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A precise measurement of the  
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The curvature of the Universe – The flat � Cold Dark Matter 

 �CDM) cosmological model fits current cosmological observations 

upremely well. Yet, in addition to the well-publicized Hubble con- 

tant ( H 0 ) tension [1] , and tension in the amplitude of mass fluc-

uations σ8 (or related parameter S 8 ) [2] , there are additional odd- 

ties in the Planck 2018 results that deserve further investigation. 

tatistically the most significant among them is the 3 . 4 σ prefer- 

nce for a closed universe [3–5] . Moreover, Planck also favors Mod- 

fied Gravity at > 2 σ [4,6,7] . This overall tension with the standard 

at �CDM model can be recast as an anomalous lensing contri- 

ution to the Cosmic Microwave Background (CMB) power spec- 

ra, described by an unusually high A L parameter [4,8] , which is 

trongly degenerate with curvature �k (see Fig. 1 ). A closed uni- 

erse also alleviates the � 2 σ tension between the low and high 

ultipoles of the CMB angular power spectrum [3,9,10] . This prima 

acie evidence for nonzero curvature can be due to unforeseen sys- 

ematics in the Planck 2018 data, or could simply be a statistical 

uctuation. 

Indeed, while Planck 2018 [4] finds �k = −0 . 044 +0 . 018 
−0 . 015 

1 , i.e. 

k < 0 at about 3 . 4 σ ( �χ2 ∼ −11 ) using the official baseline Plik

ikelihood [11] . The evidence is reduced when considering the 

lternative CamSpec [12] likelihood (see discussion in [13] ), al- 

hough the marginalized constraint still favoring �K < 0 at greater 

han 99% CL ( �k = −0 . 035 +0 . 018 
−0 . 013 

). Moreover, the recent results from

he ground-based experiment ACT, in combination with data from 

he WMAP experiment, are fully compatible with a flat universe 

ith �k = −0 . 001 +0 . 014 
−0 . 010 

, while slightly preferring a closed universe 

hen combined with a portion of the Planck dataset with �k = 

0 . 018 +0 . 013 
−0 . 010 

[14] (see Fig. 2 ). A closed universe is also preferred by

 combination of non-CMB data, by combining Baryon Acoustic Os- 

illation (BAO) measurements [15–17] , supernovae (SNe) distances 

rom the recent Pantheon catalog [18] , baryon density derived from 

easurements of primordial deuterium [19] assuming Big Bang 

ucleosynthesis (BBN). This combination has a much higher H 0 

3] completely in agreement with the SH0ES collaboration value 

19 [20] . Letting the curvature free to vary means to increase both 

he H 0 and the S 8 tensions [3] . Therefore, at the moment there are

ot theoretical models that can explain at the same time all the 

ensions and anomalies we see in the data. On the other hand, 

 flat universe is preferred also by Planck + BAO, or + CMB lens-

ng [21] or + Pantheon data. However these dataset combinations 

re in disagreement at more than 3 σ when the curvature is free 

o vary [3,5] . In addition, though the error bars are so large that 

annot discriminate between the models, a flat Universe is also in 

greement with the analysis made by [22] using the H(z) sample 

rom the cosmic chronometers (CC) and the luminosity distance 
1 All the bounds are reported at 68% confidence level in the text. 

p

s

i

3 
 curvature of the Universe is of prime importance for cosmology since

aradigm of primordial inflation but also help in discriminating between

os. Recent observations, while broadly consistent with a spatially flat stan-

) model, show tensions that still allow (and, in some cases, even suggest)

 a flat universe. In particular, the Planck Cosmic Microwave Background

ominal likelihood, prefer a closed universe at more than 99% confidence

 be at play, this anomaly may be the result of an unresolved systematic

ation. However, since positive curvature allows a larger age of the Uni-

n of the age of the oldest objects provides a smoking gun in confirming

DM model. 

© 2021 Elsevier B.V. All rights reserved. 

Fig. 1. 68% CL and 95% CL contour plots for �k and A L (from Ref. [3] ). 

Fig. 2. 1D posterior distributions on �k (from Ref. [14] ). 

