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We present an updated data-analysis comparison of the most recent observations of the cosmic
microwave background temperature anisotropies and polarization angular power spectra released by four
different experiments: the Planck satellite on one side, and the Atacama Cosmology Telescope (ACTPol)
and the South Pole Telescope (SPT-3G), combined with the WMARP satellite 9-years observation data in
order to be “Planck-independent” on the other side. We investigate in a systematic way 8 extended
cosmological models that differ from the baseline ACDM case by the inclusion of many different
combinations of additional degrees of freedom, with the aim of finding a viable minimal extended model
that can bring all the CMB experiments in agreement. Our analysis provides several hints for anomalies in
the CMB angular power spectra in tension with the standard cosmological model that persist even in these
multiparameter spaces. This indicates that either significant unaccounted-for systematics in the CMB data
are producing biased results or that ACDM is an incorrect/incomplete description of Nature. We conclude
that only future independent high-precision CMB temperature and polarization measurements could

provide a definitive answer.
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I. INTRODUCTION

The measurements of cosmic microwave background
(CMB) temperature anisotropies and polarization angular
power spectra provided by the Planck satellite [1,2], while
broadly in agreement with the expectations of the standard
ACDM model of cosmology [3], show intriguing anoma-
lies that clearly deserve further investigation. In particular,
the Planck data show a higher lensing amplitude at about
2.8 standard deviations [4,5]. Since more lensing is
expected with more cold dark matter (CDM), this immedi-
ately recasts a preference for a closed Universe that also
helps in explaining some large-scale anomalies in the data,
like the deficit of amplitude in the quadrupole and octupole
modes. Consequently, the final indication for a closed
Universe reaches the level of 3.4 standard deviations [6,7],
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even higher than the lensing amplitude anomaly. This is
clearly an unexpected result since there are several other
complementary astrophysical observables, like baryon
acoustic oscillation (BAO) measurements [8—10], that are
in tension with a closed Universe when combined with the
Planck data [6]. In addition, the widely known tension
between the value of the Hubble constant measured by the
SHOES collaboration using luminosity distances of type Ia
supernovae [11] (Hy =73 £ 1 Km/s/Mpc) and the value
inferred by the Planck satellite from the CMB observations
[3] (Hy=67.4+0.5 Km/s/Mpc) recently crossed the
symbolic limit of 5 standard deviations (see also
Ref. [12] where the disagreement reached 5.3¢), basically
ruling out the possibility of a statistical fluke. The in-
triguing characteristic is that none of the late time universe
measurements, that agree very well with the SHOES result,
give a value below the early universe measurements, that
agree very well with Planck, and vice-versa. Among them
we can list the late universe results based on the SNIa
calibrated with the Tip of the Red Giant Branch [13-16],
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the surface brightness fluctuation measurements [17-19],
the type II Supernovae [20,21], the Megamaser Cosmology
Project [22], the strongly lensed quasars [23-28]. While in
the early universe we have the alternative CMB data
released by the Atacama Cosmology Telescope (ACT)
[29,30] and South Pole Telescope (SPT) [31,32], and large
scale structure measurements [33-37], all of them prefer-
ring a lower H, value and assuming the standard ACDM
model. Since inferring the value of the present day
expansion rate from observations of the early Universe
(i.e. the CMB) necessarily requires a cosmological model,
this tension seriously questions the validity of the baseline
ACDM scenario, reveling either the presence of important
observational systematics in the data or the need for new
physics (see, e.g., Ref. [38—44] for recent reviews). Also,
we shouldn’t forget the Sg = 03+/Q,,/0.3 tension between
the value estimated by Planck and the weak lensing
measurements KiDS-1000 [45] or DES-y3 [46], assuming
a ACDM model, at 2 —30 level. Therefore, precise
measurements of the cosmological parameters beyond
Planck are certainly needed to shed light on the nature
of these tensions and anomalies as well as to independently
test the theoretical assumptions underlying the standard
paradigm of modern cosmology.

Thanks to the new measurements of CMB temperature
anisotropies and polarization recently released by ACT
[29,30] and SPT [31,32], this is now possible. Indeed, when
combined with the WMAP 9-year observation data, these
experiments produce cosmological bounds that, while
typically less constraining than those obtained by the
Planck collaboration [30,47,48], may be enough tight for
accurate independent tests of the Planck results [49].

Interestingly, the combination of the Atacama Cosmology
Telescope and WMAP data fully confirms the inflationary
prediction for a spatially flat Universe [30], possibly leading
weight to the hypothesis of a statistical fluctuation or an
undetected systematic as a solution of the Planck curvature
anomaly. Consequently, also the lensing amplitude is now in
agreement with the ACDM expectations. However, the same
dataset also shows other mild deviations from the baseline
ACDM scenario [30]. In particular, the effective number of
relativistic degrees of freedom in the early Universe is
constrained to N = 2.46 £ 0.26 at 68% confidence level
(CL hereafter); in disagreement at about two standard
deviations with the reference value N = 3.04 predicted
by the Standard Model of particle physics for three active
neutrinos [50-55]. Furthermore, also the running of the
spectral index dn,/dlog k, usually expected to be of order
~(1—n,)> <1072 in single-field slow-roll inflation
[56,57], turns out to be slightly anomalous as a mild
preference for a positive running of dn,/dlog k = 0.0128 +
0.081 at 68% CL is observed [30,58]. In addition, the
constraints on the neutrino mass are quite relaxed with
respect to the Planck limits, even suggesting a nonvanishing
> m, ~0.7 eV at about one standard deviation, see also

Ref. [59]. Finally, there is evidence for early dark energy at
more than 99% CL [60,61].

The question we would like to address in this paper is
whether by moving to an extended parameter-space these
“new” Planck-independent anomalies present in the CMB
experiments, rather than be discrepant with other non-CMB
observations, remain a robust predication of the CMB data
and if they have any impact on the constraints of the
extended scenarios. In other words, moving to extended
cosmological models where all the unknown parameters are
let to vary freely, does the evidence for a flat Universe,
massive neutrinos, a smaller number of relativistic degrees
of freedom and a positive running of the inflationary
spectral index persist? Are the predictions of the different
CMB experiments consistent? Notice that an important
point to keep in mind is that in this case the constraints are
obtained after marginalization over the nuisance but also
“anomalous” parameters and therefore provide more robust
determination with respect to the results inferred with the
extra parameters fixed at ACDM. In light of the above-
mentioned cosmological tensions, answering these ques-
tions represent a crucial step both for theoretical and
observational cosmology.

Our paper is organized as follows: in Sec. II we describe
both the additional parameters introduced in the sample and
our data-analysis methodology; in Sec. III we present a
systematic analysis of the results model by model and
parameter by parameter; finally, in Sec. IV, exploiting the
outcomes of our investigation, we draw some general
conclusions about the different anomalies observed in
the data, highlighting several possible hints for new physics
beyond ACDM.

II. METHOD

Our data-analysis method follows the same procedure
already used in several previous papers for the Planck data:
starting from the baseline ACDM cosmological model,' we
proceed by including different combinations of additional
parameters. For each extension to ACDM, we perform a
Markov chain Monte Carlo (MCMC) analysis using the
publicly available package cosMomc [62,63] and comput-
ing the cosmological model exploiting the latest version of
the Boltzmann code caMB [64,65]. We vary the cosmo-
logical parameters in a range of external and conservative
priors listed in Table I and 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”

'We recall that the baseline ACDM model has six free-
parameters: the baryon @, = Q h> and cold dark matter o, =
Q.h? energy densities, the angular size of the horizon at the last
scattering surface Oy, the optical depth 7z, the amplitude of
primordial scalar perturbation log(10'°Ag) and the scalar spectral
index n.
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TABLE I. List of the parameters used in the MCMC sampling
and their external flat priors. For ACTPol + WMAP and
SPT3G + WMAP we additionally include a Gaussian prior on
7= 0.065 £ 0.015.

Parameter Prior

Q h? [0.005, 0.1]
Q.h? [0.001, 0.99]
1000y;c [0.5, 10]
T [0.01, 0.8]
log(10'°4,) [1.61, 3.91]
ng [0.8, 1.2]
Q [-0.3,0.3]
w [-3,1]
a, = dng/dlogk [-1,1]
M,=> m, (eV) [0.06, 5]
Negr [0.05, 10]

procedure described in Ref. [66]. The convergence of the
chains obtained with this procedure is tested using the
Gelman-Rubin criterion [67] and we choose as a threshold
for chain convergence R — 1 < 0.02. As is common in the
literature, the marginalized posteriors are obtained for each
parameter, confidence levels are derived by symmetrically
integrating the posterior around the best fit. We like to
stress that the confidence levels at one standard deviation
reported in the tables are around the mean value and that
doubling them will not immediately provide confidence
levels at two standard deviations unless the posterior is well
described by a Gaussian function. Since, given the param-
eter degeneracy in our extended analysis, this will often not
be the case, we warn the reader to carefully carefully the
confidence limits at one standard deviation reported in
the tables. To improve the readability, we highlighted in
boldface in the Tables the parameter constraints that are
different from the standard value at more than 95% CL.

A. Cosmological models

We analyze different extended models of cosmology that
differ from the baseline case for two or more additional
degrees of freedom resulting from modifications to the
following sectors

Curvature: we relax the inflationary predictions for a flat

Universe [68] and allow for curved background
geometries parametrized by the curvature density
parameter Q;, =1 —Q defined in such a way that
negative (positive) values correspond to a spatially
closed (opened) Universe. Notice also that while the
vast majority of inflationary models naturally predict
spatial flatness (i.e., €; = 0), inflation in a curved
Universe has been largely discussed in literature (see,
e.g., Refs. [58,69-80]) and models with Q; < 0 can
be build, as well.

Dark energy: we relax the assumption w = w, = —1

for dark energy equation of state, leaving instead w a

free parameter. We refer to this class of models as
wCDM.

Inflation: we relax the assumption of scale-invariant
spectral index of primordial perturbations introducing
a weak scale-dependence in the primordial spectrum
modeled by the running of the scalar tilt a; =
dng/dlogk that quantifies the rate of change of ng
per Hubble time (we recall that d/dlogk = 1/Hd/dt
during inflation [56]). In this case we parametrize the
primordial scalar spectrum as

log P, (k) = log A + (ng — 1) log (k/k,)
+ 3 log? (k/k.) (1)

where k., denotes an arbitrary pivot scale that we
choose to be k, = 0.05 Mpc~! along all this work.

