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ABSTRACT

We study the global agreement between the most recent observations of the cosmic microwave background (CMB) temperature
and polarization anisotropies angular power spectra released by the Atacama Cosmology Telescope and the Planck satellite
in various cosmological models that differ by the inclusion of different combinations of additional parameters. By using the
Suspiciousness statistic, we show that the global ‘CMB tension’ between the two experiments, quantified at the Gaussian
equivalent level of ~ 2.5 ¢ within the baseline Lambda cold dark matter, is reduced at the level of 1.80 when the effective
number of relativistic particles (Ngf) is significantly less than the standard value, while it ranges between 2.3 ¢ and 3.5 ¢ in all

the other extended models.

Key words: cosmic background radiation — cosmological parameters —cosmology: observations.

1 INTRODUCTION

Accurate measurements of the cosmic microwave background
(CMB) are critical to cosmology since any proposed model of the
Universe must be able to explain any feature present in this relic
radiation.

Historically, the first unequivocal observation of the near perfect
black-body spectrum of CMB photons and their tiny temperature
fluctuations was obtained in 1989 by the COBE satellite (Fixsen
et al. 1994; Bennett et al. 1996), opening the so-called epoch of
precision cosmology. Since then, significant efforts have been de-
voted to improve the experimental accuracy and substantially better
measurements of the CMB angular power spectra of temperature
and polarization anisotropies have been released first by the WMAP
satellite (Bennett et al. 2013; Hinshaw et al. 2013) and, more recently,
by the Planck satellite (Aghanim et al. 2020b, a), the Atacama
Cosmology Telescope (ACT-DR4) (Aiola et al. 2020; Choi et al.
2020) and the South Pole Telescope (SPT; Benson et al. 2014;
Dutcher et al. 2021).

All these independent CMB experiments are broadly in agreement
with a vanilla Lambda cold dark matter (ACDM) model of structure
formation that, along the years, has been established as the standard
concordance model of cosmology. It describes a spatially flat Uni-
verse dominated at late times by a cosmological constant A and in
which the majority of matter interacts only gravitationally. We call
this type of CDM and parametrize it as a perfect fluid of collisionless
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particles. In addition, to set the appropriate initial condition, we
introduce an early phase of cosmological inflation (Guth 1981) that
is supposed to drive the Universe towards spatial flatness and large-
scale homogeneity; providing, at the same time, a robust framework
for explaining the origin of primordial density fluctuations. Last but
not least, we assume that General Relativity is the correct theory
of gravitation and that the other fundamental interactions obey the
Standard Model of particle physics.

However, the three major unknown ingredients of the standard
cosmological model (i.e. Inflation, Dark Matter and Dark Energy),
although absolutely necessary to explain observations, still lack solid
theoretical interpretations and direct experimental measurements.
In this sense, ACDM resembles a phenomenological data-driven
approximation to a more accurate scenario that has yet to be
fully explored (or even understood) on a more fundamental level.
Therefore, it is entirely plausible that the same model may prove
inadequate to fit more precise observations from widely different
cosmic epochs and scales. Interestingly, in recent years, as error-bars
on cosmological parameters begun to narrow, intriguing tensions and
anomalies have emerged at different statistical levels (see e.g. Di
Valentino et al. 2021b, c, e; Abdalla et al. 2022 and references
therein).

The most significant problem is the so-called Hubble tension:
a 5.30 inconsistency (Riess et al. 2022b) between the value of
the Hubble constant measured by the SHOES collaboration using
luminosity distances of Type Ia supernovae calibrated by Cepheids
(see also Riess et al. 2022a that gives Hy = 73 £ 1 km s~! Mpc™!)
and the result obtained by Planck satellite (Aghanim et al. 2020c;
Hy=67.4+05kms™! Mpc~"). And while all of the early time H

