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The Standard cosmological model

The model that has now practically been selected as the “standard”
cosmological model is the Lambda Cold Dark Matter (A\CDM) model, that
provides an amazing description of a wide range of astrophysical and
astronomical data.

Over the last few years, the parameters governing the ACDM scenario have
been constrained with unprecedented accuracy.

However, despite its incredible success, ACDM still cannot explain key
concepts in our understanding of the structure and evolution of the Universe,
now based on unknown guantities. At the moment, their physical evidence
comes solely from cosmology without strong theoretical motivations. In
addition, the ACDM model is based on the choice of three, very specific,
solutions for these unknown quantities, mostly motivated by computational
simplicity. In fact, the theoretical predictions under ACDM for several
observables are, in general, easier to compute and include fewer free
parameters than most other solutions.
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Unknown quantrtles

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
expansron (Dark Energy)

||

The Standard Cosmologlcal model

| Specrfrc solutions for ACDM

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.




Warning!

Therefore, the 6 parameter ACDM model can be rightly considered, at best,
as an approximation to a more realistic scenario that still needs to be fully
understood. With the increase in experimental sensitivity, observational
evidence for deviations from ACDM is, therefore, expected.

And, actually, anomalies and tensions between model dependent
observations at early cosmological time and direct observations at late
cosmological time are present with different statistical significance.

While some proportion of these discrepancies may have a systematic origin,
their magnitude and persistence across probes strongly hint at cracks in the
standard cosmological scenario and the need for new physics. In other words,
If not due to systematics, the current anomalies could represent a crisis for
the standard cosmological model and their experimental confirmation can
bring a revolution in our current ideas of the structure and evolution of the
Universe.

These tensions can indicate a failure in ACDM model.



CMB constraints

Most of the anomalies and tensions are involving the Planck data.
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Planck 2018, Astron.Astrophys. 641 (2020) A6

2018 Planck results are a wonderful confirmation of the
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flat standard ACDM cosmological model, but are model dependent!




The most statistically significant and persisting
anomalies and tensions of the CMB are:

HO with local measurements
S8 with cosmic shear data
AL internal anomaly

()K different from zero

See Di valentino et al. arXiv:2008.11283 [astro-ph.CO], arXiv:2008.11284 [astro-ph.CO],
arXiv:2008.11285 [astro-ph.CQ], arXiv:2008.11286 [astro-ph.CO] for an overview.



HO tension

Riess, Nature Reviews Physics (2019) HO = 67.27 £ 0.60 km/s/Mpc

in ACDM
Planck 2018, arXiv:1807.06209 [astro-ph.CO]

Tension vs Measurement Precision
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Di Valentino, arXiv:2011.00246 [astro-ph.CO]


https://arxiv.org/abs/1903.07603

S8 tension
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Asgari et al., arXiv:1910.05336 Heymans et al., arXiv:2007.15632

The S8 tension is now at 3.40 between Planck
assuming ACDM and KiDS+VIKING-450 and BOSS
combined together, or 3.10 with KiDS-1000.



http://lanl.arxiv.org/abs/1601.05786

AL : consistency check

CMB photons emitted at recombination are
deflected by the gravitational lensing effect of
massive cosmic structures.

The lensing amplitude AL parametrizes the
rescaling of the lensing potential ¢(n), then the
power spectrum of the lensing field:

PP PP
CP’ — ALCY

The gravitational lensing deflects the photon path
by a quantity defined by the gradient of the
lensing potential ¢(n), integrated along the line of
sight n, remapping the temperature field.



AL : consistency check

lts effect on the power spectrum is the
smoothing of the acoustic peaks,
iIncreasing 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.

4, =0,1,3,6,9

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



AL : a failed consistency check

The Planck lensing-reconstruction power Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]
spectrum is consistent with the amplitude
expected for LCDM models that fit the
CMB spectra, so the Planck lensing
measurement is compatible with AL = 1.
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However, the distributions of AL inferred
from the CMB power spectra alone
indicate a preference for AL> 1.
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The joint combined likelihood shifts the
value preferred by the TT data
downwards towards AL = 1, but the error
also shrinks, increasing the significance
of AL> 110 2.80.

1.243 + 0.096 (68 %, Planck TT+lowE),

1.180 £ 0.065 (68 %, Planck TT,TE,EE+lowE),

The preference for high AL is not just a
volume effect in the full parameter space,
with the best fit improved by Ax2~9 when

adding AL for TT+lowE and 10 for
TTTEEE+IowE.




AL can explain internal tension
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AL can explain internal tension

L L

0.06 0.07

——  Planck TT 20152 < ¢ < 1000 —— Planck TT 2015 1000 < ¢ < 2508

Marginalized 68.3% confidence ACDM parameter constraints from fits to the | < 1000
and | =1000 Planck TT 2015 spectra. Tension at more than 20 level appears in Qch2

and derived parameters, including HO, QQm, and G8.
Addison et al., Astrophys.J. 818 (2016) no.2, 132
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Lensing Amplitude Ay, — Planck TT 2015 1000 < ¢ < 2508

Increasing AL smooths out the high order acoustic peaks, improving the agreement
between the two multipole ranges.

Addison et al., Astrophys.J. 818 (2016) no.2, 132



AL can explain internal tension

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

—J— TE.EE (30 < £ < 801)
=—§= TE,EE (¢ > 802)

—%— TE.EE (¢ > 802)+lensi
=—J— TT,TE,EE (2 < ¢ < 801)
—3— TT,TE.EE (£ > 802)
== TT,TE,EE (¢ > 802)+lensi

LCDM 68% marginalized parameter constraints for |=[2-801] (points marked with a
cross), I>802 (points marked with a circle), and I>802 + lensing (points marked with a
star). Correcting for the lensing, all the results from high multipoles are in better
consistency with the results from lower multipoles.