Neutrinos: as robustly indicated by oscillation experi-
ments [81,82], we consider neutrinos as massive
particles, leaving their total mass M, = > _ m, a free
parameter of the model. Indeed, while current oscil-
lation experiments have provided a conclusive evi-
dence for a nonvanishing mass by measuring the mass
difference between neutrino flavors, its total value
remains unknown and laboratory experiments only
place a lower bound > m, = 0.05 eV [83]. Cosmol-
ogy provides a powerful (although indirect) mean to
constrain their mass (see, e.g., Refs [59,84-98]).

Dark radiation: we leave the effective number of
relativistic degrees of freedom N a free parameter
of the cosmological model. We recall that it is defined
by the relation

7 [ 4\43
Prad = {1 + 3 (ﬁ) Neffi| Pys (2)

with p, the present cosmic microwave background
(CMB) energy-density and that it counts the effective
number of relativistic particles at recombination. In
the case of three active massless neutrinos, the
Standard Model of particle physics predicts N =
3.044 [50-55]. However, larger (smaller) values are
possible if additional (less) relativistic degrees of
freedom are present in the early Universe (see, e.g.,
Refs [44,96,99-110]).

Notice that, while there is not a reason to prefer any
particular extended model, studying all the possible com-
binations arising from these extra parameters would be too
expensive in terms of computational time. Therefore we
will focus only on a sample of 8 extended models with up
to 11 free parameters (5 more than the baseline case) which
is large enough to allow us to derive some general reliable
conclusions.
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B. Data

Our baseline datasets consist of the observations of the
cosmic microwave background provided by the following
independent experiments:

Planck 2018 temperature and polarization (TT TE EE)
likelihood [3,111,112], which also includes low multi-
pole data (£ < 30). We refer to this combination as
“Planck (TT TE EE).”

Atacama Cosmology Telescope DR4 likelihood [29],
combined with WMAP 9-years observations data
[113] and a Gaussian prior on 7 = 0.065 4 0.015,
as done in Ref [114]. We refer to this dataset
combination as “ACTPol + WMAP.”

South Pole Telescope polarization measurements
SPT-3G [32] combined with WMAP 9-years obser-
vations data [113] and a Gaussian prior on 7 =
0.065 4+ 0.015. We refer to this dataset combination
as “SPT-3G + WMAP.”

In addition, we simulate Planck temperature and polari-
zation data assuming a best-fit flat ACDM model, reported
in Table II, and experimental noise properties similar to
those reported in the Planck 2018 release, using the same
methodology of Refs. [6,115]. In other words, we compute
the theoretical CMB temperature and polarization angular
power spectra C,’s with cCAMB [64], and we assume an
instrumental noise N, such as

Ny, =wlexp(£(¢ + 1)6%/81n2), (3)

where 0 is the experimental FWHM angular resolution of
the beam and w™! is experimental sensitivity of Planck, as
presented in the Planck legacy release [112].

For each model, we perform a MCMC analysis over
these simulated data to forecast the expected bounds on
parameters and their correlations. In this way, we can
evaluate any possible bias due to the large volume of the
parameter space (that we shortly indicate as “‘volume
effect” hereafter) and distinguish actual anomalies from
sample bias effects. We refer to the simulated data as
“Planck (forecasts).”

Finally, we often test the robustness of our results by
combining the above mentioned measurements of the

TABLE II. Fiducial values for the parameters adopted for the
simulated Planck data, assuming a ACDM model.

Parameter Fiducial value
Q,h? 0.02236

Q. h? 0.1202
1000y¢ 1.04090

T 0.0544
log(101°4;) 3.045

n 0.9649

cosmic microwave background with the following CMB-
independent astrophysical observations:

Baryon acoustic oscillations (BAO) measurements ex-
tracted from data from the 6dFGS [8], SDSS MGS [9]
and BOSS DR12 [10] surveys. We refer to this dataset
combination as “BAO.”

Type la Supernovae (SNela) distance moduli measure-
ments from the Pantheon sample [116]. We refer to
this dataset as “Pantheon.”

III. RESULTS

In this section we present and discuss in a systematic
way the results obtained following the methodology out-
lined in Sec. II. In particular, we dedicate a different
subsection to each model analyzed in the work, providing
always a table with the final results on the cosmological
parameters at 68% CL and a triangular plot with the 68%
and 95% CL marginalized probability contours. In all the
tables, together with the constraints on the free parameters,
we include also the results for the Hubble constant
Hy(= 100h Km/s/Mpc); the parameter oy that quantifies
the amplitude of the power spectrum on scales of
8h~! Mpc; the present day matter density parameter €2,,;

the combination Sg = 03+/%Q,,/0.3; and the comoving
sound horizon at the end of the baryonic-drag-epoch
Tdrag- INotice that all these derived quantities are directly
connected to different cosmological tensions and anomalies
[38,44,117]. Hence it is particularly interesting to study
how the differences among independent datasets and
experiments are recast into them. For this reason, in each
subsection, we provide a concise discussion of the most
interesting findings, listing and interpreting the results
obtained for the relevant parameters.

A. ACDM +;+ > m,

We start by analyzing an extension to ACDM which
involves the spatial curvature parameter {; and the total
neutrino mass Y  m, as additional degrees of freedom. The
numerical constraints on the parameters are provided in
Table III, while the correlation plots in Fig. 1. Please note
the significant non-Gaussianity of several posteriors in
Fig. 1 that suggest a careful interpretation of the errors at
one standard deviation in Table III.

A detailed analysis of the results obtained for the
different experiments leads us to draw the following
conclusions.

(Hy) Both Planck (TT TE EE) and ACTPol + WMAP
prefer low expansion rate with the final con-
straints reading Hy =48 +5 Km/s/Mpc and
H, = 54%] Km/s/Mpc, respectively. These val-
ues are smaller compared to the results usually
obtained within the baseline case and so, despite
the large errors, they are both in tension with
the direct measurement of the Hubble constant
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TABLE III.  Constraints on cosmological parameters at 68% CL [95% CL] for ACDM + Q; + > m,.
Parameter Planck (LCDM forecasts) Planck 2018 (TT TE EE) ACTPol + WMAP SPT-3G + WMAP
Qph? 0.02229 £+ 0.00017 0.02253 +0.00018 0.02222 £+ 0.00021 0.02250 £ 0.00025
Q.h? 0.1204 £ 0.0017 0.1184 £ 0.0015 0.1220 £0.0029  0.1172 £+ 0.0031
1000yc 1.04069 =+ 0.00041 1.04097 £ 0.00035 1.04130 £ 0.00066 1.03930 £ 0.00071
T 0.052 £ 0.011 0.0480 £ 0.0082 0.062 £ 0.013 0.063 £0.013
log(10'0Ag) 3.040 + 0.021 3.027 £0.017 3.069 + 0.026 3.050 £ 0.026
ng 0.9633 £ 0.0047 0.9688 £ 0.0050 0.9658 £0.0074  0.9677 £ 0.0084
& ~0.020°987% —007TTHNN[S 002000 ~0.0009°008
>m, (eV) <0.563 <0.494 0.827 0347058 0.48%045

H, (Km/s/Mpc) 58+7 48+ 5 54%] 65.2+72

oy 0.721700% 0.687-00re 0.6647 0057 0.714750%

Sg 0.870 £ 0.055 1.010 £ 0.051 0.884 +0.072 0.766 £ 0.060
Q, 0.45510975 0.67-09 0.567049 0.3551004
Tarag (MpC) 146.92 £ 0.40 147.23 £0.33 146.33 £0.76 147.53 £0.77

recently provided by the SHOES collaboration
(Hy =73 £1 Km/s/Mpc); respectively at 4.9¢
and 2.70. However, they are both in line with
our forecasts for Planck-like experiments
(Hy =58 £7 Km/s/Mpc), providing evidence

I SPT-3G+WMAP

Il ACTPol+WMAP
Il Planck 2018 (TT TE EE)

that the values of H, inferred by CMB data
are largely sensitive to the underlying cosmologi-
cal model and its assumptions. As concerns
SPT-3G + WMAP, this is the only dataset that
still predicts Hy = 65.2 £ 7.2 Km/s/Mpc, close

0.00f

Qk

—-0.16 S

-

'\ @ ]

0.940.96 0.98
ns

FIG. 1. Triangular plot showing the 1D
ACDM + Q; + > m,.
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to the usual ACDM result. Due to the large error
bars, this value is compatible with SHOES, as well.

() The Planck (TT TE EE) data show a definite
preference for a closed Universe (€2, < 0) at more
than 99% C.L, i.e., —0.20 < Q; < —0.01 (please
note the significant non-Gaussianity of the pos-
terior). However, this preference is not observed in
the forecasted results for the simulated data where
flatness is in fact recovered well within 1o. Hence,
we conclude that it does not reflect any sample
volume effect, but it is related to genuine features in
the Planck data, which remain essentially as un-
explained within the baseline ACDM model of
cosmology. Conversely, both ACTPol + WMAP
(€ =-0.029"00°%) and SPT-3G + WMAP (Q; =
—0.0009000a5) are perfectly consistent with the
inflationary prediction for a flat Universe (€2, = 0).

(Sg) We observe some tensions also for the values of

the parameter Sg inferred by the different experi-
ments. In particular, the result derived for Planck
(TT TE EE) (Sg = 1.010 £+ 0.051) shows a mild
1.5¢ discrepancy with the value obtained analyz-
ing ACTPol + WMAP (S5 = 0.884 + 0.072)
while it is in 30 tension with SPT-3G + WMAP
(Sg = 0.766 + 0.060). Notice also that both
ACTPol + WMAP and SPT-3G + WMAP are
consistent with values Sy~ 0.78 suggested by
cosmic shear surveys (such as KiDS-1000
[45,118] or DES-y3 [46,119]). Planck real data
strongly prefer a larger Sg, in disagreement
with cosmic shear surveys measurements and
SPT-3G + WMAP.

