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A B S T R A C T 

The Data Release 4 of the Atacama Cosmology Telescope (ACT) shows an agreement with an Harrison-Zel’dovich primordial 
spectrum ( n s = 1.009 ± 0.015), introducing a tension with a significance of 99.3 per cent Confidence Level (CL) with the results 
from the Planck satellite. The discrepancy on the value of the scalar spectral index is neither alleviated with the addition of large 
scale structure information nor with the low multipole polarization data. We discuss possible avenues to alleviate the tension 

relying on either neglecting polarization measurements from ACT or in extending different sectors of the theory. 
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 I N T RO D U C T I O N  

nflation provides the most successful cosmological scenario able to 
enerate the initial conditions of our Universe and simultaneously 
olving the standard cosmological problems. Ho we ver, and despite 
his remarkable success, the inflationary paradigm is still lacking 
rm observational confirmation. 
A ‘smoking-gun’ evidence for inflation would be the detection of 

rimordial B-modes in the cosmic microwave background (CMB) 
ower spectrum produced by primordial gravitational waves. In the 
ost typical inflationary models, the amplitude of tensor perturba- 

ions is expected to be proportional to the quantity | n s − 1 | 2 with
 s the scalar spectral index of the primordial scalar spectrum: the 
arger the departure of n s from unity, the more likely tensor modes
ould be within observational reach. Therefore, determining how 

uch the former index deviates from one dictates the theoretical, 
henomenological, also e xperimental perspectiv es of the field. F or
nstance, a cosmological model with n s = 1 – that will correspond 
o the phenomenological model proposed by Harrison, Zel’dovich, 
nd Peebles (Harrison 1970 ; Peebles & Yu 1970 ; Zeldovich 1972 )
will imply a major theoretical breakthrough, as it would imply 

hat the origin of cosmic perturbations may lie in some unknown 
undamental theory different from the standard inflationary picture 
r in extensions of the latter (Barrow 1990 ; Barrow & Saich 1990 ;
arrow & Liddle 1993 ; Vallinotto et al. 2004 ; Starobinsky 2005 ;
arrow, Liddle & Pahud 2006 ; del Campo & Herrera 2007 ; Lin
022 ; Takahashi & Yin 2022 ; Ye, Jiang & Piao 2022 ). 
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In this regard, the latest observations of the CMB temperature 
nd polarization anisotropies, echoes of the Big Bang, provided 
y the Planck satellite have reached sub-per cent accuracy on the
xtraction of the majority of the cosmological parameters (Aghanim 

t al. 2020a , c ), resulting in a ∼8 σ evidence for n s �= 1 and
stablishing inflation as the most accredited theory of the early 
ni verse. Ho we ver, this is both a blessing and a curse, since, as
igh precision parameter extraction becomes a reality, the possible 
iscrepancies among different data sets may grow in significance. 
Currently, there are several anomalies that can not be fully 

nderstood in the minimal cosmological constant plus cold dark 
atter ( � CDM) scenario (Abdalla et al. 2022 ; Perivolaropoulos &
kara 2022 ). The most significant 5 σ disagreements is related to

he value of the Hubble constant H 0 extracted from local distances
nd redshifts in the nearby universe and that inferred from CMB
bservations (Verde, Treu & Riess 2019 ; Di Valentino et al. 2021a ,
 ; Riess et al. 2022 ). Other less significant disagreements concern
he parameter S 8 , whose values differ for CMB and weak lensing
stimates (Heymans et al. 2021 ; Di Valentino et al. 2021c ; Abbott
t al. 2022 ), and the so-called lensing anomaly (Motloch & Hu 2018 ;
ghanim et al. 2020c ), related to the fact that the Planck CMB
ata show a preference for additional lensing. Interestingly, while 
nflation predicts a perfectly flat universe, this excess of lensing in
he damping tail produces an indication for a closed universe at level
f 3.4 standard deviations (Di Valentino, Melchiorri & Silk 2019 ;
ghanim et al. 2020c ; Handley 2021 ; Di Valentino, Melchiorri & Silk
021e ; Semenaite et al. 2022 ) that, if confirmed, would be very hard
o explain in the simplest models of inflation. On the contrary, Planck -
ndependent small-scale CMB observations provided by the Atacama 
osmology Telescope (ACT) and South Pole Telescope (SPT) fully 

upport the inflationary prediction of a flat universe, suggesting that 

http://orcid.org/0000-0002-4012-9285
http://orcid.org/0000-0002-7954-7580
http://orcid.org/0000-0001-8408-6961
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Table 1. The marginalized 1 σ bounds for the scalar spectral index for various 
data combination obtained assuming a standard cosmological model. 