Dotted error bars are the results from |=[30-801], without the large-scaleTT likelihood,
showing that I< 30 pulls the low-multipole parameters further from the joint result.



AL can explain the S8 tension

Planck TT (ACDM)
Planck TTTEEE (ACDM)
CFHTLenS (ACDM)
KiDS (ACDM)

KiDS + BAO + JLA + R16 (ACDM)

If we include the additional scaling

parameter on the CMB lensing ek T (ACOM + 7m0
amplitude Ac, we find that this can put Planck TTTEEE (ACDM + Zm,)
in agreement Planck 2015 with the C””:z iﬁiilﬂiﬁi
Cosmic Shear data. KiDS + BAO + JLA + R16 (ACDM + =m,)

Planck TT (ACDM + Ajgps)

Planck TTTEEE (ACDM + Ajgns)

Planck TTTEEE + KiDS (ACDM + Ajens)

Di Valentino and Bridle, Symmetry 10 (2018) no.11, 585



AL can explain the S8 tension
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What happens if we vary all the
parameters together?
Can we explain the AL anomaly?

In practice, we look for a possible combination of parameters that could
solve or at least ameliorate, the current discordances.

While this "minimal” 6 parameter approach is justified by the good fit to the
data, some of the assumptions or simplifications made are indeed not
anymore fully justified and risk an oversimplification of the physics that drives
the evolution of the Universe.

In a larger parameter space, the constraints can be considered more
conservative, while the anomalies more robust.



Beyond six parameters: extending ACDM

The total neutrino mass is fixed arbitrary to 0.06eV. However, we know that neutrinos
are massive and that current cosmological datasets are sensitive to variations in the
absolute neutrino mass scale of order ~ 100 meV.

The cosmological constant offers difficulties in any theoretical interpretation: fixing the
dark energy equation of state to -1 is not favoured by any theoretical argument.
Moreover, while both matter and radiation evolve rapidly, A is assumed not to change
with time, so its recent appearance in the standard cosmological model implies an
extreme fine-tuning of initial conditions. This fine-tuning is known as the coincidence
problem. Therefore it seems reasonable to incorporate in the analysis a possible
dynamical dark energy component, constant with redshift w, or redshift dependent
w(z)=wO+(1-a)wa (CPL).

Any inflationary model, because it is a dynamical process, predicts a running of the
scalar spectral index, expected for slow rolling inflation at the level of (1-ns)2~10-3.

The effective number of relativistic degrees of freedom Neff could be easily different
from the standard expected value of 3.046, for example for the presence of sterile
neutrinos or thermal axions.

We need to take into account the anomalous value for the lensing amplitude AL.
While this parameter is purely phenomenological, one should clearly consider it and
check if the cosmology obtained is consistent with other datasets.



Constraints at 68% cl.

Beyond six parameters: extending ACDM

Parameters Planck Planck Planck Planck Planck
FR19 llensing FBAO  Pantheon
Qph? 0.02246 4+ 0.00028 0.022487 020025 0.02228 4 0.00026 0.02264 + 0.00026 0.02250 £ 0.00028
Qch? 0.1172 +0.0033  0.1174 £0.0035  0.1164 +0.0033  0.1175 + 0.0033  0.1174F9 0032
1000nic 1.04112 £ 0.00051 1.04111 4 0.00052 1.04119 + 0.00050 1.04120 4 0.00049 1.04111 % 0.00050
T 0.0496 £ 0.0086  0.0508 + 0.0091  0.04947009%%  0.0502 + 0.0087  0.04997) 2059
Xm, [eV] < 0.863 < 0.821 < 0.714 < 0.352 < 0.822
w —1.27 £ 0.53 —1.337017 —1.33 £ 0.52 —1.009715922 —1.0711507%
Negs 2.95 +0.24 2.97 £ 0.26 2.85 + 0.23 3.04 £ 0.23 2.981922
+0.09 +0.09 +0.061 +0.076
Ar 1.2572:9% 1.21192:92 1.11612 001 1.21312079 1.232 4 0.090
In(10'° Ay) 3.027 £ 0.020 3.030 £ 0.022 3.024 £ 0.020 3.030 £ 0.020 3.02810:0%0
ns 0.964 £ 0.012 0.965 £ 0.013 0.958 £ 0.012 0.971 £ 0.012 0.965 + 0.012
as —0.0053 £ 0.0085 —0.0047 4 0.0082 —0.0066 + 0.0082 —0.0041 £ 0.0081 —0.0049 + 0.0086
Ho[km/s/Mpc] 73750 74.0 £ 1.4 74110 67.9 + 1.7 66.9 + 2.0
o8 0.79t3~_§§r; 0.81179 051 0.807015 0.782 1006225 0.750i§-_§§§
Ss 0.75410053 0.758 0052 0.757100%7 0.7917007° 0.7751 0050

In this Table we show the constraints obtained assuming our extended 11
parameters space, assuming a constant dark energy equation of state w.

Di Valentino, Melchiorri and Silk, JCAP 2001 (2020) no.01, 013



Constraints at 68% cl.