(M,) Analyzing the Planck (TT TE EE) data we find
no evidence for a neutrino mass and the final
upper bound reads > m, < 0.494 eV. This limit is
slightly more constraining than our forecasted one
(>_m, < 0.563 eV). This is due to the excess of
lensing measured by Planck, together with a
combined effect of the Planck data preferences
for a small H, and Q;, < 0. On the other hand,
ACTPol + WMAP shows a 2.6¢ preference for a
nonvanishing total neutrino mass (O m, =
0.82193} eV), while for SPT-3G + WMAP such
evidence is reduced to less than 1.5¢ (3 m, =
0.48f8j313 eV).2 In any case, neither of them ex-
cludes values » m, = 0.5 eV that are instead
disfavored by Planck.

B. wCDM +9Q,

From now on we relax the assumption w = —1 for the dark
energy equation of state and leave w a free parameter instead.
We refer to these scenarios as wCDM. Here, we start by

%See also [59].

analyzing the extension wCDM + €, thus simultaneously
varying w and the curvature energy-density, for a total
number of eight independent parameters. The results are
given in Table IV, while the correlation plots in Fig. 2.

First and foremost, we observe that when € is varied in
extended parameter spaces wCDM, the dataset SPT-3G +
WMAP is no more able to produce constraints on the
cosmological parameters because the combination we have
chosen (to be Planck independent) has not enough con-
straining power, and the MCMC analysis does not converge
(i.e., R— 1> 0.1). This remains true for all the wCDM
extensions investigated in this work, regardless of the
degrees of freedom introduced in the model in addition
to Q;. We will therefore limit the analysis to the Planck (TT
TE EE) and ACTPol + WMAP data.

(Hy) Due to the geometrical degeneracy between the
expansion rate, the dark energy equation of state
and the curvature parameter, both Planck (TT TE
EE) and ACTPol + WMAP data weakly constrain
the Hubble constant to Hy = 611”290 Km/s/Mpc and
H, = 57"], Km/s/Mpc, respectively. These re-
sults further reinforce our statement that high and
low redshift measurements of H(, can be put into
agreement in extended parameter space. Notice
also that the constraints obtained by the real Planck
data are in perfect agreement with the forecasted
ones in case of a LCDM scenario.

() While flatness is in good agreement both with
ACTPol + WMAP (at 0.70), and this is in line
with our forecasts, Planck (TT TE EE) prefers a
closed universe at 99% CL (again, note that the
posterior is strongly non gaussian), actually giving
—0.148 < Q; < 0 at 99% CL.

(w) Due to the large error bars, Planck (TT TE EE)
and ACTPol + WMAP are both consistent with a
cosmological constant A (i.e., w = —1) at 0.30 and
1.20, respectively. However, for the same reason,
neither a quintessential equation of state (w > —1)
nor a phantom behavior (w < —1) can be ruled out.

(Sg) We confirm the Planck (TT TE EE) indication for
larger Sg = 0.96170%; that strongly disfavors values
Sg ~0.78 suggested by cosmic shear observations
assuming a ACDM model. This result reflects the real
data preference for larger oy = O.835’_L8"?35 and a
shift toward higher value of the matter density
parameter that however turns out to be poorly con-
strained (Q,, = 0.467012). ACTPol + WMAP is
instead in agreement with Planck, giving Sg =
O.907f8"(§915. In this case, the result is basically driven
by the shift in Q,, rather than by og.

C.wCDM +Q; + > m,

Starting from the previous model, we proceed by adding
the total neutrino mass as an additional degree of freedom. In
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TABLE IV. Constraints on cosmological parameters at 68% CL [95% CL] for wCDM + ;.

Parameter Planck (LCDM forecasts) Planck 2018 (TT TE EE) ACTPol + WMAP
Q,h? 0.02236 + 0.00016 0.02261 4 0.00017 0.02235 = 0.00022
Q.2 0.1201 +0.0017 0.1181 4 0.0015 0.1202 4+ 0.0030
1000yc 1.04089 =+ 0.00037 1.04117 = 0.00032 1.04169 = 0.00070
T 0.051 £0.011 0.04837 0008 0.061 +0.013
log(10'0Ag) 3.038 +0.022 302810018 3.064 + 0.026
n, 0.9650 + 0.0043 0.9708 4 0.0047 0.9735 4 0.0065
w —0.827 034 —1.3070% -0.7079%!

30 —=0.0193% 550, —~0.0467 000 [0 —0.032255,]
H, (Km/s/Mpc) 6178, 6119, 5747

o3 0.758707%° 0.8357010° 073410058

Sg 0.8821 057 0.9617057 0.907" 0335

Q, 046202 0461012 0.531016

Farag (MpC) 147.07 +0.37 147.34 +0.31 146981076

this case, we have nine independent parameters. We provide

the results in Table V, while the correlation plots in Fig. 3.
As usual we summarize the most interesting find-

ings below.
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I ACTPol+WMAP

(H;) When the total neutrino mass is varied, the Planck

(TT TE EE) data prefer significantly lower values
of the expansion rate H, = 53], Km/s/Mpc
which however remains poorly constrained.

I Planck 2018 (TT TE EE)

— 1
v
§ /‘! (

0.96
nNs

0.99

—0.12 000 40 60 80
Qg Ho

-2 -1 0 06081012
w 58

FIG. 2. Triangular plot showing the 1D posterior distributions and 2D contour plots for some of the parameters in wCDM + €;.
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TABLE V. Constraints on cosmological parameters at 68% CL [95% CL] for wCDM + Q; + > m,.
Parameter Planck (LCDM forecasts) Planck 2018 (TT TE EE) ACTPol + WMAP
Q1% 0.02229 £+ 0.00017 0.02253 1055012 0.02219 £ 0.00021
Q.h? 0.1204 £ 0.0017 0.1182 £0.0015 0.1222 £+ 0.0030
1006y;c 1.04067 £ 0.00040 1.04099 £ 0.00035 1.04127 £ 0.00065
T 0.052 +0.010 0.0472 £ 0.0083 0.062 +0.013
log(10'045) 3.038100% 3.024 £0.018 3.069 + 0.026
ng 0.9631 £ 0.0046 0.9691 £ 0.0051 0.9655 £ 0.0073
: G |
£ -0.0291507 _0-074t0024 [J_rg.gg(g)} —0.041%55/g

2 my (V) 0.49*0:3% 0.451557 0.85% 0300 ed]
Ho (Km/s/Mpc) 6015, 534, 53.9+47

oy 0.7297997 0.7361907% 0.6621 0938

S 0.874700%% 09900956 0.895-0.095

Q, 0.49%034 0.611537 0.62 +0.26
Farag (MpC) 146.89 + 0.41 147.23 +0.33 146.231082

ACTPol + WMAP is in line with Planck giving
H, = 53.91};7 Km/s/Mpc. Notice that, because of
the large uncertainties, these results are both in
agreement with SHOES within 2¢. This shiftis clearly

due to a volume effect because it is present also in the
forecasted constraints obtained under LCDM.

(©Q;) Planck (TT TE EE) prefers a closed universe at
more than 26 (Q; = —0.074055 at 95% CL)

Il ACTPol+WMAP
I Planck 2018 (TT TE EE)

1
1
0.0f (\ .
v -01F \'J .
G T~
1 1 1
1 1 1 1
/
80 . T s

2.0F

Iﬁ
T
(V) — ) T . T .
-1} | 4 -+ -
S ‘ ‘ | ‘ \
S0 14 s N |
| I ) >
: 1 1 1 | [ Prn

E; 1.5F N -+ T - - -
£ ok h 1 (9 ‘\ q_
051 ‘ + \ -+ 4
N \ |
e et
12| + - -
@I NS =
0.8 T T
0.6 1 P I T T T N T TR W | | I T N Y 1
0.96 0.99 -0.2-0.1 0.0 40 60 80 —2 —1 0 0.51.01.52.00.6 0.8 1.0 1.2
Ns Qg Hg w zm, Sg

FIG. 3. Triangular plot showing the 1D posterior distributions and 2D contour plots for some of the parameters in wCDM + Q; + > m,.
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while ACTPol + WMAP is well within one stan-
dard deviation. Even in this extended model the
forecasts show that the CMB data can still recover
a flat universe within one standard deviation.

(w) Like for the previous model, all the datasets are

in agreement with w = —1 within one standard
deviation. However, given the large uncertainties,
both quintessential and phantom dark energy are
allowed by data.

(Sg) We confirm the Planck (TT TE EE) preference

for values of Sg > 0.9, with the bounds reading
Sg = 0.9901 095 However, it is worth noting that
when neutrinos are varied oy = 0.7361“8.'?;8 is in
perfect agreement with our forecasts and the Sy
tension becomes mostly driven by the matter density
parameter that turns out to be poorly constrained and
above all shifted toward higher values (2, =
0.61792%), because of the preference for a closed
universe. The same behavior is observed for
ACTPol + WMAP where we get Sg = 0.89570572
by a combination of oy = 0.6627095% and Q,, =
0.61 £ 0.26.

(M,) Analyzing the Planck (TT TE EE) data we do not

find convincing evidences for a total neutrino mass
since the final limit Z m, = 0.45f8.'3172 eV is con-
sistent with the forecasted result, showing that the
shift is entirely due to the volume effect. On the
other hand, ACTPol + WMAP show an interesting
2.80 evidence for a nonvanishing mass > m, =
0.857033 eV.

D. wCDM +Qk+ Zm,,+Neff

We further extend the previous model by adding the
effective number of relativistic degrees of freedom N .

Therefore, now we work in a 10-dimensional parameter
space. In this case we summarize the results in Table VI,
and we show the correlation plots in Fig. 4.

(Hg) The inclusion of the effective number of relativistic
species does not change significantly the bounds on
the Hubble constant, with the final results being
Hy=53"5,Km/s/Mpc for Planck (TT TE EE) and
Hy=52.6"3"Km/s/Mpc for ACTPol + WMAP.
Such values are always in agreement with SHOES
within 20, and perfectly in agreement with the
forecast results, indicating a volume effect origin.
Actually, in this extended parameter space disap-
pears the strong correlation present between N
and H, (see Fig. 4).