 L (z) from the 1598 quasars ( �k = 0 . 08 ± 0 . 31 ) or the Pan-

heon sample ( �k = −0 . 02 ± 0 . 14 ), in agreement with the previ-

us [23] . Finally, in [24] a combination of BAO+BBN+H0LiCOW 

rovides �k = −0 . 07 +0 . 14 
−0 . 26 

with H 0 in agreement with R19, while 

AO+BBN+CC gives a positive �k = 0 . 28 +0 . 17 
−0 . 28 

. In [13] it has been

ointed out that is hard to believe in a cosmological data con- 

piracy giving �k = 0 . However, a full agreement of the luminos- 

ty distance measurements, like Pantheon or R19, with Planck can 
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e reached also ruling out both, a flat universe and a cosmolog- 

cal constant [25] . The Age of the Universe – The age of the 

niverse is an important piece of the puzzle because it connects 

 0 and �m 

, both of which can be measured in the early and 

he late universe. The age is not just a prediction of the �CDM 

odel, which for Planck 2018 is t U = 13 . 800 ± 0 . 024 Gyr, but can

lso be measured using very old objects. For example, [26] ob- 

ains t U = 13 . 35 ± 0 . 16( stat . ) ± 0 . 5( sys . ) Gyr using populations of

tars in globular clusters. Nevertheless, while robustness and ac- 

uracy tests have been done very extensively for CMB, BAO and 

Ne; the age method has not been validated to the same level 

f confidence. For example, one finds the ages of the oldest stars 

MASS J180820025104378 B equal to t ∗ = 13 . 535 ± 0 . 002 Gyr [27] ,

ut if the scatter among different models to fit for the age is taken 

nto account the age becomes t ∗ = 13 . 0 ± 0 . 6 Gyr [28] . Also the

ge of HD 140283, nominally t ∗ = 14 . 46 ± 0 . 8 Gyr [29] , becomes

 ∗ = 13 . 5 ± 0 . 7 Gyr [28] using the new Gaia parallaxes instead of

riginal HST parallaxes. Therefore, even if at present there is not 

eal tension between the different t u determinations, most of the 

rror in the age estimates comes from the fact that different stel- 

ar models do not agree with each other at the required level of 

recision to be able to help with the tensions in cosmology. Nev- 

rtheless, stellar models can/are expected to improve reducing this 

rror significantly, and this could potentially unveil a tension in the 

ge of the Universe. Trying to alleviate it by changing the Planck 

odel assumptions, would interestingly have an effect on the cos- 

ological tensions. One way to increase the predicted age of the 

niverse, to be larger than the age of oldest stars, is to lower the 

ubble constant because t 0 � 1 /H 0 [30] . For example, a positive 

urvature for the Universe, as suggested by Planck 2018, prefers 

 lower H 0 and thus worsens the Hubble tension, but predicts an 

lder Universe t U = 15 . 31 ± 0 . 47 Gyr. Therefore, it seems that the

ay to address the H 0 crisis if R19 is correct is to introduce an 

xtremely recent (after z ∼ 0 . 1 ) departure from �CDM, requiring a 

reat deal of fine-tuning. 

Future – Detecting a nonzero curvature �k could be due to a 

ocal inhomogeneity biasing our bounds [31] , and in this case CMB 

pectral distortions such as the KSZ effect and Compton-y distor- 

ions, present a viable method to constrain the curvature at a level 

otentially detectable by next-generation experiments. If nonzero 

urvature is evidence for a truly superhorizon departure from flat- 

ess, this will have profound implications for a broad class of infla- 

ionary scenarios. While an open universe is easier to obtain in in- 

ationary models [32–36] , with a fine-tuning at the level of about 

ne percent one can obtain also a semi-realistic model of a closed 

nflationary universe [37,38] . In [39] , it has been shown that forth- 

oming surveys, when combined, are likely to place constraints on 

he spatial curvature of ∼ 10 −3 at 95% CL, enough for solving the 

urrent anomaly in the Planck data. Experiments like Euclid and 

KA, instead, may further produce tighter measurements of �k by 

elping to break parameter degeneracies [40,41] . 

Summary – In these four LoIs [1,2,42] we presented a snap- 

hot, at the beginning of the SNOWMASS process, of the concor- 

ance �CDM model and its connections with the experiment. This 

s a cutting-edge field in the area of cosmology, with much growth 

ver the last decade. On the experimental side, we have learned 

hat it is important to have multiple precise and robust measure- 

ents of the same observable, with blinded analysis of experimen- 

al data. This provides a unique opportunity to study the same 

hysics from different points of view. On the theory side, on the 

ther hand, it is really important having robust and testable pre- 

ictions for the proposed physical models that can be probed with 

he data. With the synergy between these two sides, significant 

rogress can be made to answer fundamental physics questions. 

uring the SNOWMASS process we plan to monitor the new ad- 
4 
ances in the field to come out with a clear roadmap for the com- 

ng decades. 
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