© 2023 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

€20z ABIN 92 U0 Josn piaways Jo Ayisioniun Aq G89/869/012/1/02S/I0IMe/SEIUW/Woo"dNo-ojwapede//:sdny Wwoly papeojumoq



estimates assuming a ACDM model are in agreement with Planck,
all of the late-time measurements are instead in agreement with
SHOES [see Di Valentino et al. (2021a), Di Valentino et al. (2021c),
Perivolaropoulos & Skara (2022), Abdalla et al. (2022), and refer-
ences therein], and the tension persists even when removing some
of the measurements (see Verde, Treu & Riess 2019; Riess 2019;
Di Valentino 2021; Di Valentino 2022). Other minor yet relevant
tensions concern the value of the clustering parameters Ss and og,
now above 30, inferred by CMB and weak lensing experiments (Di
Valentino et al. 2021b; Heymans et al. 2021; Troster et al. 2021;
Abbott et al. 2022; Secco et al. 2022), the Planck anomalous
preference for a higher lensing amplitude at about 2.8 standard
deviations (Aghanim et al. 2020c; Di Valentino, Melchiorri & Silk
2020, 2021f) and the indication for a closed Universe at level of 3.4
standard deviations (Di Valentino, Melchiorri & Silk 2019; Aghanim
et al. 2020c; Handley 2021), often in disagreement with other
complementary astrophysical observables, such as Baryon Acoustic
Oscillation (BAO) measurements (Beutler et al. 2011; Ross et al.
2015; Alam et al. 2017) when combined with Planck.

Excitingly, these discrepancies among CMB and CMB-
independent surveys may hint at new physics beyond ACDM, but
may reflect also the presence of important observational systematics
in either or both choices of data sets. In this regard, comparing
results of multiple CMB measurements is certainly a good method to
question the nature of such anomalies and discriminate between the
two possibilities (Di Valentino et al. 2022). For this reason, appro-
priate statistical methods have been developed to accurately quantify
the consistency between independent CMB experiments (Charnock,
Battye & Moss 2017; Lin & Ishak 2021; Handley & Lemos 2019)
and in Handley & Lemos (2021) it was shown that, within the ACDM
model of cosmology, ACT-DR4 is in mild-to-moderate tension with
Planck and SPT, at a Gaussian equivalent level of 2.60 and 2.40,
respectively. This controversial tension, in between 20 and 3o, is
worthy of being further investigated if we want to use CMB data to
do ‘precision cosmology’ and derive constraints on the fundamental
physics.

In this Letter, focusing exclusively on the two most constraining
CMB experiments, we extend this analysis and quantify the global
‘CMB tension” between ACT-DR4 and Planck in various extended
models of cosmology that differ from the baseline case by the
inclusion of different combinations of additional parameters. We
show that including extra degrees of freedom in the fit hardly
accommodates the global tension between these two data sets,
but remarkable exceptions are observed in models with less dark
radiation at recombination as quantified by N.g, where the tension is
reduced up to 1.80.

2 STATISTICAL ANALYSIS

Aiming to quantify the global consistency between Planck and ACT-
DR4 in extended models of cosmology, we start by considering the
standard ACDM scenario described by the usual set of six parameters

Oncom = {Qh?, Qch®, Ouc, T, 1og(10'°As), ny} (1

and proceed by relaxing some of the underlying assumption for
this baseline case, introducing the possibilities to have a different
lensing amplitude than in General Relativity (Aje,s # 1), a number of
relativistic species in the early Universe different from predictions
of the Standard Model of particle physics (Neg # 3.04), a non-flat
space-time geometry (€2, # 0), a generic dark energy equation of
state (w # —1), massive neutrinos (3> _m, > 0) and a non-vanishing
running of the scalar spectral index («; = dny/dlogk # 0). In this
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way, we analyse many extended cosmological models that difter for
the inclusion of different combinations of N additional parameters 6;

0 € {Alens » Netr» %, w, va, o} ()

for a total number of free degrees of freedoms

d = dim (@rcom | J 1621,..x) =6+ N 3
that, in our analysis, ranges between d = 7 and d = 11 (i.e. from
minimal extensions up to N = 5 more parameters than ACDM).

