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We present model-marginalized limits on the six standard ACDM cosmological parameters (¢ h?,
Qbhz, Onc, Treio, s and Ay), as well as on selected derived quantities (Ho, Qm, os, Ss and Tdrag),
obtained by considering several extensions of the ACDM model and three independent Cosmic Mi-
crowave Background (CMB) experiments: the Planck satellite, the Atacama Cosmology Telescope,
and South Pole Telescope. We also consider low redshift observations in the form of Baryon Acous-
tic Oscillation (BAO) data from the SDSS-IV eBOSS survey and Supernovae (SN) distance moduli
measurements from the Pantheon-Plus catalog. The marginalized errors are stable against the dif-
ferent minimal extensions of the ACDM model explored in this study. The largest impact on the
parameter accuracy is produced by varying the effective number of relativistic degrees of freedom
(Negr) or the lensing amplitude (Aiens). Nevertheless, the marginalized errors on some derived pa-
rameters such as Hy or {2, can be up to two orders of magnitude larger than in the canonical ACDM
scenario when considering only CMB data. In these cases, low redshift measurements are crucial for
restoring the stability of the marginalized cosmological errors computed here. Overall, our results
underscore remarkable stability in the mean values and precision of the main cosmological param-
eters once both high and low redshift probes are fully accounted for. The marginalized values can
be used in numerical analyses due to their robustness and slightly larger errors, providing a more

realistic and conservative approach.

I. INTRODUCTION

The minimal ACDM model of cosmology has success-
fully explained a large number of cosmological observa-
tions at different scales. Within this minimal theoreti-
cal framework, the complexity of the Cosmic Microwave
Background (CMB) acoustic peak structure or the mat-
ter power spectrum can be well described by only six
fundamental parameters: the cold dark matter density
(Q:h?), the baryon density (,h?), the angular size of
the sound horizon at recombination (6yic), the opti-
cal depth (7o), and the inflationary parameters such
as the spectral index (n,) and the amplitude (A;) of
scalar perturbations. Starting from these six parame-
ters, a number of other important (derived) quantities
can be computed, including the Hubble constant (Hy),
the matter density (), the clustering parameters (osg,
and Sg = 051/, /0.3), or the sound horizon at the drag
epoch 7qrag.

Given the robustness and resilience shown in the re-
sults obtained over the years from different CMB exper-
iments and large-scale structure probes, the mean val-
ues and errors of these parameters are often used to fit
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more exotic cosmological scenarios. For instance, the
values of og and/or ryrag have been extensively used in
the literature to test modified gravity models, interact-
ing cosmologies, cosmologies with additional degrees of
freedom, or non-standard neutrino scenarios. Neverthe-
less, it should be noted that the fitting values and un-
certainties of these (primary and derived) quantities are
obtained within some precise theoretical assumptions. In
spite of the remarkable success and the simplicity of our
best-working model of the universe, there is solid ground
to believe that some missing physics phenomena are ab-
sent in ACDM. The most obvious example concerns neu-
trino masses: from neutrino oscillation experiments, we
know that neutrinos are not massless; however, their to-
tal mass, required to be within the sub-eV regime, is to-
tally unknown. While neutrinos should be massive, there
could be additional missing ingredients in this minimal
recipe of our universe. Just to mention a few concrete ex-
amples, dark energy could not be as simple as a cosmolog-
ical constant (see, for instance, the indication at 3.9¢ for
Dynamical Dark Energy as obtained by the recent DESI
release [1]) or there could be a small curvature compo-
nent in our universe, as seems to be indicated by some
analyses of the CMB measurements from the Planck 2018
legacy release with the baseline P1ik likelihood [2], which
seem to point towards the possibility of a closed Universe
at more than three standard deviations [3-7].

As a result, one straightforward question is how sta-
ble the mean values and errors of the main cosmological
parameters (including the derived ones) describing the



minimal ACDM scenario are. Answering this question
is of primary importance because these values are often
regarded as reference parameters when testing exotic cos-
mological scenarios. Therefore, a stable and robust esti-
mation of these parameters constitutes a unique tool for
cosmological analyses.

In this manuscript, we take a first step forward to ad-
dress the issue raised above by computing the marginal-
ized errors on the main cosmological parameters over a
range of possible fiducial cosmologies based on minimal
extensions of the ACDM model (see Refs. [8-11] for pre-
vious studies dealing with such a marginalization pro-
cedure). Before proceeding, we stress that our analysis
focuses on only minimal extensions to the cosmological
model. On the one hand, we acknowledge that this could
be perceived as a limitation of our results because we de-
rive constraints marginalized over models with only one
(or at most two) additional degrees of freedom typically
fixed in ACDM. Consequently, we account only for ex-
tensions that do not significantly deviate from a baseline
ACDM cosmology. However, it would also be impractical
to attempt to account for all non-standard cosmological
models that deviate more substantially from ACDM pro-
posed over the past few years in the literature, and we
see no compelling reason to selectively include only a few
of them, as this could introduce selection biases and ob-
scure our conclusions. In this sense, our approach is also
advantageous because we test if, and to what extent, the
results remain robust when relaxing some of the minimal
but well-motivated assumptions within ACDM. As a re-
sult, we not only provide an assessment of the simplest
assumptions of our current (minimal) description of the
universe but also offer a set of reliable mean values and
errors on key cosmological parameters that, under suit-
able conditions, can be regarded as more realistic and
conservative, serving as inputs for testing a variety of
non-standard physical scenarios.

The manuscript is organized as follows. Sec. II de-
scribes the methodology of the marginalization proce-
dure, the data used in the analyses, and the different fidu-
cial cosmologies included in the marginalization. Sec. 11
presents our results, which include tables and figures il-
lustrating the deviation from the expected values within
the different fiducial cosmologies. We conclude in Sec. IV.

II. METHODOLOGY
A. Basic statistics

In the following, we shall review the basics of Bayesian
statistics necessary for performing a marginalization over
a number of different models. We refer the reader to
Refs. [8-11] for a more complete description of the full
statistical analysis.

Given a set of possible models M; with prior probabil-
ities m;, we begin by computing their Bayesian evidences
Z; for the selected dataset d. The posterior probability

of model 7 over all possible models, p;, can be computed
using:

s
Pi= =
b Tz

If all models share a parameter or set of parameters 6,
we can use the model posterior probabilities p; together
with the parameter posterior probability within model 4,
p(0]d, M;), to compute the model-marginalized posterior
probability p(6|d) for 8, given some data d:

p(0ld) = Zp(9|d7/\/li)pi . (2)

(1)

If all models have the same prior and using the Bayes
factors B;o = Z;/Zy with respect to the favored model
My, the model-marginalized posterior becomes:

> Bio
Notice that if the Bayes factors are large in favor of the
preferred model (usually the simplest one), extensions of
the minimal picture will not contribute significantly to
the model-marginalized posterior.

In order to perform Bayesian model comparison using
the Bayes factors and evaluate the strength of preference
in favor of the best model, we follow a modified version
of the Jeffreys’ scale! extracted from Ref. [13], see Tab. I.

B. Theoretical Models

As pointed out in the introduction, a key point in
our analysis is to derive robust bounds on the basic six
ACDM cosmological parameters and a number of derived
ones (Hy, Qm, 0, Ss and Tqrag) by marginalizing over a
plethora of possible background cosmologies, obtained by
extending the basic 6-parameters ACDM scenario. We
recall here that Sg = 0g1/Qm/0.3 and rqrag is the sound
horizon at the baryon drag epoch, the comoving distance
a wave can travel prior to zqrag, When baryons and pho-
tons decouple.

Therefore, along with the six ACDM parameters, we
also include several extensions of this minimal model,
enlarging the parameter space including one or more de-
grees of freedom, such as a running of the scalar spectral
index (ay), a curvature component (), the dark en-
ergy equation of state — either parameterized via one sin-
gle parameter (wyp), or via two parameters (wg and w,)
— the total neutrino mass (>_m, ), the effective number
of relativistic degrees of freedom (Ng), and the lensing
amplitude (Ajens). A short description of each parameter
follows.

1 Notice that our empirical scale, summarized in Tab.l, deviates
from the scale defined in the original Jeffreys’ work [12].



[In Bo|| Odds |Probability

Strength of evidence

<01]| <3:1] <0.750

1 ~3:1 0.750
25 | ~12:1 0.923
5 ~150:1 0.993

Inconclusive
Weak
Moderate
Strong

Parameter Prior
Oph? [0.005, 0.1]
Qch? [0.001, 0.99)
log(101° Ag) [2.91, 3.91]
s [0.8,1.2]
100 Onic (0.5, 10]
T 0.065 4 0.015
O [-0.3, 0.3]
wo -3, 1]
W -3, 2]
Qs -1, 1]

> my [eV] [0.06, 5]
Neg [0.05, 10]
Alens [0, 5]

Table II: List of uniform prior distributions for
cosmological parameters.

e The running of scalar spectral index, a,. In sim-
ple inflationary models, the running of the spec-
tral index is typically very small. However, specific
models can produce a large running over a range
of scales accessible to CMB experiments. Indeed,
a non-zero value of «y alleviates the ~ 2.7¢ dis-
crepancy in the value of the scalar spectral index
ns measured by Planck (ns = 0.9649 £ 0.0044) [14]
and by the Atacama Cosmology Telescope (ACT)
(ns = 1.008 &+ 0.015) [15], see Refs. [16-18]. ACT
and Planck are actually in tension regarding the
estimate of s (see Ref. [19]).

Curvature density, €)x. Recent data analyses of
the CMB temperature and polarization spectra
from Planck 2018 team exploiting the baseline Plik
likelihood suggest that our Universe could have a
closed geometry at more than three standard de-
viations [4, 5, 14, 20]. These hints mostly arise
from TT observations, that would otherwise show

Table I: Modified Jeffreys’ empirical scale to establish the strength of evidence when comparing two competing
models.

nificance above 99% CL. However, this indication
is reduced with the new HiLLiPoP likelihood [25].
Furthermore, an indication for a closed universe is
also present in the BAO data, using Effective Field
Theories of Large Scale Structure [26]. These re-
cent findings strongly motivate to leave the curva-
ture of the Universe as a free parameter [27] and
obtain marginalized limits on the different cosmo-
logical parameters, accounting also for this context.

Dark Energy equation of state, wg or wow,. Cos-
mological bounds become weaker if the dark en-
ergy equation of state is taken as a variable quan-
tity. Indeed, the dark energy equation of state, not
that associated to a cosmological constant A, has
non-trivial degeneracies with a number of cosmo-
logical parameters, such as the Hubble constant or
the total matter density. Even if current data fits
well with the assumption of a cosmological constant
within the minimal ACDM scenario” (except in the
case of DESI observations [1]) the question of hav-
ing an equation of state parameter different from
—1 remains certainly open. Along with constant
dark energy equation of state models, in this paper
we also consider the possibility of having a time-
varying w(a) described by the Chevalier-Polarski-
Linder parametrizazion (CPL) [29, 30]:

w(a) = wo + (1 — a)w, (4)

where a is the scale factor and is ag = 1 at the
present time, w(ag) = wy is the value of the equa-
tion of state parameter today. Dark energy changes
the distance to the CMB consequently pushing it
further (closer) if w < —1 (w > —1) from us. This
effect can be balanced, for instance, by having a
different matter density or a shifted value of H.

