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Planck-PR4 anisotropy spectra show better consistency
with general relativity

Enrico Specogna®,” William Giaré®," and Eleonora Di Valentino

School of Mathematical and Physical Sciences, University of Sheffield,
Hounsfield Road, Sheffield S3 7RH, United Kingdom

® (Received 25 November 2024; accepted 22 April 2025; published 8 May 2025)

We present the results from a series of analyses on two parametric tests of gravity that modify the growth
of linear, subhorizon matter perturbations in the ACDM model. The first test, known as the (u,X)
framework, modifies the Poisson and lensing equations from general relativity (GR). The second test
introduces the growth index y, which directly affects the time evolution of matter density perturbations. Our
study is motivated by results from the analysis of the Planck-PR3 2018 spectra, which indicate a preference
for X; # 0 and y, > 0.55, both of which deviate from the ACDM predictions at a significance level of
~2.50. To clarify the nature of these anomalous results and understand how the lensing anomaly fits into
the picture, we analyze the most recent Planck-PR4 spectra extracted from the updated NPIPE maps.
Overall, the Planck-PR4 data show better consistency with GR. The updated likelihood Camspec provides
constraints on X, and y, that are consistent with GR within 1.5¢ and 20, respectively. The updated
likelihoods HiLLiPoP and LoLL1PoP show even closer agreement, with all parameter values consistent
with a ACDM cosmology within 1o. This enhanced consistency is closely correlated with the lensing
anomaly. Across the different likelihoods, the tendency of X, and y to drift toward nonstandard values
matches the observed preference for A; > 1, both of which are significantly reduced or disappear within

the Planck-PR4 data.

DOI: 10.1103/PhysRevD.111.103510

I. INTRODUCTION

Presently, our best understanding of the Universe is
summarized by the standard ACDM model of cosmology.
This model stands on two pillars of well-established
physics: general relativity (GR), which governs gravita-
tional interactions, and the Standard Model of particle
physics (SM), which describes all other fundamental
interactions in nature. However, it also relies on three
essential components—inflation, dark matter, and dark
energy—that are crucial for explaining numerous obser-
vations ranging from the cosmic microwave background
(CMB) radiation to the large-scale structure (LSS) of the
Universe [1-62]. Nevertheless, a comprehensive physical
interpretation of these three components remains elusive,
both theoretically and experimentally.
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Together with these longstanding foundational problems,
in the last ten years, a few statistically significant tensions
and anomalies have challenged the standard cosmological
picture. The most puzzling issue is the so-called Hubble
tension [63-76]: at its core, the value of the Hubble
constant (H,) derived from CMB measurements within
the ACDM framework [40] differs by more than 5¢ from
direct local measurements reported by the SHOES team
[77-79].! Additionally, other less significant problems have
come to light, such as a well-known 2 — 3¢ disagreement

between the values of S5 = 031/Q,,/0.3 derived from
CMB measurements by Planck [40] and those inferred
from large-scale structure observations [49,57,203-213].
Foundational problems and longstanding tensions raise
the question of whether the ACDM model accurately
represents the true paradigm of the Universe or merely
serves as a phenomenological, data-driven approximation
to a more fundamental scenario that has yet to be fully

'Over the years, various possibilities have been investigated to
explain the Hubble tension, both in terms of observational
systematics and new physics beyond the standard cosmological
model. Without aiming for a comprehensive review, for dis-
cussion on the former, we refer to Refs. [77,79-91] while for
examples of models of new physics and their implications, see,
e.g., Refs. [48,76,92-202].
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understood. In other words, could it be that as our data
becomes increasingly precise, our parametrization of more
than 95% of the energy density of the Universe—primarily
based on simplicity, which, after all, highlights our igno-
rance regarding these phenomena—becomes inadequate?

Taking a step back and (re)considering the big picture,
we cannot help but note that the need to introduce the three
unknown components underpinning ACDM cosmology is
intricately rooted in the challenge of explaining observa-
tions based on the predictions of GR when assuming a SM
particle content in the Universe. For instance, the current
accelerated expansion of the Universe sharply contrasts
with GR’s predictions when only the matter content
expected from the SM is considered, leading to the
introduction of a cosmological constant term in the
Einstein field equations, which is not free from conceptual
problems [214-239] and has recently been challenged by
observations [240,241].2 Similarly, the CMB and LSS
observations contrast with what is expected in GR when
only the matter content predicted by the SM is taken into
account, providing indirect evidence for cold dark matter.
Finally, historically, inflation was introduced to avoid
extremely fine-tuned initial conditions in the early
Universe [279-282] that were necessary to achieve a
present-day Universe consistent with observations as it
evolved over time—an evolution largely shaped by gravity.

Consequently, when it comes to hazard a physical inter-
pretation for these three ingredients, we can follow two main
approaches. One option is to work on the right-hand side of
the Einstein equations, adding new forms of energy-momen-
tum content to the stress-energy tensor 7', beyond what the
SM predicts (such as introducing scalar fields to drive
acceleration in the early or late Universe or a perfect fluid
of cold dark matter particles to account for the observed
structures). The second option is to work on the left-hand side
of the Einstein equations, modifying the Einstein tensor G,
thereby altering the underlying theory of gravity. In fact,
some benchmark scenarios of inflation (such as Starobinsky
inflation [283]), along with many models attempting to
interpret dark matter and dark energy, are fundamentally
rooted in modified gravity (MG) theories.

With this premise, it goes without saying that testing
whether gravity follows the predictions of GR on cosmo-
logical scales is of paramount importance. In the epoch of
precision cosmology, CMB observations are a powerful
tool for identifying any signatures of MG on such scales.
As a matter of fact, the shape of the CMB angular spectra of
temperature and polarization anisotropies arises from the
dynamics of primordial density fluctuations and is largely

*Readers interested in the latest developments regarding the dark
energy interpretation of the first-year data release from the DESI
Collaboration [240] can refer to Refs. [242-247] for discussions on
potential systematic effects in the data. For physical interpretations
of these results, see, e.g., Refs. [59,186,241,248-278].

determined by the gravitational forces experienced by the
coupled photon-baryon fluid before decoupling. Unlike the
evolution of late-time structures, such as galaxies or
clusters, where nonlinear effects complicate the picture,
the CMB primarily involves linear perturbation theory,
governed by a system of linearized Einstein-Boltzmann
equations. This makes CMB observations largely free from
complications introduced by astrophysical processes (aside
from modeling foreground contamination). Moreover, the
wide range of angular scales covered by the CMB—from
the largest observable scales (such as the quadrupole and
dipole) to the smallest scales measured by current and
forthcoming ground-based telescopes, such as the Atacama
Cosmology Telescope [44,56,284] (ACT) and the South
Pole Telescope [51,285] (SPT)—allows gravity to be tested
across an extensive range of scales through a multitude of
different tests.

