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In this study we investigate the growth index γL, which characterizes the growth of linear matter

perturbations, while analysing different cosmological datasets. We compare the approaches implemented

by two different patches of the cosmological solver CAMB: MGCAMB and CAMB_GAMMAPRIME_GROWTH. In

our analysis we uncover a deviation of the growth index from its expected ΛCDM value of 0.55 when

utilizing the Planck dataset, both in the MGCAMB case and in the CAMB_GAMMAPRIME_GROWTH case, but in

opposite directions. This deviation is accompanied by a change in the direction of correlations with derived

cosmological parameters. However, the incorporation of cosmic microwave background lensing data helps

reconcile γL with its Λ-cold dark matter value in both cases. Conversely, the alternative ground-based

telescopes Atacama Cosmology Telescope and South Pole Telescope consistently yield growth index

values in agreement with γL ¼ 0.55. We conclude that the presence of the Alens problem in the Planck

dataset contributes to the observed deviations, underscoring the importance of additional datasets in

resolving these discrepancies.

DOI: 10.1103/PhysRevD.109.043528

I. INTRODUCTION

The standard model of cosmology embodies the most

universally accepted concordance model for both astro-

physical and cosmological regimes within an isotropic and

homogeneous Universe [1,2]. In this model, cold dark

matter (CDM) acts as a stabilizing agent for galaxies and

their clusters [3–5], while the late-time accelerating expan-

sion of the Universe is sourced by a cosmological constant

Λ [6,7]. In this scenario, initial cosmic inflation drove the

early Universe towards flatness that observes the cosmo-

logical principle [8,9].

However, challenges persist within this framework. The

cosmological constant continues to pose theoretical diffi-

culties [10,11], while the direct detection of CDM remains

problematic [4,5], and the UV completeness of the theory

remains an open question [12]. In recent years, additional

challenges to ΛCDM cosmology have emerged in the

form of cosmic tensions. These tensions arise from

discrepancies between direct measurements of the cosmic

expansion rate and the growth of large scale structure

(LSS), and those inferred indirectly from early Universe

measurements [13–22].

The presence of cosmic tensions has become evident

across multiple surveys, primarily manifested in the

measurement of the Hubble constant, H0, which has

now exceeded 5σ [23–26]. The indirect measurements

of H0 mainly rely on observations of the cosmic micro-

wave background radiation (CMB) with the latest reported

value by the Planck collaboration giving H0 ¼ 67.4�
0.5 km s−1Mpc−1 [27], while the last release from

Atacama Cosmology Telescope (ACT) puts H0 ¼ 67.9�
1.5 km s−1Mpc−1 [28]. Conversely, late time probes offer

several alternatives for the direct measurement of the

Hubble expansion of the Universe. Among these, the most
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precise measurements are based on type Ia supernovae by

the SH0ES team, calibrated by Cepheids, yielding H0 ¼
73.04� 1.04 km s−1 Mpc−1 [29]. Numerous other mea-

surements also consistently favor higher values for the

Hubble constant [30–37]. Finally, the latest measurements

employing the tip of the red giant branch as a calibration

method for type Ia supernovae continue to indicate

elevated values for H0 [38–41].

Another cosmological tension that is gaining signifi-

cance relates to the growth of large-scale structures in the

Universe. Several parameters capture these characteristics,

with S8 ¼ σ8;0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ωm;0=0.3
p

being a key quantity that incor-

porates the matter density parameter at present Ωm;0 and is

commonly used to quantify it, as it is directly measured by

weak lensing (WL) experiments. The measurement of S8 is
more challenging, with discrepancies between early and

late-time probes ranging from 2 − 3.5σ, but it still plays a

crucial role in testing the validity of ΛCDM cosmology.

Recent measurements from the Kilo-Degree Survey report

a lower value of S8 ¼ 0.766þ0.020
−0.014 [42], which is consistent

with other WL measurements such as DES-Y3 [43] and

HSC-Y3 [44]. On the other hand, Planck (TT;TE;EEþ
lowE) gives S8 ¼ 0.834� 0.016 [27] which agrees with

other CMB based measurements of this parameter [28,45].

The presence of cosmic tensions has spurred numerous

reevaluations in the scientific community, leading to more

rigorous investigations of potential systematic errors

[18,20,46]. However, the persistence of these tensions

across various direct and indirect measurements suggests

that such explanations may be losing credibility.

Consequently, alternative modifications to the standard

model of cosmology have been proposed, encompassing

a range of theoretical frameworks (see for example

[12,13,17,18,47–54] and the references therein). This

plethora of models that go beyond ΛCDM physics can

be parametrized in numerous ways. By examining the

phenomenological parametrization for the growth of linear

matter perturbations δm ¼ δρm=ρm described in [55], the

growth rate GðaÞ can be approximately reformulated as

GðaÞ ¼ fða; γL;Ωm;0Þ, a time-dependent function f where

the growth index γL can be seen as a fitting constant [56,57]

(discussed further in Sec. II). This empirical formula gives a

value of γL ≃ 0.55 for ΛCDM [55,58].