Beyond six parameters: extending ACDM

Parameters Planck Planck Planck Planck Planck
‘l R10 | ]aning L RAO l Pantheaon
| k2 0.02246 £ 0.00028 0.022487 00025 0.02228 £ 0.00026 0.02264 4 0.00026 0.02250 + 0.00028
Q.h? 0.1172 +0.0033  0.1174 +0.0035  0.1164 £ 0.0033  0.1175+ 0.0033  0.11747)- 031
1000nic 1.04112 4 0.00051 1.04111 + 0.00052 1.04119 4 0.00050 1.04120 + 0.00049 1.04111 £ 0.00050
T 0.0496 £ 0.0086  0.0508 + 0.0091  0.04947009%%  0.0502 + 0.0087  0.04997) 2059
m, |eV] < 0.863 <0871 <0714 < 0.352 < 0.822
w —1.27 £ 0.53 —1.337017 —1.33 £ 0.52 —1.009715-022 —1.0711507%
Negs 2.95 +0.24 2.97 £ 0.26 2.85 + 0.23 3.04 £ 0.23 2.981922
A 1.25729% 1.21192:92 1.1161720%! 1.21370-079 1.232 £ 0.090
In(10"" Ay) 3.027 £ 0.020 3.030 £ 0.022 3.024 £ 0.020 3.030 £ 0.020 3.0287 ) 1g
ng 0.964 + 0.012 0.965 4+ 0.013 0.958 4 0.012 0.971 + 0.012 0.965 + 0.012
as —0.0053 £ 0.0085 —0.0047 £0.0082 —0.0066 & 0.0082 —0.0041 £ 0.0081 —0.0049 £ 0.0086
Ho[km/s/Mpc] 73750 74.0 £ 1.4 74110 67.9 + 1.7 66.9 + 2.0
o8 0.794_?%;:1)33 0.811f§;§§§ 0.8045%%%7 0.782 1006(;%5 0.750i§1§§§
Ss 0.754700%3 0.75870 050 0.75710 0as 0.79115:0%° 0.77510 050

The significant increase in the number of parameters produces, as expected, a
relaxation in the constraints on the 6 ACDM parameters. It is impressive that despite the
increase in the number of the parameters, some of the constraints on key parameters

are relaxed but not significantly altered. The cold dark matter ansatz remains robust and
the baryon density is compatible with BBN predictions.

Di Valentino, Melchiorri and Silk, JCAP 2001 (2020) no.01, 013



Constraints at 68% cl.

Beyond six parameters: extending ACDM

Parameters Planck Planck Planck Planck Planck
FR19 lensing FBAO + Pantheon
Qph” 0.02246 £ 0.00028 0.022487 00025 0.02228 £ 0.00026 0.02264 4 0.00026 0.02250 + 0.00028
Q.h? 0.1172 +0.0033  0.1174 +0.0035  0.1164 £ 0.0033  0.1175+ 0.0033  0.11747)- 031
1000\c 1.04112 4 0.00051 1.04111 + 0.00052 1.04119 4 0.00050 1.04120 + 0.00049 1.04111 £ 0.00050
T 0.0496 4+ 0.0086  0.0508 4+ 0.0091 0.0494 T9-0086 0.0502 4+ 0.0087 0.0499T9-9086
Xm, [eV] < 0.863 < 0.821 < 0.714 < 0.352 < 0.822
w —1.27 £0.53 —1.3370 11 —1.33 £ 0.52 —1.00977 072 —1.07179°0%2
Negs 2.95 4 0.24 2.97 + 0.26 2.85 + 0.23 3.04 + 0.23 2.987 5%
Ap 1.257 % 1.217 575 1.116" ) gos 1.2137 ) oss 1.232 £ 0.090
In(10'°Ay) 3.027 4 0.020 3.030 4 0.022 3.024 4 0.020 3.030 & 0.020 3.02810:0%0
ng 0.964 + 0.012 0.965 + 0.013 0.958 4+ 0.012 0.971 4 0.012 0.965 + 0.012
as —0.0053 £ 0.0085 —0.0047 £0.0082 —0.0066 + 0.0082 —0.0041 £ 0.0081 —0.0049 £ 0.0086
Ho[Km/s/Mpc] 7350 TA0E 1.4 (S 67.9F L.7 66.9 £ 2.0
o8 0.7970:15 0.81179 051 0.807015 0.782 + 0.025 0.750175°95°
Ss 0.754700%3 0.758 0 0an 0.75710 0as 0.79115:0%° 0.77510 050

We see no evidence for "new physics”: we just have (weaker) upper limits on the
neutrino mass, the running of the spectral index is compatible with zero, the dark
energy equation of state is compatible with w = -1, and the neutrino effective number

Is remarkably close to the standard value Neff = 3.046.

Di Valentino, Melchiorri and Silk, JCAP 2001 (2020) no.01, 013



Constraints at 68% cl.

Beyond six parameters: extending ACDM

Parameters Planck Planck Planck Planck Planck
FR19 llensing FBAO  Pantheon
Qph? 0.02246 4+ 0.00028 0.022487 020025 0.02228 4 0.00026 0.02264 + 0.00026 0.02250 £ 0.00028
Qch? 0.1172 +0.0033  0.1174 £0.0035  0.1164 +0.0033  0.1175 + 0.0033  0.1174F9 0032
1000nic 1.04112 £ 0.00051 1.04111 4 0.00052 1.04119 + 0.00050 1.04120 4 0.00049 1.04111 % 0.00050
T 0.0496 £ 0.0086  0.0508 + 0.0091  0.04947009%%  0.0502 + 0.0087  0.04997) 2059
Xm, [eV] < 0.863 < 0.821 < 0.714 < 0.352 < 0.822
w —1.27 £ 0.53 —1.337017 —1.33 £ 0.52 —1.009715922 —1.0711507%
Negs 2.95 +0.24 2.97 £ 0.26 2.85 + 0.23 3.04 £ 0.23 2.981922
+0.09 +0.09 +0.061 +0.076
Ar 1.2572:9% 1.21192:92 1.11612 001 1.21312079 1.232 4 0.090
In(10'° Ay) 3.027 £ 0.020 3.030 £ 0.022 3.024 £ 0.020 3.030 £ 0.020 3.02810:0%0
ns 0.964 £ 0.012 0.965 £ 0.013 0.958 £ 0.012 0.971 £ 0.012 0.965 + 0.012
as —0.0053 £ 0.0085 _—0.0047 4= 0.0082 —0.0066 £ 0.0082 —0.0041 £ 0.0081 —0.0049 + 0.0086
Ho[km/s/Mpc] 73750 74.0 £ 1.4 74110 67.9 + 1.7 66.9 + 2.0
o8 o.79j§;~_‘;§3 0.8117 5 03z 0.807015 0.782£0.025 0.7507 0 0aa
Ss 0.754700%3 0.758 10 0o 0.75710 0as 0.79115:0%° 0.77510 050