A particularly interesting test we can perform using
CMB data involves assessing whether the gravitational
deflection, or lensing, experienced by CMB photons along
their paths [286] follows the predictions of GR within a
standard cosmological model. At arcminute scales, lensing
deflections distort the observed image of the CMB fluc-
tuations, imprinting a distinctive non-Gaussian four-point
correlation function (or trispectrum) in both the temper-
ature and polarization anisotropies [286).° Additionally,
although gravitational lensing does not alter the overall
distribution of primary CMB anisotropies, it leaves dis-
tinctive signatures in the spectra of temperature and
polarization anisotropies through a convolution between
the latter and the CMB lensing potential spectrum [286]. To
test whether these effects align with the theoretical pre-
dictions, one can introduce a phenomenological parameter
Ay [299] which must be A; = 1 as predicted by GR within
a ACDM cosmology. This parameter can be used to
arbitrarily tune the extent to which C%” (the spectrum of
the lensing potential ¢, a redefinition of the Weyl potential
that allows for @ = V¢, where a is the deflection angle of
light [286]) affects the spectrum of primary CMB anisot-
ropies [299]: C%" — A, CY”.

Interestingly, since the 2013 data release [40,300-308],
the temperature and polarization power spectra of Planck
have shown A; to be greater than unity.4 To be more

The CMB lensing signal carries crucial complementary
information about late-time processes affecting structure forma-
tion, ranging from neutrinos and thermal relics [287-291] to dark
energy and its dynamical properties [56,292-298].

The presence of the lensing anomaly may hold significant
implications when constraining scenarios beyond ACDM, as
we argue in this paper in relation to MG scenarios. However,
another well-documented example pertains to the curvature
density parameter, €2;. Since an excess of lensing is naively
expected with a higher abundance of cold dark matter, the
observed lensing anomaly can be recast into a preference for a
closed Universe, as discussed in several recent (and not so recent)
works [307,309-329].

103510-2
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quantitative, in the Planck-PR3 2018 data release, a 2.8¢
deviation from A; = 1 is found (A; = 1.180 4 0.065), see
Ref. [40].”

To address the lensing anomaly, a significant range of
physical interpretations involving extensions to GR has
been explored. In the spirit of hitting multiple targets with
the same arrow, many of these approaches are also
proposed as promising alternatives for explaining the
Universe’s late-time accelerated expansion while alleviat-
ing other persistent tensions observed across various
cosmological and astrophysical datasets [65,69,330-333].

However, when it comes to drawing general conclusions
about this plethora of extended theories of gravity, a
concrete difficulty arises from the fact that in many MG
models the equations describing the evolution of cosmo-
logical perturbations deviate significantly from those of
GR, and these deviations can vary among different models.
Therefore, parametric tests have been proposed to recast
these varying behaviors and model effects in both the
dynamics of cosmological perturbations and the growth of
cosmic structures. Of particular relevance is the so-called
(u, X) framework [334-336], where pu(k, a) and Z(k, a) are
two arbitrary functions (both null in GR) of the wave number
k and the scale factor a that alter the predictions for the
Poisson and lensing equations. Yet another parametric test of
gravity consists in considering the growth index y, predicted
to be y = 0.55 in GR, which captures any potential devia-
tions in the growth of perturbations [337-340].

Interestingly, Planck-PR3 data measure X, (i.e., the
current value of X when it is assumed constant in k) to
be Xy =0.27"013, over 26 away from the null value
expected within GR [40]. Regarding the y parameter, the
Planck-PR3 data, in combination with redshift space
distortions data, yield yo = 0.63975:02¢ [339]. If taken at
face value, these results would provide additional hints for
deviations from GR and, more broadly, from a canonical
model of structure formation. However, several caveats are
in order:

(i) First, CMB data show a strong correlation between
Ay and the (u, %) or y parameters—see, e.g., Fig. 2
of Ref. [341]. This correlation recasts the lensing
anomaly as an approximate 2¢ preference for X, # 0
in the Planck data [40,341,342], or equivalently (part
of) the 4o preference for y # 0.55.

(i1) Second, no indication of a lensing excess has been
found in CMB experiments other than Planck, such
as ACT and SPT. The value of A; inferred from these
experiments consistently aligns with A; =1 well
within 2 standard deviations [44,285]. Somewhat
unsurprisingly, no significant indications of MG
dynamics or suppression of structure growth (i.e.,
%y # 0 or y > 0.55) have been found in the analysis

SAll the constraints reported in the paper will be at 68% CL,
unless otherwise specified.

of these ground-based telescope data either, see
Refs. [340,343].

(iii) Since 2018, the Planck data has undergone extensive
reanalyses. The updated Planck-PR4 (NPIPE) CMB
maps feature significant advancements, such as en-
hanced sky coverage at high frequencies, improved
processing of time-ordered data, and an approximate
8% increase in the data used for lensing trispectrum
reconstruction [344,345]. Recent releases of
new likelihoods from both Camspec [346] and
HiLLiPoP [347] have shown that A; can be mea-
sured to be near unity within the Planck-PR4
(NPIPE) data.’ This lends support to the hypothesis
that the lensing anomaly observed in the Planck-PR3
data may simply result from observational systemat-
ics, as already argued by ACT and SPT.

Fitting all the pieces into place, it seems natural to
question whether, and to what extent, the new Planck-PR4
likelihoods can support or relax the indications of MG
related to a nonvanishing X or the suppression of structure
growth captured by the parameter y. More broadly, this
study aims to derive up-to-date constraints on parametric
tests of gravity within these two frameworks, using the
updated Planck-PR4 likelihoods,” and to clarify their strict
connection with the lensing anomaly.

The paper is structured as follows. In Sec. II, we
introduce the two parametrizations of gravity under study.
In Sec. III, we present the data and the methodology used.
In Sec. IV, we interpret our results, and in Sec. V, we derive
our conclusions.