Neutrino mass, »  m,. Current cosmological data
from the Planck CMB satellite, the SDSS-IIT and
SDSS-IV galaxy clustering surveys [31, 32] and
the Pantheon Supernova Ia provides the most con-
straining neutrino mass bound to date, Y m, <

a lensing excess [6, 21, 22]. In addition, analyses ex-
ploiting the CamSpec TT likelihood [23, 24] point
to a closed geometry of the Universe with a sig-

2 See also recent Ref. [28] for a review on the constraints on the
Dark Energy equation of state resulting from different cosmolog-
ical and astrophysical data.



0.09 eV at 95% CL [33], mostly due to Red-
shift Space Distortions analyses from the SDSS-IV
eBOSS survey (see also Ref. [34] for a very competi-
tive limit), implying that siz million neutrinos can-
not weigh more than one electron. More recently,
the DESI collaboration reported a even stronger
limit Y m, < 0.072 (0.113) eV at 95% CL if the
prior on the sum of the neutrino masses is assumed
to be > m, > 0 (0.059) eV [1]. A larger amount
of neutrino masses will shift the Hubble parameter
towards smaller values. The value of the current
matter energy density will be larger. This will also
have a non-negligible impact in the value of the
clustering parameter og.

e The effective number of relativistic degrees of free-
dom, Neg. Our current knowledge of the relativis-
tic degrees of freedom at decoupling demonstrates
that Neg is close to 3 as measured by CMB observa-
tions (Neg = 2.997532 at 95% confidence level (CL)

[14]) or BBN abundances (e.g. Neg = 2.8710 3] at
68% CL [35]) independently. A larger value of Neg
will imply more radiation in the early universe and
will be degenerate with the matter density, the am-
plitude of the primordial power spectrum and the
Hubble constant.

e The lensing amplitude, Ajens. CMB anisotropies
get blurred due to gravitational lensing by the large
scale structures of the Universe: photons from dif-
ferent directions are mixed and the peaks at large
multipoles are smoothed. The amount of lensing
within a given cosmology can be changed by means
of the factor Ajens [21], the so-called lensing am-
plitude and, a priori, an unphysical parameter.
Within the minimal ACDM scenario, Ajens = 1.
Planck measurements of the CMB temperature and
polarization indicate that data shows a preference
for additional lensing, suggesting Ajens > 1 at 3o.
CMB lensing can be also extracted from CMB ob-
servations via a four-point correlation function. If
this independent measurement is added the tension
is ameliorated, albeit it is still above the canonical
one by about 2¢. This lensing anomaly could have
its origin in other physics effects unrelated to lens-
ing. Also in this case, this indication is reduced
with the new HiLLiPoP likelihood [25]. The lens-
ing amplitude also shows non-negligible degenera-
cies with a number of cosmological parameters, as
for instance, with the dark matter mass-energy den-
sity or with the reionization optical depth 7o [36].

C. Statistical Analyses and Likelihoods

Our statistical analysis of CMB and large scale struc-
ture probes is based on the public code COBAYA [37], of
which we make use of the Monte Carlo Markov Chain
(MCMC) sampler, originally developed for CosmoMC [38].

The sampler allows to perform parameter space explo-
ration with speed hierarchy implementing the “fast drag-
ging” procedure developed in [39]. The prior distribu-
tions for the parameters involved in our analysis are
chosen to be uniform along the range of variation (see
Tab. IT) with the exception of the optical depth for which
the prior distribution is chosen accordingly to the CMB
datasets as discussed below. From the MCMC results,
we compute Bayesian evidences thanks to the publicly
available package MCEvidence,® properly modified to be
compatible with COBAYA. It has been shown in the past,
see e.g. [10, 11], that the MCEvidence algorithm can
accurately reproduce the Bayes factors obtained with
nested sampling tools such as PolyChord [42, 43], but
with shorter computation time. A reasonable estimate
of the numerical uncertainties on the Bayes factors ob-
tained here is therefore o(log B) ~ 0.5 [10].

Concerning the cosmological and astrophysical obser-
vations, our baseline data-sets and likelihoods include:

e Planck 2018 temperature and polarization (plik TT TE
EE) likelihoods, which also include low multipole data
(¢ < 30) [3, 44, 45], in combination with the Planck
2018 lensing likelihood [46], reconstructed from mea-
surements of the power spectrum of the lensing poten-
tial. This dataset is referred to as Planck.

e Atacama Cosmology Telescope temperature and po-
larization anisotropy DRA4 likelihood, in combination
with the gravitational lensing DR6 likelihood cover-
ing 9400 deg? reconstructed from CMB measurements
made by the Atacama Cosmology Telescope from 2017
to 2021 [47, 48]. In our analysis for the lensing spec-
trum we include only the conservative range of lensing
multipoles 40 < ¢ < 763. We consider a Gaussian prior
on 7 = 0.065+0.015, as prescribed in [15]. We refer to
this dataset as ACT.

e South Pole Telescope temperature and polarization
(TT TE EE) likelihood [49]. Also in this case we con-
sider a Gaussian prior on 7 = 0.065 £ 0.015, We refer
to this dataset as SPT.

e Local Universe observations in the form of

i) Baryon Acoustic Oscillation data from the finalized
SDSS-IV eBOSS survey. These data encompass both
isotropic and anisotropic distance and expansion rate
measurements, as outlined in Table 3 of Reference [50].

ii) Distance modulus measurements of Type Ia
supernovae obtained from the Pantheon-Plus sam-
ple [51]. This dataset comprises 1701 light curves
representing 1550 unique Type Ia supernovae, span-
ning a redshift range from 0.001 to 2.26.

3 github.com/yabebalFantaye/MCEvidence [40, 41].



We will refer to the combination of these two
likelihoods as low-z.

III. RESULTS

Tabs. III depicts the marginalized constraints (at both
68 and 95% CL) on the different cosmological parameters
explored here arising from the different data sets. The
bounds derived within each of the fiducial cosmologies
described in the previous section are shown in Tabs. I'V-
XI, which also include the minimal ACDM scenario. In
what follows, for each of the six main cosmological pa-
rameters, as well as other key derived quantities, we dis-
cuss the various correlations observed across different ex-
tended cosmological models, highlighting the main cor-
relation and degeneracy patterns between standard and
non-standard cosmological parameters. Ultimately, we
present the marginalized posterior distribution functions,
where information from all models converges, leading to
constraints on the main cosmological parameters that
should be considered more robust than those derived un-
der a specific cosmological model. We also detail, case
by case, the most important differences between the con-
straints obtained in our model-marginalized framework
and those derived from individual models. Finally, we
highlight the most relevant applications of our marginal-
ized bounds on a parameter-by-parameter basis.

A. Baryon Energy Density Qph?

Let us start commenting on the baryon mass-energy
density, Qph%. The subsection is organized as follows: we
first discuss the main correlations between the baryon en-
ergy densities and the beyond-ACDM parameters. The
aim of this subsection is twofold: (i) on one hand,
we want to understand what types of phenomenologies
can alter the results on Quh? inferred within a minimal
ACDM cosmology, thereby providing a robust physical
interpretation of the reasons behind these changes; and
(i) on the other hand, we want to identify the main
sources of uncertainty surrounding the constraints on the
baryon energy density obtained within the ACDM cos-
mology. Specifically, we will examine if and to what ex-
tent the constraining power on the baryon energy den-
sity depends on fixing other cosmological parameters be-
yond the standard six to their reference values expected
within the baseline model of cosmology, and how relax-
ing these assumptions affects the constraints. Then, we
adopt the Bayesian methodologies outlined in the pre-
vious sections to derive model-marginalized constraints
on the baryon energy density for all the different combi-
nations of datasets analyzed, incorporating information
from all the minimal extended cosmologies under consid-
eration. Finally, we comment on the overall consistency
of the results and their applicability.

1. Main correlations with beyond ACDM parameters

When comparing the results for Q,h? obtained within
the different fiducial extended cosmologies across the
six combinations of data analyzed, we observe that the
largest increase in the uncertainty of k2 from its ref-
erence value within the ACDM cosmology occurs when
either Neg or Ajens is treated as a free parameter, with
the uncertainty being twice as large when varying the ef-
fective number of neutrino species. For these extended
models, we show the 1-dimensional posterior distribution
functions and the 2-dimensional marginalized contours
(for all six combinations of data) in the top two panels of
Fig. 1 (with the top left panel showing the joint contours
in the Qyh2 - Ajens plane, and the top right panel showing
the correlation in the Q,h? - AN.g plane).

The correlation between Nog and Qph? was somehow
expected, as the baryon mass energy density is measured
from observations of the relative height of the second
CMB peak with respect to the first and third peaks:
if one adds baryons, the odd peaks are enhanced over
the even peaks, that is, baryons make the first acoustic
peak much larger than the second. The more baryons,
the more the second peak is relatively suppressed, as the
extra gravity provided by the baryons will enhance the
compression into the potential wells. On the other hand,
a larger Neg will mostly affect the CMB power spectrum
at high multipoles ¢, rather than at the very first peaks,
i.e. at the CMB damping tail [52]. If ANg increases,
the Hubble parameter H(z) during radiation domination
will increase as well. Baryon-photon decoupling is not
an instantaneous process, leading to a diffusion damp-
ing of oscillations in the plasma. If decoupling starts at
7q and ends at 75, during A7 the radiation free streams

on scale Aq = (AAT)"/? where  is the photon mean free
path and A4 is shorter than the thickness of the last scat-
tering surface. As a consequence, temperature fluctua-
tions on scales smaller than A; are damped, because on
such scales photons can spread freely both from overden-
sities and underdensities. The overall result is that the
damping angular scale 83 = rq/ D4 is proportional to the
square root of the expansion rate 64 o V'H and conse-
quently it increases with ANeg, inducing a suppression
of the peaks located at high multipoles and a smearing of
the oscillations that intensifies at the CMB damping tail.
Therefore, when considering Neg as a free parameter, the
bounds on the baryon energy density are loosened as they
affect the CMB anisotropies in nearby multipole regions.

As seen in Fig. 1, a similar situation, albeit to a minor
extent, happens with the lensing amplitude Ajo,s. CMB
temperature fluctuations get blurred due to gravitational
lensing by the large scale structure of the Universe: pho-
tons from different directions are mixed and the peaks at
large multipoles are smoothed. The amount of lensing
is a precise prediction of the ACDM model: the consis-
tency of the model can be checked by artificially increas-
ing lensing by a factor Ajens [21] (a priori an unphysical
parameter). If ACDM consistently describes all CMB
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Figure 1: Marginalized 1D and 2D posteriors involving the six standard ACDM parameters and other
beyond-ACDM parameters that exhibit the most significant correlations and degeneracy lines with the former,
across all the different CMB and CMB+low-z datasets analyzed in this work.
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(67.375% (67735) (68735 (67.6475'55) (67.37575) (67.87773
Om 0.31579:9°2 0.31315:93% 0.206+53° 0.310413:5559 0.311675:953 0.305610 000
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Table III: Mean values and 68% (95%) CL errors on the six ACDM parameters as well as on some derived ones (Hy,
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Figure 2: Marginalized 1D posteriors for ,h%, considering different datasets. Lighter colors (pink for Planck, yellow
for ACT, light blue for SPT) indicate the posteriors for each of the various cosmological models, where the least
favorite models correspond to fainter lines. The model-marginalized posteriors are shown in brighter colors (magenta
for Planck, red for ACT, blue for SPT). The left (right) panel represents results obtained without (with) low-z data.



data, observations should prefer Aj.,s = 1. Since the ef-
fect of the lensing amplitude is also focused in the large
multipoles peaks, it partly affects the extraction of Qph2.
These larger uncertainties in Qp,h? are observed in case of
Planck, ACT and SPT data. Once low redshift measure-
ments are accounted for, the uncertainties are reduced
and are much closer to the standard ACDM ones.