This theoretical prediction for γL allows us to use this

parameter as a testing tool for possible deviations from the

concordance model of cosmology. In this work, we analyze

this parametrization through the prism of the linear matter

perturbation evolution equation [Eqs. (3) and (4)] defined

in Sec. II. In Sec. III we include a discussion on the main

differences in the implementation of γL in the two cosmo-

logical solvers considered in our study: MGCAMB and

CAMB_GAMMAPRIME_GROWTH. In Sec. IV we discuss the

datasets under investigation, along with the strategy that we

followed to obtain the constraints on the ΛCDMþ γL
model considered here, which are outlined in Sec. V, where

the outcomes of both approaches are compared. In par-

ticular, the results for MGCAMB’s scale-dependent approach

is shown in Sec. VA, along with CAMB_GAMMAPRIME_

GROWTH’s scale-independent one in Sec. V B. Finally, the

main results are summarized and discussed in Sec. VI.

II. STRUCTURE FORMATION AND THE

GROWTH INDEX

The dynamics of the expansion of the Universe can be

determined through the Friedmann equation:

�

H

H0

�

2

¼
X

i

Ωi; ð1Þ

where Ωi ¼ ρi=ρc represents the relative density of each

component with energy density ρi in a flat Universe where

ρc ¼ 3H2

0
=ð8πGGRÞ, with GGR being Newton’s constant of

gravitation in general relativity (GR). Indeed we can use

Eq. (1) to constrain the observed accelerated expansion, but

it has to reflect our ignorance of the fundamental nature of

such acceleration. Since we do not know whether we are

dealing with a physical energy density or rather a modi-

fication of the Friedmann equation with respect to the

ΛCDM model, we can treat the accelerated expansion as

stemming from an effective component with equation of

state wðaÞ, rewriting Eq. (1) as follows [56,59]:

�

H

H0

�

2

¼ Ωm;0a
−3 þ ð1 − Ωm;0Þe

3

R

a0

0
½1þwða0Þ�d ln a0

: ð2Þ

However, background expansion alone cannot easily tell

different cosmological theories apart, as functions like wðaÞ
can be tuned in different cosmologies to obtain the same

time evolution for expansion history quantities such as aðtÞ
[55]. For this reason, in this paper we will assume a ΛCDM

background; namely, wðaÞ ¼ −1 in Eq. (2).

Instead, we consider modifications to the growth of

structure only. The evolution of the expansion rate feeds

into the inhomogeneities that arise in the LSS due to early

Universe gravitational instabilities and frictional terms. By

investigating perturbations away from homogeneity and

isotropy in both the gravitational and matter sectors, we can

describe the matter perturbation evolution equation as

δ̈m þ 2Hδ̇m − 4πρmδm ¼ 0; ð3Þ

where δm represents the gauge invariant fractional

matter density, dots denote derivatives with respect to

cosmic time, and where linear and subhorizon scales

(k≲ 0.1h Mpc−1 and k≳ 0.0003h Mpc−1, respectively,

h ¼ H0=100 km s−1Mpc−1) are being considered. A natu-

ral definition of the linear growth fraction for matter

perturbations is gðaÞ ¼ δmðaÞ=δm;0, where δm;0 is the

current value of δm. By taking a reparametrization of
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the matter perturbation evolution equation through the

growth rate GðaÞ ¼ d ln gðaÞ=d ln a, Eq. (3) can be

rewritten as [60]

dG

d lna
þG2þ

�

2þ
1

2

d lnH2

d lna

�

G−
3

2
GeffΩmðaÞ¼ 0; ð4Þ

where Geff is GMG=GGR, and GMG is Newton’s constant of

gravitation for a generic deviation from GR. It was

proposed in [61] that

GðaÞ ¼ Ω
γL
m ðaÞ; ð5Þ

where γL ¼ lnG=lnΩmðaÞ is the growth index. A major

advantage of this parametrization is its accuracy in

replicating the numerical solution of Eq. (4). For instance,

in the framework of ΛCDM, the value γΛCDML ¼ 0.55 can

be as accurate as 0.05% [55].

An interesting approach considered in the literature has

been to take the background Friedmann equations to be

those of ΛCDM and to probe potential modifications away

from standard model at the level of γL [62–64]. In fact, for

theories other than GR such as fðRÞ and Dvali-Gabadadze-
Porrati (DGP) braneworld cosmologies we get remarkably

different values: γ
fðRÞ
L ¼ 0.42 and γDGPL ¼ 0.68, respec-

tively [63]. A departure of γL from 0.55 would then

represent a possible hint at new physics, offering us an

opportunity to shed new light on the tensions afflicting the

standard model of cosmology.