We find a relaxed value for the Hubble constant, with respect to the one derived
under the assumption of ACDM. The main reason for this relaxation is the inclusion
in the analysis of the dark energy equation of state w, that introduces a geometrical

degeneracy with the matter density and the Hubble constant. In this way, we can
solve the existing tensions with the direct measurements.

Di Valentino, Melchiorri and Silk, JCAP 2001 (2020) no.01, 013



Constraints at 68% cl.

Beyond six parameters: extending ACDM

1.20 - Il Planck extended
’ I Planck LCDM —
Parameters Planck Planck
~R19
2 +0.00028 -
Quh 0.02246 £ 0.00028 0.022487 0025 @ 1.05 -
Q. h? 0.1172 +0.0033  0.1174 + 0.0035
1000\ ¢ 1.04112 4+ 0.00051 1.04111 4+ 0.00052 1
T 0.0496 + 0.0086  0.0508 + 0.0091 i
o 0.90
Ym, [eV] < 0.863 < 0.821
w —1.27 £ 0.53 —1.3370-17
Noge 2.95 + 0.24 2.97 + 0.26 0.75 -
+0.09 +0.09 .
Ap 1.2510-9% 1.2179:90
In(10'° A,) 3.027 + 0.020 3.030 £ 0.022
N 0.964 + 0.012 0.965 + 0.013
o —0.0053 + 0.0085 —0.0047 +0.0082 - 0.60
Holkm /s/Mpc]| 73+10 74.0 £ 1.4
o3 0.791%;:1)3? 0.811:{%%% 00 0.2 OI4 OI6 0
Sy 0.75417:0%3 0.758 0 05 - : - - .

We find relaxed and lower values for the clustering parameter 08 and S8, with

respect to those derived under the assumption of ACDM.

Di Valentino, Melchiorri and Silk, JCAP 2001 (2020) no.01, 013



Beyond six parameters: extending ACDM

I Planck extended
I Planck LCDM

Asgari et al., arXiv:1910.05336 [astro-ph.CO]
Di Valentino, Melchiorri and Silk, JCAP 2001 (2020) no.01, 013

In this way, we can solve the existing S8 tensions with the CFHTIlenS and KiDS-450
cosmic shear surveys.




Constraints at 68% cl.

Beyond six parameters: extending ACDM

Parameters Planck Planck Planck Planck Planck
FR19 llensing FBAO  Pantheon
Qph” 0.02246 £ 0.00028 0.022487 00025 0.02228 £ 0.00026 0.02264 4 0.00026 0.02250 + 0.00028
Q.h? 0.1172 +0.0033  0.1174 +0.0035  0.1164 £ 0.0033  0.1175+ 0.0033  0.11747)- 031
1000nmc 1.04112 £ 0.00051 1.04111 4 0.00052 1.04119 + 0.00050 1.04120 4 0.00049 1.04111 % 0.00050
T 0.0496 £ 0.0086  0.0508 + 0.0091  0.04947009%%  0.0502 + 0.0087  0.04997) 2059
Sm, [eV] < 0.863 < 0.821 <0.714 < 0.352 < 0.822
w —1.27 £ 0.53 —1.337017 —1.33 £ 0.52 —1.009715-022 —1.0711507%
Negs 2.95 + 0.24 2.97 4+ 0.26 2.85 4+ 0.23 3.04 + 0.23 2.9879-23
+0.09 +0.09 +0.061 +0.076
Ay 1.2570% 1.2170°9% 1.116 70008 1.21370019 1.232 + 0.090
In(107" Ag) 3.027 = 0.020 3.050 £ 0.022 3.024 = 0.020 3.030 = 0.020 0.028_ 18
ns 0.964 £ 0.012 0.965 £ 0.013 0.958 £ 0.012 0.971 £ 0.012 0.965 + 0.012
as —0.0053 4 0.0085 —0.0047 £ 0.0082 —0.0066 & 0.0082 —0.0041 4 0.0081 —0.0049 + 0.0086
Ho[km/s/Mpc] 73119 74.0 + 1.4 74110 67.9 + 1.7 66.9 &+ 2.0
o8 0.79t3~_§§r; 0.81179 051 0.807015 0.782 + 0.025 0.750175°95°
Ss 0.75410053 0.75870 050 0.757100%7 0.79115:0%° 0.77510 050

The only notable exception is the angular power spectrum lensing amplitude:
ALthat is larger than the expected value at 3 standard deviations,

making this anomaly really robust because doesn’t correlate with these extra
parameters.

Di Valentino, Melchiorri and Silk, JCAP 2001 (2020) no.01, 013



But...
assuming General Relativity,

Is there a physical explanation
for AL?



A closed universe (Friedmann 1922) can explain A.!

I Planckl8

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

A degeneracy between curvature and the AL parameter is clearly present. A closed
universe can provide a robust physical explanation to the enhancement of the
lensing amplitude. In fact, the curvature of the Universe is not new physics beyond
the standard model, but it is predicted by the General Relativity, and depends on the
energy content of the Universe.
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the standard model, but it is predicted by the General Relativity, and depends on the
energy content of the Universe.