2. Marginalized Constraints

In Figure 2, we show the displacement in the one-
dimensional posterior probability for Qpk? arising from
assuming all the different fiducial cosmologies and all
data combinations analyzed in this study. In the very
same figure, we highlight in bold the marginalized distri-
bution resulting from marginalizing across the different
models. The results confirm the effects described in the
previous subsection: specifically, the spread in the mean
values of Qph? for ACT and SPT is reduced when low-z
data are added in the numerical analyses. It also shows
that the mean value preferred by ACT is lower than that
preferred by SPT or Planck, indicating a (mild) ~ 20 dis-
crepancy. Interestingly, this mismatch does not diminish
when adding low-redshift observations. This is due to the
higher CMB second peak amplitude preferred by ACT
measurements compared to Planck observations, imply-
ing a lower baryon mass-energy density relative to that
preferred by Planck data. We also note that the inclusion
of low-redshift measurements does not lead to a signifi-
cant reduction in the constraining power; for all the data
combinations involving the three different CMB experi-
ments, the constraints remain of the same order of mag-
nitude. That said, we observe that the constraints based
on Planck CMB temperature and polarization measure-
ments remain a factor of two more constraining compared
to those based on ACT and SPT. Overall, the marginal-
ized constraints on Qph? can be regarded as more robust
compared to those derived within the baseline ACDM
cosmology, as they account for marginalization over a
wide range of cosmological models, many of which recast
the presence of new physics prior to recombination, such
as the value of ANgg. Therefore, they can serve as a
resilient reference value, for instance in studies aimed at
testing late-time cosmologies. Typically, in these cases,
a prior on Quh? is adopted, either tracking the results
obtained by Planck under the assumption of a ACDM
cosmology or — to reduce model dependence — from the
BBN prediction (which, however, increases the uncertain-
ties compared to the CMB-based constraints). Since our
results account for many ACDM extensions and possible
effects, they can be considered more robust than those
derived under the assumption of the minimal ACDM sce-
nario and at least competitive in terms of model depen-
dence with the prior resulting from BBN. Therefore, they
can be used in those kinds of analyses.

B. Cold Dark Matter Energy Density Q.h?

The next parameter to be discussed is the dark matter
mass-energy density. As usual, we start by scrutinizing
the main correlations with non-standard cosmological pa-
rameters beyond the ACDM cosmology. We then derive
marginalized constraints on this quantity, accounting for
a wide range of minimal extensions across all six combi-
nations of data.

1. Main correlations with beyond ACDM parameters

When it comes to correlations among parameters, the
situation for the cold dark matter energy density turns
out to be very similar to that of Qukh?. In this case,
the largest departure from the canonical ACDM theory
is also observed when either Nog or Ajens are free pa-
rameters in the fiducial cosmology. For all the combina-
tions of data explored in this study, the one-dimensional
posterior distribution functions and the two-dimensional
correlations between Q.h?, Neg, and Ajens are shown in
the second row from the top in Fig. 1. The left panel
displays the correlation between Q.h? and Ajens, while
the right panel shows the correlation between Q.h% and
Negr.

The degeneracy between Q.h? and Neg can be easily
understood in terms of the early Integrated Sachs Wolfe
(ISW) effect. This effect is originated from the inter-
action between CMB photons and the time-dependent
gravitational potentials along the line of sight between
us and the last scattering surface. Notice that the early
ISW effect adds in phase with the primary anisotropy,
increasing the height of the first acoustic peaks, with an
emphasis on the first one, where the main contribution of
the ISW effect lies. In addition, the early ISW effect will
be suppressed by the square of the radiation-to-matter
ratio o [(14 2,)/(1+ 2¢q)]%, i.e. a larger (smaller) matter
component will result into a smaller (larger) ISW ampli-
tude due to the larger (smaller) value of z.. Conversely, a
larger (smaller) amount of radiation — i.e. larger (smaller)
Nege — will result into a larger (smaller) ISW effect. This
is also the reason for the lower value of Q.h? preferred
by ACT observations, due to their slightly different am-
plitude of the first CMB acoustic peak when compared
to Planck data.

Concerning Aje,s, notice that there is always a pref-
erence for Ajens > 1 when considering Planck or SPT
data, see Tab. IX. This implies more CMB lensing and
to compensate for that a lower matter density would be
required. In the case of SPT, however, we find a value of
Alens < 1 and therefore the value of Q.h? will be higher
than in the standard ACDM picture (see also Fig. 1).



—— Planck marg Planck models
—— ACT marg ACT models
—— SPT marg SPT models
1.0 A \
0.8 A ’
« 0.6
£
&
a
0.4
0.2 1
0.0 T T T — T T
0.10 0.11 0.12 0.13 0.14
Qch?

Planck+low-z models
ACT+low-z models
SPT+low-z models

— Planck+low-z marg
—— ACT+low-z marg
—— SPT+low-z marg

P/Pmax

0.0 T T — T T T
0.10 0.11 0.12 0.13 0.14

Qch?

Figure 3: Marginalized 1D posteriors for .h2, considering different datasets. Colors are the same as in Fig. 2.

2.  Marginalized Constraints

Figure 3 depicts the displacement in the one-
dimensional posterior distribution functions for Q.h? re-
sulting from assuming different cosmologies, along with
the marginalized 1D posteriors highlighted in bold, con-
sidering various datasets. Overall, the marginalized con-
straints on the dark matter energy density are very close
to those obtained within the minimal ACDM scenario,
reassuring the stability of the main cosmological param-
eters. The constraints obtained from the different CMB
datasets agree quite well with each other, both when in-
cluding and excluding low-redshift observations. How-
ever, we note that including low-redshift data is critical
for achieving strong constraining power in the marginal-
ized constraints. In contrast to the constraints on the
baryon density discussed in the previous section (where
the constraining power was relatively insensitive to the
inclusion of low-redshift data), here incorporating local
universe information can lead to an improvement in the
resulting constraining power of more than a factor of two.
This is due to the fact that a time-dependent dark energy
equation of state, parameterized via the CPL prescrip-
tion, or a non-zero curvature will also have a significant
impact on Q.h? (see Tabs. XI and VIII). These parame-
ters, which affect the late-time evolution of the universe,
are almost unconstrained without distance observations
but are well constrained when we add BAO and SN data.

C. The Angular scale of the Sound Horizon, O\c

The next parameter we shall discuss is Oy, an ap-
proximation to the angular scale of the sound horizon at
decoupling, based on some model-dependent analytical
fits.

1. Main correlations with beyond ACDM parameters

Looking at the constraints for the fyc parameter in
Tabs. IV=XI for the different models, the first thing to no-
tice is that fyic is very well constrained by Planck CMB
measurements. In contrast, higher multipole damping-
tail CMB probes like SPT and ACT result in much larger
errors. This is because Planck data has extremely high
accuracy around the first acoustic peaks, while ACT and
SPT focus on the high multipole region, where determin-
ing the angular position of the peaks is more challeng-
ing due to their smaller amplitudes. Additionally, low-
redshift observations from BAO data do not significantly
improve the constraints on fyic.

When varying the fiducial cosmology by allowing ex-
tensions beyond the minimal ACDM model, the impact
on the mean value and errors of Oy is generally small.
The only notable exception is when Ncg is varied, as
shown in Tab. VI. In Fig. 1 (third row, right panel), we
plot the correlations between Neg and Oy;c for the differ-
ent CMB experiments, both individually and in combina-
tion with low-redshift data. As seen in the figure, there
is a quite strong negative correlation, especially in the
ACT and SPT-based constraints. Increasing (or decreas-
ing) the effective number of relativistic particles decreases
(or increases) the angular scale of the sound horizon.

This correlation can be understood by referring to the
analytical expressions for the sound horizon at decou-
pling, as discussed in Ref. [53]. Specifically, 75, the sound
horizon at decoupling, is directly linked to the amount of
radiation in the universe, which is governed by N.g: in-
creasing the radiation energy density decreases the size
of the sound horizon. In turn, 1000yc is essentially the
ratio of the sound horizon to the angular diameter dis-
tance to the CMB, which contains information about the
universe’s expansion history after recombination. If we
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Figure 4: Marginalized 1D posteriors for 1000y, considering different datasets. Colors are the same as in Fig. 2.

don’t change the late-time cosmology but only vary N.g
(or use low-redshift observations that constrain the post-
recombination expansion to be very close to the Planck
ACDM cosmology), this affects the numerator of this ra-
tio without significantly changing the denominator. This
has a clear impact on the inferred value of 1000y;c. This
explains the relatively large effect that N.g has on both
the mean value and errors of 1000y;c, as shown in Fig. 1.

2.  Marginalized Constraints

Asusual, in Fig. 4, we depict the one-dimensional prob-
ability distributions for this parameter obtained from
different combinations of datasets within the various
fiducial cosmologies analyzed in this work. The bold
lines represent the marginalized one-dimensional poste-
rior probability distribution functions. The first notice-
able point is that the displacement between the marginal-
ized posterior and those obtained from different fiducial
cosmologies is smaller than for other parameters, with
the only exception being the results from varying Neg,
as mentioned in the previous subsection.

The numerical results for 1000y;c are summarized in
Table III, both at the 68% and 95% CL. These results
confirm that Planck-based constraints determine this pa-
rameter with a precision more than twice as accurate as
those based on ACT and SPT. This is due to the lack of
data from ACT and SPT around the first acoustic peak,
which is crucial for precisely measuring the angular scale
of the sound horizon.

Additionally, from Figs. 4, we note that ACT-based
constraints are shifted towards larger values of fy;c com-
pared to Planck, while SPT-based constraints are shifted
towards smaller values. This results in a mild ( 20) dif-
ference in the constraints on this parameter from differ-

ent CMB probes. The situation remains similar when
considering constraints from the combination of CMB
experiments and low-redshift data. However, in these
cases, we observe a reduction in the displacement of the
one-dimensional probability distributions (see the right
panel of Fig. 4) and a decrease in uncertainties for ACT
and SPT-based marginalized constraints. On the other
hand, the improvements for Planck-based constraints are
minimal. This is because Planck data typically constrain
this parameter well, even in extended cosmologies, due
to the availability of data around the first peak. In con-
trast, ACT and SPT constraints allow more flexibility
in shifting fyc when studying fiducial cosmologies that
modify the late-time expansion history. In these latter
cases, the angular diameter distance to the CMB is well
constrained only when low-redshift data are included, re-
sulting in better-determined values for fyc.