III. MAPPING THE GROWTH INDEX INTO

OBSERVABLES: MGCAMB AND

CAMB_GAMMAPRIME_GROWTH

To constrain the growth index γL, we first need a mean to

map it into the CMB and LSS observables, where the latter

are specifically probed by CMB lensing potentials in this

work. Here, we adopt two different modifications of the

standard Boltzmann solver CAMB [65,66], namelyMGCAMB

[67–71] and CAMB_GAMMAPRIME_GROWTH [72,73].

Below, we briefly review the main differences between

the two approaches.

In the first approach, MGCAMB introduces the two scale-

and redshift-dependent parameters μða; kÞ and ηða; kÞ,
which fully describe the relations between the Ψ- Φ metric

perturbations and the energy-momentum tensor of GR, as

can be observed from Eqs. (5)–(9) in [68] (with η ¼ μ ¼ 1

corresponding to GR and ΛCDM). Separating sub- and

super-horizon evolutions of perturbations, MGCAMB then

solves the two regimes separately [68]. MGCAMB maps γL
into the function μða; kÞ through the following relation,

valid for subhorizon perturbations [68,69]:

μ ¼
2

3
Ω

γL−1
m

�

Ω
γL
m þ 2þ

H0

H
þ γL

Ω
0
m

Ωm

þ γ0L lnðΩmÞ

�

: ð6Þ

Therefore, within MGCAMB, any change in γL is effec-

tively a change in μða; kÞ, where the latter appears in

the evolution of both sub- and superhorizon perturba-

tions, as described by Eqs. (16), (17) and (21) of [68].

This choice implies that varying γL introduces a scale-

dependent effect on observables such as the primary

CMB angular power spectrum and the linear matter

power spectrum. Reference [68] demonstrated that, for

a simple toy model where μða; kÞ ¼ μðaÞ, superhorizon
changes in the linear matter power spectrum introduced

by a varying μðaÞ are within the cosmic variance. They

thereby argued that Eq. (6) and their approach to γL
should be consistent with the (implicit) assumptions of

scale independence and subhorizon evolution by Eq. (5).

In practice, we however find that this is not necessarily

the case for the (primary) CMB angular power spectrum.

In the Appendix, we further show why this particular

choice might explain the constraint on γL obtained by

MGCAMB in Sec. VA.
1

The second code, CAMB_GAMMAPRIME_GROWTH

[72,73,76], adopts a phenomenological approach by rescal-

ing the linear matter power spectrum PðkÞ, i.e.

PðγL; k; aÞ ¼ Pðk; a ¼ 1ÞD2ðγL; aÞ; ð7Þ

by the (square of) the modified growth factor DðγL; aÞ
given by the numerical integral

DðγL; aÞ ¼ exp

�

−

Z

1

a

da
Ω

γL
m ðaÞ

a

�

: ð8Þ

For the CMB observables and data considered in this

work, Eqs. (7) and (8) only affect the CMB lensing

potential through the matter transfer function [see, e.g.

Eqs. (9)–(14) in [77]]. We will return to this point in the

Appendix where we compare this approach by CAMB_

GAMMAPRIME_GROWTH versus that by MGCAMB, and

their respective constraints on γL using PlanckðþlensingÞ
data.

IV. DATASETS AND METHODOLOGY

Together with the growth index γL defined in Sec. II,

we constrained the six parameters of the base ΛCDM

model. The parameter space constrained here is therefore

Γ≡fΩbh
2;Ωch

2;100θMC;τreio;ns; logð10
10AsÞ;γLg, where

Ωbh
2, the baryon density Ωb combined with the dimen-

sionless Hubble constant h, Ωch
2, the density of cold dark

matter combined with h, 100θMC, where θMC is an

approximation of the observed angular size of the sound

horizon at recombination, τreio, the reionization optical

depth, ns and logð1010AsÞ, respectively, the spectral index

1
See also Refs. [74,75] for previous analyses with the Planck

data.
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and amplitude As of the power spectrum of the scalar

primordial perturbations.

We constrained the ΛCDMþ γL model considered here

with two different methods:

(1) First, we used MGCOSMOMC [67–71], a publicly

available modification of the popular Markov chain

Monte Carlo code COSMOMC [78,79] that samples γL
through the fast-slow dragging algorithm developed

in [80]. The Einstein-Boltzmann solver implemented

in MGCOSMOMC to calculate CMB anisotropies and

lensing power spectra is MGCAMB [67–71], a patch

of the CAMB code [65] that includes several phe-

nomenological modifications to the growth of matter

perturbations, including the γL parametrization

in Eq. (5).

(2) Additionally, we implemented the modified version

of CAMB, namely CAMB_GAMMAPRIME_GROWTH,

introduced in [72,73,76] into COSMOMC. While

[72,73,76] also modify linear growth through the

parametrization shown in Eq. (5), they take γL to be

scale independent compared to MGCAMB.