II. PARAMETRIC MODIFIED GRAVITY
AND PERTURBATION THEORY

In first-order cosmological perturbation theory, and in
the Newtonian gauge, the two scalar potentials ¥ and ®
perturb the time and spatial components of the zeroth-order
flat FLRW metric as follows [353]:

ds? = a*[—(1 +2¥)dz? + (1 — 2d)dx?], (1)

where dr = dt/a is the conformal time. To fully study the
perturbations of nonrelativistic matter, we need to introduce
two further scalars: the density contrast of the matter fluid,
o, and the divergence of its velocity, v. In particular, the
relations between the metric potentials and § are set by the
specific theory of gravity considered. In Fourier space, GR

6See:, e.g., recent Refs. [178,348-350] for updated constraints
derived from Planck-PR4 based likelihoods on different extended
cosmological scenarios.

" After our work presented here was shared with the commu-
nity on arXiv, the DESI Collaboration also released a series of
updated constraints on the u, X parametrization of modified
gravity using the H1LLiPoP, LoLL1iPoP likelihoods [351,352],
and a different modified gravity software (ISiTGR in [351,352]
instead of MGCAMB + Cobaya).

103510-3
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gives us the following equalities, representing the Poisson
and lensing equations, respectively:

Y = —4zGa’pA, (2)
(¥ + ®) = —87Ga’pA, (3)

where A=p5+3%(p+ P)v is the comoving density
contrast, which depends on the conformal Hubble function
'H, the fluid’s average density p, and its pressure P.

A. The (u,X) framework

In MG theories, we often see that Egs. (2) and (3) are
modified in different ways, usually by the presence of some
additional dependence on the scale factor a or the wave
number k [354]. We can capture such differences in the
Poisson and lensing equations within a single, model-

independent parametrization, the (u,X) framework
[335,355,356],

Y = —4zGa?(u + 1)pA, (4)

(W + @) = —87Ga*(Z + 1)pA, (5)

where p and X are two arbitrary functions of a and k.

As long as we treat linear (0 < 1) and subhorizon
(k Z 'H) perturbations, Eq. (4) represents an adequate
description of those models where, for instance,
Newton’s constant of gravity gains a dependence on time
and/or scale that can be introduced through pu:
G — Ggr = (u+1)G. Similarly, because the Weyl
potential ¥ + @ directly affects weak lensing [54,334],
Eq. (5) encompasses any deviations in the way gravity
deflects light as predicted in GR. However, in models like
MOdified Newtonian Dynamics (MOND), which entail
extra scalar and tensor perturbations and therefore require
more equations than just Egs. (2) and (3) and the con-
servation equations for matter perturbations in GR, this
parametrization is not sufficient to describe the theory’s
growth of structure [334].

More concretely, but not exhaustively, a few examples of
what y and X look like in theories of MG can be found in
Dvali-Gabadadze—Porrati (DGP) gravity [357], f(R) the-
ories (where Geg ~ (1 + %)" [358]), or the Brans-Dicke
theory [359].

In this work, however, we do not consider any scale
factor or wave number dependence of the (u, X) functions,
restraining ourselves to measuring their current, fixed
values: g, Xy. A detection of either yy # 0 or £y # 0 will
indicate a deviation from the ACDM model.

B. The growth index y

The (i, %) framework is just one example of the MG
parametrizations existing in the literature. If we still
consider the linear, subhorizon regime of perturbations,

we can also look for deviations away from GR through the
so-called growth factor y [337,360]. We write the growth
rate f(a) to be

dlné
dlna’ (6)

fla) =

Then, y can be defined through the following ansatz, which
one can choose to solve Eq. (6),

fla) = Q. (7)

where Q,, is the density fraction of nonrelativistic matter.

According to this definition, since MG models often
seem to predict the same expansion history (i.e., they are
degenerate in the time evolution of €,,), any difference in
the growth rate of matter perturbations predicted by
alternative theories of gravity has to manifest itself through
v, which should deviate away from its ACDM model
prediction: y = 0.55 to 0.1% accuracy [337,338]. Once
again, we can list a few concrete examples for the values
taken by y in models other than ACDM. For instance,
7 = 0.68 in DGP gravity [337,338], with no more than 2%
variation if assumed constant in time. For f(R) theories
where y does not suffer excessive dispersion (i.e., depend-
ence on k), y ~0.4 [361], even though it can still show
a non-negligible time dependence, up to y, = —0.2
today [362].

As done with the (u, X) parametrization described above,
we choose not to assume any time or scale dependence for
7, opting instead to measure its fixed, current value yo.g

III. LIKELIHOODS AND SAMPLING
METHODOLOGY

Since we are primarily interested in reevaluating the
various hints for MG and their connection to the lensing
anomaly—all originally identified in the 2018 Planck-PR3
data release [40]—our analysis focuses on Planck CMB
measurements of temperature and polarization anisotropies,
covering both the PR3 likelihoods and the more recently
updated Planck likelihood codes. Specifically, the Planck
likelihoods we use are named as follows:

(1) P1lik: To reproduce the baseline results docu-
mented in the literature (and summarized in the
introduction), we begin by considering the P1ik
likelihood for high-# TT, TE, EE PR3 spectra, along
with the Commander and SimAl1l likelihoods for

¥Before going any further, we intend to clarify the nomen-
clature adopted throughout this paper further. We refer to the
(4, %) framework or the y model to denote the two generic
frameworks introduced in this section. However, as explained, we
focus on the case where X and y do not have any explicit time or
scale dependence. Therefore, these functions in our paper are just
constants (in time and scale). We refer to them with the subscript
0, which not only denotes their present-day value but also
indicates their value at any epoch as they do not change over time.

103510-4
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the low-# temperature and polarization spectra from

the same data release [40]. Specifically, we use the

following:

(a) the high-Z Plik likelihood [40] for the TT
spectrum in the multipole range 30 < # < 2508,
as well as for the TE and EE spectra at
30 <72 <1996,

(b) the low-£ Commander likelihood [40] for the TT
spectrum in the multipole range 2 < # < 29, and

(¢) the low-Z SimAl1 likelihood [40] for the EE
spectrum at 2 < £ < 29.

For simplicity, we refer to this combination

as Plik.

Camspec: We replace the Planck-PR3 P11ik high-

¢ TTTEEE likelihood with the more recent Cam-

spec likelihood [346], based on the Planck-PR4

NPIPE data release [344,345]. However, we retain

the same low-# likelihoods from the P1ik combi-

nation. Therefore, we use the following:

(a) the high-£ Camspec likelihood [346] for
the TT, TE, and EE spectra in the multipole
range 30 < 7 < 2500,

(b) the low-Z Commander likelihood [40] for the TT
spectrum in the multipole range 2 < # < 29, and

(c) the low-Z SimAl1 likelihood [40] for the EE
spectrum at 2 < 7 < 29.