(€;) The bounds on the curvature parameter are un-
affected by the additional degree of freedom and
the results are basically unchanged with respect to
the previous case. This is because €; and N are
not correlated, as we can see in Fig. 4.

(w) Also in this case the results are basically the same
obtained without N: all the datasets are consistent
with w = —1 even though not enough constrained to
rule out different behaviors.

(Sg) Both Planck (TT TE EE) and ACTPol + WMAP
exhibit a shift toward larger matter density values
that produces a mild preference for Sz~ 0.9. In
particular, from Planck (TT TE EE) we get
Sg = 0.9887090) given by the combination of
Q,, =0.61702) and o5 = 0.7387097, while for
ACTPol + WMAP we obtain Sg = 0.856" % re-
sulting from Q,, = 0.60753) and o3 = 0.6417015°.

(M,) The Planck (TT TE EE) limit on the total neutrino

mass remains robust under the inclusion of the effective
number of relativistic neutrinos in the sample, with the

TABLE VI. Constraints on cosmological parameters at 68% CL [95% CL] for wCDM + Q; + > m, + N.

Parameter Planck (LCDM forecasts) Planck 2018 (TT TE EE) ACTPol + WMAP
Q1 0.02224 + 0.00032 0.02251 + 0.00026 0.02152 + 0.00032
Q.n? 0.1200 + 0.0030 0.1183 + 0.0031 0.1109 + 0.0049
1000y 1.04072 4 0.00044 1.04098 + 0.00047 1.04257 £ 0.00083
T 0.052 4 0.010 0.04711 00053 0.056 +0.013
log(10"°Ag) 3.037 + 0.023 3.024 +0.019 3.019 +0.031
n 0.961 = 0.012 0.9686 + 0.0095 0.93370013

o ~0.031555] 00743303005 ~0.0345555

w ~1.161079 —1.575% —1.24%0,

> m,(eV) 0.49°017 045941 0.84 +0.25[ 03]
Neg 3.01 £0.21 3.04 £0.20 232105y
Hy (Km/s/Mpc) 5915, 53%%5, 52.657%

oy 0.724-9078 0.73870476 0.6417095

S 0.876 = 0.086 0.9881091 0.856:019

Q, 0.50703} 0.617929 0.60102!

Farag (MpC) 147.3£2.0 1473 £2.0 154.0 £3.0
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Il ACTPol+WMAP
Il Planck 2018 (TT TE EE)
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FIG. 4. Triangular plot showing the 1D posterior distributions and 2D contour plots for some of the parameters in
WCDM + Qk + Zmu + Neff~

final bound reading > m, = (0.45701) eV, clearly effect because the forecasts indicate the ability of the
due to the volume effect because in agreement with the CMB data to recover the standard value.

forecasted results. Conversely, ACTPol + WMAP

give a slightly more tight constraint > m, = E. wCDM + > m, +Ngp +

0.84 +0.25 eV, further enforcing the preference for In this extension, we assume a flat background geometry

anonvanishing mass that now reaches thelevel of 3.40. (g fixing €, = 0) and replace the curvature parameter

(Negr) As concerns the effective number of relativistic  with the running of the spectral index a, = dn,/dlogk
degrees of freedom, analyzing the Planck (TT TEEE)  remaining always in a 10-dimensional parameter-space.
data we find Ny = 3.04 4 0.20 in perfect agreement  Fyrthermore, from now on, we include in the analysis also
with the Standard Model prediction for three active  the other CMB-independent datasets listed in Sec. T to test
massless neutrinos. On the other hand, ACTPol +  the robustness of the hints for new CMB spectral-anomalies
WMAP gives Ny = 2.327077, showing instead a  discussed so far under the inclusion of astrophysical
disagreement at more than 99% CL with respect to  observations. We summarize the results in Table VII,
the baseline value of particle physics and suggesting a and we show the correlation plots in Figs. 5 and 6.

smaller amount of radiation in the early Universe (Hy) The Planck (TT TE EE) data are unable to place
(confirming the results for the baseline case already strong constraints on the Hubble constant H, because of
discussed in the literature [30]). This is not a volume the geometrical degeneracy with the other parameters,
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[N (=)
c|8228 mgmas N - R as shown by the forecasted data, so reducing the Hubble
c|S883 c o o3Sze590 ~-383C 44 . .
2ls %%i Ss sy 3#%«3 if%%i e tension to 2¢. On the other hand, when Planck is
0 n o o . .
SleCogrze8figid@n S combined with BAO (Hy = 67.9 £ 1.7 Km/s/Mpc)
Tldzasga T3 232 0
g8 s | S S or Pantheon (Hy, = 66.3 + 1.7 Km/s/Mpc) we ob-
(=) — . .
- e serve a reduced tension with SHOES at the level of
% gg% 988er Y Ba.Sq 2.60 and 3.40, respectively, due solely to the larger
A== d 4 . SsS Q T S d
e S SSsUg SIS s3 S 3 error bars. As concerns ACTPol + WMAP, we can see
m - <+ S o ) Ne [« . . .
T|8=28582 9 @ Ivgcgy that the Hubble constant is still poorly constrained to
gegemc S S%s7 Hy =707} Km/s/Mpc. Notice however that this
ale o value is in agreement with the local result. Combining
L | T v X
L EEETTTTE s ACTPol+WMAP+BAO (H(=66.8"3)Km/s/Mpc)
L T T T T T SSoe Y T oo 22 :
AEEEEE RS Raas and ACTPol + WMAP + Pantheon (Hy =
&) O~ O a0 _ < = : 0 0 <t .
TI§Zg8s28T7 98 <88 5 61.63¢ Km/s/Mpc) we recover the usual tensions
- S 0O (= (=) . g .
5|2 = with SHOES (at 2.80 and 4.9¢, respectively) already
.0 g observed for the Planck data. Finally, SPT-3G +
S v O N — A aqglnn o D . .
c—cc =< 0
E128 2881757853 883 885 WMAP give an almost unconstrained H,, as the other
OOOOOO:‘_‘w s O Ghics o oS3 . . .
HIEEREEE: Eay YT R CMB data alone in this extended scenario, and when
- 3 «@ z 2] . . .
Tlgzd § S § 5 g “ § © 3 E se they are combined with BAO (Pantheon) we obtain
S s e °” I = +2.1 +2.7
: S < = Hy=67.975,Km/s/Mpc (Hy=67.3"5{ Km/s/Mpc)
5 0 7 24 p 0 ~-3.1 pc)
S . . .
+ 228 .. I, reducing the tension at the level of 2.2¢ (20) tension,
gl o|288383285535-:3 885 3 mostly due to the larger error bars of these dataset
© |2 S SS ST 3973 TS
=z TV I s B AU R inati
dlddAdddgscnedetdalt= combinations.
+ T8 AT B -V S3E8ERE SR .
& S=92220 S " §5s2n (w) Planck (TT TE EE) shows a mild preference for
S s S ‘g
A s < = phantom dark energy (w < —1) at the statistical level
+ S8 o 53 of ~26. When it is combined with BAO or Pantheon
s|g8gsaagsia = cou — . . .
= S|SSEESSSE IR S __=nBEE-T this preference disappears and w = —1 is recovered
S o fFo o © R S O ES[/SsSSSS e . .
5 AR EEEF R B - within 16 and 1.36, respectively. ACTPol + WMAP
) o~ o ) .
= o:. == s&8g¢g - dags s aog and ACTPol+WMAP+BAO are both consistent
= = oS ® S . .
& 21~ s with a cosmological constant at about one standard
g QT = deviation, while ACTPol + WMAP + Pantheon
O N D X — = L
= 122883348, 9 S~ 32382 suggest the same 2.3apreference forw < —1 already
e IR R AR observed for Planck. Finally, all the SPT-3G +
= < ) — . . . .
SlSEEEngcvizegxd g WMAP combinations are consistent with w = —1
— N = = NS S0 S 0 S0
8z 82 27 ISR sz S
@) Ss 23 o < at lo.
n this extended framework the indication for larger
% g P % Lo 5 o s} ( 8) 1 s
= SE2882282: a8 80T« values Sg ~ 0.9-1, discussed so far when the cur-
< ol22 2222355302 2352 o . .
2 2 S$<S3S T‘EI g9 5 i S TS vature is free to vary, is not observed and all the
3 SRR FEZ229=xcSgcaxgg datasets are consistent with a lower Sg ~ 0.7-0.8, in
- = > T i o ) S 0~ . .
§ g9zFZ«@s S ° s agreement with the cosmic shear measurements that
(=) — . . .
g +  w - are considering extended scenarios beyond the
— A F o = ..
Sllza = § Z22.. ST pzagen star}dard model [118,119]. However, it is worth
Bl & 3 SSccs iij% S %% 35353359 noting that for Planck (TT TE EE) this result
—_ - : — .
I E SeE2ign ? vE §§ 3 E § % recast a preference for a smaller matter density
Z|5=|gz38-s 3R T=°7 Q,, = 0.208700¢) and a larger o5 = 0.94870
e 23S 3 g m 28 _0.069 ger oy Z4%_0.059"
) S — [ . . .
= This is the same behavior observed also for
o - A
2|2 _|€8€8az.. & = SPT-3G + WMAP. Instead, when BAO and Pan-
E|lY % % % 5 % % %5@?3 5 % 3 §§§ %;ﬂ theon are combined with Planck, we recover the
~ o0 8 . . .
2 s8lagsyggiTen L2 §g usual result Q,, ~ 0.3 and hence an indication for
Ao S R = ~ s X . .
SIlE7|8zgg=2 " 8 s g ~0.8. Finally, for ACTPol + WMAP, and its
< - combinations, and for SPT-3G + WMAP + BAO
E §~ and SPT-3G + WMAP + Pantheon we find both
[ 5 =< f’;”é B lower Sg and og values, with the limit case of
= gl . & 3 Y 2 ACTPol + WMAP + Pantheon where we have
% Sl = =< % ~ S = 37 @
Ell Eldgs 8x: 28T esd Sg =0.775+£0.039 and og = 0.697703%. These
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FIG. 5.
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discordant behaviors are translated into tensions
about the values of og inferred by the different
datasets that range between 1.7¢ and 3.7¢.