For each cosmological model, using the publicly available package
CosmoMC (Lewis & Bridle 2002; Lewis 2013) and computing the
cosmological model exploiting the latest version of the Boltzmann
code CAMB (Lewis, Challinor & Lasenby 2000; Howlett et al. 2012),
we perform a full Monte Carlo Markov Chain (MCMC) analysis
of the observations of the CMB provided by Planck and ACT. In
particular, we exploit the Planck 2018 temperature and polarization
(TT TE EE) likelihood (Aghanim et al. 2020a, b, c), which also
includes low multipole data (¢ < 30) and the Atacama Cosmology
Telescope DR4 likelihood (Choi et al. 2020) with a Gaussian prior
on t = 0.065 £ 0.015, as done in Aiola et al. (2020).

We explore the posteriors of our parameter space using the MCMC
sampler developed for CosmoMC and tailored for parameter spaces
with a speed hierarchy which also implements the ‘fast dragging’
procedure described in Neal (2005). The convergence of the chains
obtained with this procedure is tested using the Gelman—Rubin
criterion (Gelman & Rubin 1992) and we choose as a threshold
for chain convergence R — 1 < 0.01.

In order to quantify the global consistency in these extended
parameter spaces and compare our results with the existing ones
for the baseline case (Handley & Lemos 2021), we retrace the same
methodology outlined in (Handley & Lemos 2019, 2021). In particu-
lar, we make use of the so-called Suspiciousness statistics introduced
in (Handley & Lemos 2019) to address undesired dependencies on
the prior volume. The basic idea is to divide the Bayes Ratio into
two components: a prior-dependent part (the Information /) and a
prior-independent term, the Suspiciousness S. It is important to keep
in mind that while ACT and Planck both independently measure
the temperature and polarization angular power spectra of the CMB,
the two data sets are not completely independent due to an overlap
in measured multipole range (i.e. the two experiments are partially
measuring the same sky). Therefore, to properly analyse any potential
tension between these correlated data sets, the techniques outlined
in (Lemos et al. 2020) should be used. However, currently no joint
likelihood for these data sets exists. Assuming uncorrelated-data sets
and Gaussian-like posterior distributions for parameters with means
@ and covariance matrix X, the Suspiciousness can be estimated
as Handley & Lemos (2019) and Handley & Lemos (2021)

X2

d
log$ =2 — 2 4
og ) 4)

where the x? is given by
x* = (a — 1) (Za + )~ (a4 — 12p) )
with [A, B] = [Planck, ACT]. Notice that the x> can be converted

easily into a tension probability by the survival function of the x?
distribution

00 yd/2~1g-x/2
p:/ ——dx (6)
2 20°T(d)2)
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Table 1. Global tension between Planck and ACT-DR4 in different (extended) models of cosmology.
For each model, we report the number of free parameters d by equation (3), the x? calculated
by equation (5), the corresponding tension probability p estimated by equation (6), the Suspiciousness
from equation (4), and finally the Gaussian-equivalent tension by equation (7). We report the minimal
one-parameter extensions of the baseline ACDM model above the line and the higher dimensional

cosmological model below the line.

Cosmological model d X )4 log S Tension
ACDM 6 16.3 0.012 -5.17 2510
ACDM + Ajens 7 18.5 0.00977 -5.77 2.58¢
ACDM + Negy 7 13 0.0719 -3 1.800
ACDM + Qi 7 16.5 0.0209 —4.75 23lo
wCDM 7 16.8 0.0187 —4.9 2350
ACDM + > m, 7 20.7 0.00421 —6.86 2860
ACDM + a 7 20.6 0.00448 —6.78 2840
wCDM + @ 8 17.6 0.0249 —4.78 2240
ACDM + Qi + >-m, 8 21.2 0.00651 —6.62 2720
wCDM + Q¢ + >_m, 9 19.8 0.0195 —5.38 2340
wCDM + Q¢ + > m, + Nefr 10 18.8 0.0434 —4.38 2.020
wCDM + @ + > my + o 10 22 0.015 —6.01 2430
wCDM + € + Negr + o 10 20.9 0.0218 —5.45 2290
wCDM + > m,, + Negr + o5 10 31.1 0.000575 —10.5 3440
wCDM + Q¢ + > my, + Negr + o 11 24.7 0.0102 —6.83 2570

and, ultimately, into a Gaussian equivalent tension via the inverse
error function:

o(p) = 2erfc™'(1 - p). )