Curvature of the universe

The ACDM model assumes that the universe is specially flat.
The combination of the Planck temperature and polarization
power spectra gives:

Qg = —0.044700:12 (68 %, Planck TT,TE,EE+lowE),

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

a detection of curvature at about 3.40,
with a 99% probability region of -0.095 < Q< -0.007.



Curvature of the universe

Can Planck provide an unbiased and
reliable estimate of the curvature of
the Universe?

This may not be the case since a ——
18 pli

"geometrical degeneracy" is present : PL18 CamSpec

W|th Qm PL18 simulated
PL15

When precise CMB measurements at
arc-minute angular scales are
included, since gravitational lensing
depends on the matter density, its
detection breaks the geometrical
degeneracy. The Planck experiment
with its improved angular resolution
offers the unique opportunity of a
precise measurement of curvature —0.12 —0.08 —0.04 0.00

from a single CMB experiment. Ok
We simulated Planck, finding that
such experiment could constrain
curvature with a 2% uncertainty,
without any significant bias towards
closed models.

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)



Curvature of the universe

Planck favours a closed Universe

(Qk<0) with 99.985% probability.
A closed Universe with QK = -0.0438
provides a better fit to PL18 with _ PL18 plik

PL18 CamSpec

respect to a flat model. PL18 simulated
PL15

This is not entirely a volume effect,
since the best-fit Ax2 changes by -11
compared to base ACDM when
adding the one additional curvature
parameter.

The improvement is due also to the
fact that closed models could also _
lead to a large-scale cut-off in the —0.12 —0.08 —0.04 0.00

primordial density fluctuations in 0
agreement with the observed low K
CMB anisotropy quadrupole.

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)



A closed universe fits Planck better than AL

500 1000 1500 2000 2500
4

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

A model with Qk < O is slightly preferred with respect to a flat model with AL > 1,
because closed models better fit not only the damping tail, but also the low-
multipole data, especially the quadrupole.
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The temperature anlsotropy power spectrum measured with the Wilkinson Microwave Anisotropy Probe (WMAP) at high multipoles is in spectacular agreement
with an inflationary Lambda-dominated coId dark matter cosmoloy However, the low order multipoles (especially the guadrupole) have lower amplitudes than
expected from this cosmolog |nd|cat|ng a eed for new phy5|cs Here we specultetat the low quadrupol amplltude is assouated with 'spatll curvature‘ We
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A lower quadrupole than predicted by
the ACDM was already present in
WMAP, and a closed universe to

explain this effect was already taken

into account.
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Dodecahedral space topology as an explanation for weak wide-angle temperature correlations
in the cosmic microwave background
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Cosmology's standard model posits an infinite flat universe forever expanding under the pressure of dark energy. First-year data from the Wilkinson Microwave
Anisotropy Probe (WMAP) confirm this model to spectacular precision on all but the largest scales (Bennett {\it et al.}, 2003 ; Spergel {\it et al.}, 2003).
Temperature correlations across the microwave sky match expectations on scales narrower than 60°, yet vanish on scales wider than 60° . Researchers are now
seeking an explanation of the missing wide-angle correlations (Contaldi {\it et al.}, 2003 ; Cline {\it et al.}, 2003). One natural approach questions the
underlying geometry of space, namely its curvature (Efstathiou, 2003) and its topology (Tegmark {\it et al.}, 2003). In an infinite flat space, waves from the big
bang would fill the universe on all length scales. The observed lack of temperature correlations on scales beyond 60° means the broadest waves are missing,
perhaps because space itself is not big enough to support them.
Here we present a S|mple geometrlcal model of a ﬁnlte posmvely curved space -- the Pomcare dodecahedral space —- which accounts for WMAP's observatlons
with no fine-tuning required. Circle searching ( “ornish , Spergel and tarks an, 19 98) may conf firm the model's topol oglca predictions, “While upcoming Planck
“Surveyor data may confirm its predicted density of Q¢ ~ 1.013 > 1. If nﬁrmed the model will answer the ancient question of whether space is finite or
infinite, while retaining the standard Friedmann-Lema\Aitre foundatl for local physics.
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Luminet et al. propose a simple geometrical

model of a finite, positively curved space — the
Poincaré dodecahedral space — which accounts
for WMAP’s observations with no fine-tuning
required.




Curvature can explain internal tension

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

In a closed Universe with QK = -0.045, the cosmological parameters derived in the two
different multipole ranges are now fully compatible.
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Curvature of the universe

To better quantify the preference for a closed model, we adopt the deviance
information criterion (DIC), which takes into account the Bayesian complexity, that is,
the effective number of parameters, of the extended model and is defined as

DIC = Zlgff _ngf

where the bar denotes a mean over the posterior distribution. We find that the Planck
data yield ADIC = -7.4; that is, a closed Universe with Qk = —-0.0438 is preferred,
with a probability ratio of about 1/41, with respect to a flat model.

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)



Curvature of the universe

We also compute the Bayesian evidence ratio by making use of the Savage—Dickey
density ratio. In this case the Bayes factor can be written as

where M1 denotes the model with curvature, p(QKld, M1) is the posterior for QK in
this theoretical framework, computed from a specific dataset d, and (QKIM1) is the
prior on QK that we assume to be flat in the range -0.2 < QK < 0.
For Planck we obtain a Bayes ratio of | In BO1 1 = 3.3, i.e. a strong evidence for a
closed universe with respect to a flat one.

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)



Curvature of the universe

TT,TE,EE+lowE
—— +tlensing

Bl +BAO

Planck 2018, Aghanim et al., arXiv:1807.06209 [astro-ph.CO]
Adding BAO data, a joint constraint is very consistent with a flat universe.