Data set Scalar spectral index ( n s ) 
� CDM 

ACT 1.009 ± 0.015 
ACT ( τ = 0.0544 ± 0.0070) 1.007 ± 0.015 
ACT + Planck low E 1.001 ± 0.011 
ACT + BAO (DR12) 1.006 ± 0.013 
ACT + BAO (DR16) 1.006 ± 0.014 
ACT + DES 1.007 ± 0.013 
ACT + SPT + BAO (DR16) 0.997 ± 0.013 
ACT + SPT + BAO (DR12) 0.996 ± 0.012 
Planck 0.9649 ± 0.0044 
Planck + BAO (DR12) 0.9668 ± 0.0038 
Planck + BAO (DR16) 0.9677 ± 0.0037 
Planck + DES 0.9696 ± 0.0040 
Planck (2 ≤ � ≤ 650) 0.9655 ± 0.0043 
Planck ( � > 650) 0.9634 ± 0.0085 
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he Planck curvature anomaly may be due to a statistical fluctuation or
n undetected systematic. Consequently, also the lensing amplitude
ligns with the expected values in the � CDM model. Nonetheless,
CT and SPT data in turn show other mild yet rele v ant de viations

rom the � CDM scenario (Di Valentino et al. 2022 ; Calder ́on et al.
023 ; Di Valentino et al. 2023 ), including a ∼2.7 σ discrepancy in the
calar spectral index n s between Planck ( n s = 0.9649 ± 0.0044) and
CT ( n s = 1.008 ± 0.015) that represents a new potential challenge

or inflationary cosmology. As with the other tensions mentioned
reviously, this n s discrepancy could result from a statistical fluctua-
ion, to a (yet unknown) systematic effect in the ACT or Planck data,
r a departure from the theoretical � CDM framework by assuming
anonical inflation as the dominant mechanism for producing the
erturbations in the early universe. In this regard, recent analyses
Di Valentino et al. 2018 ; Jiang & Piao 2022 ; Jiang, Ye & Piao
022 ; Ye et al. 2022 ) suggest a potential prominent role of n s in
olving the aforementioned cosmological tensions, moti v ating the
eed of a systematic investigation on the nature of this discrepancy.
n this paper we therefore scrutinize the emergent tension on
anonical inflationary scenarios, exploring different cosmological
bservations at distinct epochs in the cosmic evolution to e v aluate
heir robustness. The work is structured as follows: Section 2 outlines
ur methodology and the data-sets utilized throughout this study.
n Section 3 , we conduct a comprehensive re-analysis of the ACT
nd Planck data, extending the discussion presented in Aiola et al.
 2020 ) by incorporating additional CMB observations and updated
arge-scale structure data. In Section 4 we explore the possible
easons behind the emerging tension by e v aluating many different
heoretical scenarios beyond the standard cosmological model and
ighlighting intriguing avenues. Finally, Section 5 concludes with our
ndings. 

 M E T H O D S  

e employ the Monte Carlo Markov Chain (MCMC) method to
nalyse the posterior distributions of our parameter space, utilizing
he publicly available COBAYA software (Torrado & Lewis 2021 ).
he MCMC sampler used in the analysis has been adapted from
OSMOMC (Lewis & Bridle 2002 ) and incorporates the ‘fast drag-
ing’ procedure detailed in Neal ( 2005 ). The theoretical models are
alculated using the latest version of the cosmological Boltzmann
ntegrator code CAMB (Lewis, Challinor & Lasenby 2000 ; Howlett
t al. 2012 ). Our prior distributions for the parameters are uniform,
ith the exception of the optical depth τ , which is selected based on
MB data sets as detailed below. 
Our main data sets consist of the observations of the CMB provided

y the Planck satellite and the Atacama cosmology telescope. In
articular we use 

(i) The full Planck 2018 temperature and polarization likelihood
Aghanim et al. 2020a , b , c ), including multipoles 30 � � � 2500
or the TT, TE, EE spectra, and low multipole data 2 ≤ � ≤ 30 for
he EE spectrum. We refer to this data set as ‘Planck.’ 

