
and not accurate enough



Let’s try to find a solution to the 
Hubble tension…
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BAO+Pantheon measurements 
constrain the product of 

H0 and the sound horizon rs .

In order to have a higher H0 value 
in agreement with SH0ES, 
we need rs near 137 Mpc. 

However, Planck by assuming 
ΛCDM, prefers rs near 147 Mpc. 

Therefore, a cosmological 
solution that can increase H0 and 

at the same time can lower the 
sound horizon inferred from CMB 
data is the most promising way to 

put in agreement all the 
measurements. Knox and Millea, Phys.Rev.D 101 (2020) 4, 043533

75

Before DESI



Early vs late time solutions

Here we can see the comparison 
of the 2σ credibility regions of the 

CMB constraints and the 
measurements from late-time 

observations (SN + BAO + 
H0LiCOW + SH0ES). 

We see that the late time 
solutions, as wCDM, increase H0 

because they decrease the 
expansion history at intermediate 
redshift, but leave rs unaltered. 

Arendse et al., Astron.Astrophys. 639 (2020) A57
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Changing the cosmological constant to a form of dark energy 
with an equation of state w alters the universe's expansion rate:

w introduces a geometrical degeneracy with the Hubble constant that is almost 
unconstrained using the CMB data only, resulting in agreement with SH0ES.

We have from Planck only w = -1.58+0.52-0.41 with H0 > 69.9 km/s/Mpc at 95% c.l. 

Planck data suggest a preference for phantom dark energy (w<−1), which implies a 
density increasing over time and could lead to a Big Rip scenario. 

Phantom dark energy violates the energy condition ρ≥∣p∣, 
allowing matter to move faster than light, leading to negative energy densities and 

potential vacuum instabilities due to negative kinetic energy.

The Dark energy equation of state

77



The state of the Dark energy equation of state

However, if BAO data are included, 
the wCDM model with w<-1 worsens 
considerably the fit of the BAO data 

because the best fit from Planck alone 
fails in recover the shape of H(z) at low 
redshifts. Therefore, when the CMB is 
combined with BAO data, the favoured 

model is again the ΛCDM one and 
the H0 tension is restored.

Escamilla, Giarè, Di Valentino et al., JCAP 05 (2024) 091
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Early vs late time solutions

Arendse et al., Astron.Astrophys. 639 (2020) A57

Here we can see the comparison 
of the 2σ credibility regions of the 

CMB constraints and the 
measurements from late-time 

observations (SN + BAO + 
H0LiCOW + SH0ES). 

However, the early time solutions, 
as Neff or Early Dark Energy, 

move in the right direction both the 
parameters, but can’t solve 
completely the H0 tension 

between Planck and SH0ES.
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Karwal & Kamionkowski PRD 94 (2016) 10, 103523 and Poulin et al. PRL 122 (2019) 22, 221301)

Early dark energy (EDE) scenario assumes that there is a new fundamental field that 
accelerates the cosmic expansion rate before recombination. This field contributes roughly 

10-12% of the total energy density near the matter-radiation equality, but eventually 
dissipates like radiation or at a faster rate (depending on the shape of the potential). 

In order to have an effect on the sound horizon we should have H ∼ T2/Mpl ≈ m just before 
the recombination, so the mass of the scalar field should be m ≈ 10−27 eV, 

similar to an axion particle:

Early Dark Energy

If we take n = 1 (the standard axion potential) then wφ = 0 near the potential minimum, and 
the EDE energy density redshifts as matter creating problems in the late-time cosmology, 

therefore it does not work phenomenologically. 
For n = 2 instead it decays away like radiation (∝ a−4), 

and for n → ∞ like kinetic energy (∝ a−6). However, values n > 5 are disfavored.

At the minimum of the potential the field oscillates yielding to an effective equation of state 
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Constraints at 68% cl.
Early Dark Energy
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Poulin et al., arXiv:2505.08051



Sound Horizon from GWSS and 2D BAO 

We forecast a relative 
precision of 

σrd /rd ∼ 1.5% within the 
redshift range z ≲ 1. 

These measurements 
can serve as a 

consistency test for 
ΛCDM, potentially 

clarifying the nature of 
the Hubble tension 
and confirming or 

ruling out new physics 
prior to recombination 

with a statistical 
significance of ∼ 4σ.
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Giarè, Betts, van de Bruck, and Di Valentino, Phys.Rev.Lett. 135 (2025) 7, 071003



What about the interacting  
DM-DE models?

83

After DESI



In the standard cosmological framework, DM and DE are described as separate 
fluids not sharing interactions beyond gravitational ones. 

At the background level, the conservation equations for the pressureless DM and 
DE components can be decoupled into two separate equations with an inclusion 

of an arbitrary function, 𝑄, known as the coupling or interacting function:

Gavela et al. J. Cosmol. Astropart. Phys. 07 (2009) 034

proportional to the dark energy density ρx and the conformal Hubble rate H, via a 
negative dimensionless parameter ξ quantifying the strength of the coupling, to 

avoid early-time instabilities.

and we assume the phenomenological form for the interaction rate:

The IDE case 
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In this scenario of IDE the tension 
on H0 between the Planck satellite 
and SH0ES is completely solved. 