(M,) The Planck (TT TE EE) data constrain the total

neutrino mass to y__ m,, < 0.139 eV. This limit is a
factor of 4 better than the expected result from the
simulated data and this is due to the famous excess
of lensing (or Ay, [3,44,120] anomaly) of the real
Planck data [4,59,83,93]. When Planck is com-
bined with BAO (Pantheon) this limit can be
substantially (slightly) improved to > m, <
0.072 eV (3 m, < 0.125 eV), placing anyway
stringent constraints on the total neutrino mass.
On the other hand, ACTPol + WMAP confirm the
preference for a nonvanishing total mass
> m, =081+£028¢eV, here at the level of
2.90 [59]. This preference is only slightly reduced
to 250 for ACTPol + WMAP + Pantheon

0.51.015
m,

1.5 3.0 4.50.450.600.750.90

Nesr Sg

Triangular plot showing the 1D posterior distributions and 2D contour plots for some of the parameters in
wCDM + > m, + Ny + a.

G- m, =0.71 £ 0.28 eV) while it disappears for
ACTPol + WMAP + BAO (> m, < 0.271 eV).
Finally, SPT-3G + WMAP (+Pantheon) dataset
combinations give evidence for a neutrino mass
at slightly more than 1o, while SPT-3G +
WMAP + BAO is perfectly consistent with zero.

(Nsr) The dataset Planck (TT TE EE) is consistent with

103506-12

N = 3.044 at 1.30 and including BAO and
Pantheon does not change the result. In this case,
the ACTPol + WMAP preference for less radiation
discussed in the previous models is reduced to the
level of 1.80 and does not change including Pan-
theon. Instead, combining ACTPol + WMAP +
BAO we recover the baseline value within one
standard deviation. Finally, SPT-3G-+WMAP,
SPT-3G+WMAP+BAO and SPT-3G+WMAP—+
Pantheon are all in agreement with the Standard
Model prediction, as well.
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FIG. 6. Triangular plot showing the 1D posterior distributions and 2D contour plots for some of the parameters in
wCDM + > m, + N + a,, with the inclusion of BAO and Pantheon data.

(a;) All the datasets are in agreement with dn,/dlogk=0 constrain Hy = 53.273% Km/s/Mpc alleviating
at most within 1.56. the tension with SHOES within 26 because of
the large error bars, as we can see also in Fig. 7.

F. wCDM +Q + > m, +a This shift is completely due to a volume effect,

as shown by the forecasts. Including BAO
and Pantheon we get H, = 68.61]7 Km/s/Mpc
and H;=60.5+2.5Km/s/Mpc, respectively.
These values are in tension with SHOES at
240 and 4.60. As concerns ACTPol + WMAP
the result is in line with Planck even though
slightly shifted toward smaller values (H, =

Now, we reintroduce the curvature parameter in the
sample, varying at the same time also the running of the
scalar spectral index a, = dn,/dlog k and the total mass of
neutrinos. In this case we instead ignore the effective
number of relativistic degrees of freedom and remain with
10 independent parameters. The numerical constraints can
be found in Table VIII, and we show the correlation plots in e . )
Figs. 7 and 8. SPT-3G + WMAP alone has not enough 59'9714 Km/ s/ MRC)', Also in t}.ns case, the ten-
constraining power to reach the convergence for this sion is alleviated within 2¢. The inclusion of BAO
scenario, so we do not report this case in Table VIII and Pantheon basically leads to the same conclu-

and Fig. 7. sion already discussed for Planck. Finally, for
(H,) Analyzing the Planck (TT TE EE) observations SPT + WMAP + BAO  and SEIT;L WMAP +
of the cosmic microwave background, we Pantheon we obtain H, = 66.1735 Km/s/Mpc
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and Hy = 66.5 + 3.9 Km/s/Mpc, in line with the
other datasets.

(€;) In this extended framework, Planck (TT TE EE)
indicates a closed Universe at slightly more than 2¢
(—0.162 < Q; < —0.006 at 95% CL). Combining
Planck (TTTEEE)+ BAO only improves the
bounds on the curvature parameter, severely reduc-
ing the room allowed for deviations from flatness.
Planck (TT TEEE) + Pantheon show instead a mild
2.60 preference for a closed Universe (; =
—0.0291706097)- As concerns ACTPol + WMAP,
this dataset is consistent with a flat spacetime
geometry at slightly more than one standard
deviation. Combining ACTPol + WMAP + BAO,
as well as SPT-3G + WMAP + BAO, we find a
shift toward positive €, but flatness is still recov-
ered within 1.5¢. Finally, ACTPol + WMAP +
Pantheon is in perfect agreement with Q;, = 0 as
well as SPT-3G + WAMP + Pantheon.

(w) The dataset Planck (TT TE EE) weakly constrains the
dark energy equation of state to w = —1.553}_’%.
Including BAO we get the more constraining bound
w= —1.0384_’(()):(())353g that is in perfect agreement with
the cosmological constant. On the other hand,
Planck(TT TE EE) + Pantheon show a mild 26 pref-
erence for phantom dark energy (w = —1.277044).
ACTPol + WMAP and its combination with BAO
and Pantheon are both in line with Planck. In
particular, from ACTPol + WMAP + Pantheon we
still observe a slight preference for w < —1 at about
1.66. As concerns SPT-3G + WMAP + BAO and
SPT-3G + WMAP + Pantheon, they are both con-
sistent with w = —1 within 1 standard deviation.
We confirm the Planck preference for a larger Sg
value also in this extended parameter space. In

(Sg)

particular, Planck (TT TE EE) gives Sg=
0.989f8:8235 while including BAO and Pantheon
we obtain Sg =0.826+0.016 and Sg=

0.927 £ 0.037, respectively. On the other hand,
ACTPol + WMAP  constrains Sy = 0.87275:0%2
only partially supporting the Planck result. Anyway
from ACTPol + WMAP + BAO and ACTPol +
WMAP + Pantheon we recover lower values for
Sg ~ 0.74-0.78, that are also in line with SPT-3G +
WMAP + BAO and SPT-3G + WMAP + Pantheon.
Therefore we again observe discrepancies about the
value of Sy predicted by different experiments and
CMB datasets, even if for a safe comparison we
should consider the weak lensing data Sg estimated in
this extended model, that are likely to be extremely
relaxed because of the volume effect.

(M,) As usual, analyzing the Planck (TT TE EE) data
we do not find evidence for a neutrino mass, with the
final limit reading Y m, = 0.4370,5 eV, attribut-
able entirely to a volume effect, as suggested by the
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FIG. 7. Triangular plot showing the 1D posterior distributions and 2D contour plots for some of the parameters in
wCDM + Q; + >~ m, + a.

forecasts. This bound becomes much tighter includ- (ay) Exploiting the Planck (TT TE EE) observations of

ing BAO (O m, <0.0799 eV) while Planck
(TTTEEE) + Pantheon gives > m, < 0.209 eV.
In this model ACTPol + WMAP prefer a non-
vanishing total neutrino mass at the high statistical
level of 3.86 (3" m, = 1.17 + 0.31 eV) suggesting
values around the eV range. This preference is
reduced to 2.9 for ACTPol+WMAP+Pantheon
(>-m,=0.86"33eV), while considering ACTPol-+
WMAP + BAO we find a less significant Y m, =
0.61703% eV, consistent also with massless neutri-
nos at 1.30. Finally, SPT-3G + WMAP + BAO
give only an upper limit of » _ m,, while SPT-3G +
WMAP + Pantheon again an indication for massive
neutrinos at slightly more than 1e.
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the cosmic microwave background, we do not find
evidence for a running of the spectral index.
Including BAO and Pantheon does not change
the result: all these datasets are in perfect agreement
with a;, = 0. Conversely, in this case ACTPol +
WMAP prefer a positive running 0.0006 <
dng/dlogk < 0.0456 at more than 99% CL (see
also Ref. [58]). This preference is reduced at
about 2.26 for ACTPol + WMAP + Pantheon
(n,/dlogk = 0.0195 £ 0.0089) and at 1.66 for
ACTPol+WMAP+BAO (n,/dlogk =0.0143 £
0.0090). Finally, SPT-3G + WMAP + BAO and
SPT-3G 4+ WMAP + Pantheon are consistent with
vanishing running, in line with Planck.
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G. wCDM +Qk +Neff + o

Here we replace the total mass of neutrinos with
the effective number of relativistic neutrinos N, keep-
ing always 10 independent free parameters in the
model. The constraints on the parameters can be
found in Table IX, and we show the correlation plots
in Figs. 9 and 10. Also in this case, SPT-3G + WMAP
alone has not enough constraining power to reach the
convergence, so we do not report this case in Table IX
and Fig. 9.

(Hy) The Hubble constant is poorly constrained to be
Hy = 6173, Km/s/Mpc by Planck (TT TE EE)
data, in line with our forecasts. Thus this dataset
can be easily put into agreement with SHOES in
this extended parameter space, because of a vol-
ume effect. Instead, when BAO and Pantheon are
included we get Hy=67.24+2.1 Km/s/Mpc

103506-16

2D contour plots for some of the parameters in

(2.50 tension with SHOES) and H,=
61.3732 Km/s/Mpc, (4.7¢ tension with SHOES),
respectively. As concerns the Planck-independent
observations of the cosmic microwave background,
from ACTPol + WMAP we obtain H,=
5813, Km/s/Mpc, i.e., weakly constrained and in
line with Planck. Combining ACTPol + WMAP +
BAO we get Hy,=63.1732 Km/s/Mpc and observe
a preference for smaller values of the expansion
rate with respect to Planck(TT TEEE) + BAO.
This increases the Hubble tension to 4¢. Con-
versely, ACTPol + WMAP + Pantheon  gives
Hy = 65.1737 Km/s/Mpc reducing the tension
with SHOES to 2.40. As concerns the South
Pole Telescope data, from the combination
SPT-3G + WMAP + BAO we obtain Hy = 65.6+
2.4 Km/s/Mpc (2.86 tension with SHOES) while it
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TABLE IX. Constraints on cosmological parameters at 68% CL [95% CL] for wCDM + Q; + N + a;.