(ii) The Planck 2018 temperature and polarization likelihood
Aghanim et al. 2020a , b , c ), including only low multipoles 30 � � �
50 for the TT, TE, EE spectra, and 2 ≤ � ≤ 30 for the EE spectrum.
e refer to this data set as ‘Planck (2 ≤ � ≤ 650)’. 
(iii) The Planck 2018 temperature and polarization likelihood

Aghanim et al. 2020a , b , c ), including only high multipoles � >
50 for the TT, TE, EE spectra, and 2 ≤ � ≤ 30 for the EE spectrum.
e refer to this data set as ‘Planck ( � > 650)’. 
NRAS 521, 2911–2918 (2023) 
(iv) The Atacama Cosmology Telescope TT TE EE DR4 likelihood
Choi et al. 2020 ), both assuming a conserv ati ve Gaussian prior on
= 0.065 ± 0.015 and assuming a Planck -based prior on τ =

.0544 ± 0.070. We refer to these two data sets as ‘ACT’ and ‘ACT
 τ = 0.0544 ± 0.070)’, respectively. 

(v) The Atacama Cosmology Telescope TT, TE, EE DR4 likeli-
ood (Choi et al. 2020 ), in combination with Planck low multipole
olarization measurements 2 ≤ � ≤ 30 for the EE spectrum. We refer
o this data set as ‘ACT + Planck lowE’. 

(vi) The Atacama Cosmology Telescope TT DR4 likelihood (Choi
t al. 2020 ), in combination with the South Pole Telescope TE, EE
olarization measurement and a Gaussian prior τ = 0.065 ± 0.015.
e refer to this data set as ‘ACT + SPT’. 

In addition to CMB observations, we utilize a variety of large-scale
tructure data to complement our analysis: 

(i) The Baryon Acoustic Oscillations (BAO) and Redshift Space
istortions (RSD) measurements from BOSS DR12 (Dawson et al.
013 ). We refer to this dataset as ‘BAO (DR12)’. 
(ii) The BAO and RSD measurements from eBOSS (Dawson et al.

016 ). We refer to this data set as ‘BAO (DR16)’. 
(iii) The shear–shear, g alaxy–g alaxy, and g alaxy–shear correla-

ion functions from the first year of the Dark Energy Survey (Abbott
t al. 2018 ). We refer to this data set as ‘DES’. 

Regarding the theoretical model, in Section 3 we mainly focus
n the standard � CDM model with its six canonical parameters.
o we ver, to assess the reliability of this emergent discrepancy in the
alue of n s and understand its relationship with other anomalous
arameters, in Section 4 we extend the baseline cosmology by
odifying the reionization epoch, the neutrino sector (parametrized

y the total neutrino mass 
∑ 

m ν and the ef fecti ve number of
elativistic neutrinos at recombination N eff ), the lensing amplitude
 A lens ), the curvature ( �k ), the dark energy equation of state ( w), and
he inflationary sector (allowing a running of the scalar tilt αs ). 

 ANALYSI S  

ll our results for the � CDM model are summarized in Table 1 . As
lready mentioned, considering CMB data alone, the measurements
f n s from Planck ( n s = 0.9649 ± 0.0044) and from ACT ( n s =
.008 ± 0.015) differ by ∼2.7 σ . This can be clearly observed in Fig. 1
see also fig. 14 of Ref. Aiola et al. 2020 for a comparison), where in
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Figure 1. One-dimensional posterior distributions and two-dimensional 
joint marginalized contours inferred by combining the Atacama Cosmology 
Telescope measurements of the CMB temperature anisotropies and the South 
Pole Telescope measurements of the CMB polarization anisotropies and 
splitting the Planck likelihood in low (2 ≤ � ≤ 650) and high ( � > 650) 
multipoles. 
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Figure 2. One-dimensional posterior distributions and two-dimensional joint 
marginalized contours inferred by the Atacama Cosmology Telescope and 
Planck satellite measurements, in conjunction with large scale structure data 
from BAO and DES observations. 
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he two-dimensional plane it can be definitely noted that the direction 
f the �b h 2 - n s de generac y is opposite for ACT and Planck , and the
isagreement here is significantly exceeding ∼3 σ . In the absence of
ow- � CMB data, as in the case of ACT measurements, there is a
trong de generac y between the baryon energy density �b h 2 and the
calar spectral index n s : a lo wer v alue of the former (increasing the
amping of the low � acoustic peaks) can be al w ays mimick ed by a
arger value of the latter, tilting the spectrum in the opposite direction.
ur analysis therefore confirms that ACT measurements of the small- 

cale CMB spectra fa v our a cosmology with a lower value of �b h 2 

nd a higher spectral inde x. F or instance when fitting the ACT data,
xing the value of the spectral index to the Planck measured value
 s = 0.9649 would give a larger χ2 = 286.6 than fixing n s = 1
 χ2 = 279.0). As a result, ACT prefers a lower amplitude of the
rst acoustic peak in the TT power spectrum than both the Wilkinson
icr owave Anisotr opy Pr obe (WMAP) (Hinshaw et al. 2013 ) and
lanck CMB observations. Indeed, in Ref. (Aiola et al. 2020 ) the
ismatch in the values of n s was interpreted as a consequence of

