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Introduction



Building Blocks

Cold Dark Matter 

Inflation theory

GRSM

ΛCDM

Dark Energy 

Inflation  
to explain spatial flatness, homogeneity on large scales and 
inhomogeneities on small-scales.

Cold Dark Matter  
to Facilitate structure formation and explain the 
observational evidence for a missing mass in the Universe

General Relativity 
to describe gravitational interactions

Standard Model 
To describe fundamental interactions

Dark Energy (cosmological constant Λ) 
to explain the late time accelerated expansion of the Universe

Lambda Cold Dark Matter (ΛCDM) Cosmology
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Cosmic Microwave Background Radiation

Temperature anisotropies

Polarization anisotropies

Relic Photons  
from the Big Bang
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68% CL constraint on the Hubble parameter from different cosmological probes 

Snowmass Collaboration, [arXiv: 2203.06142] Precision CosmologyTensi
on

in the last years, some tensions (Hubble, S8 …) among high and low 
redshift observations are questioning the validity of this 
standard scenario…

… revealing either some important unaccounted-for systematics in 
the data (Hubble tension now at 5 sigmas) or the need for new 
physics beyond ΛCDM
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Not only H0: Tensions and Anomalies in Cosmology

Hubble Parameter (H0) 

- Tension between CMB and local measurements 

Lensing Amplitude (Alens) and Curvature (ωk) 

- Moderate Planck preference for higher lensing amplitude and closed 
Universe

Matter clustering ( Ωm / σ8 / S8 ) 

- Tension between CMB and weak leasing surveys 

Running(s) of inflationary spectral index (αs) 

- Slight ACT preference for a running of the spectral index αs >0   

Early Universe Radiation (Neff) 

- Mild ACT preference for the neutrino mass  and Neff<3   
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We can relax some assumptions of ΛCDM and introduce 
additional parameters 

or even different parameterizations for the dark sector

X CDM

pi ∈ {Ωk , dns/d log k , Neff , ∑ mν , …}

X ∈ {Λ , w0 , w0wa, …}

Testing ΛCDM

Λ CDM + ∑
i

pi

Testing New Physics

More precise observations will offer us the possibility to 
use Cosmology as a laboratory to test fundamental Physics

modified gravity theories able to capture the underling 
phenomenology of the early and late time  Universe.

Extensions to GR

Extensions to SM
extensions to the SM with additional species/ DM candidates

21

OUR AIM
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Results

Mainly Based on: 
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DATA

Planck 2018 (TT TE EE) 

temperature and polarization likelihood which also 
includes low multipole data (l < 30) 

Atacama Cosmology Telescope (ACT) 
 
DR4 likelihood for temperature and polarization spectra

South Pole Telescope (SPT) 

SPT3G TE likelihood

WMAP 

9-yrs observations, Always Combined with ACT or SPT

7



MODELS

X CDM + ∑
i

pi ∈ {Ωk , Neff , ∑ mν , dns/d log k}

Curvature (ωk) 

We explore curved background geometries parametrized by 
the curvature density parameter  
 

Neutrinos (Mν) and Early Universe Radiation (Neff)  

we consider neutrinos as massive particles, as robustly 
indicated by oscillation experiments 
 
we change the amount of radiation in the early Universe by 
the effective number of relativistic particles   

Dark Energy (w) 

We relax the assumption w = wΛ ≡ −1 for Dark Energy equation of statE

X ∈ {Λ , w}

 Inflation (αs) 
We relax we relax the assumption of scale-invariant primordial 
perturbations by introducing a running of the spectral index αs  
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Expansion Rate

More details in: 
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More details in: 

Spatial Geometry
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Inflation

More details in: 
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Inflation

More details in: 
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Source: arxiv:2007.07288



Inflation

More details in: 
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PlanckACT



Inflation

More details in: 
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Inflation

More details in: 
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Inflation

More details in: 
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Radiation Energy-Density

More details in: More details in: 
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Quantifying the global “CMB” tension between ACT and Planck

More details in: 
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Take-away summary 

The situation is quite intriguing and not completely clear 

- Planck data show a preference for a closed universe, ACT and SPT (+WMAP) don’t 

- ACT is in 3 sigma tension with Planck about the value of the spectral index of inflationary perturbations  

- ACT (+ WMAP) gives a 3 sigma indication for a ruining of the spectral index while Planck doesn’t 

- ACT (+ WMAP) data prefer less radiation w.r.t. the SM, Planck and SPT (+WMAP) are in agreement with Neff =3.04 

- ACT gives a 3 Sigma preference for Early Dark Energy while Planck doesn’t

Observational systematics or new physics beyond ΛCDM?  
  
Our analysis is not conclusive, but it reveals intriguing hints that need further investigations.  
Precise CMB measurements form next-gen experiments may help

Thank you for the attention

CMB experiments are in moderate disagreement 

- ACT and PLANCK are in tension at 2.6 standard deviation within the standard cosmological model 

- This tension is not reduced in extended model of cosmology 
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ACT Anomalies in ΛCDM

Simone Aiola et al JCAP12(2020)047



Inflation

More details in: 

13



Neutrinos

More details in: More details in: 
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Dark Energy EOS (w)  

- The different CMB data poorly constrain the 
Dark Energy Equation of state in extended 
parameter-spaces and, because of the large 
error-bars, the results are typically 
consistent with a cosmological constant 

- Combining the CMB data with BAO 
measurements the constraints usually 
shrink around w=−1 

- considering Pantheon in combination with the 
CMB data, from Planck and ACT we observe a 
mild preference for phantom Dark Energy (w 
< −1) at a statistical level ranging between 
1.5σ and 2.5σ 

Dark Energy
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More details in: More details in: 



Matter clustering (S8) 

- the Planck data show a systematic preference 
for S8 ≳ 0.9, in disagreement with cosmic 
shear surveys 

- This preference is only partially supported 
by the Atacama Cosmology Telescope and 
South pole Telescope data that, for many 
models, suggest instead S8 ∼ 0.7 − 0.8, in line 
with cosmic shear measurements.  

Matter Clustering parameters



Matter density ( Ωm and σ8 ) 

However different values of S8 often recast 
discordant behaviors  for the parameter σ8 and 
the matter density Ωm 

- Ωm is very badly constrained in extended 
cosmologies and we observe a shift towards 
higher values from all the CMB data.  

- This shift is usually compensated by a 
preference for smaller σ8 in ACT and SPT, 
but not in Planck. 
  

- Including BAO and Pantheon measurements, 
we instead recover familiar values Ωm ∼ 0.3 
and thus smaller S8

Matter Clustering parameters