We conclude this subsection with an important remark
on the utility of our marginalized constraints. Specifi-
cally, the value of the angular scale of the sound horizon
measured by Planck under the assumption of a fiducial
ACDM cosmology is often used as a distance prior to
compress CMB likelihoods and constrain extensions to
the standard cosmological model. Essentially, the an-
gular scale of the sound horizon can be viewed as an
additional BAO data point at recombination (i.e., at
z ~ 1090) to be considered when testing new models.
This parameter is commonly used because, as our analy-
sis partially confirmed, 1000y;c is considered a relatively
model-independent geometric measurement characteriz-
ing the CMB angular power spectra (being closely tied
to the position of the first acoustic peak). However, the
marginalized result we provide in Table III already ac-
counts for potential effects arising from varying a wide
range of fiducial cosmologies considered here, thereby re-
ducing the model dependence of our estimate. Therefore,
this result can and should be used in such analyses in-



stead of the most economical ACDM one, replacing the
value obtained from assuming a single baseline cosmology
only.

D. Reionization optical depth, Tycio

We shall comment next on the correlations and
marginalized limits of the parameter 7eo, the reioniza-
tion optical depth.

1. Main correlations with beyond ACDM parameters

Constraints on Tyej, based on Planck (and eventually
ACT) CMB measurements, as well as its correlation with
various beyond-ACDM parameters, have recently under-
gone extensive testing. Specifically, in Ref. [36], some
of us analyzed the reionization optical depth in rela-
tion to large-scale temperature and polarization mea-
surements, investigating the possibility that anomalies
in these parts of the datasets could lead to artificially
low values of Ty, thereby driving several minor or mild
anomalies in the Planck constraints. For more details
in this direction, we refer to the aforementioned work.
Here, we confirm that Planck’s accuracy on 7yei0 is largely
driven by large-scale temperature and polarization mea-
surements. In contrast, the errors from either the SPT
or ACT datasets arise from the Gaussian prior applied
when studying high-multipole CMB data from these two
experiments, which, on their own, have no sensitivity
t0 Treio- It’s worth noting that this Gaussian prior is
a conservative estimate, partially derived from WMAP
and Planck results (see Ref. [15]), and it results in er-
rors twice as large as those obtained from Planck CMB
measurements.” Additionally, it should be noted that
low-redshift measurements do not significantly alter the
€ITOrS ON Tyejo Obtained by Planck, due to their lack of
sensitivity to the physical effects induced by this param-
eter.

Regarding the different fiducial cosmologies considered
in this work, the most significant impact occurs, as ex-
pected, when the phenomenological parameter Ajepg is al-
lowed to vary freely (see Tab. IX for numerical results and
the third row, left panel of Fig. 1 for the one-dimensional
posterior distributions and two-dimensional correlations
between Tyeio and Ajens). As seen in the figure, due to

4 In Ref. [36], some of us argued that, in principle, by combining
low-redshift data with small-scale ACT CMB measurements, it is
possible to constrain 7,.i0 without adopting such a prior, thereby
obtaining a Planck-independent estimate of this parameter. The
resulting constraints tend to favor slightly larger values of the
optical reionization depth, showing a ~ 1.80 tension with the
Planck result. That being said, these constraints are significantly
weaker in extended cosmological models, as demonstrated in the
same work. This is the primary reason we chose to adopt the
prior in our study.
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this correlation, the mean value of 7., is lower than
its ACDM counterpart when the lensing amplitude is a
free parameter in the analysis. Although the shift in the
mean value is not significant, it is straightforward to un-
derstand: if Ajens > 1, CMB lensing will be stronger.
Since Tyejo Suppresses all acoustic peaks by a constant
factor exp(—Tyeio) While leaving the power on the largest
scales unaffected, a smaller value of 7.c;, — leading to re-
duced smearing of the small-scale features in the power
spectrum — will be required to compensate for this effect.

2.  Marginalized Constraints

The marginalized constraints on 7yej, are shown in Ta-
ble IIT and Fig. 5. In this case, we note that the con-
straints on the reionization optical depth are highly sta-
ble and robust. For the ACT and SPT-based results, this
stability is primarily due to the inclusion of the Gaus-
sian prior. Minor shifts in the one-dimensional posterior
distribution functions obtained within different extended
cosmological models are observed, indicating that even
with a prior on this parameter, slight displacements can
arise when varying other quantities simultaneously. Our
marginalized distributions (highlighted in bold in the fig-
ure) account for these minor shifts, weighting them by the
Bayes factor of the different models.

E. Amplitude of the primordial power spectrum As

Next, we shall focus on the amplitude of the primordial
power spectrum As.

1. Main correlations with beyond ACDM parameters

When it comes to correlations between 7., and
beyond-ACDM parameters, we find very similar results
to those discussed earlier for Tyejo. This is primarily due
to the strong degeneracy between the amplitude of the
primordial power spectrum, Ag, and the optical reion-
ization depth, Tyeio- A well-known effect of reionization,
aside from enhancing the CMB polarization spectrum at
large angular scales, is the suppression of temperature
anisotropies at smaller scales. This suppression can be
offset by increasing Ag, which controls the overall nor-
malization of the CMB power spectrum. Therefore, it
is not surprising that the same parameters that corre-
late with 7y, also affect the amplitude of the primordial
spectrum.

As shown in Tab. X, the largest impact on the de-
termination of Ag, particularly on its error, occurs when
the lensing amplitude, Ajepns, is a free parameter. The
one-dimensional posterior distribution functions and two-
dimensional correlations for these parameters are pre-
sented in the bottom-left panel of Fig. 1, and they ex-
hibit a behavior similar to that described for the opti-
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cal depth. Specifically, to counterbalance the effects of
considering more (or less) lensing than expected in the
standard ACDM model, one would need to decrease (or
increase) the primordial amplitude. As seen in the fig-
ure and in Tab. IX, low-redshift data do not significantly
improve the constraining power in this case.

2.  Marginalized Constraints

The marginalized constraints for A are summarized in
Tab. III and visualized in the two panels of Fig. 6, where
we also show the displacements in the one-dimensional

probability distribution for this parameter across dif-
ferent datasets and fiducial cosmologies, together with
the resulting marginalized one-dimensional posteriors in
bold. Overall, the central values agree quite well across
the various combinations of data, typically within one
standard deviation. However, for CMB experiments
other than Planck, the error budget is nearly dou-
bled. This discrepancy in precision between Planck and
Planck-independent experiments is somewhat mitigated
by the inclusion of low-redshift data, although the uncer-
tainty remains significantly larger than that for Planck
combined with low-z data. In conclusion, low-redshift
observations provide some improvement in reducing un-



—— Planck marg Planck models
—— ACT marg ACT models
—— SPT marg SPT models
1.0
"
)
0.8 1 ,ﬂ
« 0.6
©
£
Q
=
a
0.4 4
0.2 4 \‘
0.0 T \

0.900 0.925 0.950 0.975 1.000 1.025 1.050
nS

13

Planck+low-z models
ACT+low-z models
SPT+low-z models

— Planck+low-z marg
—— ACT+low-z marg
—— SPT+low-z marg

1.0 A

0.8 1

0.6 1

P/Pmax

0.4 1

0.2 1

\

0.0 T T T T T
0.900 0.925 0.950 0.975 1.000 1.025 1.050

Ns

Figure 7: Marginalized 1D posteriors for ng, considering different datasets.Colors are the same as in Fig. 2.

certainties in Planck-independent constraints, but Planck
continues to offer superior precision in determining Ag
across all cosmological models and datasets.

F. Primordial scalar spectral index ng

The next parameter we discuss is the primordial power
spectrum scalar spectral index, ng.

1. Main correlations with beyond ACDM parameters

Constraints on the value of the spectral index of pri-
mordial fluctuations have recently been a matter of in-
tense debate in the literature for several reasons. First
and foremost, as highlighted by our extensive reanalysis,
mild to moderate differences in the cosmological param-
eters inferred by ACT and Planck have emerged, as re-
ported by several independent groups, including some of
us, in Refs. [16-19, 54-58]. These discrepancies primar-
ily involve the spectral index of primordial fluctuations,
ng, or inflationary parameters closely related to ns (see
e.g., Refs. [17-19] for further discussion). Unexpectedly,
small-scale CMB measurements from the Data Release 4
of the Atacama Cosmology Telescope (ACT) show agree-
ment with a scale-invariant Harrison-Zel’dovich spectrum
(ns ~ 1), introducing a tension with Planck results at
99.3% CL [18]. If observational systematics are set aside,
and the differences between ACT and Planck are consid-
ered as genuine, the analysis of small-scale CMB data
leads to distinct predictions for inflationary models [59].
Secondly, in Ref. [60], one of us extensively investigated
how Planck’s constraints on ng evolve in beyond-ACDM
theoretical models aimed at resolving recent cosmologi-
cal tensions (which we will discuss later in more detail).

This analysis pointed out that deviations from a baseline
ACDM cosmology at early times (i.e., before recombina-
tion) can significantly affect the results on the spectral
index.

Unsurprisingly, our analysis confirms that the largest
impact on the constraints on ng occurs when the number
of relativistic degrees of freedom, N.g, is a free parame-
ter in the fiducial cosmology (see Tab. VI). The correla-
tions between ng; and Neg are shown in the bottom-right
panel of Fig. 1, where all datasets reveal a strong positive
correlation between these two parameters. This effect is
straightforward to understand: values of Neg < 3 imply
less damping in the high-multipole region of the CMB.
A lower Ngg can be compensated by a lower ng, which
decreases the slope of the angular power spectrum, re-
ducing the right side relative to the left one. Conversely,
values of Neg > 3 require the mean value of ng to in-
crease to compensate for the larger damping induced by
a larger dark radiation component. The figure also re-
veals that varying these two parameters simultaneously
in the cosmological model tends to reduce the preference
for ng ~ 1 observed in ACT-based results. However, this
comes at the cost of shifting Neg towards slightly lower
values than those expected within the standard model of
cosmology and particle physics (see Ref. [16] for further
discussion).

2. Marginalized Constraints

The marginalized constraints on the spectral index are
summarized in Tab. 11T at 68% and 95% CL. As shown
in Fig. 7, the scatter in the one-dimensional marginal-
ized posteriors obtained from different fiducial cosmolo-
gies is quite significant. This underscores that the con-
straints on this parameter depend non-trivially on the
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overall cosmology, as previously discussed. Notably, the
figure confirms an overall tendency for the posterior dis-
tributions based on ACT and SPT CMB measurements
to prefer slightly larger values than those inferred from
Planck CMB data, consistent with the references outlined
earlier. In fact, the marginalized limit on ns from ACT

data reported in Table III aligns with ns ~ 1 and is sig-
nificantly shifted compared to Planck results. SPT con-
straints are generally in line with Planck but have such
large uncertainties that they remain consistent with ACT
results as well. Among the three CMB experiments, the
marginalized posterior distribution functions that most
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strongly rule out ns ~ 1 are those based on Planck data.
Even in this case, the error bars on the spectral index
are significantly larger than those obtained within a base-
line ACDM cosmology. Last but not least, the same fig-
ure and table illustrate that low-redshift measurements
do not lead to substantial improvements when combined
with Planck CMB data. Instead, they slightly enhance
the accuracy of ng extraction when added to SPT or ACT
observations.