The data considered in our analysis have been taken from

the following datasets:

(1) the final release of the Planck mission [27,81,82],

specifically the likelihoods and data for the CMB

temperature and polarization anisotropies: TT, EE,

and TE (referred to, here, as Planck), along with the

lensing reconstruction power spectrum (referred to

as lensing);

(2) the likelihoods and data from the 9-years release

(DR9) of the Wilkinson Microwave Anisotropy

Probe (WMAP) [83];

(3) the likelihoods for the polarization and temperature

anisotropies spectra from ACT’s DR4 [84];

(4) the EE and TE anisotropies measurements and

likelihoods from the SPT-3G instrument of the South

Pole Telescope (SPT) [85];

(5) the final measurements from the SDSS survey by the

eBOSS collaboration, of which we include baryonic

acoustic oscillations (BAO) data [86].

In particular, we constrained Γ with the following

combinations:

(1) Planck, PlanckþBAO, Planckþlensing, and Planckþ
BAOþlensing;

(2) ACT, ACTþWMAP, ACTþ BAO, and ACTþ
WMAPþ BAO;

(3) SPT, SPTþWMAP, SPTþ BAO, and SPTþ
WMAPþ BAO.

We note that all the constraints obtained using either the

ACT or SPT data employed a Gaussian prior on

τreio ¼ 0.065� 0.015, as done by the ACT collaboration

[84]; the other six parameters making up the ΛCDMþ γL
model considered here were all assumed to have flat priors,

as summarized in Table I.

The convergence of the chains produced from the

exploration of Γ by MGCOSMOMC/COSMOMC for this analy-

sis was evaluated through the Gelman-Rubin criterion [87],

and we took R ≤ 0.02 as a satisfactory limit at which to

present the results outlined in Sec. V.

Finally, to demonstrate that a Planck-like CMB only

experiment is able to recover γL ¼ 0.55 without bias, we

constrained Γ using a mock Planck-like dataset generated

according to a ΛCDM model defined by the parameter

choices given in Table II. The results are shown in Table III,

and we can see that CMB only data are able to recover

γL ¼ 0.55 with good accuracy with either MGCAMB or

CAMB_GAMMAPRIME_GROWTH.

TABLE I. A summary of the priors imposed on the parameters

for the ΛCDM þ γL model considered in our analysis.

Parameter Prior

Ωbh
2 [0.005, 0.1]

Ωch
2 [0.001, 0.99]

100θMC [0.5, 10]

τreio 0.065� 0.015

ns [0.8, 1.2]

logð1010AsÞ [1.61, 3.91]

γL [0, 1]

TABLE II. The ΛCDM baseline values chosen to simulate

mock Planck-like dataset used for the results of Table III.

Parameter Fiducial values

Ωbh
2 0.02236

Ωch
2 0.1202

100θMC 1.04090

τreio 0.0544

ns 0.9649

logð1010AsÞ 3.044

TABLE III. Results for the Planck-like dataset.

Parameter MGCAMB CAMB_GAMMAPRIME_GROWTH

Ωbh
2 0.02237� 0.00015 0.02236� 0.00016

Ωch
2 0.1201� 0.0016 0.1202� 0.0017

100θMC 1.04091� 0.00036 1.04089� 0.00036

τ 0.0538� 0.0097 0.053� 0.010

ns 0.9650� 0.0041 0.9649� 0.0043

logð1010AsÞ 3.044� 0.019 3.043� 0.021

γL 0.544þ0.035
−0.021

0.56� 0.10
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V. RESULTS

In this section we are discussing the constraints we

obtained for the dataset combinations listed in the previous

Sec. IV and the two different approaches explained

in Sec. III. In particular we will discuss in Sec. VA the

scale-dependent case as implemented in MGCAMB, and in

Sec. V B the scale-independent linear growth as imple-

mented in CAMB_GAMMAPRIME_GROWTH.

A. MGCAMB results

We show in Table IV the constraints at 68% CL

for the scale-dependent case as implemented in

MGCAMB for the different combinations involving the

Planck data, and we repeat the same for ACT in Table V

and SPT in Table VI. We display instead the 1D posterior

distributions and the 2D contour plots for all these cases

in Figs. 1 and 2.

TABLE IV. Constraints at 68% CL for the scale-dependent case as implemented in MGCAMB, considering the dataset combinations

with Planck.

