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A PERFECT (LCDM) UNIVERSE ?

The recent CMB 
measurements made by the 
Planck satellite are in perfect 
agreement with the 
expectations of the LCDM 
model. Planck collaboration, arXiv:1502.01589



TESTO



PLATO’S CAVE
LCDMTrue Model



KEY ASSUMPTION: FLAT UNIVERSE
It is common practice to set the parameter that characterize the spatial 
curvature, ΩK , exactly to zero. 

However (see Anselmi et al., 2022): 

- Inflation generally predicts an Universe approximately flat, but models with 
curvature can be conceived. 

- By assuming a flat universe we may introduce a bias in the determination of 
cosmological parameters and/or in the determination of the level of current 
tensions. 

- Curvature is NOT new physics! 

- If we have fluctuations we have curvature!



CMB ANISOTROPIES: MOST DIRECT WAY TO 
MEASURE CURVATURE!



Melchiorri et al., 1999 De Bernardis et al., 2000 Balbi et al., 2000 

Boomerang 97 Boomerang 98 Maxima-1

Benoit et al, 2003

Archeops WMAP-1

Spergel et al, 2003

All consistent with a 
flat universe ! 

(but also with closed)



COSMIC DEGENERACY
Efstathiou & Bond MNRAS, 1999, Melchiorri & Griffiths 2000 (just primary anisotropies)

After fixing the acoustic horizon scale at LSS (fix matter and baryon physical densities) you 
can have nearly identical CMB angular spectra assuming the same angular distance at 
recombination. Curvature can be significantly different without altering the CMB peaks 
structure !!!!



CMB LENSING
CMB photons emitted at 
z=1100 are  deflected by 
the gravitational lensing 
effect of massive cosmic 
structures. 

This affects the CMB 
anisotropy angular 
spectrum by smearing the 
high l peaks. 

Calabrese et al., Phys.Rev.D77:123531,2008



CMB LENSING
CMB photons emitted at 
z=1100 are  deflected by 
the gravitational lensing 
effect of massive cosmic 
structures. 

This affects the CMB 
anisotropy angular 
spectrum by smearing the 
high l peaks. 

This effect depends on the 
CDM density. 

We can break cosmic 
degeneracy with small scale 
CMB!!! Calabrese et al., Phys.Rev.D77:123531,2008



PLANCK IS THE FIRST EXPERIMENT THAT COULD 
MEASURE THE CURVATURE OF THE UNIVERSE WITH 3% 
PRECISION ALONE !

Di Valentino, Melchiorri, Silk Nature Astronomy 2020, 



…AND THE RESULT IS…CLOSED AT 3.4 SIGMA

Di Valentino, Melchiorri, Silk Nature Astronomy 2020, 

Handley 2020



(see also Handley, 2020)



SOME COMMENTS…

Scientific American: 

Efstathiou asked not to be directly quoted, but pointed out in an email to Live Science that if the universe were curved, it 
would raise a number of problems—contradicting those other data sets from the early universe and 
making discrepancies in the  universe’s observed rate of expansion much worse. Gratton said he agreed.

New Scientist: 

“If this is true, it would have profound implications on our understanding of the universe,” says David Spergel at 
Princeton University. “It’s a really important claim, but I’m not sure it’s one that’s backed by the data. In fact, I’d say the 
evidence is actually against it.”

Quanta Magazine: 

Antony Lewis, a cosmologist at the University of Sussex and a member of the Planck team who worked on that analysis, 
said:“is that it is just a statistical fluke.” Lewis and other experts say they’ve already closely scrutinized the issue, along 
with related puzzles in the data.

Salon: 

“The result is intriguing, but only of borderline statistical significance to be believed. There are several independent lines 
of evidence that suggest the Universe is flat, and that this claim is a statistical fluke or a misinterpretation of the data,” 
Avi Loeb, chair of Harvard's astronomy department, told Salon via email.

Neue Zurich Zeitung: 

Martin Kunz von der Universität Genf, wie Melchiorri ein Mitglied der Planck-Arbeitsgruppe, teilt diese Ansicht nicht. 
An der Analyse von Melchiorri und seinen Mitarbeitern hat er nichts auszusetzen. Was ihn stört, ist die Interpretation 
der Planck-Daten. Dass es in diesen Daten kleinere Unstimmigkeiten gebe, sei seit längerem bekannt.

https://www.livescience.com/hubble-constant-universe-expansion-not-make-sense.html
https://cosmologist.info/




Planck Parameters paper 

page. 41



TENSIONS IN A CURVED UNIVERSE
We have a strong constraint for 
a flat universe when we 
combine with BAO. 

BAO are considered in good 
agreement with Planck but this 
result is obtained under the 
assumption of flatness. 

What happens when we let 
curvature to vary ?



TENSIONS IN A CURVED UNIVERSE
When we let curvature to vary…Planck spectra are inconsistent with BAO DR12 
measurements at the level of 3 standard deviations !