Despite this procedure having a number of caveats and limitations,
offering only an approximated method of assessing consistency
among uncorrelated data sets, in this work we judge it good enough to
identify major inconsistencies in the two data sets. At the same time,
this methodology has the benefit of providing a synthetic picture
of how such inconsistencies change in extended parameter-spaces,
without introducing any bias due to the prior volume effects.!

3 RESULTS AND DISCUSSION

In Table 1, we summarize the results obtained following the statistical
method outlined in the previous section, while in Table 2, we provide
the numerical constraints on the additional parameters included in
our MCMC analysis, both for Planck and ACT.

Notice that within the standard ACDM cosmological model, we
recover essentially the same results already discussed in Handley &
Lemos (2021), quantifying the global tension between the two
experiments at the level of 2.5¢. This should be regarded as the
starting point of our investigation where we would like to address
the following question: ‘is there an extension able to accommodate
(or even reduce convincingly) this tension?’.

By applying the same methodology to the different cosmological
models listed in Table 1, we observe that all the cases analyzed
in this Letter are largely unable to fully solve the global tension
between the two data sets. In particular, in some cases, the tension
is even increased with respect to the baseline scenario while in most
models the disagreement is in fact reduced, but never in a definitive

'"We note that the procedure assumes the parameter posterior distribution
functions to be Gaussian distributed in such a way that what we called
x? in equation (5), is actually x? distributed. While this is of course not
exactly true for some additional parameters considered in our analysis, the
vast majorities of the cosmological parameters show Gaussian-like posterior

distributions within a very good level of accuracy.

MNRAS 520, 210-215 (2023)

or convincing way, remaining always above 2 standard deviations
(see also Fig. 1).

The only exception in which the disagreement between ACT-
DR4 and Planck is reduced below the threshold of 2o, is the
minimal extension ACDM 4+ N where the effective number of
relativistic degrees of freedom, N, can vary freely. In this case,
our analysis confirms previous results discussed in literature (Aiola
et al. 2020) about a mild-to-moderate preference of the ACT-DR4
data for smaller amounts of radiation in the early Universe than
expected in the Standard Model of particle physics® (Ne = 2.35704
at 68 percent CL). However, it is interesting to point out that
this parameter can partially reduce the disagreement between the
two experiments at the Gaussian equivalent level of 1.8 standard
deviations.

While such a reduction is clearly not significant enough to claim
this model fits the measurements provided by two most constraining
CMB observations better than ACDM, it is worth noting that all
the other minimal one-parameter extensions perform worse, with
the tension always ranging between 2.9¢ (i.e., increasing with
respect to the baseline case) and 2.3 o (i.e. only slightly reducing
the discrepancy). In particular, allowing a non-standard lensing
amplitude Ajeps 7 1 in the cosmological model, we do not observe
great changes in the consistency between the two experiments and
estimate a global tension of about 2.6 o, close to the ACDM result.
On the other hand, considering the possibility of non-flat background
geometries or a non-standard Dark Energy equation of state, the
tension between Planck and ACT-DR4 slightly reduces to ~ 2.3 ¢.

