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H 0  T E N S I O N

• What is the precise value of the Hubble 
constant?  

• Directly measured by fitting a cosmological 
model to distance (i.e. in the late universe) 

• Indirectly measured from angular scales that 
characterize the early universe (sound horizon 
at recombination/drag epoch), assuming a 
cosmological model (from the acoustic peaks 
in the CMB power-spectrum or from BAO) 

• The two methods disagree at ! Local 
ladder demands faster expansion today!

∼ 5σ

N. Schöneberg, Corfù 2025

H0 = 67.24 ± 0.35 km s−1Mpc−1

H0 = 73.04 ± 1.04 km s−1 Mpc−1
HST+SH0ES:

Planck+SPT-3G+ACT

θ⋆ =
H0r⋆

∫ z⋆

0
1/E(z)dz

Pre-recombination
Late expansion

E(z) = Ωm,0(1 + z)3+ΩDE(z)+ . . .



 T E N S I O Nw0 − wa
• Is dark energy a cosmological constant?  

• Recently, DESI+CMB+SN combinations hint at w(a) not 
equal to -1 (>3  evidence):  

 (CPL) 

,  

This implies that DE is weaker than a cosmological 
constant at     

•  km s-1 Mpc-1 (w0waCDM, 
DESI+CMB+Pantheon+) 

• Less freedom to solve the H0 tension with late-time 
physics (e.g. phantom dark energy)!

σ

w(a) = w0 + wa(1 − a)

w0 > − 1 wa < 0

z ≲ 0.5

H0 = 67.51 ± 0.59

DESI DR2 BAO (DESI coll. 2025)



T H E  S 8  T E N S I O N

• Does the clustering amplitude agree with 
LCDM predictions? 

•   

• CMB observations support higher values of S8 
compare to later-time probes of structure 
formation (cosmic shear from KiDS, DES, HSC) 

• Milder tension (at ) compared to the 
previous tension on H0 and DE 

• Could get worse when trying to solve the H0 
tension with early-time physics!

S8 = σ8 Ωm/0.3

∼ 2σ

DESY3+KiDS1000 (2023)

Asgari et al. (2020)

Jedamzik, Pogosian & Zhao (2022)



I N V E S T I G AT I N G  T H E  I S S U E S :  C O S M I C  E X PA N S I O N

• These tensions may signal unknown systematics 
or new physics beyond  

• Theoretical work is ongoing. For example: 
decaying DM, interacting DM-DE, early modified 
gravity,  phantom dark energy, dark radiation (Viel 
et al.@Trieste, Finelli et al@Bologna, Menci@Rome) 

• Need to find a models that solve current 
tensions without creating new ones. 

• Using multiple independent probes of cosmic 
expansion is essential to cross-check assumptions, 
control systematics, disentangle solutions linked to 
early- vs late-time physics

ΛCDM

Di Valentino et al. (2025)



D I R E C T  P R O B E S  O F  C O S M I C  E X PA N S I O N

• Naturally transversal science case within INAF (e.g., 
RSN2: local cosmology, calibration of distance 
indicators — Cepheids, MIRAS, TRGB, JAGB, SNII; 

 Ilaria Musella’s talk at RSN2; RSN4 — GWs, GRBs) 

• Several galaxy based methods (e.g. Tully-Fischer 
relation, fundamental plane, …) 

• Surface-brightness fluctuations: using SB fluctuations 
in unresolved old stellar populations as distance 
indicator, also used to calibrate SNIa (Cantiello et 
al@Teramo) 

• Quasars: based on LUV-LX relation (Risaliti-Lusso 
relation); extending the Hubble diagram to high 
redshift;   (Firenze) 

⇒

z ≲ 7 Riess et al. (2022)
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Lusso et al (2020); Bargiacchi et al. (2021)



I N D I R E C T  P R O B E S
• Modeling phenomena to infer H0 or w: 

• Cosmic chronometers: using differential ages of 
passively evolving galaxies. Dating stellar pops 
(Moresco, Cimatti, Pozzetti, et al@Bologna 
OAS+UniBO) 

• Cosmic sirens: modeling GW signals with EM 
counterparts (e.g. GW170817) or with galaxy catalogs 
(dark sirens)  GRAWITA (  INAF members + 
associates) 

• Time delay cosmography: using time delays between 
multiple images of QSOs and SNs lensed by galaxies 
and galaxy clusters [Grillo, Annunziatella@Milano 
(IASF+UniMI), Rosati et al.@Ferrara, Bergamini, 
Meneghetti et al.@Bologna OAS, Angora, Mercurio et 
al.@Capodimonte]

→ ≳ 100
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Moresco et al. 2023;  Favale et al. (2023)

TDCOSMO: Birrer et al. (2025)



• Few SNs and QSOs (~10, few with time monitoring) 
observed in galaxy clusters, but very interesting 
results. 