(68 %, TT,TE,EE+IowE
+lensing+BAO).

Qk = 0.0007 = 0.0019

Given the significant change in the conclusions from Planck alone, it is reasonable to
investigate whether they are actually consistent. In fact, a basic assumption for
combining complementary datasets is that these ones must be consistent,

i.e. they must plausibly arise from the same cosmological model.



BAO tension

SDSS
MGS  WiggleZ

SDSS quasars

DR14 LRG

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

This is a plot of the acoustic-scale distance ratio, DV(z)/rdrag, as a function of redshift,
taken from several recent BAO surveys, and divided by the mean acoustic-scale ratio
obtained by Planck adopting a model. rdrag is the comoving size of the sound horizon at
the baryon drag epoch, and DV, the dilation scale, is a combination of the Hubble
parameter H(z) and the comoving angular diameter distance DM(z).

In a ACDM model the BAO data agree really well with the Planck measurements...



BAO tension

SDSS
MGS W H-_,,'Ilf"z

6DFGS

SDSS quasars
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Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

. but when we let curvature to vary
there is a striking disagreement between Planck spectra and BAO measurements!



Observable

Dy(rgsa/re) (Mpc)
Dy(rasa/ra) (Mpc)
Dy(rasa/ra) (Mpc)

H(ry0/14)
(kms'"Mpc™)

H(ry50/1e)
(kms7"Mpc™)

H(ry64/1a)
(kms7"Mpc™)

BAO tension

Redshift

0.38
0.51
0.61
0.38

0.51

0.61

BAO
(68% CL)

ESleE= 2228

Lol =260

7474851 e /A
Sl 2z 1)

205 e 127
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Planck
(68% CL)

1,843 +100
2,361+ 115
2,726 +130

78aE 53

78.9+3.1

85.0+3.0

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

Tension

290
3.00
Si5e
2.60

310

3.30

In the Table we have the constraints on DM and H(z) from the recent analysis of
BOSS DR12 data and the corresponding constraints obtained indirectly
from Planck, assuming a ACDM model with curvature.
Planck is inconsistent with each of the BAO measurements at more than 3c!
The assumption of a flat universe could therefore mask a cosmological crisis where
disparate observed properties of the Universe appear to be mutually inconsistent.



BAO tension

Additional dataset

flat ACDM
+BAO

+ CMB lensing
ACDM + Q,

+BAO

+ CMB lensing

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

As we can see from the Table, the Planck x2 best fit is worse by Ax2 = 16.9 when
the BAO data are included under the assumption of curvature. This is a significantly
larger Ax2 than obtained for the case of ACDM (Ax2 = 6.15).

The BAO dataset that we adopted consists of two independent measurements
(6dFGS36 and SDSS-MGS37) with relatively large error bars, and six correlated
measurements from BOSS DR12.



BAO tension

Additional dataset Ayl

flat ACDM
+BAO +6.15

+ CMB lensing +8.9
ACDM + Q,

+BAO +16.9

+ CMB lensing +16.9

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

To quantify the discrepancy between two cosmological datasets, D1 and D2, we use
the following quantity based on the DIC approach:

I(Dl,Dz) = eXp{—f(Dl,Dz)/Z}
where

Following the Jeffreys scale the agreement/disagreement is considered ‘substantial’
if 1 log10 | [>0.5, ‘strong’ if | log10 | I>1.0 and ‘decisive’if | log10 | [>2.0. When is
positive, then two datasets are in agreement, whereas they are in tension if this

parameter is negative. We find a strong disagreement between Planck and BAO.



BAO tension

prior

Planck

BAO
Planck+BAO

o =3.03 = 0.06

In agreement with Hav\ciiej, 190%.09139



FS tension

B Planck
B Planck+FS
B Planck+BAO

0.3 04 05 0.6 0.7 48
Q

Vagnozzi, Di Valentino, et al., arXiv:2010.02230 [astro-ph.CO]

The strong disagreement
between Planck and BAO it is
evident in this triangular plot, as
well as that with the full-shape
(FS) galaxy power spectrum
measurements from the BOSS
DR12 CMASS sample, at an
effective redshift z..= 0.57.

For Planck and FS we find
log1ol ~ 2.5, i.e. a decisive
disagreement on the Jeffreys-
like scale.



CMB Iensm tension

Additional dataset
flat ACDM

+BAO

+ CMB lensing
ACDM + Q,

+BAO

+ CMB lensing

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

Another tension is present between Planck power spectra and the constraints on the
lensing potential derived from the four-point correlation function of Planck CMB
maps.

The inclusion of CMB lensing in Planck increases the best-fit Ax2 = 16.9 in the case
of ACDM + QK (while in the case of the ACDM model, we have Ax2 = 8.9). The CMB
lensing dataset consists of nine correlated data points.

We identify substantial discordance between Planck and CMB lensing.

The combination of Planck with external datasets should be, therefore, considered
with caution when working within a non-flat Universe.



CMB lensing tension

Closed models predict substantially higher lensing amplitudes than in ACDM,
because the dark matter content can be greater, leading to a larger lensing signal.
The reasons for the pull towards negative values of Q are essentially the same as

those that lead to the preference for AL > 1.

—— ACDM+0,
—— ACDM+Ajens
— ACDM flat
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Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)



What about non-CMB data®?

-0.20 -0.16 -0.08 0
‘QK

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

It is now interesting to address the compatibility of Planck with combined datasets, like
BAO + type-la supernovae + big bang nucleosynthesis data.
In principle, each dataset prefers a closed universe,
but BAO+SN-la+BBN gives HO = 79.6 = 6.8 km/s/Mpc at 68%cl, perfectly consistent
with R19, but at 3.40 tension with Planck.