SPT-3G+
WMAP+

SPT-3G+
WMAP+

Planck 2018

Planck (LCDM

(TT TE EE) +BAO -+Pantheon ACTPol + WMAP +BAO +Pantheon BAO Pantheon
0.02240 £ 0.00032  0.02254 £+ 0.00026 0.02220 £ 0.00025 0.02250 £ 0.00026 0.02170 £ 0.00045 0.02168 £ 0.00040 0.02175 £ 0.00041 0.02265 4+ 0.00040 0.02270 £ 0.00041

forecasts)

Parameter

Q.1

0.1 157+O.0062
. —0.0070
1.03963 £ 0.00087 1.03964 + 0.00088

0.0058
0.1157* 5087

0.1100:84:2
1.04291 + 0.00098

0.1164 +£0.0033  0.1174 + 0.0034 0.10997 9002 0.10987 30054
1.04126 + 0.00048 1.04289 & 0.00097  1.0430 = 0.0010

1.04136 + 0.00049

0.1172 £ 0.0034
1.04127 £ 0.00049
0.0489 + 0.0085

0.1208 + 0.0039
1.04085 + 0.00051

Q.h?

1000y

0.059 £0.013
3.038 £0.032
0.980 £ 0.026

0.060 4+ 0.013

3.041 £ 0.030

0.976 + 0.025
08350081

0.056 £0.013
3.021 +£0.032

0.940 +0.027
—LoaT

0.058 +0.013
3.025 +0.032
0.934 4+ 0.026
~0.9142 755
0.0096705052

0.056 +0.013
3.0212003%
0.938 4+ 0.028
-0.815973
-0.022:55%

0.0497 + 0.0086
3.029 + 0.020
0.965 + 0.012

—1.20970 78 [F0 el

—0.025 0015 [0 031

0.0560 + 0.0082
3.040 £0.019
0.952 £0.012

0.052 £0.011
3.042 +£0.023
0.967 £0.015

3.027 £0.019
0.967 £0.012

log(10'04)

—0.9711500
000255

-1 -03:%82
0.0031
0.0019%500,

~130:0%
0.036 X
—0.042:038[ 0041

—0.8740%
~0.019570922.
3.10 + 030
0.0008 = 0.0092

00053 4465

0.002°95;

o

312105
0.007 + 0.016

2.78 +£0.23 2.96 +0.24 231194 226193 2.35°04 3.0710%
—0.0040 £ 0.0084  —0.006£0.015  —0.008+£0.014  —0.005 + 0.015 0.004 + 0.015

—0.0110 + 0.0083

297 +0.24
—0.0032 £+ 0.0081

Nege

Ay

70.055¢
0.785 + 0.025
0.766 + 0.047

65.6 +2.4
0.746 £+ 0.032
0.774 £ 0.027
0.324 £0.017

65.1:32
0.798 +0.024
0.816 4+ 0.049

63.1723
0.768 + 0.033
0.807 + 0.025
0.332£0.019

5875,
0.737109%82

61312
0.825 +0.015
0.923 +0.039
0.376 +0.029

67.2+2.1
0.810 £ 0.027
0.820 £0.015
0.308 £0.016

6175,
0.835190°
0.95020.08s

0441558
148.1 £2.3

6213,
0.77410:7°

H, (Km/s/Mpc)

og

0.871510

043

0.50%05¢
154.8 £4.7

0.880 + 0.088

Ss

0.28619927
1477+ 4.3

0.31410:0%%
154.6 + 4.5

0.44155
146.6 £2.8

Qm

1479 +42

1552 +4.5

148.1 +2.3

149.7+£23

Tdrag (MPC)
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(€2)

(w)

is worth noting that SPT-3G + WMAP + Pantheon
give Hy = 70.0"}-¢ Km/s/Mpc which is in perfect
agreement with the direct local measurements.
Planck (TT TE EE) prefers a closed Universe at
slightly more than 95% CL, i.e., —0.106 < €, —
0.001. Planck (TTTEEE) + BAO is instead in
perfect agreement with flatness. Conversely,
Planck (TTTEEE) + Pantheon shows a mild
2.30 preference for a closed Universe. On the other
hand, ACTPol + WMAP, SPT-3G + WMAP and
their combinations with BAO and Pantheon are all
in good agreement with €, = 0 within two stan-
dard deviations.

Exploiting the Planck (TT TE EE) data we
obtain w = —1.3070%) and so, due to the large
uncertainty, we can recover w = —1 within one

standard deviation. Notice however that for the
same reason we cannot rule out different behav-
jors. Combining Planck (TTTEEE)+ BAO
we find a perfect agreement with the baseline
value. Conversely, Planck (TTTEEE) +Pantheon
show a mild preference for a phantom dark
energy (w = —1.209700°%) at the level of 2.16.
ACTPol + WMAP and its combination with
BAO and Pantheon are all consistent with the
cosmological constant at one standard deviation.
Instead, from SPT-3G + WMAP + BAO we find
a 20 preference for quintessential dark energy
with the bounds reading w = —0.8357003. Fi-
nally, SPT-3G + WMAP + Pantheon is in good
agreement with w = —1.

(Sg) Also in this model, we observe discordant results

for Sg. In particular, we confirm the Planck pref-
erence for Sg ~ 0.9 with the constraint for Planck
(TT TE EE) reading Sg = 0.9501“8"889 f. This recast a
preference for larger o5 > 0.8 and Q,, = 0.447022
poorly constrained but shifted toward higher val-
ues, as well. Combining Planck (TTTEEE) +
BAO we instead obtain Sg = 0.820 + 0.015, closer
to the ACDM value. However from Planck
(TTTEEE) + Pantheon we recover the preference
for both a larger matter density and a larger oy
that produces Sg = 0.923 +0.039. Exploiting
ACTPol+WMAP data we infer Sg = 0.87"0/2
that partially supports the Planck result but that
is also consistent with cosmic shear measurements
(obtained assuming a ACDM model and its min-
imal extensions [45,46,118,119]) because of the
large error bars. Furthermore, for this dataset,
including BAO and Pantheon we obtain always
Sg~0.8 that is given by a combination of
03~0.77-0.80 and Q,, ~0.3. Finally, also SPT-
3G+WMAP+BAO and SPT-3G + WMAP+
Pantheon strongly prefer Sg ~ 0.77 with the bounds
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FIG. 9. Triangular plot showing the 1D posterior distributions and 2D contour plots for some of the parameters in
wCDM—Q—Qk—Q—Neff—l—a_Y.

reading Sg =0.774 £0.027 and Sg=0.766+
0.047, respectively. Consequently, we observe
some mild discrepancies at the statistical level of
~2¢ about the results obtained by the different
CMB experiments.

(Ngr) As concerns the effective number of relativistic

degrees of freedom, Planck (TT TE EE) and its
combination BAO and Pantheon are all in good
agreement with the reference value of three active
neutrinos which is in fact recovered always within
one standard deviation. Instead, ACTPol +
WMAP gives N = 2.317043 showing a prefer-
ence for less radiation at the level of about 1.8c.
The same preference can be observed for
ACTPol+WMAP+BAO (N=2.261077) and
ACTPol+WMAP+Pantheon (N,g=2.351049),

respectively at the level of 26 and 1.70. On the
other hand, both SPT-3G + WMAP + BAO and
SPT-3G + WMAP + Pantheon are in perfect
agreement with the baseline predictions.

(o) In this case, we do not find evidence for a running

of the spectral index and all the different datasets
are consistent with a, = 0 at most within 1.30.

H. wCDM + € + > m, + Nogp + g

This is the last extended cosmological model analyzed in
this work. Here, we simultaneously vary the dark energy
equation of state, the curvature parameter, the total mass of
neutrinos, the effective number of relativistic degrees of
freedom and the running of the scalar spectral index.
Therefore we have a total number of 11 independent
parameters. The results obtained from our MCMC analysis

103506-18
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FIG. 10. Triangular plot showing the 1D posterior distributions and 2D contour plots for some of the parameters in

wCDM + Q; + N + a,, with the inclusion of BAO and Pantheon data.

are summarized in Table X, and we show the correlation

plots in Figs. 11 and 12. We remind the reader that also in

this case, SPT-3G + WMAP alone has not enough con-

straining power to reach the convergence, so we do not

report this case in Table X and Fig. 11.

(Hy) In this model with 11 degrees of freedom, the Planck
(TT TE EE) data constrain the Hubble constant to
H, = 5275, Km/s/Mpc, consistent with the fore-
casted value, and because of the large errors, with
SHOES within 2¢. Combining Planck (TT TEEE) +
BAO we gain some constraining power and we get
H, = 67.41)9 Km/s/Mpc, close to the baseline re-
sult of ACDM but in smaller tension with SHOES
(2.60) because of the bigger uncertainty due to
the volume effect. Conversely, from Planck

103506-19

(TTTEEE) + Pantheon we obtain a preference for
smaller expansion rate H, = 60.07335 Km/s/Mpc.
Consequently, the tension is increased at the level
of 4.60. Analyzing ACTPol + WAMP we obtain
Hy = 51.3};] Km/s/Mpc. Also in this case, because
of the large error bars, the Hubble constant produced
is in agreement within 2¢ with SHOES. Notice that the
preference for small H, observed from this dataset
remains robust also including BAO and Pantheon
since we get H,=63.8"7% Km/s/Mpc and
Hy = 61.3137 Km/s/Mpc, respectively. Both the
results are in tension with direct measurement at
more than 3.5¢. Instead, combining SPT-3G +
WMAP + BAO and SPT-3G + WMAP + Pantheon
we partially recover familiar-ACDM values of H,
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with the results reading H, = 66.4 + 2.6 Km/s/Mpc
and H, = 67.07;¢ Km/s/Mpc, respectively. In
this case the H-tension is reduced to 2.4 for SPT-
3G + WMAP + BAO while SPT-3G + WMAP +
Pantheon turns out to be in agreement with SHOES
at 1.5¢. This is of course an effect due to the increase
of the volume of the parameter space.

