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Main take away message
Why care about the Hubble constant?

Adam Riess όнлмфύΥ άὌ  is the ultimate end-to-end test for ɤ/5aέ

ÅThe Ὄ  tension is more than just a tension between CMB and 
the SH0ES measurement

Å Its also a tension between the inverse distance ladder and 
high-◑ measurements

ÅWe are very far from a solution!

Riess, A. Nat. Rev. Phys. 2 (2020) 10
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Why do we need modifications 
to standard cosmology?



General Relativity and Concordance Cosmology

ɤCDM action:
Einstein 1915: General Relativity (GR)
Energy-momentum source of curvature
Levi-Civita connection: Zero Torsion, Metricity

Standard model of 
particle physics:
35σ 35ς 5ρ

Early Universe late Universe

Expansion over cosmic history

Ὓ
ρ

ρφ“Ὃ
Ὠὼ Ὣד ςɤ Ὠὼ Ὣfl Ὣ ȟ‪
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Early Universe Concordance Cosmology

Cosmic inflation
Pros: Horizon and 
flatness problems
Cons: Fine-tuning

Anomalies and problems:
ÅThe Lithium problem
ÅHints of a closed Universe
ÅLarge angular scale anomalies in the CMB
ÅAnomalously strong ISW effect
ÅCosmic dipoles (cosmological principle)
ÅLyman-‌ forest BAO anomalies
ÅCosmic birefringence
ÅDiscordance in dark matter abundance at 

smaller scales
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Late Universe Concordance Cosmology
Anomalies and problems:
ÅCold dark matter problems (core-cusp, missing 

satellites, satellite plane alignment)
ÅDark energy in fundamental physics
ÅOscillations of best-fit parameters across the sky
ÅBaryonic Tully-Fisher Relation

Requirements:
Dark matter
Dark energy

Ὓ
ρ

ρφ“Ὃ
Ὠὼ Ὣד ςɤ

Ὠὼ Ὣfl Ὣ ȟ‪
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The Hubble Tension

Cosmic Tension > Ɑ 

Early Universe 
estimate

Late Universe 
estimate

Ὄ φχȢςχ πȢφπ ËÍ Ó -ÐÃ Ὄ χσȢπτ ρȢπτ ËÍ Ó -ÐÃ
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Cosmic Tensions

Di Valentino et al. CQG, 38 (2021) 15

Cosmology Intertwined JHEAp. 2204 (2022) 002

Indirect measures predict Ὄ  using ɤCDM

Direct measures estimate Ὄ  using astrophysics

Ὠ ᾀ ρ ᾀ
Äᾀ

Ὄᾀᴂ

ὶ
ὧᾀȟ”

Ὄᾀᴂ
Äᾀ
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Cosmic Tensions: CMB

Planck Collaboration A&A 641 (2020) A6

ACT Collaboration Astrophys. J. 962 (2024) 2, 113

Ὄ φχȢτ πȢυ ËÍ Ó -ÐÃ

Ὄ φψȢσ ρȢρ ËÍ Ó -ÐÃ

Ὄ φψȢρ ρȢπ ËÍ Ó -ÐÃ

ɤCDM is a six parameter model:
- Baryon density (ɱ Ὤ)
- Cosmological dark matter density 

(ɱὬ)
- Acoustic scale angle (ρππ— )
- Reionization optical depth (†)
- Primordial power spectrum 

amplitude (ÌÎρπὃ )
- Primordial spectral index (ὲ)

Spectrum of CMB 
temperature 
anisotropies from Planck
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Cosmic Tensions: BBN
Data Sets ╗ ἳἵ Ἳ  ἙἸἫ ἵȟ

BAO (DR12)+BBN 
(noLUNA)

φψȢσφȢ
Ȣ πȢσπςȢ

Ȣ

BAO+BBN (noLUNA) φχȢωπȢ
Ȣ πȢςωτȢ

Ȣ

BAO (DR12)+BBN φψȢρτȢ
Ȣ πȢσπςȢ

Ȣ

BAO+BBN φχȢφτȢ
Ȣ πȢςωσȢ

Ȣ

Schöneberg, N. et al 
JCAP 11 (2022) 039

Sasankan, N. et al Phys. Rev. D 101 (2020) 123532

Ὄ φψȢρφȢ
Ȣ ËÍ Ó -ÐÃ

ɱ πȢσπςςȢ
Ȣ
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Cosmic Tensions: SH0ES Result