G. Hubble Constant, Hy

We have discussed so far the main six ACDM param-
eters. Now we will focus on the derived ones, starting
with the Hubble constant, Hy.

1. Main correlations with beyond ACDM parameters

When examining the correlation between Hy and other
cosmological parameters, the most significant increases in
the errors and/or deviations from results inferred within
a baseline ACDM cosmology occur when modifications
are made to the dark energy sector. As can be noticed
from Tabs. X and XI, a much larger value of the Hubble
constant is obtained when the dark energy equation of
state is a freely varying parameter or a function of red-
shift for the case of Planck and ACT. This is because of
the well-known geometrical degeneracy among the equa-
tion of state, the matter density, and the Hubble con-
stant. As seen from the left bottom panel of Fig. 8, the
value of the dark energy equation of state is preferred to
be in the phantom region with a significance of 20 (in
the constant w case). Therefore, changes in the prop-

erties or dynamics of dark energy can substantially im-
pact the estimation of Hy and its relationship with other
parameters. This is a well-known result and indeed it
has been proposed as a scenario where to solve the long-
standing Hubble constant tension [61]. In the case of
SPT, the situation is reversed: a value w > —1 is pre-
ferred (see the one dimensional probability distribution
functions in Fig. 8), and therefore the value of the Hubble
parameter is considerably smaller than within the min-
imal ACDM cosmology. Nevertheless, also in the SPT
case the low redshift data restores mean values and er-
rors of the Hubble constant very close to their ACDM
counterparts. Overall, as largely expected, the inclu-
sion of low-z datasets becomes crucial when simultane-
ously varying parameters related to the dark sector and
Hy. To emphasize this aspect, in Fig. 8, we have kept
the same y-axis scale when plotting the two-dimensional
marginalized contours with and without low-z informa-
tion to highlight the significant reduction in contour size
compared to those obtained from CMB-only analyses.
Another significant shift of Hy towards smaller val-
ues is instead due to the presence of massive neutrinos,
that change the angular diameter distance at the last
scattering surface and thus introduce a correlation with
the Hubble constant. In this case, the shift for all the
CMB experiments is in the same direction. Varying the
neutrino effective number Nqg is again another method
to relax the Hy constraints, because of their very well
known correlation through the effect on the peaks in the
damping tail. The one-dimensional posterior distribution
function and the two-dimensional correlation between Hy
and Neg are shown in the top-left panel of Fig. 8 for the
different datasets. Also in this case, the final preferred
value depends on the CMB observations under consid-
eration: ACT points towards a lower value for Nog and
therefore a lower Hy also, while SPT has the opposite
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Figure 10: Marginalized 1D posteriors for the matter energy density ), and the matter clustering parameters og



trend. The very same argument can be used when the
spatial curvature of the universe is free to vary. ACT
goes in the direction of a closed universe and a lower Hy
value with error bars increasing up to a factor 5 with
respect to the ACDM case, while SPT prefers an open
universe and a higher Hy value.

Last but not least, other important correlations involve
the curvature parameter ), and the lensing amplitude
Ajens, both of which are displayed in Fig. 8 for the differ-
ent datasets.

2.  Marginalized Constraints

Table 1T shows the 95% CL constraints on the Hub-
ble parameter. While the mean value of Hj is barely
shifted, its errors are increased by one to two orders of
magnitude when only CMB data are considered, depend-
ing on the dataset. This case is completely different from
what we have observed so far, i.e., low redshift measure-
ments are crucial for restoring the errors to their default
values within the ACDM paradigm, see Tab. IV, Fig. 9
and Fig. 8. Once low redshift probes are included in the
analyses, the errors on Hy are decreased by more than
one order of magnitude. The very large spread in the
errors of the Hubble constant is clearly visible from the
left panel of Fig. 9. The right panel shows the dilution
of such a spread due to BAO observations, which break
many of the degeneracies between H, and the cosmo-
logical parameters involved in the extended cosmological
scenarios considered here when only CMB observations
are considered.

H. Matter Energy Density (2,, and Clustering
parameters, os and Ss

The following derived parameters we discuss are those
related to the matter sector of the Universe, namely, the
matter energy density, ),,, and the matter clustering-
related parameters og and Sg.

1. Main correlations with beyond ACDM parameters

The most relevant correlations involving the matter
density and the clustering parameters are displayed in
Fig. 8. In the top right panel, we show the correla-
tion with the effective number of relativistic degrees of
freedom. The top left panel highlights correlations with
the lensing amplitude, while the bottom left explores
the marginalized constraints with the curvature energy
density. Finally, the bottom right panel shows the con-
straints with the dark energy equation of state. Among
those, the largest shifts in both the matter density and
matter clustering parameters occur when freedom is in-
troduced into the dark energy sector. For datasets such
as Planck and ACT, the Hubble constant can take higher
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values when w < —1. However, the structure of the CMB
acoustic peaks restricts Q,h% from becoming too large.
As a result, 0, needs to be smaller than in the standard
ACDM model. Conversely, in the case of SPT, a much
larger value of €y, is observed, which is almost uncon-
strained within the considered prior range. For a similar
reason (i.e., its correlation with Hy), the matter density
shifts to higher values when considering massive neutri-
nos, while the uncertainties relax by a factor of 2-3 com-
pared to the ACDM scenario across all CMB datasets.
However, when low-redshift measurements are added for
Planck, ACT, and SPT, the value of the dark energy
equation of state approaches w = —1, bringing the mean
values and uncertainties back in line with ACDM expec-
tations. Low-redshift measurements also play a critical
role in the constraints on og and Sg. Since low-redshift
data directly measure these parameters, they help in
breaking the degeneracies present in CMB-only analy-
ses. Lastly, varying the neutrino effective number Nqg
or the spatial curvature €; results in significant shifts:
ACT and Planck observations push the parameters to-
wards higher values, while SPT tends to shift them to-
wards lower values.

2.  Marginalized Constraints

The marginalized constraints on the matter-related pa-
rameters are summarized in Tab. I1I. The posterior dis-
tribution functions for Q,,, os, and Ss, as well as the
shifts in the posteriors derived from different models and
datasets, are shown in Fig. 10. In the left panel of Fig. 10,
we see that when considering only CMB data, there is sig-
nificant scatter in the mean values and uncertainties of
Qum, og, and Sg. This is due to the challenge CMB data
alone faces in constraining these quantities in extended
cosmological models, largely because of correlations with
other parameters, as discussed in the previous subsec-
tion. However, low-redshift measurements significantly
reduce the uncertainties in the marginalized values. In
some cases, they reduce the errors by an order of magni-
tude. The constraining power of low-z data is evident in
the right panel of the same figure, where the addition of
these measurements narrows the scatter in the mean val-
ues and uncertainties of both the matter-energy density
and the two clustering parameters, ensuring their stabil-
ity against different possible fiducial cosmologies. As a
result, the marginalized values of these derived parame-
ters, especially when low-redshift data are included, offer
a robust basis for testing exotic extensions of the ACDM
scenario, due to their stability across various cosmologi-
cal models.



—— Planck marg Planck models
—— ACT marg ACT models
—— SPT marg SPT models
1.0 A
0.8 1
« 0.6
©
£
=3
a
0.4 A
0.2 1
0.0 T T 7
144 146 148 150 152
Idrag [Mpc]

18

Planck+low-z models
ACT+low-z models
SPT+low-z models

— Planck+low-z marg
—— ACT+low-z marg
= SPT+low-z marg

1.0

0.8 1

0.6 1

P/Prmax

0.4 1 |

0.2 1
148
Idrag [Mpc]

0.0

— T
144 146 150 152

Figure 11: Marginalized 1D posteriors for rq;ag [Mpc|, considering different datasets. Colors are the same as in
Fig. 2.

I. The sound horizon, rqrag

The last parameter we discuss is the value of the sound
horizon at the drag epoch, rgrag.”

1. Main correlations with beyond ACDM parameters

By definition, the sound horizon contains information
about the expansion history of the Universe from soon
after inflation to before recombination. Therefore, when
studying the correlation between the sound horizon and
other cosmological parameters, it is no surprise that this
parameter is primarily sensitive to quantities that influ-
ence the expansion history of the Universe before recom-
bination. The main correlation we pointed out is with the
effective number of relativistic degrees of freedom, Neg.
Specifically, larger values of Nog > 3 will increase the
radiation energy density of the Universe before recombi-
nation, leading to a faster expansion rate, H(z). This,
in turn, results in a smaller value for the sound horizon.
Conversely, Nog < 3 has the opposite effect, leading to
larger values of r4yag. Due to its critical role in potentially
addressing the long-standing Hubble tension, the corre-
lation between the sound horizon and other cosmological
parameters has been widely discussed in the literature.
We have also highlighted these correlations ourselves in

51t is important to note that the sound horizon evaluated at
the baryon drag epoch, referred to here as 7qrag, differs from
the sound horizon evaluated at recombination because the two
epochs are separated by Az ~ 30. Since the results in the liter-
ature are commonly expressed in terms of rq;,e, we follow this
convention.

relation to other key cosmological parameters, such as
Onvic. Therefore, to avoid repetition of well-established
information, we refer to previous subsections and the ex-
tensive literature dedicated to this topic for further de-
tails.

2.  Marginalized Constraints

The marginalized constraints on the sound horizon at
the drag epoch are summarized in Table III and visu-
alized in Fig. 11. Several important observations are
warranted here. Firstly, we note that the constraints
achievable with Planck CMB observations are more than
three times tighter compared to those based on ACT
or SPT data. Including low-redshift information signifi-
cantly improves the precision attainable with ACT and
SPT, while it has a less pronounced impact on the Planck
results. Consequently, when combining CMB data with
local probes, the difference in constraining power between
different datasets is reduced to a factor of 2. The im-
provement in the constraining power from local Universe
probes is evident when comparing the left and right pan-
els of Fig. 11. This can be explained by the sensitivity
of the sound horizon to beyond-ACDM extensions. De-
spite this improvement, we observe that the marginalized
uncertainties remain relatively large for experiments be-
yond Planck, and even within Planck they are broader
than those inferred assuming a ACDM cosmology. This
highlights how sensitive constraints on the sound horizon
can be to changes in fiducial cosmology. This sensitivity
includes not only parameters that affect early-time cos-
mology (such as Neg, discussed in the previous subsec-
tion) but also parameters influencing late-time expansion
history, particularly for experiments other than Planck.



This is evident from Fig. 11, where we observe signifi-
cant scatter in the one-dimensional probability distribu-
tion functions obtained across different fiducial cosmolo-
gies.

We conclude with a final remark on the applicabil-
ity of our marginalized constraints on the sound hori-
zon. The value of r4y,e inferred by Planck, assuming a
baseline ACDM cosmology, is often adopted as a prior in
studies that aim to compress the CMB likelihood when
testing extended cosmological models (particularly when
no changes are expected in the expansion history of the
Universe before recombination). However, as highlighted
by our analysis, mild deviations from this value are ob-
served even when studying late-time expanded cosmolo-
gies due to correlations among parameters. Therefore,
we argue that our marginalized constraints offer a safer
and more robust choice for distance prior likelihoods.
Our constraints are less model-dependent (although still
based on extensions of the ACDM model) and more con-
servative, with larger uncertainties that better capture
potential variations across different fiducial cosmologies.
This makes them more suitable for extended model tests,
avoiding the overly restrictive assumptions of a ACDM
framework.