Parameter Planck Planckþ BAO Planckþ lensing Planckþ BAOþ lensing

Ωbh
2 0.02253� 0.00016 0.02250� 0.00016 0.02249� 0.00016 0.02246� 0.00015

Ωch
2 0.1187� 0.0015 0.1190� 0.0013 0.1186� 0.0014 0.1189� 0.0012

100θMC 1.04110� 0.00032 1.04106� 0.00032 1.04107� 0.00032 1.04103� 0.00030

τreio 0.0510� 0.0085 0.0507� 0.0082 0.0496þ0.0087
−0.0073 0.0490þ0.0083

−0.0073

ns 0.9688� 0.0047 0.9681� 0.0045 0.9684� 0.0046 0.9675� 0.0042

logð1010AsÞ 3.034� 0.018 3.034� 0.017 3.030þ0.018
−0.015

3.030� 0.017

γL 0.467þ0.018
−0.029 0.469þ0.017

−0.029
0.506� 0.022 0.509þ0.022

−0.020

H0 68.02� 0.66 67.86� 0.60 68.00� 0.64 67.84� 0.57

S8 0.839� 0.015 0.842� 0.015 0.824� 0.013 0.827� 0.012

TABLE V. Constraints at 68% CL for the scale-dependent case as implemented in MGCAMB, considering the dataset combinations

with ACT.

Parameter ACT ACT þ BAO ACTþWMAP ACT þWMAPþ BAO

Ωbh
2 0.02153� 0.00032 0.02148� 0.00030 0.02239� 0.00021 0.02237� 0.00019

Ωch
2 0.1177� 0.0049 0.1200� 0.0025 0.1198� 0.0027 0.1203� 0.0020

100θMC 1.04229� 0.00078 1.04210� 0.00065 1.04174� 0.00066 1.04171� 0.00062

τreio 0.064� 0.015 0.065� 0.015 0.060� 0.012 0.060� 0.012

ns 1.008� 0.017 1.003� 0.014 0.9729� 0.0062 0.9722� 0.0052

logð1010AsÞ 3.049� 0.034 3.056� 0.033 3.062þ0.025
−0.022 3.064þ0.025

−0.022

γL 0.552þ0.063
−0.087 0.580þ0.062

−0.078 0.533þ0.044
−0.018 0.536þ0.040

−0.018

H0 68.0� 2.0 67.0� 1.0 67.7� 1.1 67.50� 0.83

S8 0.829� 0.045 0.847� 0.028 0.843� 0.031 0.848� 0.025

TABLE VI. Constraints at 68% CL for the scale-dependent case as implemented in MGCAMB, considering the dataset combinations

with SPT.

Parameter SPT SPTþ BAO SPTþWMAP SPTþWMAPþ BAO

Ωbh
2 0.02238� 0.00033 0.02237� 0.00032 0.02264� 0.00023 0.02259� 0.00021

Ωch
2 0.1175� 0.0057 0.1186� 0.0026 0.1153� 0.0028 0.1171� 0.0020

100θMC 1.03945� 0.00081 1.03933� 0.00069 1.03973� 0.00066 1.03954� 0.00064

τreio 0.065� 0.015 0.066� 0.015 0.060� 0.013 0.058� 0.013

ns 0.991� 0.025 0.987� 0.019 0.9733� 0.0075 0.9709� 0.0067

logð1010AsÞ 3.040� 0.039 3.043� 0.038 3.041� 0.025 3.042� 0.026

γL 0.622þ0.075
−0.11 0.635þ0.063

−0.084 0.556þ0.023
−0.018 0.558þ0.024

−0.018

H0 67.8� 2.3 67.3� 1.0 68.9� 1.2 68.11� 0.83

S8 0.796� 0.048 0.804� 0.028 0.782� 0.032 0.801� 0.025
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The analysis presented in Table IV reveals a notable

deviation from the expected value of γL ¼ 0.55 consid-

ering the measurement obtained solely from Planck

observations. Specifically, Planck indicates a value of

γL ¼ 0.467þ0.018
−0.029 , deviating from the expected value by

more than three standard deviations. However, it is

important to note that this parameter does not contribute

significantly to resolving the cosmological tensions.

While it exhibits a slight correlation with H0, resulting

in a modest increase of only 1σ in its value

(H0 ¼ 68.02� 0.66 km=s=Mpc), it does not exhibit any

correlation with S8 (see Fig. 1). Notably, the disagreement

between WL measurements (which assume a ΛCDM

model) and S8 persists, further emphasizing the unre-

solved tensions in the current cosmological framework.

Even when incorporating BAO data, the same conclusion

holds true. The inclusion of BAO data does not alter the

constraints on γL and S8, but it does lead to a slight

decrease in the estimated value of H0. However, a more

significant impact is observed when including the lensing

dataset. Specifically, with Planckþ lensing the constraint

on γL becomes γL ¼ 0.506� 0.022, reducing the tension

with the expected value to 2σ. Furthermore, a mild

correlation emerges between the γL parameter and the

S8 parameter (see Fig. 1). This correlation causes the

mean value of S8 to shift downward by 1 standard

deviation, albeit not sufficiently enough to alleviate the

existing S8 tension. Once again, the inclusion of BAO data

does not change the results, so that Planckþ BAOþ
lensing gives similar constraints to the Planckþ lensing

combination.