12 variants of analyses

Ὄ χσȢπτ ρȢπτ ËÍ Ó -ÐÃ

Riess, A. G. et al. ApJL 934 (2022) L7

Levi Said, FLAG 2024  - 11 of 42



Cosmic Tensions: Tip of the Red Giant Branch

Freedman, W. et al. L. ApJ 919 
(2021) 16

Ὄ χςȢρ ςȢς ËÍ Ó -ÐÃ
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Freedman, W. L. et al. 
arXiv:2408.06153



Cosmic Tensions in recent years

Perivolaropoulos, L.; Skara, F. New Astron. Rev. 95 (2022) 101659. Freedman, W. et al. L. ApJ 919 (2021) 16
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What are possible solutions?



Attempts at a solution

Schöneberg, N. et al. Phys. Rept., 984 (2022) 1

The ╗  Olympics:

1. What tension does a model have with 
the SH0ES result using a baseline Planck 
2018 + BAO + Pantheon best fit? 

2. How does the inclusion of the SH0ES 
measurement impact this fit?

3. Does this inclusion make the best fit 
better than ɤCDM or worse?
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Early vs local measurement approaches

—
ὶᾀ

Ὀ ᾀ

᷿ ὧᾀȟ” Ὄ ᾀὨᾀ

᷿ Ὄ ᾀὨᾀ

Early-Universe new physics (►▼)
- Considering the angular size of the sound horizon

—Ḑ
ὶ

ρȾὌᾀ
ḐὶὌ

By decreasing ►▼, we can increase ╗ , or so one would expect

Late-Universe new physics (╓═)
- Keep early Hubble evolution unchanged and modify late-

time evolution of Ὄᾀ

This is very difficult to do provided BAO, SnIa and CC data

Ὀ

ὶ—
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Late-Universe new physics
Possible late-Universe solutions with new physics (that give high Ὄ  values with CMB):

ÅGraduated Dark Energy Akarsu, Ö., Barrow, J. D., Escamilla, L. A., and Vazquez, J. A. 2020

ÅLate-time interacting dark sector Gariazzo, S., Di Valentino, E., Mena, O., and Nunes, R. C. 2022

ÅDecaying dark matter Vattis, K., Koushiappas, S. M., Loeb, A 2020

ÅDecaying dark energy Li, X., Shafieloo, A., Sahni, V., and Starobinsky, A. A. 2019

ÅNegative dark energy density Poulin V., Boddy, K. K., Bird, S., and Kamionkowski, M 2018

ÅPhenomenologically Emergent Dark Energy Li, X., and  Shafieloo, A. 2020

ÅRunning vacuum models Sola J., Gomez-Valent, A., and de Cruz Perez, J. 2017

BAO constrain —ḐὶὌ , anchoring ὶ (early Universe) leaves few options for inferring Ὄ
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Early-Universe new physics
Early-Universe physics concept:

- Fix — (CMB peaks unchanged) so that ὶḐρȾὌ
- Lower ὶ which will increase pre-CMB expansion rate
- Do not change Ὀ ᶿρȾὌ ᾀ, so modifications in the late Universe are not needed

Compared with ɤCDM, the pre-CMB Universe needs to expand faster

ÅRecombination takes place sooner
ÅSound waves travel a shorter distance (small ὶ)
ÅThe early Universe cools faster

Levi Said, FLAG 2024  - 18 of 42



Early Universe Dark Energy (EDE)

Representative example: Ὢ ȟ πȢρ at ᾀḗσυππ 
(ύ ᴼρȾς afterwards)

Å Motivation: Decrease the sound horizon by an early 
Universe dark component that is active up to roughly 
matter-radiation equality 

Å EDE continuity equation implies energy evolution

” ὥ ” ȟ Ὡ
᷿ Ⱦ

This defines the EDE density parameter Ὢ ” Ⱦ”

Å This can be parametrized through the EoS

ύ ὥ
ρ ύ

ρ ὥȾὥ
ρ

Å The critical scale factor sets the scale for EDE:
ὥḺὥ O ÃÏÓÍÉÃ ÅØÐÁÎÓÉÏÎ ×ÉÔÈ ύ ᴼ ρ