IV. CONCLUSIONS

In this work, we provide a comprehensive overview of
the constraints on cosmological parameters derived from
current CMB experiments, both individually and in com-
bination with local Universe probes. We discuss the
various correlations observed across different extended
cosmological models on a parameter-by-parameter basis,
highlighting key correlations and degeneracy patterns be-
tween standard and non-standard cosmological param-
eters and pointing out the most important differences
among different datasets and CMB experiments. Ulti-
mately, we present the marginalized posterior distribu-
tion functions, where information from all the consid-
ered extensions of the ACDM model converges, leading
to constraints on the main cosmological parameters that
are more robust than those derived from specific cosmo-
logical models.

Our study is motivated by several interesting reasons.
First and foremost, we aim to address the following
question: Are the ACDM model parameter values ro-
bust? The answer is yes. After analyzing the model-
marginalized limits, obtained considering several exten-
sions of the simplest ACDM scenario, on the standard
ACDM cosmological parameters Q.h2, Quh2, Ovc, Treio
ng, and Ay, as well as on the derived quantities Hy, Qy,,
08, Sg, and Tdrag, we find that, although the mean values
and errors from CMB data alone have large spreads when
computed over a number of possible non-minimal fiducial
cosmologies, the addition of low-redshift measurements
restores their values to the canonical ACDM ones.

Secondly, our marginalization procedure includes ex-
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tensions of the minimal ACDM model with massive neu-
trinos, extra relativistic species, non-minimal dark en-
ergy equation of state scenarios, non-zero curvature, or
a varying lensing amplitude parameter. Our results not
only demonstrate the stability of the standard cosmolog-
ical parameters within the minimal ACDM model and its
extensions, but also provide a set of marginalized errors
and mean values that are more reliable and conservative
than those obtained within the minimal ACDM picture,
serving as valuable tools for testing some extended cos-
mological scenarios.

In particular, we highlight the following findings and
their potential applications. Our marginalized con-
straints on the baryon energy density parameter, Qh?,
provide a more robust alternative to the traditional value
inferred within ACDM cosmology, owing to their reason-
ably reduced model dependence. In studies focused on
late-time cosmology, a prior on ,h? is often adopted
based on results from Planck under the ACDM assump-
tion or, alternatively, from BBN predictions, which typ-
ically increase uncertainties compared to Planck-based
constraints. Our results offer a reasonable alternative to
both the BBN prior and the Planck ACDM-based result.
Indeed, our marginalized constraint considers a broad
range of models and possible effects and, although not
entirely model-independent, can certainly be regarded as
more conservative estimates than those derived under the
ACDM assumption. They are also at least competitive
with the BBN prior in terms of model dependence, mak-
ing them effective for these analyses.

The Planck measurement of the angular scale of the
acoustic peaks, Oy, is frequently used as a distance
prior due to its relatively model-independent nature, be-
ing closely related to the position of the first acoustic
peak in the CMB angular power spectra. fyc can effec-
tively serve as an additional BAO point at recombina-
tion (i.e., at z ~ 1090) when testing cosmological models
and compressing CMB likelihoods. However, state-of-
the-art analyses typically rely on the value inferred by
Planck assuming a ACDM cosmology. Although this pa-
rameter is determined with a high level of precision and
is not very sensitive to changes in cosmological models,
minor deviations can nonetheless arise when consider-
ing various beyond-ACDM parameters. In contrast, our
marginalized results account for potential effects arising
from a variety of fiducial cosmologies, thereby further re-
ducing the model dependence of our estimate. Thus, our
marginalized constraints can and should be utilized in
analyses, potentially replacing values obtained from sin-
gle baseline cosmology assumptions, when a full analysis
of cosmological data cannot be performed.

Finally, similarly to the previous parameters, the
sound horizon constraint derived by Planck, based on
the ACDM assumption, is often used as a prior in stud-
ies that aim to compress the CMB likelihood when test-
ing extended cosmological models, particularly when no
changes in the expansion history of the Universe are
expected before recombination. However, our analysis



reveals that mild deviations from this value can occur
even when considering late-time expanded cosmologies
due to parameter correlations. Consequently, we argue
that our marginalized constraints represent a safer and
more robust choice for distance prior likelihoods. These
constraints are less model-dependent and more conserva-
tive, with larger uncertainties that better capture poten-
tial variations across cosmological models, thus avoiding
the restrictive assumptions inherent in the ACDM frame-
work.
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Appendix A: Tables

Parameter Planck Planck+low-z ACT ACT+lowz SPT SPT+low-z

Qph* 0.02238 + 0.00014 (0.0223870 00028 0.02242 + 0.00013 (0.022420 00027 0.02163 + 0.00030 (0.0216350 00057 0.02162 + 0.00029 (0.021621090053) 0.02225 + 0.00031 (0.0222570 000%3) 0.02223 =+ 0.00031 (0.02223T0-000%8

Qch? 0.1200 % 0.0012 (0.1200%9- 5923 0.11931 % 0.00088 (0.119379:901% 0.1194 % 0.0021 (0.119479:9943 0.1191 + 0.0012 (0.1191+9:3923 0.1161 % 0.0038 (0.1161+9-9978 0.1178 £ 0.0013 (0.1178+9: 9920

1006nc 1.04091 £ 0.00031 (1.0409170-000%1) 1.04100 £ 0.00029 (1.041007(:00022)  1.04209 + 0.00068 (1.042170001%)  1.04213 £ 0.00061 (1.042170:0013)  1.04029 £ 0.00075 (1.04037(-0012)  1.04022 + 0.00068 (1.0402+00013
0.00061 0.00057 0.0014 00012 0.0015 00013

Treio 0.0543 + 0.0076 (0.054+3918 0.0576 + 0.0071 (0.05879:55 0.069 + 0.014 (0.06975:92% 0.071 4 0.011 (0.071%5:92} 0.059 + 0.015 (0.05975:928 ) 0.063 4 0.013 (0.06373:928

s 0.9651 + 0.0041 (0.965175:95L 0.9668 + 0.0036 (0.9668+9: 3978 0.996 + 0.012 (0.99615:524 0.998 + 0.012 (0.99879:922 0.972 + 0.017 (0.97215:533) 0.969 + 0.015 (0.9697 3935

log(101° A,) 3.044 + 0.015 (3.04475:02 3.050 £ 0.014 (3.0501 9923 3.069 + 0.025 (3.06975:020 3.072 +0.019 (3.07219:93% 3.046 + 0.030 (3.04615:028 3.058 £ 0.029 (3.05819:922

Ho 67.36 + 0.54 (67.471 ) 67.65 £ 0.40 (67.65707%) 67.35 +0.90 (67.471%) 67.43 + 0.48 (67.4370:55 68.4 +1.5(68.475:1 67.78 +0.52 (67.8719)

D 0.3152 = 0.0074 (0.31575:013 0.3111 + 0.0053 (0.311+3:018 0.313 £ 0.013 (0.31379:92% 0.3110 + 0.0065 (0.311+:01% 0.298 £ 0.021 (0.298+ 3344 0.3062 + 0.0071 (0.306+5:014

o8 0.8111 4 0.0061 (0.811+3912 0.8116 + 0.0059 (0.81275:512 0.8331 % 0.0083 (0.83379:915) 0.8343 £+ 0.0078 (0.83470012 0.800 = 0.016 (0.80075:53 0.811 4 0.012 (0.81173:923

Tarag 147.11 4 0.27 (147.117933) 147.22 + 0.22 (147.2219 44 148.11 4 0.63 (148.1112) 148.18 + 0.47 (148,189 93 148.3 + 1.1 (148.3121) 147.86 £ 0.51 (147.9+19)

Table IV: Mean values and 68% (95%) CL constraints on the six ACDM parameters as well as on some derived ones

(Ho, Qm, 0s and Tqrag) within the minimal ACDM fiducial cosmology.

Parameter Planck Planck{low-z ACT ACT{lowz SPT SPT+low-z
Sy feV] < 0.406 <0.135 < 0.890 < 0.207 <275 <0.242

Qb2 0.02231 £ 0.00016 (0.02231 50 00031) 0.02243 £ 0.00013 (0.022431) 00026 ) 0.02147 £ 0.00031 (0.0214759 99955 0.02163 £ 0.00029 (0.02163100995%) 0.02218 £ 0.00032 (0.022180000%%) 0.02224 £ 0.00031 (0.022240:000%]
Qch? 0.1206 + 0.0013 (0.1206%: 5526 0.11918 + 0.00089 (0.1192+5:5517 0.1236 + 0.0028 (0.12367 35924 0.1185 + 0.0012 (0.1185+9: 9924 0.116170:0036 (0.11679:011) 0.1166 + 0.0016 (0.1166+9: 3935
1006z 1.04080 = 0.00032 (1.040809-55553) 1.04101 = 0.00029 (1.0410179:9502%)  1.04159 + 0.00068 (1.0416730013)  1.04222 £ 0.00062 (1.0422*5:0012)  1.03984 £ 0.00075 (1.039875:0013)  1.04032 =+ 0.00069 (1.0403*5:0013
Treio 0.0553 = 0.0075 (0.05575:015 0.0589 = 0.0074 (0.05919 015 0.070 = 0.014 (0.07079:92% 0.078 £ 0.012 (00789925 0.061 = 0.014 (0.0619:92% 0.067 £ 0.014 (00679928

ng 0.9630 = 0.0046 (0.963075:9957) 0.9671 + 0.0036 (0.9671+9:3970 0.989 + 0.012 (0.98970:924 0.997 4+ 0.012 (0.997%5:923 0.947 + 0.023 (0.94775:518) 0.971 4+ 0.015 (0.97173:939
log(10'° A,) 3.048 + 0.015 (3.04875:539 3.053 4 0.015 (3.05375:92% 3.078 + 0.026 (3.07815:920 3.088 + 0.023 (3.08879:915 3.058 + 0.030 (3.05815:929 3.065 + 0.029 (3.0657 3927

Ho 66.1113 (66.1732) 67.47 + 0.43 (67.4710:33) 62.4 +2.3(62.474 67.16 +0.53 (67.2510 60.8 + 3.6 (6173) 67.59 4 0.54 (67.611

D 0.33270:035 (0.33270042 0.3132 % 0.0057 (0.31370 01 0.388 %+ 0.041 (0.38870: 057 0.3136 + 0.0069 (0.31470:014 0.416 + 0.068 (0.427013) 0.3071 % 0.0072 (0.3070:014)
o 0.78870:020 (0.78810025 0.8058 + 0.0079 (0.80675:517 0.762 + 0.034 (0.76275:95 0.824 4+ 0.011 (0.82479:924 0.644 + 0.076 (0.6470:11) 0.793T0:0%% (07930035

Tdrag 146.96 + 0.30 (146.96+927) 147.24 + 0.22 (147.2475:41 146.79 + 0.90 (146.8+1°7 148.32 + 0.47 (148.3215:93 146.6 + 1.4 (146.6127) 148.12 4 0.56 (148.1+11)

Table V: Mean values and 68% (95%) CL constraints on the six ACDM parameters as well as on some derived ones
(Ho, Qm, 0s and ryrag) within a fiducial cosmology with massive neutrinos. The 95% CL limits on the total neutrino
mass are also presented, for the sake of completeness.