What about non-CMB data?
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Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

It is now interesting to address the compatibility of Planck with combined datasets, like
BAO + type-la supernovae + big bang nucleosynthesis data.
In principle, each dataset prefers a closed universe,
but BAO+SN-la+BBN gives HO = 79.6 = 6.8 km/s/Mpc at 68%cl, perfectly consistent
with R19, but at 3.40 tension with Planck.

BAO+SNIla+BBN+R18 gives Qk = -0.091 + 0.037 at 68%:cl.



Curvature can’t explain external tensions

BAO+BBN+SN-la
PL18

—0.24 -0.16 —0.08 0.00 0.08
Qg

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

Varying Qk, both the well know tensions on HO and S8 are exacerbates.
In a ACDM + QK model, Planck gives HO = 54.4+33.4 9 km/s/Mpc at 68% cl., increasing
the tension with R19 at 5.40.



Curvature can’t explain external tensions

PL18 ACDM
PL18 ACDM + Q

Di Valentino, Melchiorri and Silk, Nature Astronomy (2019)

Varying Qk, both the well know tensions on HO and S8 are exacerbates.
In a ACDM + QK model, Planck gives S8 in disagreement at about 3.80 with KiDS-450,
and more than 3.50 with DES.



Very well welcomed!

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.

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.
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We revisit the observational constraints on spatial curvature following recent claims that the Planck data favour a closed Universe. We
use a new and statistically powerful Planck likelihood to show that the Planck temperature and polarization spectra are consistent with
a spatially flat Universe, though because of a geometrical degeneracy cosmic microwave background spectra on their own do not lead
to tight constraints on the curvature density parameter Omega_K. When combined with other astrog al data, particula —
geometrical measurements of baryon acoustic oscillations, the Universe is constrained to be\kpatlally ﬂat to extremhprecmo
with Omega_ K = 0.0004 +/-0.0018 in agreement with the 2018 results of the Planck team. In the context of inflationary cosmology,
the observations offer strong support for models of inflation with a large number of e-foldings and disfavour models of incomplete

inflation.

Comments: submitted to MNRAS

4 CONCLUSIONS
The geometry of the Universe is a question of fundamental

/Tmportance to cosmology. We have argued that the claims in
Di Valentino et al. (2019) that Planck data strongly favour
closed Universes at high significance are a consequence of
using the P1lik TTTEEE likelihood which differs from the
\CamSpec likelihood and ignoring the importance of priors. /
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Planck 2018 results. VI. Cosmological parameters
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an apparent detection of curvature at well over 2 0. The 99 %
probability region for the TT,TE,EE+lowE result is —0.095 <
Qg < —0.007, with only about 1/10000 samples at Qg > 0. This
is not entirely a volume effect, since the best-fit y> changes by
= —11 compared to base ACDM when adding the one ad-
¢ reasons for the pull towards
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We find no compelling evidence for extensions to the base-ACDM model. Combining with baryon acoustic oscillation (BAO) measurements (and
considering single-parameter extensions) we constrain the effective extra relativistic degrees of freedom to be Noy = 2.99 £0.17. in agreement with
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Objections raised in the paper are:

- Use of the Plik likelihood instead of CamSpec.
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Objections raised in the paper are:

- Use of the Plik likelihood instead of CamSpec.
November 2019 (v.1)

Plik is the baseline
Likelihood of Planck,
while CamSpec was not

publicly available.

—0.08  —004 000 Efstathiou and Gratton, arXiv:1910.00483

April 2020 (v.2)

e In the meantime, comparing the
S different versions of the CamSpec
paper, we can see an increase of
the evidence for a curvature
| different from zero, now preferring
—0.083<QK<-0.001 at 99% CL.

Qk
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Objections raised in the paper are:

- Uniform prior on omegak instead of a prior peaked in zero, as predicted by inflation.
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Objections raised in the paper are:

- Uniform prior on omegak instead of a prior peaked in zero, as predicted by inflation.

Our prior is flat and uniform o Omeqgak as done bj
Planck and as adopted for all the other parameters.

We are deriving observational constraints on QK, therefore an inflationary prior that
strongly prefers a flat Universe could bias our results.

We are looking for a constraint independent from any underlying theoretical model.
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The evidence for a spatially flat Universe

George Efstathiou, Steven Gratton

Objections raised in the paper are:

+ Use of the low multipoles (ell<30) data showing an amplitude suppression as
predicted by a closed universe.
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The evidence for a spatially flat Universe

George Efstathiou, Steven Gratton
Objections raised in the paper are:

+ Use of the low multipoles (ell<30) data showing an amplitude suppression as
predicted by a closed universe.

For a curved universe the primordial power spectrum used by the Boltzmann code to
analyse the data is parametrised as:

=Vk*+ K

where K is the curvature parameter (+1 = closed, 0 = flat, -1 = open).

This form ensures that potential fluctuations are constant per logarithmic interval in
wavenumber K. This is a strong assumption about how primordial fluctuations behave to
scales larger than the curvature scale, and wants to generalize the concept of scale-
invariant fluctuations to scales close to it.

This has not a theoretical motivation, so the x2 shouldn’t be over-interpreted.
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The evidence for a spatially flat Universe

George Efstathiou, Steven Gratton
Objections raised in the paper are:

+ Use of the low multipoles (ell<30) data showing an amplitude suppression as
predicted by a closed universe.

For a curved universe the primordial power spectrum used by the Boltzmann code to
analyse the data is parametrised as:

=Vk*+ K

where K is the curvature parameter (+1 = closed, 0 = flat, -1 = open).