As concerns the spacetime geometry, Planck (TT TE
EE) prefers a closed Universe at more than 2¢
(—0.172 < Q; < —0.004 at 95% CL) while Planck
(TTTEEE) + BAO well within one standard
deviation (Q; = 0.0026"°)9%!). The combination
Planck (TT TE EE) + Pantheon shows instead a pref-
erence for a closed Universe giving €; < 0 at more
than 99% CL (—0.059 < €, < —0.001). Analyzing
the Planck independent CMB data, from the combi-
nation ACTPol + WMAP we find Q; = —0.046"00/,
consistent with flatness within 1. However, including
BAO we get Q, > 0 at 2.4¢ (€2, = 0.0165 £ 0.0069)
while ACTPol + WMAP -+ Pantheon is in agreement
with flatness. SPT-3G+WMAP-+BAO partially con-
firm the preference for a positive €2, already observed
for ACTPol+ WMAP-+BAO, but it is reduced to 1.4¢
(Q = 0.009073%3).  Finally, SPT-3G + WMAP-+
Pantheon are in good agreement with Q;, = 0.

The dark energy equation of state is constrained
to be w = —1.51709% by Planck (TT TE EE) and it
is consistent with w = —1 well within one standard
deviation. Similarly, from Planck(TT TEEE)+
BAO we get w=—1.0570.. Instead from
Planck(TT TE EE) + Pantheon we observe the same
preference for phantom dark energy already discussed
in other models with the constraint reading w =
—1.29J_r8:255 at more than 99% CL The results inferred
for ACTPol are in line with Planck: w is poorly
constrained by ACTPol + WMAP (w = —1.321,
and due to the large uncertainty it remains consistent
with the baseline-ACDM case. Adding also BAO we
get amore tight bound w = —1.0270"1{ consistent with
the cosmological constant. Combining ACTPol +
WMAP + Pantheon we find w< -1 at 1.5¢
(w = —1.2770%). Finally, both SPT-3G + WMAP +
BAO and SPT-3G + WMAP —+ Pantheon are in per-
fect agreement with w = —1.

Also in this 11-Dimensional parameter space, we
observe the same differences about the value of Sg
discussed so far. In particular Planck(TT TE EE) gives
Sg = 0.9907 0% thus preferring significant higher
values of the matter density parameter €,
(Q,, = 0.62703]), but not of oy that is instead lower.
Combining Planck(TTTEEE) + BAO, we instead
recover the familiar value Q,, ~ 0.3 for the matter
budget of the Universe that results into a constraint Sg =

0.813f8.'8]l; consistent with the ACDM estimation, and
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FIG. 11. Triangular plot showing the 1D posterior distributions and 2D contour plots for some of the parameters in
WCDM+Qk+EmD+Neﬂ-+aX.

higher than the Weak Lensing result (assuming ACDM
and its minimal extensions [45,46,118,119]). Instead
from the Planck(TT TEEE) + Pantheon data combi-
nation we get Sg = 0.922 + 0.039 basically reflecting
the same preference for a higher matter component
mentioned above. As concerns the Planck independent
data, in this case ACTPol + WMAP give a middle
constrain Sg = 0.861 17, balancing a preference for
higher values of Q,, = 0.64"0%> and smaller values of
oy = 0.6217095%. As usual, including BAO we recover
Q,, ~ 0.3 and the final result for ACTPol + WMAP +
BAOis Sg = 0.741 £ 0.041. This is the same behavior
observed also for ACTPol+WMAP -+ Pantheon (Sg =
0.778 £ 0.050), SPT-3G + WMAP + BAO (Sg =
0.7467095)) and  SPT-3G + WMAP + Pantheon

103506-21

(Sg = 0.756 4 0.048), all of them closer to the weak
lensing estimate assuming a ACDM model and its
minimal extensions [45,46,118,119]. As a result, when
Pantheon is combined with the CMB experiments the
value of Sg inferred by Planck(TT TE EE) + Pantheon
becomes in tension with ACTPol + WMAP +
Pantheon at 2.3¢ and with SPT-3G + WMAP +
Pantheon at 2.76.

(M,) As usual, analyzing the Planck (TT TE EE) data we

do not find evidence for a neutrino mass
(O_m, < 0.55 eV). Including BAO and Pantheon
leads only to more constraining upper limits: > m,, <
0.135 eV and ) m, < 0.239 eV, respectively. The
situation is very different for ACTPol + WMAP
(O_m,=101+£0.34 V) that also in this case
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suggest massive neutrinos at 2.8¢ and prefer rela-
tively large mass values, in disagreement with Planck.
This preference is reduced to 1.9¢ including BAO and
the posterior distribution function is in fact shifted
toward smaller mass values (3 m, = 0.547033 eV).
Conversely, from ACTPol + WMAP + Pantheon we
obtain Y m, = 0.72 +0.28 eV, suggesting again a
nonvanishing mass at 2.6¢. Finally, it is worth noting
that the ACTPol preference for large massive neu-
trinos is not supported by SPT-3G + WMAP + BAO
and SPT-3G + WMAP + Pantheon.

(Ner) The Planck (TT TE EE) data, as well as their

combination with BAO and Pantheon, are in good
agreement with the Standard Model prediction
for three active neutrinos. Similarly, analyzing
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FIG. 12. Triangular plot showing the 1D posterior distributions and 2D contour plots for some of the parameters in
wCDM + Q; + > m, + N + ay, with the inclusion of BAO and Pantheon data.

ACTPol + WMAP we do not find any relevant
deviation with respect to the baseline value. On
the other hand, combining ACTPol + WMAP +
BAO we find Ny = 2.21703¢ and hence a mild
2.3¢0 preference for a smaller number of relativistic
degrees of freedom in the early Universe. However
this preference is reduced to 1.7¢ for ACTPol +
WMAP + Pantheon while it is not supported
by SPT-3G + WMAP +BAO and SPT-3G +
WMAP + Pantheon since they are both consistent
with Ng; =3.044 well within one standard
deviation.

(ary) We do not find evidence for a running of the spectral

index and all the datasets are in agreement with
dng/dlogk = 0 at most within 1.26.



HEALTH CHECKUP TEST OF THE STANDARD COSMOLOGICAL ...

PHYS. REV. D 106, 103506 (2022)

IV. DISCUSSION AND CONCLUSIONS

In this work, we have presented an updated data
analysis of the most recent observations of the cosmic
microwave background temperature anisotropies and
polarization angular power spectra released by three
independent experiments: the Planck satellite; the
Atacama Cosmology Telescope, and the South Pole
Telescope. The measurements provided by the last two
Collaborations have been used in combination with the
WMAP satellite 9-years observation data in order to reach
an accuracy comparable with Planck, keeping at the same
time these two datasets independent from it. Aimed to test
the consistency of the results obtained by the three experi-
ments in extended parameter-spaces, we have analyzed
eight cosmological models that differ from the baseline
ACDM case by the inclusion of different combinations of
additional degrees of freedom, with the aim of finding a
viable minimal extended model that can bring all the CMB
experiments in agreement. For each model, we have
performed a full Markov chain Monte Carlo analysis
deriving the observational constraints on the cosmological
parameters for all the different combinations of data. In
addition, in order to evaluate possible bias due to the large
volume of the parameter-spaces, we have simulated Planck
temperature anisotropies and polarization angular spectra
assuming a best-fit flat ACDM model and realized a
MCMC analysis also over the simulated data. Finally, in
light of the increasing tensions between cosmological and
astrophysical observations, we have tested the robustness of
our findings by quantifying the impact on the results
deriving from the inclusion of CMB-independent probes;
namely the baryon acoustic oscillation measurements and
the type Ia supernovae distance moduli measurements from
the Pantheon sample.3 In Sec. III, we have carried out a
detailed analysis, discussing parameter by parameter the
results inferred in each cosmological model. This system-
atic investigation of extended cosmologies led us to
recognize and confirm some well-known anomalies already
observed in the Planck data (such as the preference for a
closed Universe of this dataset) and to consolidate the other
Planck-independent anomalies already discussed for the
Atacama Cosmology Telescope data (such as the indication
a for smaller effective number of relativistic particles and
massive neutrinos). In particular, analyzing the same
extended models in light of different CMB experiments,
we have found that such anomalies remain robust

3Adding such astrophysical datasets is particularly useful also
to break the degeneracy among cosmological parameters. In this
regard it is worth noting that, in most cases, the degeneracies we
have are geometrical and due to the fact that the parameters
produce a similar angular distance to recombination and epoch
of equality. Moreover, changing the number of parameters that
vary, changes also the direction of the correlation. This also
depends on the angular scale sampled by each experiment. See
Refs. [121-124] for further details.

predictions regardless from the number of free fitting
parameters. This suggests that they are not an artifact of
the specific model, but rather an actual preferences of the
data. Conversely, no significant anomalies are observed
analyzing the South Pole Telescope data (although often
this dataset do not have enough constraining power to
produce constraints on the cosmological parameters in
extended models). In what follows, we summarize our
general conclusions for the different parameters and
experiments.

(H,) All the values of the expansion rate of the Universe
inferred by the different observations of the cosmic
microwave background turn out to be largely
sensitive to the underlying cosmological model
and its assumptions. In extended cosmologies,
H, is often poorly constrained by the CMB data
and, due to the large error bars, the Hubble tension
is alleviated at the level of 26 (i.e., 95% CL) in the
vast majority of the models analyzed in this work,
see also Fig. 13. This partially supports the state-
ment that the current tension could be a manifes-
tation of the inadequacy of the standard ACDM
model of cosmology to correctly describe more
precise observations from widely different epochs
of the Universe and provides direct evidence that
assuming this model introduces a bias in the
constraints inferred by data. However, when the
different CMB observations are combined with
astrophysical datasets the errors are typically re-
duced and thus the tension increased. As many
have previously speculated, we cannot exclude
possible observational systematics in the local
measurements of H,, even if the new extensive
analysis performed by the SHOES collaboration
[11], with ~70 different tests over all the possible
systematics proposals in the literature, seems to
suggest that this possibility is more and more
unlikely. The current the 5.3¢ tension between
the latest local result [12] and Planck suggests that
an “unknown systematic error’ speculation to
account for the disagreement is not enough. More-
over, even excluding the SHOES measurement and
combining the alternative local measurements the
H, tension still ranges in between 4 — 6.5¢ (see
Refs. [125-128]). Finally, a 2-rung measurement
without the SNIa still prefer a higher Hubble
constant [129]. In conclusion, while our analysis
does not reveal the nature of the H-tension, it
reinforces both the need for more precise indepen-
dent observations of the Cosmic Microwave Back-
ground from future surveys and the importance of
interpreting current and future observations in light
of possible new physics beyond ACDM.