ACT

ACT+lowz

SPT

SPT+low-z

Parameter Planck Planck{low-z
Nost 2.89 4 0.19 (2.89%0:3%) 3.03 £ 0.17 (3.0340:33

Qph* 0.02224 £ 0.00022 (0.022247000043) 0.02242 £ 0.00017 (0.02242) 00033
Qch? 0.1178 + 0.0029 (0.1178%:993% 0.1191 + 0.0029 (0.1191+9: 3957
1000nc 1.04117 % 0.00044 (1.0411750-0005%) 1.04104 = 0.00043 (1.041047 00053
Treio 0.0533 4 0.0074 (0.05370:01%) 0.0574 4 0.0072 (0.0579915

s 0.9590 + 0.0084 (0.95979:917) 0.9662 + 0.0066 (0.96675:513
log(10'°A,) 3.036 + 0.017 (3.0365:031) 3.049 + 0.016 (3.0497393%

Ho 66.3 +1.4(66.3723 67.6 + 1.1 (67.6721)

O 0.3200 = 0.0096 (0.32079 915 0.3113 £ 0.0059 (0.31170:913)
s 0.8048 + 0.0097 (0.80579:915 0.8108 + 0.0094 (0.81175:519
Tdrag 148.7 + 1.9 (148.7457) 147.4 + 1.7 (147.4+53)

) 0.02096 % 0.00044 (0.02096
0.1094 = 0.0050 (0.109+9:%5
1.04321 + 0.00089 (1.043;

2.314+0.34 (2.3170:53)

0.060 £ 0.015 (0.060*0 033
0.955 + 0.023 (0.95570 040
3.024 + 0.034 (3.02410:062)
62.2+2.5(62.2550)
0.339 £ 0.019 (0.33910 015
0.798 + 0.018 (0.79810:038
155.9 + 3.8 (155.9173)

0.00084
0.00087

) 0.02135 =+ 0.00036 (0.02135

0.1135 % 0.0047 (0.1135+ 309

0016,

5+0.0018
2 0016

20,0017, 1.04275 + 0.00083 (1.0427+),

2,72 +0.27 (2.7240:3%)

0.074 £ 0.011 (0.07470:03}
0.981 4 0.018 (0.98175:935
3.066 + 0.020 (3.0667 3935
65.7 + 1.5 (65.773:1)
0.3143 £+ 0.0071 (0.31470 014
0.820 4 0.014 (0.82073:925)
151.8 4 3.1 (151.8+5'1)

+0.00070
—0.00071

) 0.02249 + 0.00046 (0.02249"

1.03992 + 0.00092 (1.03997:

3457053 (3,513

01216255655 (0.12215:03%)

0.061 +0.015 (0.061+5033
0.997 £ 0.037 (0.99710:050)
3.056 + 0.032 (3.0560 063
L3 (T1EY)
0.287 £ 0.025 (0.287+0 039
0.819 %+ 0.028 (0.81910:05%)
144.8 + 4.8 (144.8790)

0.00099
0.00096

018
018

3.46 +0.38 (3461050

) 0.02248 % 0.00038 (0.022487 399573

0.1253 + 0.0072 (0.12515:516

103963 % 0.00086 (1.0396+ 9,917

0.060 + 0.013 (006070 03¢0
0.991 + 0.025 (099173954
3.063 £ 0.028 (3.063+5:024
69.9 +2.0(69.9+43)
0.3038 = 0.0074 (0.304+5:515
0.831 4+ 0.022 (0.83179948
143.8 +3.8(143.8*71)

Table VI: Mean values and 68% (95%) CL constraints on the six ACDM parameters as well as on some derived ones
(Ho, Qm, 0s and Tqrag) within a fiducial cosmology with Neg a free parameter. The mean values and errors on the
relativistic degrees of freedom at decoupling also presented, for the sake of completeness.
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Parameter Planck Planck+low-z ACT ACT+lowz SPT SPT+low-z

as —0.0049 £ 0.0067 (~0.005+5013)  —0.0046 = 0.0068 (—0.00579 913 0.066 £ 0.023 (0.06679 1% 0.065 = 0.024 (0.06515:045) —0.071 % 0.041 (=0.071%3959 —0.070 £ 0.040 (—0.07075:973

Qph* 0.02241 £ 0.00015 (0.02241 50 00030) 0.02246 £ 0.00014 (0.022461) 00027) 0.02134 £ 0.00032 (0.0213470990%3) 0.02133 £ 0.00032 (0.0213310000%%) 0.02229 + 0.00031 (0.0222970:000%%) 0.02228 =+ 0.00031 (0.02228T0-000%%

Qch? 0.1200 + 0.0012 (0.1200% 5524 0.11935 % 0.00087 (0.119473-5517 0.1188 + 0.0021 (0.118879:9943 0.1189 + 0.0012 (0.11890 0023 0.1175 + 0.0040 (0.1175% 39951 0.1179 + 0.0013 (0.1179+9: 3926

1000rc 1.04090 + 0.00031 (1.04090 9996%) 1.04100 % 0.00029 (1.04100+599937)  1.04225 + 0.00067 (1.042270:0013)  1.04222 = 0.00063 (1.042275:0913)  1.04010 = 0.00077 (1.04019:0012)  1.04014 = 0.00068 (1.040179: 0013

Treio 0.0553 =+ 0.0077 (0.05573:916) 0.0586 = 0.0074 (0.059+5:015 0.059 = 0.015 (0.05979:92% 0.061 + 0.011 (006179922 0.062 = 0.015 (006279923 0.068 + 0.014 (0.068 %9527

s 0.9641 = 0.0043 (0.964175-0958 0.9659 = 0.0038 (0.965970 9974 0.973 £ 0.014 (097379928 0.974 £ 0.014 (097479528 1.006 £ 0.026 (1.00619 93} 1.005 £ 0.026 (1.00575:020
00083 0.0076. 0,037 0027 031 0,050

log(10'°4,) 3.048 £ 0.015 (3.04810 038) 3.053 £ 0.015 (305350050 3.044 £ 0.027 (3.0441022) 3.047 £ 0.022 (3.04750 013 3.052 £ 0.031 (3.052+ 020) 3.065 = 0.029 (3.06550 027

Ho 67.35 £ 0.54 (67.417]) 67.67 + 0.40 (67.670:17) 67.36 + 0.89 (67.47]7) 67.33 + 0.49 (67.3370:55 67.9 + 1.6 (67.9732 67.76 +0.52 (67.8%19)

O 0.3156 = 0.0074 (0.316 75015 0.3112 £ 0.0053 (0.31179-919 0.311 £ 0.013 (0.31179:92% 0.3108 + 0.0065 (0.31179913 0.305 = 0.023 (030579932 0.3068 + 0.0071 (0.307991

os 0.8112 =+ 0.0060 (0.81175:012 0.8116 = 0.0059 (0.81215:51%) 0.8288 = 0.0086 (0.82975:917) 0.8302 =+ 0.0080 (0.830+0:515 0.804 £ 0.017 (0.804F9’ 0.810 £ 0.012 (0.810%9 023

Tdrag 147.05 + 0.27 (147.05+923) 147.18 + 0.23 (147.1815:43 148.58 + 0.66 (148.6713) 148.58 + 0.49 (148.5815:95 147.9 £ 1.1 (147.9422 147.77 4 0.52 (147.8+19)

Table VII: Mean values and 68% (95%) CL constraints on the six ACDM parameters as well as on some derived
ones (Hy, Qm, 0s and ryrag) within a fiducial cosmology with a running of the scalar spectral index. The mean
values and errors on «y are also presented, for the sake of completeness.

Parameter Planck

Planck+low-z ACT ACT+lowz SPT SPT+low-z

Q. —0.0104 £ 0.0065 (~0.010+5:014 0.0006 = 0.0017 (0.000673-9932 ~0.01079 017 (~0.01079:03} 0.0000 = 0.0029 (0.000073-9937) 0.020%5:813 (0.02045:55% 0.0018 = 0.0034 (0.001873-9%%
Qh? 0.02249 + 0.00016 (0.0224970 00031) 0.02240 £ 0.00015 (0.0224010 00025 0.02165 £ 0.00030 (0.0216550 900 ) 0.02162 £ 0.00029 (0.02162109095%) 0.02212 £ 0.00032 (0.02212750:000%3) 0.02222 £ 0.00031 (0.0222210-000%)
Qch? 0.1185 + 0.0015 (0.11857 9929 0.1196 + 0.0013 (0.1196+: 3922 0.1167 + 0.0047 (0.1167%9:5952 0.1191 + 0.0027 (0.1191+9: 3934 0.1220 + 0.0056 (0.122+9911 0.1195 % 0.0035 (0.1195+9: 3970
1000nc 1.04107 + 0.00032 (1.0410759:55562) 1.04095 = 0.00031 (1.0409579:05052)  1.04231 £ 0.00075 (1.0423700012)  1.04213 £ 0.00069 (1.042175:001%)  1.03983 £ 0.00080 (1.039875:001%)  1.04004 =+ 0.00075 (1.040015:0012
Trelo 0.0493 + 0.0084 (0.04974:018 0.0568 + 0.0071 (0.057+9 913 0.065 + 0.015 (006579930 0.070 4 0.012 (0.0707:924 0.063 + 0.015 (006379929 0.061 4 0.014 (0.0617:928

n, 0.9688 + 0.0046 (0.96887 9959 0.9661 + 0.0043 (0.9661+9: 3054 1.004 + 0.016 (1.00475:032 0.997 4+ 0.012 (0.997%5:924 0.958 + 0.019 (0.95875:53% 0.966 + 0.017 (0.96673:933
log(10'° A,) 3.030 % 0.017 (3.03015:534) 3.049 £ 0.014 (3.04973:9%8 3.053 + 0.034 (3.05315:557) 3.072 +0.021 (3.072%594¢ 3.072 + 0.035 (3.07215:559) 3.058 £ 0.029 (3.05813:957

Ho 63.6 + 2.2 (6. 67.82 4 0.57 (67.8%] 1 64.5+4.5(6512) 67.44 4 0.65 (67.47]3) 81+40 (81420) 67.98 4 0.64 (68.07]3

O 0.351 % 0.024 (0.351+9043 0.3103 + 0.0056 (0.31070:911) 0.338 % 0.040 (0.338 3057 0.3109 + 0.0067 (0.31179913 0.22970:047 (0.2291 0005 0.3081 + 0.0079 (0.30879-91%
as 0.795 %+ 0.011 (0.79510:033 0.8125 + 0.0068 (0.81375:513 0.814 + 0.030 (0.81475:537 0.8340 + 0.0094 (0.83475:519 0.836 =+ 0.030 (0.83610:938 0.816 4+ 0.016 (0.81675:93%
Favag 147.36 + 0.30 (147.367929) 147.16 4 0.28 (147.16 7929 148.8 4 1.3 (148.8125) 148.19 + 0.76 (148.2+12) 146.9 + 1.4 (146.9%%) 147.42 £ 0.98 (147.4+19)

Table VIII: Mean values and 68% (95%) CL constraints on the six ACDM parameters as well as on some derived
ones (Hy, Qm, 0s and ryrag) within a fiducial cosmology with a non-zero spatial curveture. The mean values and
errors on the curvature parameter () are also presented, for the sake of completeness.