ὥḻὥ O $ÉÌÕÔÅÓ ÁÓ ὥ
Example: ὠ‰ ‰ ᵼύ ὲ ρȾὲ ρ

Poulin, V., Smith, T. L., and Karwal, T. Phys.Dark Univ. 42 (2023) 101348
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EDE Models

ɝ…
ɝ…

Å Axion-like EDE (axEDE):

ὠ ά Ὢ ρ ÃÏÓ
‰

Ὢ

ÅwƻŎƪ Ψƴ wƻƭƭ 959 όRnR EDE):

ὠ ὠ
‰

ὓ
ὠ

Å Acoustic EDE (ADE):

ρ ύ
ρ ύ

ρ ὥȾὥ Ⱦ

Å New EDE (NEDE):

ὠ‪ȟ‰
‗

τ
‪

ρ

ς
‍ὓ ‪

ρ

σ
‌ὓ‪

ρ

ς
ά ‰

ρ

ς
‎‰‪

Å EDE  coupled to DM (EDS):
ὠ‰ȟὥ ὠ‰ ” ὥ

Å♪ attractors EDE (♪ EDE):

ὠ ɤ ὠ
ρ ‍ ÔÁÎÈ‰Ⱦφ‌ὓ

ρ ‍ÔÁÎÈ‰Ⱦφ‌ὓ

Klein-Gordon equation of motion:

‰ σὌ‰
Ὠὠ‰

Ὠ‰
π
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The problem with EDE
CMB angular size at recombination:

—z
ὶᾀ

Ὀᾀ
Transverse BAO angular scale:

— ᾀ
ὶ

Ὀᾀ

Jedamzik, K., Pogosian, L. and Zhao, G. B.Commun. Phys.4 (2021) 123

Model 2:
Fits BAO and CMB peaks at 
ɱ Ὤ πȢρυυ

Model 3:
Fits BAO, CMB peaks and 
SH0ES result at ɱ Ὤ πȢρφχ
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aƻŘƛŦƛŜŘ DǊŀǾƛǘȅ ǘƘǊƻǳƎƘ [ƻǾŜƭƻŎƪΩǎ ¢ƘŜƻǊŜƳ
Adding new fields (scalar, 

vector, tensor)

Use more/less than four 
dimensions of spacetime

Adding more than 
second-order derivatives 

of the metric

Changing the 
gravitational connection

Consider non-local terms
Take an emergent form 

of gravity

[ƻǾŜƭƻŎƪΩǎ ¢ƘŜƻǊŜƳ
For second order vacuum field equations Ὁ π, if Ὁ  is a 

function of the metric Ὣ , then

Ὁ ḧὋ ɤὫ ד
ρ

ς
Ὣד ɤὫ
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The Modified Gravity Landscape
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What about other tensions 
on the rise?



Ὓ Tension
Large scale structure is nicely represented by Ὓwhich combines the 
matter density and matter density fluctuations on the scale of  ψ Ὤ -ÐÃ

Ὓȟ „ȟ
ɱ ȟ

πȢσ

Haymans, C. et al. A&A 646 (2021) A140

Di Valentino et al. CQG, 38 (2021) 15

Cosmology Intertwined, JHEAp. 2204 (2022) 002 Levi Said, FLAG 2024  - 25 of 42

DESI Collaboration, arXiv:2404.03002



How can machine learning 
help?



Horndeski Gravity: Produces the most general second-order 
theory that contains only one scalar field (in standard gravity)

Ὓ
ρ

ρφ“Ὃ
Ὠὼ Ὣfl fl fl fl

where
fl ' ‰ȟὢ
fl ' ‰ȟὢ ‰

fl ' ‰ȟὢὙ 'ȟ ‰ȟὢ ‰ ‰Ƞ ‰
Ƞ

fl ' ‰ȟὢὋ ‰Ƞ
ρ

φ
'ȟ ‰ȟὢ ‰ ς‰Ƞ

 ‰Ƞ
 ‰Ƞ

 
σ‰Ƞ ‰

Ƞ ‰

Horndeski Gravity
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Example classes of models
Quintessence models

Ὃ ὢ ὠ‰ȟὋ ὅȟ 
Ὃ ρȾςȟὋ π

Background equations:

σὌ ”
‰

ς
ὠ‰

ς Ὄ σὌ ὴ
‰

ς
ὠ‰

‰ σὌ ‰ ὠ ‰ π

Equation of State parameter:

ύ
‰Ⱦς ὠ

‰Ⱦς ὠ Levi Said, FLAG 2024  - 28 of 42

Designer Horndeski models

Ὃ ὑὢȟὋ Ὃὢȟ 
Ὃ ρȾςȟὋ π

Background equations:

σὌ ” ὑὢ ςὢὑ σὌ‰Ὃ

ς Ὄ σὌ ὴ ὑὢ ςὢ ‰Ὃ

‰‰σὌὋ  ‰ Ὃ ὑ  ‰ ὑ

σ ‰Ὃ Ὄ ‰ σὋὌ ‰ Ὄὑ π

Equation of State parameter:

ύ ρ
ὐςὢὌ Ὄ ρ ɱ

σὌɱ ρ ɱ

ςὐςὢ‰ὑ σὌ ‰Ὃ ρ ᾀὌὌ

ωὌɱ ρ ɱ

where ὐ ‰ὑ σὌ ‰Ὃ



Artificial Neural Networks (ANNs)

Χ Χ Χ

ΧΧ

Hidden LayersInput Layer Output Layer

Redshift (ᾀ)

Cosmological 
parameters 
(ex. Ὄᾀȟ„ ᾀ)

Ὤ Ὤ ὬὭ έ

Input 1

Output 1

Output 2

Output 3
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Designing the ANN
Å Risk ς Optimizes the number of hidden layers and neurons in an ANN

ÒÉÓË "ÉÁÓ6ÁÒÉÁÎÃÅὌ ᾀ Ὄ ᾀ „ ᾀ

Å Loss ς Balances the number of iterations a system needs to predict the observational data
1. L1 (Least absolute deviation)

,ρ Ὄ ᾀ Ὄ ᾀ

2. Smoothed L1 (SL1)
3. Mean Square Error (MSE)

-3%
ρ

ὔ
Ὄ ᾀ Ὄ ᾀ
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Using the ANN

Monte Carlo routine used to determine 
uncertainties on Ὄ ᾀ

Dialektopoulos, K. et al. Phys. Dark Univ. 43 (2024) 101383 Levi Said, FLAG 2024  - 31 of 42

One layer is preferred
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Quintessence Models

ὠ‰ Ὄ σὌ
” ὴ

ς
‰ ςὌ ” ὴ
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Designer Horndeski Models

ὑ σὌ ρ ɱ
ὐςὢὌ

σὌɱ

ὐςὢρ ɱ

ɱ

Ὃ
ςὐὌ ὢ

σὌɱ



Using machine learning to 
probe systematics



SNaI Distances
Apparent Magnitude:

άᾀ υÌÏÇ
Ὠ ᾀ

ρ -ÐÃ
ςυὓ

Mukherjee et al., JCAP, 
Accepted [arXiv:2402.10502]
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Luminosity distance: Ὠ ᾀ ὧρ ᾀ ᷿
Absolute magnitude

Ὄᾀ
ὧρ ᾀ

ρ ᾀὨ ᾀ Ὠ ᾀ



ANN-Driven constraints on ὓ
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MCMC log-likelihood:

ÌÏÇflὓ
…

ς

ρ

ς
ÌÏÇɫ

ὔ

ς
ÌÏÇς“

… ὓ ɫȟὌ ᾀ Ὄ ᾀ #ÏÖ Ὄ ᾀ Ὄ ᾀ

SH0ES Team (S22) ὓ ρωȢςρτ πȢπσχ



Levi Said, FLAG 2024  - 37 of 42

A possible late-time transition of ὓ

Ӷᾀ ὓ Ӷᾀ

лΦнтр ρωȢτπτȢ
Ȣ

πȢχτφ ρωȢφρȢ
Ȣ

ρȢςστ ρωȢρτȢ
Ȣ

ρȢχτψ ρωȢτφ πȢςςΑ

Mild indication of 
transition at ᾀ ρ



What are we doing in 
CosmoVerse?



CA21136 CosmoVerse
Main Challenge: Understand the nature of cosmic 
tensions and probe possible solutions using novel 
statistical approaches and fundamental physics

CosmoVerse@Lisbon 2023
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CosmoVerse@Krakow 2024



CA21136 CosmoVerse ς Current Activities
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https://shorturl.at/MeIaD

https://cosmoversetensions.eu