The coupling could affect the 
value of the present matter energy 
density Ωm. Therefore, if within an 

interacting model Ωm is smaller 
(because for negative ξ the dark 
matter density will decay into the 

dark energy one), a larger value of 
H0 would be required in order to 

satisfy the peaks structure of CMB 
observations, which accurately 
determine the value of Ωmh2.

Di Valentino et al., Phys.Dark Univ. 30 (2020) 100666

The IDE case 
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Therefore we can safely 
combine the two datasets 

together, and we obtain a non-
zero dark matter-dark energy 
coupling ξ at more than FIVE 

standard deviations.

Computing the Bayes factor for 
the IDE model with respect to 
ΛCDM for the Planck dataset 
we find lnB = 1.2, i.e. a weak 
evidence for the IDE model. 

If we consider Planck + SH0ES 
we find the extremely high 

value lnB=10.0, indicating a 
strong evidence for the IDE 

model.
Di Valentino et al., Phys.Dark Univ. 30 (2020) 100666

The IDE case 
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For a mock Planck-like experiment, 
due to the strong correlation present between the 

standard and the exotic physics parameters, there is a 
dangerous detection at more than 3𝜎 for a coupling 
between dark matter and dark energy different from 

zero, even if the fiducial model has 𝜉 =0:
 −0.85 < 𝜉 < −0.02 at 99% CL

fake IDE detection 

Di Valentino & Mena, Mon.Not.Roy.Astron.Soc. 500 (2020) 1, L22-L26, arXiv:2009.12620

Mock experiments
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fake IDE detection 

The inclusion of mock BAO data, 
a mock dataset built using the same fiducial 
cosmological model than that of the CMB, 

helps in breaking the degeneracy, 
providing a lower limit for the coupling 𝜉 

in perfect agreement with zero.

Di Valentino & Mena, Mon.Not.Roy.Astron.Soc. 500 (2020) 1, L22-L26, arXiv:2009.12620

Mock experiments
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The addition of low-redshift measurements, as BAO data, 
still hints to the presence of a coupling, albeit at a lower statistical significance. 

Also for this data sets the Hubble constant value is larger than that obtained in the 
case of a pure ΛCDM scenario, 

enough to bring the H0 tension at 2.1σ with SH0ES.

Nunes, Vagnozzi, Kumar, Di Valentino, and Mena, Phys.Rev.D 105 (2022) 12, 123506

Constraints at 68% cl.

The IDE case 
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By combining Planck-2018 and DESI data, 
we observe a preference for interactions exceeding the 95% CL, yielding a present-day 
expansion rate H0 = 70.8+1.4-1.7 km/s/Mpc, in agreement with SH0ES at less than 1.3σ. 
This preference remains robust when including Type-Ia Supernovae sourced from the 

Pantheon-plus catalog using the SH0ES Cepheid host distances as calibrators.

Giarè, Sabogal, Nunes, Di Valentino, Phys.Rev.Lett. 133 (2024) 25, 251003

Constraints at 68% cl. The IDE case 
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Overall, high and low redshift data can be 
equally or better explained within the IDE framework compared to ΛCDM, 

while also yielding higher values of H0 
in better agreement with the local distance ladder estimate.

Constraints at 68% cl. The IDE case 
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Giarè, Sabogal, Nunes, Di Valentino, Phys.Rev.Lett. 133 (2024) 25, 251003



It can alleviate the H0 tension to approximately 3σ.

Constraints at 68% cl. The IDE case 
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Silva, Sabogal, Souza, Nunes, Di Valentino & Kumar, Phys.Rev.D 111 (2025) 12, 123511



Let’s see another example  
at late time…
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Omnipotent DE

Adil, Akarsu, Di Valentino et al., Phys.Rev.D 109 (2024) 2, 023527
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We named “Omnipotent DE” a class of phenomenologically DE models 
that are capable of incorporating all six combinations 
of negative and positive DE density (ρDE <0 and ρDE >0) 

with different equation of states wDE <−1,wDE =−1, and wDE > −1 
into a single expansion scenario for at least one point in its parameter space.

This class of DE models incorporates oscillatory/non-monotonic evolution, 
and the equation of states can have singularities 

and phantom divide line crossing.



A particular Omnipotent DE model is the one that 
introduces a transition in the dark energy density ρDE 

assuming that there is an extrema at a scale factor am. 
If we take a Taylor series expansion of ρDE around am, we have:

So the expansion rate of the Universe will be:

And the dark energy equation of state:

If am < 1, this crossing happens before the present day.