A more accurate predictions for the primordial power spectrum in a
curved Universe can be found in
Handley, Phys. Rev. D100 (2019) 123517,
and this increases the evidence for a closed universe from Planck,
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The evidence for a spatially flat Universe

George Efstathiou, Steven Gratton

Objections raised in the paper are:

- Possible statistical fluctuation or possible systematics in Planck.

Agree! We need more data!



The latest ACT results
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ACT-DR4 2020, Aiola et al., arXiv:2007.07288 [astro-ph.CO]



The curvature of the universe

Di Valentino et al. in preparation

Planck (plik) ==
Planck (camspec) ==
ACTH+WMAP =

—0.12 —0.08 —0.04 0.00
Qx

From this analysis we can learn two things:

- the Qk prior and the low-lI multipoles are not
important

- new camspec prefers QQk <0 at more than
99% CL and it is in disagreement with the
BAO data.

Planck (camspec)
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- The latest ACT results

To thicken the mystery we have the
new ACT results:

| o i — \\\\ p 3 . . ACT
J ‘ P : ., . : _ ACT+WMAP
(N ; g TN B 4 _ Planck

-0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04
Qk

ACT
ACT+WMAP

ACT-DR4 + WMAP give at 68% CL also

Netf = 2.46 + 0.26
ruling out a third neutrino at about 2.80.

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Nets

ACT-DR4 2020, Aiola et al., arXiv:2007.07288 [astro-ph.CO]



The latest ACT results

Handley and Lemos, arXiv:2007.08496 [astro-ph.CO]
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3 Planck vs SPT  16.8% 1.38¢ Global tensions between
LACT vs Planck+SPT 0.52% 2.790 CMB datasets.

For each pairing of datasets
this is the tension probability
p that such datasets would be
this discordant by (Bayesian)
chance, as well as a
conversion into a Gaussian-
equivalent tension.

Between Planck and ACT
there is a 2.60 tension.
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The latest ACT results

Handley and Lemos, arXiv:2007.08496 [astro-ph.CO]
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And this suspect is
corroborated by the many
other tensions we saw
emerging between the other
cosmological probes.
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The evidence for a spatially flat Universe

George Efstathiou, Steven Gratton

Objections raised in the paper are:

- Indication for a flat universe by combining Planck with other datasets (CMB lensing,
BAO and Pantheon) — in particular Planck + Pantheon not discussed in our paper.

TTTEEE+Pantheon
TTTEEE+Pantheon+lensing




The Dark energy equation of state

If we change the cosmological constant with a Dark Energy with equation
of state w, we are changing the expansion rate of the Universe:

w introduces a geometrical degeneracy with the Hubble constant that is almost
unconstrained using the CMB data only, resulting in agreement with R19.

What happens if we vary all the parameters together?
Planck + Pantheon is still in agreement with a flat Universe?
Can we improve the agreement with HO?



Constraints at 68% cl.

10 parameters: replacing Alens with curvature
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Therefore, now we want to check the robustness of these results further
increasing the number of parameters, in addition to curvature.

Di Valentino et al., arXiv:2003.04935



Constraints at 68% cl.

10 parameters: replacing Alens with curvature
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A combined analysis of the recent Planck angular power spectra with different
luminosity distance measurements is in strong disagreement (at more than 99%
C.L.) with the two main expectations of the standard LCDM model,

l.e., a flat universe and a cosmological constant.

Di Valentino et al., arXiv:2003.04935



Constraints at 68% cl.
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Planck + BAO + Pantheon
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The confidence levels from Planck are clearly below the Qk = 0 line that
describes a flat universe. On the other hand, the Planck data are now in perfect
agreement with the Pantheon, R19, and F20 (Freedman et al. arXiv:2002.01550)
measurements, while they are still in strong tension with the BAO measurements,

so their combination should be considered with some caution.
Di Valentino et al., arXiv:2003.04935




Constraints at 68% cl.
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Moreover, all the 95% confidence regions from the Planck+Pantheon,
Planck+F20, and Planck+R19 datasets are well below the Ok = 0 line. This
clearly shows that the recent claims of a closed universe as being incompatible
with luminosity distance measurements are simply due to the assumption of a

cosmological constant.

Di Valentino et al., arXiv:2003.04935



Constraints at 68% cl.

10 parameters: replacing Alens with curvature
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Indeed, all the three datasets, combined with Planck, exclude a cosmological
constant, clearly preferring a value of w < —1, but their Hubble constant values
that are in tension between themselves.

Di Valentino et al., arXiv:2003.04935



Constraints at 68% cl.

Cosmic Discordance
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In practice, Planck+Pantheon, Planck+R19, and Planck+F20
all exclude both
a cosmological constant and a flat universe at more than 99% C.L.

Di Valentino et al., arXiv:2003.04935



Conclusions

Anomalies and tensions between model dependent observations at early
cosmological time and direct observations at late cosmological time are
stressing the robustness of the ACDM model.

We have an indication for a closed universe by Planck at about 3.40, that
can explain the Alens anomaly, but this increases all the other cosmological
tensions.

When combining Planck with luminosity distance cosmologies, we can rule
out a cosmological constant AND a spatially flat universe. It is interesting to
note that if a closed universe increases the fine-tuning of the theory, the
removal of a cosmological constant, on the other hand, reduces it. It is,
therefore difficult to decide whether a phantom closed model is less or more
theoretically convoluted than ACDM.

The new ACT-DR4 results are thickening the mystery introducing further
tensions.

This picture calls for a more conservative approach when discussing
cosmological bounds on the parameters, and the necessity of further data
and investigations to fully confirm a flat universe.



What is the shape of the Universe?

ARXIV POLL: 94 ANSWERS

@® Closed
® Flat

It's clearly open dude

Vagnozzi, Di Valentino, et al., arXiv:2010.02230 [astro-ph.CO]
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