A different picture emerges when the ground based

CMB telescope ACT is taken into account in Table V. In

this case, the value of γL remains consistently within 1

standard deviation of the expected value across all dataset

combinations, including also BAO and WMAP data.

Furthermore, by referring to Figs. 1 and 2, we observe

a change: the correlation between γL and other cosmo-

logical parameters disappears upon inclusion of the

ACT data.

Similarly, when the SPT data are analyzed in Table VI

we observe that across all combinations of datasets γL is

FIG. 1. One-dimensional marginalized posterior distributions and 2D contour plots for the different CMB data combinations explored

in this work, without the inclusion of the BAO data, for the scale-dependent case as implemented in MGCAMB. The dashed brown line in

the plot is the value of the growth index in ΛCDM, γL ¼ 0.55.
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FIG. 2. One-dimensional marginalized posterior distributions and 2D contour plots for the different CMBþ BAO data combinations

explored in this work, for the scale-dependent case as implemented in MGCAMB. The dashed brown line in the plot is the value of the

growth index in ΛCDM, γL ¼ 0.55.

TABLE VII. Constraints at 68% CL for the CAMB_GAMMAPRIME_GROWTH case as implemented in [72,73,76], considering the dataset

combinations with Planck.

Parameter Planck Planckþ BAO Planckþ lensing Planckþ BAOþ lensing

Ωbh
2 0.02258� 0.00016 0.02255� 0.00016 0.02251� 0.00017 0.02248� 0.00016

Ωch
2 0.1181� 0.0015 0.1186� 0.0013 0.1183� 0.0015 0.1188� 0.0013

100θMC 1.04113� 0.00032 1.04108� 0.00031 1.04109� 0.00032 1.04103� 0.00032

τreio 0.0496þ0.0087
−0.0074

0.0495� 0.0084 0.0493þ0.0087
−0.0074 0.0488þ0.0086

−0.0075

ns 0.9709� 0.0047 0.9696� 0.0045 0.9696� 0.0048 0.9683� 0.0044

logð1010AsÞ 3.030� 0.017 3.031� 0.018 3.029þ0.018
−0.016 3.029þ0.018

−0.016

γL 0.841þ0.11
−0.074 0.831þ0.11

−0.080
0.669� 0.069 0.658� 0.063

H0 68.27� 0.69 68.06� 0.61 68.14� 0.70 67.92� 0.61

S8 0.805� 0.018 0.810� 0.017 0.807� 0.019 0.812� 0.017
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always in agreement within 1σ with γL ¼ 0.55. In particu-

lar, when considering SPT data alone, or in combination

with BAO data, higher values of γL are favored with larger

error bars. However, upon including the WMAP dataset,

the mean value of γL returns to γL ¼ 0.55. Similar to the

previous analysis, no correlation is observed between γL
and the derived parameters depicted in Figs. 1 and 2 when

examining this dataset.

B. CAMB_GAMMAPRIME_GROWTH results

The constraints at a confidence level of 68% CL for the

CAMB_GAMMAPRIME_GROWTH case as implemented in

[72,73,76], are presented in Table VII, for the various

combinations involving Planck data. Similarly, we provide

the corresponding constraints for ACT in Table VIII and for

SPT in Table IX. To further illustrate these cases, we

present the 1D posterior distributions and the 2D contour

plots in Figs. 3 and 4.

The examination of Table VII reveals a significant

deviation from the expected value of γL ¼ 0.55 when

considering the measurement based solely on Planck

observations. Specifically, Planck indicates a value of

γL ¼ 0.841þ0.11
−0.074, surpassing the expected value by more

than 3σ. However, it is worth noting that while this

parameter does not contribute significantly to resolving

theH0 tension, it can substantially decrease the value of the

S8 parameter in the right direction to agree with the WL

measurements (which assume a ΛCDM model). In fact,

contrarily to the MGCAMB case, γL exhibits a slight

correlation with both H0 and S8 (see Fig. 3), giving H0 ¼
68.27� 0.69 km=s=Mpc and S8 ¼ 0.805� 0.018. It is

important to emphasize that in the CAMB_GAMMAPRIME_

GROWTH case, there are two notable distinctions. First, the

preferred value of γL deviates from the expected value in

the opposite direction compared to the MGCAMB case.

Second, the correlations between γL, H0, and S8 exhibit a

change in sign. However, as we noted in the previous

section as well, the inclusion of the CMB lensing dataset is

crucial to shift the value of γL towards the expected

γL ¼ 0.55, reducing the disagreement at the level of

TABLE VIII. Constraints at 68% CL for the CAMB_GAMMAPRIME_GROWTH case as implemented in [72,73,76], considering the

dataset combinations with ACT.