Di Valentino et al., Entropy 23 (2021) 4, 404
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Omnipotent DE
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Omnipotent DE

Specogna et al., arXiv: 2504.17859

This EoS cannot be cast/remapped to the CPL parametrization.



Constraints at 68% cl.

We find that the combination of all the observational data including Planck, 
in agreement one with each other for this model, 
is indeed consistent with am < 1at more than 2σ.

Moreover this model also helps to alleviate the H0 tension between low and 
high redshift observations below 2σ, even for the full datasets combination, 

redeeming the possibility of a late time solution, if the DE is not monotonic and 
can be negative.

Di Valentino et al., Entropy 23 (2021) 4, 404

Omnipotent DE



Constraints at 68% cl.

The CMB+BAO combination it is in better agreement with the 
phantom crossing than with the ΛCDM model.

Planck 2018, Astron.Astrophys. 641 (2020) A6Di Valentino et al., Entropy 23 (2021) 4, 404
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Omnipotent DE



Constraints at 68% cl.
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Omnipotent DE: DESI

Specogna et al., arXiv: 2504.17859



What is the solution is instead at 
recombination?
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Universe with a varying electron mass
Solutions that modify the recombination history usually attempt to have an 

earlier recombination in order to infer a smaller sound horizon, 
which is compatible with a larger Hubble parameter. 

A model with a varying electron mass modifies the recombination epoch and the 
drag epoch, keeping CMB power spectra almost unchanged, 

because the parameter dependencies exactly cancel out
(See Hart & Chluba, MNRAS 493, 3255 (2020) and Sekiguchi & Takahashi, Phys.Rev.D 103 (2021) 8, 083507).  

The inclusion of a variation of the effective rest mass of an electron 

shifts the atomic energy levels of hydrogen in the early Universe, 
allowing for a larger energy gap between the various orbitals, 

which also increases the required photo-ionization temperature. 
As such, recombination will already be possible at higher temperatures and 

correspondingly higher redshift (earlier times), 
while also altering the reionization history. 101



A model with a time-varying electron 
mass gives H0 in agreement with 

SH0ES at about 2.5σ.

Hart & Chluba, MNRAS 493, 3255 (2020)

Constraints at 68% cl.
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Universe with a varying electron mass



Closed universe with a varying electron mass

A model with a time-varying 
electron mass gives H0 in 
agreement with SH0ES 

within 1σ if the universe is closed, 
in agreement with the low redshift 

data.

Sekiguchi & Takahashi, Phys.Rev.D 103 (2021) 8, 083507

Constraints at 68% cl.
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A model with a time-varying electron mass gives H0 in agreement with 
SH0ES below 2σ, if combined with a DDE or curvature.

Schoneberg & Vacher, arXiv:2407.16845

Universe with a varying electron mass: DESI
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However this results depends strongly 
on the prior adopted on the DDE parameters.

Schoneberg & Vacher, arXiv:2407.16845

Universe with a varying electron mass: DESI
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Smith, Ozulker, Di Valentino & van de Bruck, in preparation.



Successful models?

106CosmoVerse, Di Valentino et al., arXiv:2504.01669



The Hubble tension remains one of the most significant challenges in modern cosmology, 
with a >6σ discrepancy between early- and late-universe measurements.

 
The standard model, ΛCDM, still fits each dataset individually, 

but it fails to fit all datasets simultaneously. This signals potential limits of its validity. 

A wide range of proposed solutions 
(both early- and late-time modifications) have been explored:

• Some models (e.g. EDE, IDE, Omnipotent DE, electron mass) show promise in 
alleviating the tension, but often introduce new challenges or tensions with other data.

• New measurements (DESI, SPT-3G, ACT-DR6, etc.) have not resolved the discrepancy, 
but they confirmed and sharpened it.

This persistent inconsistency suggests we are either facing unaccounted systematics 
or new physics beyond ΛCDM.

Precision without consistency is misleading. To make trustworthy cosmological inferences, 
we must ensure the internal coherence of our datasets.

Going forward, resolving the Hubble tension is not just about H0, 
it’s about testing the very foundations of our cosmological model.

Summary – Where Do We Stand?
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Thank you! 
e.divalentino@sheffield.ac.uk

https://cosmoversetensions.eu/
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Anyway it is clearly interesting to quantify the better 
accordance of a model with the data respect to another by using the marginal 

likelihood also known as the Bayesian evidence. 

The Bayesian evidence weights the simplicity of the model with the improvement 
of the fit of the data. In other words, because of the Occam’s razor principle, 

models with additional parameters are penalised, 
if don’t improve significantly the fit.

Given two competing models M0 and M1 it is useful to consider the ratio of the 
likelihood probability (the Bayes factor):

According to the revised Jeffrey’s scale by Kass and Raftery 1995, 
the evidence for M0 (against M1) is considered as 

"weak" if | lnB | > 1.0, "moderate" if | lnB | > 2.5, and "strong" if | lnB | > 5.0.

Bayes factor
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