(©;) The Planck preference for a closed Universe related
to the low amplitude of quadrupole and octupole
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FIG. 13. Tension between the value of the Hubble parameter Hy = 73 + 1 measured by the SHOES collaboration and the results
inferred in different extended cosmological models by analyzing the Planck 2018 (red points) and ACTPol + WMAP (green points)
observations of the cosmic microwave background angular power spectra.

modes observed in the Planck (TT TE EE) data significantly reduced in extended cosmologies,
(which remains essentially unexplained within the see also Figure 14. However, this dataset becomes
baseline flat ACDM model), but mainly due to the more consistent with the inflationary prediction for
excess of lensing in the damping tail, is non a spatially flat Universe at about 2 standard devia-

Evidence for a closed Universe

m®= Planck (TT TE EE)

ACT+WMAP
wCDM + Q;
wCDM + Q; + Y m, ACDM +Q; + 3 m,
wCDM + Q. + E m, + Negg T 2% B ACDM +
wCDM + Q; + Y m,, + wCDM + Qi + Y my, + Negr + a;

wCDM + Q; + Negr + a;

FIG. 14. Evidence for a closed Universe (€2, < 0) obtained analyzing the Planck 2018 (red points) and ACTPol + WMAP (green
points) observations of the cosmic microwave background in extended cosmological models.
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(Ss)

FIG. 15.

tions with the increase of the number of parameters,
but this is not because of a real shift of the mean
value, but for the increase of the errors. In addition,
both Atacama Cosmology Telescope and South
Pole Telescope data, once combined with WMAP,
remain consistent with spatial flatness in extended
parameter-spaces, as well. The results are basically
stable under the combination of CMB and astro-
physical observations, although sometimes we ob-
serve shifts from €, = 0 (both toward positive and
negative values) that never cross the level of ~2.5¢.
The tension on the curvature of the universe
between CMB data hints for a possible undetected
systematic error.

We observe some tensions about the value of the
parameter Sg inferred by the different experiments
and extended models. In particular, analyzing the
Planck (TT TE EE) measurements of the CMB
temperature and polarization angular power spectra,
we report a systematic preference for Sg = 0.9, in
disagreement with cosmic shear surveys results
[45,46,118,119]. This preference is only partially
supported by the Atacama Cosmology Telescope
and South pole Telescope data that, for many
models, suggest instead Sg ~ 0.7-0.8, in line with
cosmic shear measurements. In any case, it is worth
noting that different values of Sg often recast
discordant results for the parameter o3 and the
matter budget of the Universe, ,,. In particular, the

latter is very badly constrained in extended cos-
mologies and we can observe a shift toward higher
values from all the CMB data. This shift is usually
compensated by a preference for smaller og in ACT
and SPT, but not in Planck. Including BAO and
Pantheon measurements, we instead recover famil-
iar values Q,, ~ 0.3 and thus smaller Sg. As a result,
the constraints on Sg and og obtained by the
different experiments and extended models show
inconsistencies at the level of ~2¢ — 30.

(w) The different CMB experiments poorly constrain the

dark energy equation of state in extended parameter-
spaces. So, because of the large error bars, the results
are typically consistent with a cosmological constant
term in Einstein’s equations within one standard
deviation. However, for the same reason, the bounds
are not enough constraining to rule out a different
behavior and so both phantom and quintessential
models of dark energy remain consistent with ob-
servations. Combining the CMB data with BAO
measurements the constraints usually shrink around
w = —1 and we do not observe significant deviations
from this baseline value. On the other hand, in
Figure 15 we show the results obtained considering
the type Ia supernovae distance moduli measure-
ments from the Pantheon sample in combination
with the CMB data. In this case from Planck and
ACT we systematically observe a preference for
phantom dark energy (w < —1) at a statistical level

T
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Values inferred for the dark energy equation of state w analyzing different observations of the cosmic microwave background
in combination with the SNela distance moduli measurements from the Pantheon sample.
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ranging between 1.5¢ and 2.5¢ while the combina-
tion of SPT and Pantheon data is usually consistent
with the cosmological constant value at one standard
deviation.

(M,)

Planck and South Pole Telescope + WMAP data
are always consistent with massless neutrinos
within about one standard deviation. In general,
both these datasets prefer smaller neutrino masses
> m, <0.5 eV and including astrophysical ob-
servations only lead to obtain more constraining
upper limits. Instead the situation is very different
for the Atacama Cosmology telescope: as one can
see in Figure 16, when this dataset is combined
with WMAP it always shows a moderate-to-strong
preference (2.5¢ — 40) for massive neutrinos, sug-
gesting larger mass values > m, = 0.5 eV, in
tension with Planck and SPT. When ACT is
combined with BAO and Pantheon, this evidence,
although slightly reduced, can be still observed,
producing an interesting robust indication for
massive neutrinos.

(Ns) As concerns the effective number of relativistic

FIG. 16.

degrees of freedom, we summarize our most
constraining results for the different CMB experi-
ments in Fig. 17. In particular, we find that Planck
and South Pole telescope (as well as their combi-
nation with BAO and Pantheon) are in good
agreement with the value predicted by Standard
Model for three active neutrinos (N4 = 3.044)
which is in fact recovered always within one
standard deviation. Conversely, the Atacama
Cosmology Telescope data show a preference

for a smaller amount of radiation in the early
Universe, with a statistical significance that
changes between 1.8¢ and 30, depending on
the cosmological model. This indication does
not change significantly including astrophysical
observations (BAO and Pantheon), but it becomes
weaker increasing the number of free parameters.
However this is not due to a shift of the mean
value, but rather to the larger error bars, see
also Fig. 17.

(o) We summarize the results for the running of the
spectral index of inflationary scalar modes in Fig. 18.
Analyzing the Planck data and the South Pole
Telescope data, we find no evidence for a running
of the spectral index in any cosmological model. On
the other hand, the results obtained for the Atacama
Cosmology Telescope are more uncertain: the pref-
erence for a small positive running of this dataset is
confirmed only in a few extended parameter-spaces.
For instance, we find dn,/dlog k > 0 at ~3¢ within
wCDM + Q; + > m, + a,, but in all the other
models analyzed in this work the results remain
consistent with dn;/dlogk = 0 within lo. Our
analysis therefore suggests that the ACT preference
for a positive running may be sensitive to the
underlying degrees of freedom of the model and
so that the same effects can be easily recast in
different cosmological parameters.

We conclude underlying that our analysis provides
several convincing pieces of evidence for anomalies in
the CMB angular power spectra that are hard to explain
within the standard cosmological model. Once that some of

Mass of neutrinos

@ Planck (TT TE EE)
ACT+WMAP

wCDM + Q. + Y. my + Neg

wCDM + Y my, + Nt + a;

wCDM + Q + Y m, + a;

wCDM + Q; + Y m,

ACDM + Qi + Y m,

20 30 40

wCDM + Qy + Y m, + Negr + a;

Indication for a total neutrino mass obtained analyzing the Planck 2018 (red points) and ACTPol + WMAP (green points)
observations of the cosmic microwave background in extended cosmological models.
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FIG. 17. Values inferred for the effective number of relativistic species (N.;) analyzing different observations of the cosmic

microwave background.

the internal assumptions of the model have been relaxed,
the results we obtain are not always consistent with what
one would expect within the baseline case. An important
point to keep in mind is that constraints obtained after
marginalization over the nuisance but also “anomalous”

parameters provide a more conservative and robust deter-
mination with respect to the results inferred with the extra
parameters fixed at ACDM. On the other hand, given the
different data combinations and especially the large number
of analyzed cosmologies, one may ask whether our results
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FIG. 18.
cosmic microwave background.
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could be interpreted in terms of a “look-elsewhere effect”: a
phenomenon in statistical data-analysis where an appa-
rently statistically significant indication may actually arise
by chance, for instance because of the sheer size of the
parameter space. However, since the main tensions and
anomalies highlighted in this work are observed also within
minimal extensions to ACDM (where only one more
parameter is added) and given that they remain robust in
all the extended cosmologies and systematically for the
same datasets, it seems highly unlikely that such self-
consistent indications for diverging patterns could be a
casual product of the statistics rather than an actual
preference of the data.

In any case, we can basically outline two scenarios. On
one side, we can trust the standard cosmological model and
assume ACDM to be the correct paradigm of the Universe.
In this case to explain our findings we need to conclude that
significant unaccounted-for systematics in the data are
producing biased results. Statistical fluctuations may in
fact explain why independent measurements of the cosmic
background angular power spectra (as well as their combi-
nation with astrophysical datasets) often point in the
discordant (although self-consistent) directions and why
the different anomalies are never supported by different
experiments. However, within ACDM all the CMB experi-
ments agree pretty well about the value of the expansion
rate and the tension with local measurements remains
basically unexplained. In this regard it is worth stressing
one more time that the value of the H, inferred by
observations of the cosmic microwave background is
largely sensitive to the underlying cosmological model

and for this reason the tension may easily be a product of
the model rather than of the data. Therefore the second
possibility we have is taking the data at the face value,
leaving the study of observational systematics to the
different collaborations that in many cases already explored
this possibility deeply. In this case our analysis leads weight
to the hypothesis that a solution of the current tensions may
involve new physics beyond ACDM. Since we do not fully
understand the physics underlying three major unknown
ingredients of the standard cosmological model (i.e.,
inflation, cold dark matter and dark energy), this possibility
deserves to be considered seriously, as well. In this regard,
it is also worth noting that none of the different combina-
tions of extra parameters is able to fully reconcile all the
discordances. Therefore a satisfactory solution might
require a more radical shift in the paradigm of cosmology,
see for instance Refs. [38-44,61,128,130-140] and the
discussion therein. So, while our analysis is not conclusive
about the nature of these tensions and anomalies and all the
possibilities remain viable, it definitively reveals several
discrepancies in the most recent CMB data that remain
basically unexplained. Clearly, only future independent
high-precision CMB and large scale structure measure-
ments could provide a definitive answer [96,141-163].
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