Di Valentino, Melchiorri, Silk 2020



H0 TENSION IN A CURVED UNIVERSE
Planck constraint is 
shifted  

towards even smaller 
values 

of H0 !

Cuesta et al, Mon.Not.Roy.Astron.Soc. 448 (2015)



TENSIONS IN A CURVED UNIVERSE

Tension with weak lensing 
measurements are even higher.

Di Valentino, Melchiorri, Silk 2020



ALL TENSIONS DISCUSSED IN THIS 
CONFERENCE COULD RESULT ‘MILDER’ JUST 
BECAUSE WE ASSUME A FLAT UNIVERSE… 

…AND THERE IS NO FUNDAMENTAL 
REASON TO DO THAT!



TWO VERY DIFFERENT 
APPROACHES…YOU DECIDE!

Aristotle (Data motivates theory): 

- We believe in the Planck data. We must 
include extra physics to accommodate 
a closed Universe with late universe 
observations.

Plato (Theory is useful to analyse data): 

- We believe in inflation. Keep on 
assuming a flat universe and check for 
systematics in Planck data.



PLATO’S WAY: IS JUST A SYSTEMATIC 
OR A STATISTICAL FLUCTUATION IN 
PLANCK DATA

NPIPE is a new and independent pipeline to produce frequency maps from the time-ordered data, with 
substantial differences in detector calibration and systematic corrections compared to previous releases. 

Rosenberg, Efstathiou and Gratton 2020, applying a modified version of the CAMSPEC code to Planck NPIPE 
maps found a lower tension between Planck and flat model:



But result is driven by EE data while TT data still prefer a closed universe. 

Internal inconsistency at 4.5 sigma level.

PLATO’S WAY: IS JUST A SYSTEMATIC 
OR A STATISTICAL FLUCTUATION IN 
PLANCK DATA



Independent CMB experiments as ACT-DR4 (Aiola et al., 2020) found very good consistency with flat universe

PLATO’S WAY: IS JUST A SYSTEMATIC 
OR A STATISTICAL FLUCTUATION IN 
PLANCK DATA



…but how reliable is ACT-DR4 ? several 2-3 sigmas tensions in other parameters (not to mention Early Dark 
Energy) are there. Imagine the opposite case, Planck favouring a flat universe and ACT-DR4 favouring a closed 
one, whom we would have trusted more?

PLATO’S WAY: IS JUST A SYSTEMATIC 
OR A STATISTICAL FLUCTUATION IN 
PLANCK DATA



… let’s assume you don’t like BAO, we have plenty of other datasets (like SN-Ia or matter PS) that, when  

combined with Planck, prefer a flat universe. 

Efsthathiou, Gratton MNRAS 2020

PLATO’S WAY: IS JUST A SYSTEMATIC 
OR A STATISTICAL FLUCTUATION IN 
PLANCK DATA



… but this is true only if you assume a cosmological constant. If you just include a constant equation of state 

several datasets prefer a closed universe with w<-1:

Di Valentino, Melchiorri, Silk, ApJ letters 2021

PLATO’S WAY: IS JUST A SYSTEMATIC 
OR A STATISTICAL FLUCTUATION IN 
PLANCK DATA



ARISTOTLE’S WAY: TRUST THE DATA 
AND LOOK FOR A NEW MODEL

if so many datasets are in agreement with a closed universe and w<-1 maybe this is the way?

Di Valentino, Melchiorri, Silk, ApJ letters 2021



ARISTOTLE’S WAY: THIS IS A CLEAR 
INDICATION FOR A NEW MODEL.

The easiest way to have w<-1 is to  

consider interacting dark energy. 

Does a simple model of interacting 

dark energy helps in recoinciling 
the  

datasets? yes and no… 

(Di Valentino et al, MNRAS letters 
2021)



ARISTOTLE’S WAY: THIS IS A CLEAR 
INDICATION FOR A NEW MODEL.

What about Early Dark Energy? 

no correlation between EDE and 
curvature… 

(Fondi et al, 2022)



CONCLUSIONS
- Tensions with LCDM are now present at 3-5 sigmas level. 

Curvature in the Planck data is one of them. 

- If we consider curvature all current anomalies increase in 
statistical significance (and curvature is preferred by Planck). 

- Can all of this be due to multiple systematics ? there is no reason 
to be conservative with LCDM since is not based on known 
physics! 

- However, at the moment, there is no ‘new concordance model’ 
that could explain most of the anomalies at the same time…







FINE TUNING…
Curvature must be close to zero 
with a precision of 10^-24 1 ns 
after the Big Bang in order to 
have approximately flatness 
today. 

This is clearly a fine tuning but 
still less than the 10^-123 fine 
tuning with the cosmological 
constant! 

If we learned how to live with 
Lambda we may well live with 
curvature…

Ned Wright Cosmology Tutorial