2In the case of three active massless neutrinos, the Standard Model of
particle physics predicts Neif = 3.044 (Mangano et al. 2005; Archidiacono,
Calabrese & Melchiorri 2011; de Salas & Pastor 2016; Akita & Yamaguchi
2020; Froustey, Pitrou & Volpe 2020; Bennett et al. 2021), while larger
(smaller) values are possible if additional (less) relativistic degrees of freedom
are present in the early Universe (see e.g. Di Valentino et al. 2012; Di
Valentino, Melchiorri & Mena 2013; Baumann, Green & Wallisch 2016;
Di Valentino et al. 2016; Gariazzo et al. 2016; Giare et al. 2021, 2022; An
et al. 2022; Archidiacono & Gariazzo 2022; D’Eramo et al. 2022; and the
references therein).
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Table 2. Constraint at 68 per cent CL on the extended model parameters for Planck and ACT-DR4.

Cosmological model Data set Alens Nest Qe w > my(eV) o

ACDM + Ajens Planck  1.180 £ 0.065 - - - - -
ACT-DR4 1017019 - - - - -

ACDM + Negy Planck - 2.92+0.19 - - - -
ACT-DR4 - 2.357949 - - - -

ACDM + € Planck - - —0.0441001% - - -
ACT-DR4 - - —0.005100 - - -

wCDM Planck - - - —1.58701¢ - -
ACT-DR4 - - - ~1.187040 - -

ACDM + > m, Planck - - - - <0.107 -
ACT-DR4 - - - - <147 -

ACDM + a Planck - - - - - —0.005510:0042
ACT-DR4 - - - - - 0.060 £ 0.028

wCDM + Planck - - —0.046100% —1.307093 - -

+0.049 +0.73

ACT-DR4 - - —0.02970000  —0.84%0 73 - -

ACDM + @ + Ym, Planck - - —0.077+054 - <0.494 -
ACT-DR4 - - —0.1527+0:088 - 2.15 £ 0.69 -

wCDM + @ + Yom, Planck - - —0.07470033  —1.5970:%¢ 0.457012 -
ACT-DR4 - - —0.146" 0083 <—1.30 2174082 -

wCDM + @ + Sm, + oy Planck - - —0.0747908  —1.55739, 0.437038 —0.0005 % 0.0067
ACT-DR4 - - —0.04470:073 <—1.06 2.78 + 0.80 0.100 % 0.034

wCDM + Q¢ + Sy + Ner Planck - 3.044£020  —0.0747905¢ 1571038 0.45701) -
ACT-DR4 - 2324+052  —0.069759% —1.6198 1.78 + 0.66 -

wCDM + Qi + Negr + ot Planck - 297£024  —0.042700%  —1.3070% - —0.0032 £ 0.0081
ACT-DR4 - 2.897 0.01479046 —0.6210% - 0.085 + 0.052

wCDM + S, + Negr + a5 Planck - 2.76 +0.22 - —1.6470-28 <0.139 —0.0098 £ 0.0079
ACT-DR4 - 3.56 £0.77 - —~1.58+0.81  2.83+0.97 0.13279034

wCDM + @ + Yom, + Nefr + o Planck - 3.03£024  —0.0767300  —1.517028 <0.553 —0.0004 £ 0.0084
ACT-DR4 - 375+£080  —0.050700% —1.5%04 2.97 4+ 0.88 0.12970:9%

Conversely, other extensions involving the mass of neutrinos and the
running of the spectral index of primordial inflationary perturbations
generally increase the inconsistency to about 2.9 o. Indeed, as also
pointed out by previous studies (Aiola et al. 2020; Forconi et al.
2021; Di Valentino & Melchiorri 2022), a comparison of the Planck
and ACT-DR4 angular power spectra shows discrepancies at about
the upper limit on total neutrino mass and the value of the running
of the spectral index, with the ACT-DR4 data preferring larger
masses (Aiola et al. 2020; Di Valentino & Melchiorri 2022) and non-
vanishing o (Aiola et al. 2020; Forconi et al. 2021; see also Table 2).
Since these two parameters are only weakly correlated with the other
six standard parameters, their tensions are just summed with those of
the baseline case, increasing the x> by equation (5) and worsening
the general agreement between the two experiments.