We refer to this combination as Camspec.
Camspec (TT-only): We use the recent Cam-
spec likelihood [346], based on the Planck-PR4
NPIPE data release [344,345], for the high-©
temperature anisotropy spectrum, excluding TE
and EE information at £ > 30. However, we retain
the same low-# likelihoods from the P1ik combi-
nation. Therefore, we use the following:

(a) the high-# Camspec likelihood [346] for the TT
spectrum in the multipole range 30 < Z < 2500,

(b) the low-Z Commander likelihood [40] for the TT
spectrum in the multipole range 2 < # < 29, and

(c) the low-Z SimAl1l likelihood [40] for the EE
spectrum at 2 < ¢ < 29.

We refer to this combination as Camspec

(TT-only).

HiLLiPoP: We replace the Planck-PR3 Plik

high-# TTTEEE likelihood with the more recent

HiLLiPoP likelihood [347], based on the Planck-

PR4 NPIPE data release [344,345]. Additionally,

we replace the Planck-PR3 Simal1l likelihood for

E-mode polarization measurements at £ < 30 with

the Planck-PR4 LoLLiPoP likelihood [347], while

keeping the low-£ Commander likelihood for the

TT spectrum. Therefore, we use the following:

(a) the high-Z HiLLiPoP likelihood [347] for the
TT, TE, and EE spectra in the multipole
range ¢ < 2500,

(b) the low-Z Commander likelihood [40] for the TT
spectrum in the multipole range 2 < ¢ < 29, and

(c) the low-Z LoLLiPoP likelihood [347] for the
EE spectrum at 2 < ¢ < 29.
We refer to this combination as HiLL1iPoP.

(5) HiLLiPoP (TT-only): We use the recent

HiLLiPoP likelihood [347], based on the
Planck-PR4 NPIPE data release [344,345], for the
temperature anisotropy spectrum, excluding any
information on TE and EE at # > 30. Additionally,
we replace the Planck-PR3 Simal1l likelihood for
E-mode polarization measurements at £ < 30 with
the Planck-PR4 LoLLiPoP likelihood [347], while
keeping the low-£ Commander likelihood for the
TT spectrum. Therefore, we use the following:
(a) the high-#HiLLiPoP likelihood [347] for the TT
spectrum in the multipole range 30 <7 <2500,
(b) the low-£ Commander likelihood [40] for
the TT spectrum in the multipole range 2 <
£ <29, and
(c) the low-Z LoLLiPoP likelihood [347] for the
EE spectrum at 2 < £ < 29.
We refer to this combination as HiLLiPoP
(TT-only).

The six standard model parameters considered in this
analysis are the baryon density (€,/?), the density of cold
dark matter (Q./?), the observed angular size of the sound
horizon at recombination (1006yc), the reionization optical
depth (7.;,); the amplitude of the primordial spectrum of
scalar perturbations [log(10'°A;)], and its spectral index
(ng). Along with the parameters of the two MG models
introduced in Sec. II, we use y, X, for the (¢, X) framework
and y, for the y model. In order to clarify the correlation
with the lensing anomaly, for each of these models, we
consider two cases: one where A; is fixed to the GR value
(A = 1) and another where A; is left free to vary.
We sampled the parameter space by using the Markov
Chain Monte Carlo (MCMC) engine Cobaya [363]. The
Einstein-Boltzmann solver implemented in Cobaya to cal-
culate and evolve perturbations within the (x, £) model is

TABLE 1. Flat priors imposed on the free parameters consid-

ered in this analysis.
Parameter Prior
Qph? [0.005, 0.1]
Q.h? [0.001, 0.99]
1006y;c [0.5, 10]
Treio [0.01, 0.8]
ng [0.8, 1.2]
log(10'04;) [1.61, 3.91]
Ho [-1.5,1.5]
% [-1.5,1.5]
Yo [0, 1]
Ay [0, 10]

103510-5
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TABLE II. 1o constraints on the (1, £) model when the lensing amplitude A; is kept fixed to its reference value A; = 1. As the
likelihood combination employed changes from P1ik, through to Camspec, and finally to H1LL1iPoP, the apparent MG evidence
signal in Planck’s data disappears, and consistency with X, = 0 is reestablished. Counting polarization anisotropies out of the analysis

(i.e., the TT-only columns) indicates that this signal is predominantly affecting the temperature data.

Plik Camspec Camspec (TT-only) HiLLiPoP HiLLiPoP (TT-only)
Q,n? 0.02258 £ 0.00017 0.02231 £0.00015  0.02253 £0.00027  0.02232 +0.00014  0.02233 £ 0.00024
Q.h? 0.11824£0.0015  0.1187 £ 0.0013 0.1162 4 0.0024 0.1183 4 0.0012 0.1179 £ 0.0022
1000,¢ 1.04112 £0.00032 1.04086 & 0.00026  1.04133 £0.00048  1.04091 +0.00026  1.04110 £ 0.00046
T 0.0507 £0.0081  0.0493 = 0.0083 0.0512 = 0.0082 0.0570 = 0.0060 0.0573 £ 0.0064
In(10'°A,) 3.033 £0.017 3.028 £0.017 3.027 £0.017 3.037 £0.014 3.036 £0.015
ng 0.9701 £0.0050  0.9663 = 0.0044 0.9730 = 0.0072 0.9695 = 0.0041 0.9679 £ 0.0062
Ho 0.087057 0.08% 0y 0.0670g; 0.02105% 0.067 057
% 0.35+0.14 0201012 0.38 £0.17 0.121913 0.20013
H, [km/s/Mpc]  68.23 £ 0.70 67.74 £0.59 69.0 + 1.2 67.91 £0.57 68.1310:94
Ss 0.816%)055 0.823"058> 0.792% 558> 0.817*008 0.814%008
TABLE III. 1o constraints on the (1, X) model when the lensing amplitude A; is left free to vary in the model.