Parameter Planck

Planck+low-z ACT ACT+lowz SPT SPT+low-z

Alens 1.071 £ 0.041 (107170054 1.061 £ 0.035 (1.06110 970 1.081 + 0.092 (1.087539) 1.020 £ 0.045 (1.02010 932 0.85 +0.10 (0.8570:33 0.885 £ 0.077 (0.8879:1¢
Qph* 0.02251 £ 0.00017 (0.022515000033) 0.02250 + 0.00014 (0.02250) 00027) 0.02164 £ 0.00030 (0.021647009952) 0.02161 £ 0.00029 (0.021611090957) 0.02213 £ 0.00032 (0.0221370:000%3) 0.02218 =+ 0.00031 (0022181500052
Qch? 0.1182 + 0.0015 (0.1182+-9530 0.11851 % 0.00097 (0.1185% 3919 0.1160 + 0.0045 (0.1160% 5959 0.1188 + 0.0013 (0.1188+: 9928 0.1222 4 0.0059 (0.122+3912 0.1182 + 0.0014 (0.1182+9:9927
1000rc 1.04109 % 0.00032 (1.04109*099953) 1.04108 % 0.00029 (1.04108+5990937)  1.04237 + 0.00074 (1.042470:0011)  1.04212 £ 0.00062 (1.042175:0912)  1.03983 = 0.00081 (1.0398F0:0015)  1.04019 = 0.00067 (1.040259- 0013
Treio 0.0491 = 0.0084 (0.0497 9915 0.0513 £ 0.0080 (0.05179-91% 0.064 £ 0.015 (0.064+3:020 0.067 £ 0.014 (0.067+5:02% 0.065 % 0.015 (0.065+:029 0.070 £ 0.014 (0.070+5:92%

s 0.9696 + 0.0048 (0.969673:5955 0.9690 + 0.0038 (0.9690+:397% 1.006 = 0.016 (1.00675:032 0.999 + 0.013 (0.99975:923 0.957 + 0.020 (0.95775:539) 0.966 + 0.015 (0.96673:930
log(10'° A,) 3.028 + 0.018 (3.02815:038) 3.034 4+ 0.017 (3.0347 5933 3.048 + 0.034 (3.04810 065 3.063 £ 0.031 (3.06310 060 3.076 + 0.036 (3.0760:077) 3.076 + 0.031 (3.07615:952

Ho 68.14 4+ 0.70 (68.1+]4) 68.03 + 0.44 (68.0310:5%) 68.7+ 1.8 (68.7739) 67.54 4 0.51 (67.5*19) 66.1+2.3(66.1745) 67.58 % 0.53 (67.6*11)

D 0.3047 = 0.0092 (0.30575:01% 0.3062 = 0.0058 (0.30675:011 0.294 + 0.025 (0.294+3:354 0.3094 = 0.0071 (0.309+5:014 0.334 £ 0.036 (0.3347997% 0.3089 = 0.0074 (0.309+5:015
s 0.7998 + 0.0088 (0.8007 3917 0.8029 + 0.0076 (0.80375:512 0.816 + 0.021 (0.81615:041 0.830 4 0.013 (0.83075:923 0.828 + 0.025 (0.82870:54% 0.819 4+ 0.013 (0.81973:928
Tdrag 147.41 + 0.31 (147.4175:82) 147.36 + 0.23 (147.36946 149.0 + 1.2 (149.072%) 148.27 + 0.51 (148.315:9,) 146.8 + 1.5 (146.8+39) 147.80 + 0.52 (147.8719)

Table IX: Mean values and 68% (95%) CL constraints on the six ACDM parameters as well as on some derived ones
(Ho, Qm, 0g and r4rag) within a fiducial cosmology with a varying lensing amplitude. The mean values and errors on
Ajens are also presented, for the sake of completeness.
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Parameter Planck Planck+low-z ACT ACT+lowz SPT SPT+low-z

wo —1.5570:28 (~1.557937) —0.995 £ 0.024 (—0.99575:04% —1.4370:33 (~1.437970) —0.975 £ 0.027 (—0.97579:932) —0.76055 (-0.7619 0 —0.966 £ 0.029 (—0.9667592%
Qph* 0.02243 £+ 0.00015 (0.022437000023) 0.02244 £ 0.00013 (0.02244F) 00027) 0.02160 + 0.00030 (0.0216070 99028 0.02164 £ 0.00030 (0.0216479 90952 0.02219 £ 0.00032 (0.0221970:000%3) 0.02225 + 0.00031 (002225000007
Qch? 0.1193 + 0.0012 (0.11937-5524 0.11921 + 0.00098 (0.1192F5-5519 0.1187 + 0.0023 (0.1187%9:9539 0.1183 £ 0.0015 (0.11831 0025 0.119470:0055 (0.11970:017) 0.1164 % 0.0018 (0.1164+9: 9932
1000rc 1.04098 + 0.00031 (1.04098* 9990 ) 1.04102 % 0.00029 (1.04102+399937)  1.04213 + 0.00066 (1.042170:0013)  1.04222 + 0.00064 (1.042275:0512)  1.04004 = 0.00080 (1.0400F9:0015)  1.04033 + 0.00069 (1.040379 0013
Treio 0.0524 + 0.0074 (0.0527 9913 0.0579 + 0.0074 (0.05879915 0.066 + 0.014 (0.066+037 0.076 £ 0.012 (0.076+5:023 0.061 % 0.015 (0.061+3:029 0.067 £ 0.014 (0.067+5:027

s 0.9666 + 0.0042 (0.96667 9952 0.9671 + 0.0038 (0.9671+9:9974 0.9997 + 0.012 (0.9997+3:924 0.998 + 0.012 (0.99875:923 0.964 + 0.019 (0.96475:536 0.972 4 0.015 (0.97273:930
log(10'° A,) 3.038 + 0.014 (3.03815:029) 3.051 4 0.014 (3.05159:9% 3.060 + 0.026 (3.06075:521) 3.082 + 0.023 (3.08275943 3.060 = 0.035 (3.06015:572) 3.063 + 0.029 (3.06373:927

Ho > 81.8 (> 69.7) 67.54 4 0.65 (67.55 13 > 76.4 (> 60.7) 67.02 4 0.68 (67.0]% 62730 (62730) 67.27 +0.67 (67.3%]3)

Qn 0.20015:07 (0.20%0:15) 0.3120 + 0.0065 (0.31279913 0.225%0969 (0.237047 0.3131 £ 0.0071 (0.31379915 0.43 4+ 0.17 (0.43%5:3%) 0.3079 + 0.0072 (0.3089-914
s 0.96170:0%5 (0.9670:17) 0.8099 + 0.0090 (0.81075:51% 0957012 (0.9550:39) 0.828 4+ 0.011 (0.828%5:92¢ 0.7470:12 (0.74503%) 0.798 4+ 0.016 (0.79875:93%
Tdrag 147.22 4 0.27 (147.22+032) 147.24 + 0.24 (147.2435:47 148.32 + 0.68 (148.3113) 148.38 + 0.51 (148.3810:9%) 147.5 4 1.4 (147.5+59) 148.21 4 0.59 (148.2+12)

Table X: Mean values and 68% (95%) CL constraints on the six ACDM parameters as well as on some derived ones
(Ho, Qm, 0s and Tqrag) within a fiducial cosmology with a varying dark energy equation of state. The mean values
and errors on w are also presented, for the sake of completeness.

Parameter Planck Planck+low-z ACT ACT+lowz SPT SPT+low-z

wo —~1.24£0.50 (-1.2+]0) —0.859 £ 0.061 (—0.8670:12) —1.13%082 (-1.1%]3) —0.880 £ 0.062 (—0.8810 12 —0.54709% (—0.5%1 % —0.878 £ 0.064 (—0.8810 13
W <121 —0.58703% (—0.587040) < —0.304(——) —0.447039 (~0.447937) —0.8712 () —0.4570 38 (~0.4570 83)
Qph? 0.02244 + 0.00015 (0.02244F 0002%) 0.02238 = 0.00014 (0.022387400037) 0.02160 == 0.00030 (0.021607(:00052) 0.02163 = 0.00029 (0.0216370:00027) 0.02221 4 0.00032 (0.0222179:90083) 0.02223 + 0.00031 (0.02223F 0008}
Qch? 0.1192 + 0.0012 (0.1192+9-5924 0.1199 + 0.0010 (0.1199+9: 3920 0.1187 + 0.0024 (0.1187+9:9933 0.1195 + 0.0016 (0.1195+:9932 0.1182 + 0.0049 (0.118*991% 0.1184 % 0.0020 (0.1184+9:993
1000nc 1.04100 + 0.00031 (1.0410059 9996 ) 1.04092 + 0.00030 (1.04092+399093%)  1.04214 + 0.00066 (1.042170:0013)  1.04202 £ 0.00062 (1.042075:0013)  1.04014 + 0.00078 (1.040170:5015)  1.04010 = 0.00070 (1.040179 0014
Treio 0.0521 = 0.0075 (0.05275:012 0.0536 £ 0.0073 (0.05479:915 0.065 £ 0.014 (006579925 0.066 + 0.013 (0.066%5:025) 0.061 % 0.015 (0.061+3:523 0.061 + 0.014 (006179528

ns 0.9668 = 0.0041 (0.966875 0955 0.9652 + 0.0038 (0.965275997% 0.9998 = 0.012 (0.999875:522) 0.997 £ 0.011 (099759522 0.967 £ 0.018 (0.967+9 932 0.968 £ 0.015 (0.968+5:030)
log(10*° A,) 3.037 + 0.015 (3.03719:92% 3.043 +0.014 (3.04373 929 3.059 + 0.026 (3.05979:93% 3.063 £ 0.025 (3.06370 015 3.055 £ 0.034 (30550 058 3.055 + 0.029 (3.055+3:937)
Hy >79.2(> 64.1) 67.62 % 0.64 (67.67]3 > 73.4(> 56.1) 67.11 066 (67.17]5 63130 (63750) 67.35 4 0.68 (67.47 15

O 0.21479:024 (0.21791%) 0.3127 £ 0.0064 (0.313+:013 0.24570:97 (0.2570:21 0.3149 + 0.0071 (0.315+0:014 0.42 4 0.18 (0.42+5:3%) 0.3115 = 0.0076 (0.31175:012)
a8 0.94470:48, (0.9470:15) 0.8161 + 0.0092 (0.81615:51% 93 0.833 +0.011 (0.83370 03} 0.74%9 1% (0.74 ) 0.812 £ 0.017 (0.8127033)
Fdrag 147.23 + 0.27 (147.237932) 147.11 + 0.24 (147.1153:35) 148.32 + 0.72 (148.3116) 148.07 + 0.53 (148.1+19) 147.7 £ 1.3 (147.7435) 147.69 + 0.65 (147.7+13)

Table XI: Mean values and 68% (95%) CL constraints on the six ACDM parameters as well as on some derived ones
(Ho, Qm, os and Tqrag) within a fiducial cosmology with a time-varying dark energy equation of state. The mean
values and errors on the parameters wg and w,, see Eq. 4, are also presented, for the sake of completeness.
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