Parameter ACT ACT þ BAO ACTþWMAP ACT þWMAPþ BAO

Ωbh
2 0.02151� 0.00031 0.02149� 0.00031 0.02236� 0.00021 0.02235� 0.00020

Ωch
2 0.1185� 0.0050 0.1199� 0.0026 0.1205� 0.0030 0.1206� 0.0022

100θMC 1.04221� 0.00077 1.04205� 0.00065 1.04168� 0.00066 1.04164� 0.00060

τreio 0.065� 0.015 0.065� 0.015 0.062� 0.013 0.061� 0.013

ns 1.007� 0.017 1.003� 0.014 0.9722� 0.0066 0.9720� 0.0055

logð1010AsÞ 3.053� 0.034 3.057� 0.032 3.067� 0.026 3.067� 0.026

γL 0.52� 0.18 0.49� 0.15 0.50� 0.16 0.50� 0.14

H0 67.7� 2.0 67.1� 1.0 67.4� 1.3 67.39� 0.89

S8 0.839� 0.059 0.855� 0.032 0.847� 0.036 0.848� 0.027

TABLE IX. Constraints at 68% CL for the CAMB_GAMMAPRIME_GROWTH case as implemented in [72,73,76], considering the dataset

combinations with SPT.

Parameter SPT SPTþ BAO SPTþWMAP SPTþWMAPþ BAO

Ωbh
2 0.02241� 0.00033 0.02238� 0.00031 0.02259� 0.00024 0.02253� 0.00022

Ωch
2 0.1164� 0.0056 0.1183� 0.0026 0.1167� 0.0032 0.1178� 0.0021

100θMC 1.03953� 0.00081 1.03935� 0.00067 1.03955� 0.00071 1.03942� 0.00064

τreio 0.065� 0.015 0.065� 0.015 0.062� 0.013 0.061� 0.013

ns 0.994� 0.024 0.989� 0.019 0.9709� 0.0080 0.9687� 0.0068

logð1010AsÞ 3.035� 0.039 3.040� 0.035 3.049� 0.027 3.051� 0.027

γL 0.46� 0.19 0.41� 0.15 0.43� 0.14 0.41� 0.13

H0 68.3þ2.1
−2.4

67.4� 1.0 68.3� 1.4 67.77� 0.89

S8 0.803� 0.064 0.824� 0.032 0.802� 0.039 0.815� 0.027
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1.7σ. In particular we obtain γL ¼ 0.669� 0.069, in

perfect agreement with [72], while leaving both H0 and

S8 unaffected. Finally, the addition of the BAO data does

not have a significant impact on either the Planckþ BAO

combination or the Planckþ BAOþ lensing combination.

If we now consider the independent CMB measurements

obtained from ACT displayed in Table VIII, then we

observe a similar pattern as in the previous section.

Notably, γL returns to agree within 1σ with the expected

value γL ¼ 0.55. In this case the addition of BAO and

WMAP data does not alter these conclusions. In this

particular dataset combination, γL exhibits a negative

correlation with S8 and a positive degeneracy with H0.

However, their mean values remain robust and align with

the values expected in a ΛCDM model, in absence of

deviations in γL from 0.55. The same conclusions about

constraints and parameter degeneracies remain valid when

replacing ACT with SPT, as demonstrated in Table IX.

In conclusion, the observed deviation of γL when

analyzing the Planck data can be attributed to the presence

of the Alens problem [27,88,89], as highlighted in [72].

This problem refers to the excess of lensing detected in the

temperature power spectrum, which is also associated with

indications of a closed Universe [27,90,91]. The mitigation

of the γL deviation from 0.55 upon incorporating the CMB

lensing data serves as direct evidence supporting this

interpretation.

VI. CONCLUSIONS

We investigated the growth index γL, which character-

izes the growth of linear matter perturbations in the form

shown in Eq. (5), by using different cosmological datasets,

and comparing two approaches for the implementation of

γL into CAMB: the MGCAMB and CAMB_GAMMAPRIME_

GROWTH codes.

Our analysis in the MGCAMB case revealed a γL that

deviates from its ΛCDM value of 0.55, preferring instead

lower values and indicating a discrepancy of more than

three standard deviations. However, incorporating the

CMB lensing dataset helps reducing this disagreement to

approximately two standard deviations.

FIG. 3. One-dimensional marginalized posterior distributions and 2D contour plots for the different CMB data combinations explored

in this work, without the inclusion of the BAO data, for the CAMB_GAMMAPRIME_GROWTH case as implemented in [72,73,76]. The

dashed brown line in the plot is the value of the growth index in ΛCDM, γL ¼ 0.55.
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In the CAMB_GAMMAPRIME_GROWTH case instead, the

preferred value of γL differs from the MGCAMB case,

and exceeds the expected value in the opposite

direction, producing a change of sign of the correlations

with H0 and S8. Similarly to MGCAMB, for the CAMB_

GAMMAPRIME_GROWTH case the CMB lensing dataset

helps in reconciling γL with the expected 0.55 value.