Plik Camspec Camspec (TT-only) HiLLiPoP HiLLiPoP (TT-only)
Q,h? 0.02260 = 0.00017 0.02231 £0.00016  0.02256 £ 0.00029 0.022320.9%014 0.02230 £ 0.00026
Q.n? 0.1181£0.0016  0.1186 = 0.0013 0.1160 =+ 0.0025 0.1183 £ 0.0014 0.1181 = 0.0024
1000,¢ 1.04115 £ 0.00033 1.04087 £0.00027  1.04136 £0.00048  1.04092 +0.00027  1.04108 + 0.00050
4 0.0499 +0.0084  0.0493 + 0.0083 0.0506 00008 0.0577 4 0.0060 0.0579 4 0.0062
In(10'°A)) 3.031 £0.018 3.028 £0.017 3.025+0019 3.038 £0.015 3.038 £0.015
ng 0.9707 £ 0.0050  0.9667 = 0.0047 0.9737 4 0.0074 0.9695 £ 0.0045 0.9674 £ 0.0068
o 0.04:032 0.04:03 0.07:03 001702 ~001:83
%, 0247928 0231017 026793 025791 027792
H, [km/s/Mpc]  68.32 +0.72 67.78 £ 0.61 69.1 1.2 67.917039 68.071
Sy 0.80970 0% 08171008 0.789700% 0.8151 0083 0.8101 0053
AL 1.0697097 0.9927065) 1.0767007 0.94270004 0.9637071°

MGCAMB [336,354,364,365], while for the y parametriza-
tion of MG, we employed CAMB GammaPrime Growth
[339]. All the parameters characterizing the two MG
models considered here have been assumed to have flat
priors as listed in Table I. To assess the convergence of the
chains obtained using this approach, we apply the Gelman-
Rubin criterion [366], setting a threshold for chain con-
vergence at R — 1 < 0.01. The results are derived from
analyzing the MCMC chains using the GetDist code [367],
after discarding a 30% burn-in fraction of samples from
each chain.

IV. RESULTS

Constraints on the free and derived cosmological param-
eters characterizing the (p, X) scenario are provided in
Tables II and III, corresponding to the cases where the A;
parameter is fixed and varied, respectively. The most
significant findings for this model are discussed in detail
in Sec. IVA. However, for a quicker overview, the reader

may refer directly to Figs. 1 and 2, which visually
summarize the main results for this model. Similarly, the
extended y model is examined in Sec. IV B, with numerical
constraints listed in Tables IV and V for the fixed and varied
A, cases, respectively. Key aspects of this discussion are
visually captured in Figs. 4 and 6.

A. Constraints on the (u, X) framework

We start with the constraints obtained from the combi-
nations of likelihoods labeled as P1ik. This combination
of data is entirely based on the Planck-PR3 anisotropy
spectra. Therefore, it is not surprising that we observe
(nearlyg) the same preference toward MG documented by
the Planck Collaboration [40,302]. Specifically, when con-
straining the parameter X,, we find X, = 0.35 4+ 0.14,

This is slightly different from the value measured by the
Planck Collaboration and reported in the introduction due to a
different parametrization and implementation of the model in the
Boltzmann code.
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FIG. 1. One-dimensional probability distribution functions and two-dimensional marginalized constraints in the (x4, ) plane for the

different datasets listed in Sec. III. The lensing amplitude A; is kept fixed at its reference value A; = 1. The vertical and horizontal

dashed lines represent the baseline values py = X, = 0.

which is 2.5¢ away from the value expected within GR.
Additionally, referring to the leftmost panel of Fig. 1—
where we show the 2D marginalized constraints in the (),
%y) plane along with the one-dimensional probability
distribution functions of the two parameters—we observe
that the point (0, 0), which corresponds to a baseline
ACDM cosmology, falls well outside the 95% contours.

As already pointed out in Refs. [40,341-343,368], this
apparent evidence for MG in Planck’s PR3 data is closely
linked to the lensing anomaly. This can be understood by
the effect of X in Eq. (5), which alters the strength of CMB
lensing. Values of %, > 0 produce effects similar to those
associated with A; > 1, and the two can be recast into one
another. As a result, CMB data are sensitive to both of these
changes in much the same way. Unsurprisingly, when A; is
allowed to vary within the (u, X£) framework, a strong
negative correlation emerges between X, and A;. In this
joint analysis, the combined effect of this correlation and
the larger uncertainties translates into the X, - Oand A; —
1 shifts we find with Camspec and HiLL1PoP, diluting
both the lensing anomaly and the preference for MG. This
is also clearly reflected in the numerical constraints given
in Table III. Taken at face value, the results for A; and X,
are both consistent with their GR predictions within 2
standard deviations. Nevertheless, referring to the top panel
of Fig. 2—where we show the 2D marginalized constraints
in the (A7, X,) plane along with the one-dimensional
probability distribution functions of these parameters—
we observe that, due to the strong correlations, the point
corresponding to GR (A; = 1, X, = 0) still falls outside the
95% confidence level contours.

When analyzing the new Planck-PR4-based likelihoods,
we find that the contours in the (), ) plane shown in
Fig. 1 shift closer to GR as we move from the P1ik to

Camspec and finally to the H1LLiPoP likelihood com-
binations. Overall, moving from the leftmost to the right-
most panel of the figure, we observe that the point (¢, = 0,
2oy = 0) falls within the 30, 20, and 1o confidence limits
for the P1ik, Camspec, and HiLLiPoP likelihoods,
respectively. At its core, this improved consistency with GR
is primarily driven by a shift in the value of Xy — 0, as
seen by comparing the one-dimensional probability dis-
tribution functions in Fig. 1 for this parameter across the
three datasets and confirmed by the numerical results:
Camspec yields X, = 0.20012 (1.46 away from GR),
while HiLLiPoP gives £, = 0.1270-} (consistent with
GR within 0.90).

We again want to point out to the reader that these results
are closely related to the behavior of the lensing anomaly in
these new likelihoods. First, the strength of the preference
for A; > 1 follows the same decreasing trend as the
preference for X, # 0. Specifically, using Camspec tem-
perature and polarization data reduces the preference for
A; > 1 to less than ~1.60 (see Table 6 of Ref. [346]),
matching the extent of the shift in X,. Using the
HiLLiPoP likelihood, the results are consistent with A; =
1 within 1 standard deviation (see Table 6 of Ref. [347])—
similar to what happens for X

Pushing this comparison further, similarly to the A,
anomaly, the MG signal appears to be largely driven by the
temperature anisotropy data in both the PR3 and PR4 based
likelihoods. As shown by the numerical constraints in
Table II and the posteriors in Fig. 3, for the data combi-
nations Camspec (TT-only) and HiLLiPoP (TT-
only) (i.e., those involving only TT measurements at
¢ > 30), the deviation of X, from zero can be more
pronounced compared to the full TTTEEE likelihood.
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FIG. 2. One-dimensional probability distribution functions and
two-dimensional marginalized contours in the (A;, %) plane for
the different datasets listed in Sec. III. The horizontal and vertical
dashed lines represent the baseline values £y, =0 and A; =1,
respectively.