Along with the minimal extensions discussed so far, we study
also many higher dimensional cosmological models with two or
more additional parameters. Here, we hazard the hypothesis that
increasing the degrees of freedom of the sample can guarantee more
freedom in the theoretical model to fit the data, possibly representing
a naive way to accommodate the anomalies observed in the CMB
angular power spectra, reduce the global disagreement between the
experiments, and suggest anew ‘concordance model’. This is why we
also analyse very large parameter-spaces with up to 11 free degrees
of freedom. However, from the results displayed in Fig. 1 and listed

in Table 1, it is evident that the disagreement between ACT-DR4 and
Planck is not solved in any such models and we end up in a situation
very similar to that described for the minimal extensions with the
Gaussian equivalent tension now ranging between 2o and 3.50,
depending on the specific combination of parameters. In particular,
the best ‘concordance model’ we find in this case is a phantom
closed scenario with a varying neutrino sector preferring massive
neutrinos (see Table 1), where the global tension is reduced to 2.020
(see Fig. 1).

We therefore conclude that the general disagreement between the
Atacama Cosmology Telescope and the Planck satellite is hard to
accommodate to below lo by naively extending the cosmological
model or by allowing additional parameters to vary. The best
‘concordance model’ that our analysis seems to suggest is a minimal
7 parameter ACDM + N scenario, where Negr < 3.04, i.e. the value
expected for three active massless neutrinos, implying for example
that our current model of e.g. some low-temperature reheating (De
Bernardis, Pagano & Melchiorri 2008; de Salas et al. 2015), may be
able to lower the global tension below the threshold of 2¢. Therefore,
this ‘CMB tension’ may indicate the standard model of the Universe
provides an incorrect or incomplete description of Nature, and our
analysis can suggest that a satisfactory solution could require a
more radical change in the theory, see for instance Di Valentino
et al. (2021c¢), Jedamzik, Pogosian & Zhao (2021), Saridakis et al.
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Global tension

Planck vs ACT
wCDM
ACDM +
ACDM + ¥ m, ’
ACDM + N
ACDM + a;
ACDM + Ajens
wCDM + €
ACDM

Oo 20 30

ACDM + Q. + ¥ m,

wCDM + Q; + ¥ m,

wCDM + Q + 3. my, + Negi

wCDM + Qi + ¥ m, + a

wCDM + Q. + ¥ m, + Negs + ag

wCDM + ¥ m, + Nei + ay

wCDM + Q; + Neir + ay

Figure 1. Gaussian equivalent tension between Planck and ACT-DR4 in extended models of cosmology.

(2021), Di Valentino et al. (2021a), Perivolaropoulos & Skara (2022),
Renzi, Hogg & Giare (2022), Schoneberg et al. (2022), Abdalla
et al. (2022), Di Valentino (2022), and the discussion therein. In
addition, it is plausible that significant unaccounted-for systematics
in the data are producing biased results in one or both experiments
and clearly only independent high-precision CMB temperature and
polarization measurements such as CMB-S4 (Abazajian et al. 2016,
2019, 2022), the Simons Observatory (Abitbol et al. 2019; Ade
et al. 2019), CLASS (Essinger-Hileman et al. 2014), LiteBIRD
(Suzuki et al. 2018), CORE (Delabrouille et al. 2018; Di Valentino
et al. 2018), PICO (Hanany et al. 2019) together with forthcoming
astrophysical probes and experiments such as Euclid (Laureijs et al.
2011; Amendola et al. 2013), DESI (Levi et al. 2013; Aghamousa
et al. 2016), The Roman Space Telescope (Eifler et al. 2021a, b),
and Rubin Observatory (Blum et al. 2022) could provide a definitive
answer (see also Kollmeier et al. 2019; Chluba et al. 2019; Rhodes
et al. 2019; Di Valentino et al. 2021d; Sehgal et al. 2020; Aiola et al.
2022; Blum et al. 2022; Chang et al. 2022 for recent reviews).
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