Moreover, the analysis of the ACT and SPT datasets

shows consistent agreement of γL with the expected value

within 1 standard deviation across various dataset com-

binations, and the addition of BAO data has minimal

impact on the constraints and parameter correlations

in both the MGCAMB and CAMB_GAMMAPRIME_

GROWTH cases.

Given these facts, we can attribute the deviation of γL
observed in the Planck dataset to the Alens problem (as

already noticed in [72]) characterized by excess lensing in

the temperature power spectrum.

Overall, these findings highlight the importance of

considering additional datasets, such as CMB lensing,

and other experiments, such as ACT and SPT, when

tackling apparent discrepancies with the standard model,

such as the deviations of γL encountered in this work.
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APPENDIX: CMB OBSERVABLES IN MGCAMB

AND CAMB_GAMMAPRIME_GROWTH

In this appendix, we provide a direct comparison between

the CMB observables as produced by the two codes:

MGCAMB and CAMB_GAMMAPRIME_GROWTH. Our aim is

to understand the difference between their CMBpredictions,

which in turn drives the difference in their constraints on γL.

We therefore examine (1) the primary, i.e. unlensed, CMB

temperature-temperature (TT) angular power spectrum CTT
l

and (2) the CMB lensing potential angular power spectrum

C
ϕϕ
l
. We focus on the PlanckðþlensingÞ dataset(s) and

likelihood(s) as our case study. Unless explicitly stated

otherwise, we adopt the best-fit base-ΛCDM cosmology in

[27], specifically the “PLIK best fit” column in their Table 1,

for the following comparison.

Let us first investigate the unlensed CMB TT angular

power spectrum as an example of primary CMB observ-

ables in the two codes. As discussed in Sec. III, with

MGCAMB, changes in γL do imply changes in primary CMB

observables. Specifically, the variation is significant at the

low-l regime, as shown in Fig. 5. On the other hand, with

CAMB_GAMMAPRIME_GROWTH, no change in γL would alter

the primary CMB observables, including the TT angular

power spectrum. This is illustrated in Fig. 6.

Next, we look at the CMB lensing potentials, which

should be sensitive to variations of γL in both codes.

Comparing Figs. 7–8 and the Planck 2018 CMB lensing

potential angular power spectrum [92], it is evident why

MGCAMB prefers γL ¼ 0.506 while CAMB_GAMMAPRIME_

GROWTH prefers γL ¼ 0.669. Both preferences are driven by

the fit to the estimated C
ϕϕ
l
. Upon further investigation with

MGCAMB authors,
2
we have isolated and attributed the

anomalous low-l behavior in C
ϕϕ
l

from MGCAMB to a

FIG. 5. The unlensed CMB TT angular power spectrum as

predicted by MGCAMB at the same best-fit Planck 2018 cosmol-

ogy, but for different values of γL. Blue and red lines correspond

to the cases of γL ¼ 0.669 and γL ¼ 0.506—the mean of

γL constraints reported in the “Planckþ lensing” columns in

Tables IV and VII, respectively. The black line denotes the GR

case of γL ¼ 0.550. The Planck 2018 measurements and their

associated uncertainties are shown as gray points with error bars.

FIG. 6. SameasFig. 5, but usingCAMB_GAMMAPRIME_GROWTH.

FIG. 7. The CMB lensing potential angular power spectrum as

predicted byMGCAMB at the same best-fit Planck 2018 cosmology,

for the same values of γL in Figs. 5–6 (following the same color

notation). The Planck 2018 minimum-variance (conservative)

estimates of the CMB lensing potential bandpowers and their

associated uncertainties are shown as grey boxes.

2
Private communication.
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spurious early integrated Sachs-Wolfe contribution from a

term that contains a time-derivative instance of the modified-

gravity parameter μ, i.e. μ̇. As pointed out and discussed in the

main text, around Eq. (6), and in this appendix, this early

integrated Sachs-Wolfe contribution significantly alters the

CMB power spectra on superhorizon scales. That, in turn,

shifts the data preference for γL. As this feature was only

discovered recently, we caution the community to use

MGCAMBwith the γL parametrizationuntil a fix is released.We

note that othermodified-gravity parametrizations inMGCAMB,

which in fact are what MGCAMB was originally intended for

and recommended by MGCAMB authors themselves,
3
are still

self-consistent and should be employed instead.

Finally, we verified that, adopting either best-fit cosmol-

ogies obtained byMGCAMBorCAMB_GAMMAPRIME_GROWTH

with “Planckþ lensing” datasets (instead of “Plik best fit”)

does not affect our conclusions from this comparison.
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