Specifically, in Camspec, the preference for Z; # 0
increases from 1.4¢ to 2.2 when polarization is excluded;
see also the light-blue contours in the left-side panel of
Fig. 3. Conversely, with HILLiPoP (TT-only), no
significant deviation from GR is found, as illustrated by the
olive contours in the right-side panel of Fig. 3. This trend
closely follows the behavior observed for the lensing
anomaly: as reported in Table 6 of Ref. [346], focusing
solely on TT spectrum data in Camspec increases the

lensing anomaly up to 2.36. However, no significant
deviation from A; =1 is found when considering only
the TT spectrum data in HiLLiPoP.

Given the close and expected relationship between X
and A;, it is worth examining the impact of varying A,
within the y, £ framework using the new PR4-based data
combinations. The results are summarized in Table III.
Across all Planck-PR4 anisotropy spectrum datasets, the
numerical results for both A; and X, remain consistent with
the GR values within one standard deviation. Additionally,
referring to the middle and bottom panels of Fig. 2, we see
that GR comfortably falls within the 95% CL contours.
This contrasts with the results from P11k, shown in the top
panel of Fig. 2, reinforcing the interpretation that the earlier
signals observed in Planck-PR3 spectra were likely due to
systematic effects that have since been mitigated (if not
erased) in the new data release.

We conclude this section with a final important remark:
for P1ik, Camspec, and HiLLiPoP, we find p, to be
well within the GR limit (see both Figs. 1 and 3), albeit with
much wider error bars compared to X,. This can be
attributed to the limited impact of this parameter on the
CMB spectra, reflecting the physical interpretation of the y
function as G.¢. Fundamentally, the u parameter influences
the growth of structure; for instance, a higher y corresponds
to larger values of og. This strong correlation with the
growth parameter Sy is illustrated by the y, — Sg contour in
Fig. 3. However, since the CMB constrains modified
gravity (MG) primarily through the integrated Sachs-
Wolfe effect and CMB lensing, it is unable to tightly
constrain py.

B. Constraints on the growth index y

We anticipate that modifying the growth of perturbations
using the y parametrization will not significantly alter
the conclusions drawn in the previous subsection with
the (u, X) framework.

As usual, to establish a reference case, we first derive
results from the Planck-PR3 based spectra using the
data combination Plik. In this instance, we obtain
y = 0.840707,, approximately 3.9 away from what one
might naively expect within GR. This finding aligns with
the recently debated claims of deviations from a baseline
structure growth history, as reviewed in the introduction.

However, as seen in Table IV and Fig. 4, where we
display the one-dimensional probability distribution func-
tion for the parameter y, as obtained from the three different
datasets,' the indication of beyond-GR phenomenology is

"°An interesting difference between the two theoretical setups
concerns the correlation with other matter clustering quantities.
For instance, as shown in Fig. 5, we find a weaker degeneracy
between the MG parameter y, and quantities such as Sg,
compared to what we observed for y,, which also impacts the
growth of cosmic structures.
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TABLE IV. 1o constraints on the y model when the lensing amplitude A, is kept fixed to its reference value A; = 1. As the likelihood
combination employed changes from P1ik, through to Camspec and finally to HILLiPoP, the apparent MG evidence signal in
Planck-PR3 data disappears, and consistency with y, = 0.55 is reestablished. Counting polarization anisotropies out of the analysis (i.e.,

the TT-only columns) indicates that this signal is predominantly affecting the temperature data.

Plik Camspec Camspec (TT-only) HiLLiPoP HiLLiPoP (TT-only)
Q,h? 0.02258 £ 0.00017 0.02232 + 0.00016 0.022497 700038 0.02230 £ 0.00015  0.02228 + 0.00026
Q. h? 0.1182 £0.0015  0.1186 +0.0013 0.1165 £ 0.0023 0.1184 £0.0013 0.1182 £ 0.0023
1000y, 1.04112 4+ 0.00032 1.04088 =+ 0.00027 1.04128 £ 0.00046 1.04091 £ 0.00027 1.04104 £ 0.00048
T 0.0499 £0.0082  0.0487 + 0.0083 0.0506 £ 0.0085 0.0572 £ 0.0063 0.0572 £ 0.0064
In(10'°4,) 3.031 +£0.017 3.0270018 3.026 £ 0.017 3.036 £ 0.015 3.036 £ 0.015
ng 0.9704 £0.0048  0.9672 + 0.0045 0.972213007! 0.9691 £ 0.0044 0.9670 £ 0.0068
Yo 0.8407001, 0.72 £0.10 0,827“_“(‘)):&561 0.621 £+ 0.090 0.66 +0.13
H, [km/s/Mpc] 68.24 + 0.69 67.81 £ 0.61 68.8 + 1.1 67.87 £ 0.61 68.0 £ 1.1
Sg 0.806 £ 0.018 0.811 +£0.017 0.787f8:822§ 0.813 £0.016 0.811 £0.027
TABLE V. 1o constraints on the y model when the lensing amplitude A; is left free to vary.
Plik Camspec Camspec (TT-only) HiLLiPoP HiLLiPoP (TT-only)
Q,h? 0.02260 £+ 0.00017 0.02257 £0.00028  0.02232 +0.00016  0.02229 + 0.00025 0.02230 £ 0.00015
Q. h? 0.1180 £0.0015  0.1159 + 0.0023 0.1186 £ 0.0014 0.1181 £ 0.0024 0.1183 £0.0013
1000y, 1.04115 £ 0.00032 1.04138 £ 0.00047 1.04088 £ 0.00027 1.04107 £ 0.00047 1.04091 £ 0.00027
T 0_0494j8:88§g 0.0505 £ 0.0085 0.0487 100058 0.0572 £ 0.0063 0.0571 £ 0.0062
In(10'04,) 3.02970018 3.02570018 3.02775018 3.036 +0.015 3.036 +0.015
ng 0.9708 £0.0048  0.9739 4+ 0.0070 0.9670 £ 0.0046 0.9674 £ 0.0068 0.9692 £ 0.0044
Y0 <0.597 <0.610 <0.621 <0.603 <0.605
Hy [km/s/Mpc] 68.34 +0.71 69.2 + 1.1 67.81 £0.62 68.0 £ 1.1 67.89 £0.62
Sg 0.803 £0.019 0.780 + 0.028 0.811 £0.017 0.8097 0928 0.813 £0.017
AL 13150 13202 12040 LIS 1145038
I Camspec (TT-only) I HiLLiPoP (TT-only)
Il Camspec Il HiLLiPoP
0.8 - - 06
0.6 | i
5 04f E
02 4
0.0
1k
g o
b
0‘7 078 079 170 —Il 0 i 077 078 079 170 —Il 0 i
Sg Ho Sg Ho
FIG.3. One-dimensional probability distribution functions and two-dimensional marginalized contours for the parameters y, 2,,,, and