• Examples: SN Refsdal in MACSJ1149 (observed in 
2014, reappeared in 2015) 

• Strong lensing cosmography: using distance ratios 
of lensed sources at different redshifts. Deep HST 
and JWST imaging + MUSE@VLT spectroscopy: up 
to 300 multiple images/cluster   

• Increasing number of lensed SNae and QSOs 
(JWST, Euclid, Rubin-LSST, …) 

• In-kind Rubin-LSST project (PI Grillo): VST 
monitoring of lensed QSOs in galaxies and clusters 
(4620 hrs over 7 years). Goal: ~30 new systems, ~2% 
TD precision, ~1% uncertainty on H0. Grillo et al. (2024)Bergamini et al. (2024)



Di Valentino et al. 2025

Di Valentino et al. 2025 Birrer et al. (2025)



C L U S T E R  C O S M O L O G Y
• Large cluster community (see talks by P. Tozzi 

and S. Molendi) 

• Involvement in many cluster cosmology 
projects SPT (A. Saro, V. Strazzullo, …), 
eRosita (Ghirardini, …), DES (M. Costanzi, …), 
KiDS (Lesci, Giocoli, Moscardini, Radovich, 
…), Euclid (Giocoli, Sartoris, Munari, 
Moscardini, Sereno, and many more) 

• Cluster counts,  mass function and its 
evolution is a powerful probe of cosmology 
(including , DE) 

• Latest results from KiDS, DES (and also 
eRosita) support no S8 tension (e.g. Lesci et 
al. 2025, Ghirardini et al. 2024) 

• Why? Better understood selection function, 
source contamination, mass calibration, etc.

σ8, ΩM

Snowmass 2022

Lesci et al. (2025)



W H AT  I S  T H E  N AT U R E  O F  D A R K  M AT T E R ?

• In the Cold Dark Matter (CDM) paradigm, DM  consists of 
massive and  weakly interacting (collision-less) particles 

• Their velocities in the early universe were too low to erase 
small-scale density fluctuations on galactic and sub-
galactic scales 

• Particle candidate: WIMP (thermal relics) 

• Consistent with observations of the universe on large scales, 
but…  

• …despite a host of particle physics experiments, no direct 
detection yet…



D O E S  C D M  W O R K  O N  S M A L L  S C A L E S ?

CDM
5 keV
3 keV
2 keV

➡ in CDM: number density of 
haloes increasing


with decreasing halo mass


(Vogelsberger et al. 2016)

➡  in CDM: structure of haloes well 
described by the NFW profile


➡CDM: low mass haloes are 
more concentrated


WDM
SIDM

SIDM

WDM

(Despali et al. 2025)



P R O B E S  O F  D A R K  M AT T E R
• This topic is transversal to RSN2 (e.g. stellar streams, probing 

hierarchical structure formation in the MW, globular clusters as 
tracers of early DM subhalos, etc) and RSN4 (direct and indirect 
detection, gravitation)  talk by C. Spingola at RSN4. 

• How to measure the DM distributions in galaxies and clusters? 

• Galaxy and clusters internal dynamics: dwarf spheroidal 
galaxies (Tortora et al.@Capodimonte) , but also late type 
galaxies (e.g. GALDYN project, funded by MUR via FIS2 grant, 
PI: Lelli, to test DM vs modified gravity); Biviano et al.@Trieste 

• X-ray, SZ modeling: fitting temperature, surface brightness, 
pressure profiles of galaxy clusters assuming hydrostatic 
equilibrium (Ettori, Ghirardini, et al.@Bologna OAS, Gastaldello, 
Molendi et al.@Milano, Tozzi et al.@Arcetri) 

• Gravitational lensing: weak and strong lensing mass mapping in 
clusters; gravitational imaging, flux ratio anomalies  (e.g., 
DARKER project, also funded by MUR via FIS2 grant; PI: 
Spingola)

→

A diversity problem from rotation curves of 
dwarf spheroidal galaxies? 
In LCDM, galaxies with similar "baryonic" (visible) 
properties should be embedded in similar dark 
matter halos, leading to similar internal dynamics. 

Santos-Santos et al. (2020)



5 x 106 Msun

8 x 106 Msun

1 x 107 Msun

5 x 107 Msun

HST

Global VLBI imaging 
at 1.7GHz (including 
INAF Medicina) 

Dark halo perturbation? Ultra-compact dwarf? Globular cluster?

∼ 106M⊙

Powell et al. (2025), Nat. Ast., McKean et al. (2025), Vegetti et al. (2026), Nat. Ast. With substantial contribution from C. Spingola & G. Despali 

Meneghetti et al. (2020)

Needed: high-resolution 
cosmological hydro simulations, 
also in alternative DM models 
(WDM, SIDM)! E.g. AIDA-TNG 
(Despali et al. 2025), DIANOGA-

SIDM (Ragagnin et al. 2024) 
Hydro-sims by Trieste’s group

∼ 108M⊙
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W H AT  N E X T ?
An RSN1 opportunity: 

• Galaxies and clusters are central to all major tensions 

• We will have access to an impressive amount of data: 

• Euclid: Among 241 members of RSN1, 118 are also members of 
the Euclid Consortium (total INAF Euclid members=298) 

• Rubin-LSST: at least 5 in-kind contributions (Cantiello, Grillo, 
Rosati, Botticella, Saro,…) 

• In the future: E-ELT, SKA, Athena 

• Challenges: follow-up observations? better understanding of 
systematics? Automatizing workflows? More simulations?  

• Strong INAF positioning: 

• Leading roles in Euclid, Rubin, SKA 

• Expertise spanning theory, simulations, observations 

• We can play a crucial role in assessing whether LCDM remains a 
consistent description of the universe or whether a paradigm 
shift is needed!

RMJ035713.8 − 475646.8

SPT-CL J0411-4819 ( )z = 0.424



V I N C E N Z O  F.  C A R D O N E  ( I N A F - O A  R O M A )

T H E  C O S M O L O G I C A L  M O D E L ,  D A R K  M AT T E R  A N D  D A R K  E N E R G Y   

D A R K  E N E R G Y  O R  M O D I F I E D  G R AV I T Y ?  
D I F F E R E N T  S C A L E S  F O R  O N E  Q U E S T I O N






