Sg. The lensing amplitude A; is kept fixed at its reference value A; = 1. In the left side panel, we show the constraints involving the
combinations of likelihood Camspec and Camspec (TT-only), whereas in the right side panel, we show the constraints for the
combination of likelihood H1LLiPoP and HiLLiPoP (TT-Only)—all likelihoods are defined in Sec. III. The vertical dashed lines
in both panels correspond to the baseline values yy = X, = 0.
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FIG. 4. One-dimensional marginalized posterior distributions
for y, are presented for the three different datasets listed in
Sec. III. The lensing amplitude A; is kept fixed at its reference
value A; = 1. The vertical dashed line represents the baseline
value y, = 0.55.

found to be reduced to the 2¢ level in the Planck-PR4-
based combination of likelihoods Camspec (which
gives yo =0.72 £0.10) and disappears entirely with
HiLLiPoP, which shows consistency with GR well within
1 standard deviation, yielding y, = 0.621 £ 0.090.

As shown in Table IV and Fig. 5, when using a TT-only
likelihood instead of the full TTTEEE high-# combination,
we observe a shift in Camspec (TT-only) toward values
of yo > 0.55. Specifically, we find y, = 0.82779¢,, which
shifts further away from the GR expectation, as can be seen

I Camspec (TT-only)
Il Camspec

0.34 | +

0.32 |- +

(:E 0.30 - +
0.28 - +

0.26 - +

L ,
075 080 085 0.4
Sg

FIG. 5.

by comparing the dark blue contours with the light blue
contours in the left-side panel of Fig. 5. In contrast, the value
of y, inferred from the HiLLiPoP (TT-only) data
combination remains consistent with ACDM within lo.
Aside from a significant increase in the uncertainty of
parameter value inference, no notable discrepancies are
observed between the constraints inferred from the full TT,
TE, and EE combinations of spectra (dark green contours in
the right panel of Fig. 5) and those obtained by retaining only
TT data (olive green contours in the right panel of Fig. 5).

As discussed in the previous subsection, this trend
mirrors the behavior of the lensing anomaly across the
two different combinations of TT-only data, suggesting that
the results for y, can be significantly influenced by the
excess lensing smoothing observed in the acoustic peaks of
temperature anisotropy spectra. Therefore, following the
same approach as in the (u-X) framework, it is worthwhile
to investigate the relationship between y, and A; when the
latter is allowed to vary freely in the model. The main
conclusions from previous sections largely hold: y, exhibits
a strong correlation with A;, which is illustrated for the
three datasets in Fig. 6.

Interestingly, allowing A; to vary precludes achieving a
two-tail constraint on y,. From P1lik, we obtain joint
constraints of A; = 1.317017 and y, < 0.597. Taken at
face value, both parameters remain consistent with GR
within two standard deviations. However, as shown in
the top panel of Fig. 6, the point A; = 1 and y, = 0.55 still
lies outside the 2D marginalized probability contours
in the (A;, 7o) plane. Turning to the Planck-PR4-based

I HiLLiPoP (TT-only)
I HilLLiPoP

0.8 B

o 06| 4
>

04} i

02 4

T T T T T T T
0.36 |- —+ 4

0.34 |- —+ 4

ol / I (\5:

0.28 - —+ 4

Q

0.26 | )

1 1 1 L T 1 1 1
075 0.80 0.85 0.90 02 04 06 0.8 0.30 0.35
Sg Yo Qm

One-dimensional probability distribution functions and two-dimensional marginalized contours for the parameters y, Q,,, and

Sg. The lensing amplitude A; is kept fixed at its reference value A; = 1. In the left-side panel, we show the constraints involving the
combinations of likelihood Camspec and Camspec (TT-only), whereas in the right-side panel, we show the constraints for the
combination of likelihood HiLLiPoP and HiLLiPoP (TT-only)—all likelihoods are defined in Sec. III. The vertical dashed lines

in both panels correspond to the baseline value y, = 0.55.
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FIG. 6. Two-dimensional marginalized constraints in the (A,
7o) plane for the different datasets listed in Sec. III. The horizontal
and vertical dashed lines represent the baseline values y, = 0.55
and A; = 1, respectively.

likelihoods, Camspec yields A, = 1.32%0% and y, <

0.610, while HiLLiPoP gives y, < 0.603 and A; =
1.187037. When interpreted at face value, these results
indicate that both A; and y, are consistent with their
ACDM values. As seen in Fig. 6, the key difference
between the results inferred from the Planck-PR4 spectra
and those based on P1lik is that both Camspec and
HiLLiPoP produce contours such that the standard
cosmological model now falls within the 95% confidence
region in the (A;, 7o) plane. In other words, we can recover
the standard ACDM model without reducing one anomaly
at the expense of exacerbating another.

V. DISCUSSION AND CONCLUSION

Precise CMB observations are a powerful tool for testing
whether gravity follows GR on cosmic scales. On the
brighter side, CMB physics primarily relies on linear
perturbation theory, governed by a system of linearized
Einstein-Boltzmann equations, which makes it largely
immune to complications from astrophysical processes
(beyond foreground contamination) or nonlinear dynamics
that can complicate the analysis of late-time structures.
Consequently, over the past two decades, numerous
extended theories of gravity have been tested against
CMB observations.

However, on the downside, in extended theories of
gravity, the equations describing the evolution of cosmo-
logical perturbations (and the growth of cosmic structures)
can deviate significantly from GR in ways that differ from
model to model. To face this complexity, various para-
metric tests have been developed to recast these behaviors
and establish broader frameworks for testing GR predic-
tions. Within these frameworks, analyses of the Planck-
PR3 2018 spectra have revealed multiple hints of potential
deviations from the baseline predictions of a ACDM
cosmology.

The first longstanding issue concerns the amplitude of
the lensing spectrum as inferred from the smoothing of
acoustic peaks in the temperature and polarization spectra.
Since the 2013 data release, the temperature and polariza-
tion power spectra from Planck have shown an excess
of lensing, leading to a value of the phenomenological
parameter A; greater than unity. In the Planck-PR3 2018
data release, A; is measured to be A; = 1.180 £+ 0.065—
i.e., 2.80 away from the ACDM predictions.

Another interesting hint of deviation from GR appears
when altering the predictions for the Poisson and lensing
equations within the so-called (u, £) framework, where
u(k, a) and Z(k, a) are two arbitrary functions of the wave
number k and the scale factor a, both null in GR. Assuming
them to be constant both in a and k, Planck-PR3 data
measure X, = 0.35 £ 0.14, which is 2.5¢ away from the
expected value.

Finally, yet another test that produces a non-null result
involves measuring the growth index y that captures
potential deviations in the growth of perturbations. This
parameter is predicted to be y = 0.55 in GR and measured
to be y = 0.8407)01} with Planck-PR3 data.

Although these results are certainly interesting, possibly
suggesting departures from a ACDM model of structure
formation, they come with a good number of caveats and
warnings that we already pointed out in the introduction
and further stress here: first, no indication of a lensing
excess, 2o > 0, or y #0.55 has been found in CMB
experiments other than Planck, such as ACT and SPT.
Second, within the Planck-PR3 spectra, a strong correlation
between A; and the X, or y, parameters is observed,
suggesting that these three problems may have a common
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root—most probably the excess smoothing in the TT
Planck-PR3 spectrum, which is the main driver of the
lensing anomaly. Finally, the latest versions of Camspec
[346] and HiLLiPoP [347] (both based on Planck-PR4
NPIPE maps) show a much better agreement with A; =1,
pointing at an observational systematic issue in the Planck-
PR3 spectra and immediately calling into question all the
other hints for modified gravity discussed thus far.

In an attempt to clarify once and for all whether these
anomalous results should be considered genuine indica-
tors of new physics beyond GR or whether they simply
arise from observational systematics (while understanding
how exactly the lensing anomaly fits into the picture), we
present in this paper a reevaluation of the modified
gravity constraints inferred from the most recent
Planck-PR4 spectra, derived from the new NPIPE data
release. We stated the main conclusion of our analysis
right in the title of this paper: Planck-PR4 spectra show
better agreement with general relativity. Specifically, as
follows:

(i) For the combination of likelihoods labeled as Cam-
spec (which is primarily based on the Camspec
likelihoods for the high-# TT, TE, and EE spectra),
we find that the constraint Xy = 0.20017 lies within
1.56 of GR, see also Fig. 1. Similarly, the indication
of beyond-GR phenomenology in terms of nonca-
nonical values of the growth index is reduced to
approximately 20, with the numerical constraint
reading yo = 0.72 £ 0.10, see also Fig. 4.

(i) For the combination of likelihoods labeled as
HiLLiPoP (which relies mainly on the HiLLiPoP
likelihoods for the high-Z TT, TE, and EE spectra,
along with the LoLLiPoP low-# likelihood for
E-mode polarization measurements), we find close
agreement with GR. Within the (u, ) framework, we
obtain T, = 0.12113, while for the growth index, we
find yy = 0.621 = 0.090, both consistent with the
baseline values within one standard deviation (see
Figs. 1 and 4, again).

The better consistency with the predictions of GR found
is closely correlated to the lensing anomaly. Indeed, across
the different likelihoods, the shift toward values of X, # 0
and y, > 0.55 follows the same trend as the reduced
preference for A; > 1. Specifically, as follows:

(i) Using Camspec for temperature and polarization

data shifts the lensing anomaly to less than 1.66 (see
Table 6 of Ref. [346]), which roughly corresponds to
the shifts observed both in X, and y,, see Tables II
and IV, respectively.

(i) Using the HiLLiPoP combination, the results re-
garding the lensing amplitude are consistent with
A; = 1 within 1 standard deviation (see, e.g., Table 6
of Ref. [347]). Similarly, X, and y, align with their
respective baseline values within one standard
deviation.

Pushing this comparison further, we find that, similar to
the lensing anomaly, the shifts in the values of X, and y,
observed in P1ik and, to some extent, in Camspec are
largely driven by the temperature anisotropy data.
Specifically, as follows:

(i) Focusing on Camspec (TT-only) (i.e., a combi-
nation of data involving only the TT spectrum at
¢ >30 from the Camspec likelihood), the
deviation of X, from zero is more pronounced
compared to the full Camspec TTTEEE likelihood,
increasing from 1.4¢ to 2.20, see also Table II and
Fig. 3. Notably, in this case, a significant shift in
Yo = 0.8271L8:(;561 is also observed, pulling this
parameter away from the GR expectations, see also
Table IV and Fig. 5.

(i1) Focusing on HILLiPoP (TT-only) (i.e., a com-
bination of data involving only the TT spectrum at
¢ > 30 from the HiLLiPoP likelihood), no sig-
nificant deviation from GR is observed in either X,
or yy, see also Figs. 3 and 5. This is easily explained
by noting that, for the same dataset, A; remains
consistent with unity.

Digging deeper into the correlation with the lensing
anomaly, we vary the parameter A; within both the (u, X)
framework and the extended model involving the growth
index y. In these extended parameter spaces, the correla-
tions among parameters are such that the numerical con-
straints on all modified gravity indicators (i.e., A;, X, and
7o) remain consistent within two standard deviations of GR.
This holds true even for the Planck-PR3-based data
combination P1ik. However, the joint marginalized con-
straints in the (A;, ) plane shown in Fig. 2 and in the (A,
70) plane presented in Fig. 6 reveal that, for P11k, the point
corresponding to ACDM consistently falls outside the 95%
CL contours in both cases. In contrast, ACDM comfortably
falls within the 95% CL contours for both Camspec and
HiLLiPoP, underscoring that in these latter cases, Planck-
PR4 data agree with the standard ACDM model without
needing one anomaly to be resolved at the expense of
another.

Wrapping everything up, there is a strong basis to
conclude that a significant portion of the hints for modified
theories of gravity identified and debated over the past few
years might stem from observational systematics in the
Planck-PR3 data, likely rooted in the well-documented
excess smoothing in the high-# peaks of the TT spectrum.
To further validate this interpretation, it would be interesting
to adapt the P1 ik high-# likelihood to the Planck-PR4 data
and reassess Planck’s 2018 conclusions in their entirety.
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