he lack of information concerning the first acoustic peak of the 
emperature power spectrum. To verify this origin of the discrepancy 
n the CMB values of n s , we have performed two separate analyses
f the Planck observations, splitting the likelihood into low (2 ≤ � ≤
50) and high ( � > 650) multipoles. We find that the discrepancy still
ersists at the level of 3 σ (2 σ ) for low (high) multiple temperature
ata. Our results therefore cast doubts on the claim that the mismatch
n n s between ACT and Planck is due to the lack of information on
he first acoustic peak in ACT data. In fact, Planck data still prefers a
alue of the scalar spectral index smaller than unity at ∼4.3 σ when
he information on the first acoustic peak is remo v ed, see Fig. 1 . In
ddition, by focusing only on the high- � region of the Planck spectra,
he disagreement with ACT is actually reduced at the level of 2 σ ,
ut this is due to a loss of constraining power rather than a true shift
f the mean value of n s , see also Fig. 1 . Therefore this discrepancy,
lthough minor, should be seriously taken into account, as one would 
xpect a reasonable agreement between two experiments measuring 
n o v erlapping range of multipoles. Conv ersely the low- � end of the
lanck data is in strong disagreement with ACT: even with larger
rror bars, the low- � data exhibits a tension higher than when the full
lanck multipole range is used. 
One possible logical first step is to identify which of the data

ets could be responsible for the n s discrepancy and discard it in the
osmological parameter inference analyses. We have made a number 
f tests along this line. In particular, in Aiola et al. ( 2020 ) it was
rgued that an o v erall TE calibration could eventually explain the
ismatch in n s . We have therefore neglected any information arising

rom ACT polarization measurements (TE EE) and combined ACT 

emperature anisotropies (TT) with SPT polarization data (TE EE). 
n this case the disagreement with Planck is reduced below 2 σ (see
lso Fig. 1 ), but with the ACT and SPT data still preferring a value of
 s around unity. Ho we ver, the tension is only mitigated by the larger
rror bars and once BAO are combined with the ACT and SPT data
he disagreement with Planck in fact grows again to the statistical
evel of ∼2.4 σ ( n s = 0.996 ± 0.012). Nonetheless, the combination of
he ACT temperature and the SPT polarization produces a significant 
hift in the plane ( n s , �b h 

2 ) resulting in a value of the baryon energy
ensity �b h 2 = 0.02237 ± 0.00030 that is now in perfect agreement
ith the Planck result. This result is significant as it shows that the
e generac y between the two parameters only partially contributes to
he potential tension: restoring the agreement for �b h 

2 may not be
nough to reconcile the n s discrepancy. 

The next logical step is to investigate the effect of complementary 
i.e. non-CMB) data: the addition of BAO measurements normally 
lleviates tensions and restores the parameter values to those corre- 
ponding to � CDM. One well-known example is that of the curvature 

k : the addition of BAO measurements to Planck observations is 
ndeed very consistent with a flat cosmology ( �k = 0.0007 ± 0.0019
t 68 per cent Confidence Level (CL)). Unfortunately, this is not
he case here: an inspection into Fig. 2 clearly shows that neither
he addition of BAO DR16 nor that of BAO DR12 can alleviate the
ension in the measured value of n s . As also noted in Aiola et al.
 2020 ), combining ACT and BAO does not result in a noticeable
hift in the parameter -space, b ut it does lead to tighter constraints on
MNRAS 521, 2911–2918 (2023) 
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M

Figure 3. One-dimensional posterior distributions and two-dimensional joint marginalized contours inferred by the Atacama Cosmology Telescope and Planck 
satellite measurements by adopting a canonical parametrization for the reionization epoch (left panel) and considering the extended ( z , �z) parametrization 
(right panel), respectively. 
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he parameters. As a result, the inclusion of both BAO measurements
nd a prior on the reionization optical depth leads to a tension even
ore significant, as the mean value of n s remains unchanged but

heir error bars are reduced. Building upon the tests conducted in
iola et al. ( 2020 ), we hav e e xpanded our analysis by incorporating

he combination of ACT with DES galaxy clustering and cosmic
hear observations. Our results summarized in Fig. 2 show a similar
ension, with a significance level of 3.1 σ . This highlights the
ersistence of the discrepanc y ev en with the addition of different
arge-scale structure data sets and further underscores the importance
f understanding its underlying causes. 

 DISCUSSION  

rom all our analyses and consistency checks detailed above the
esson we learned is that there is a clear discrepancy between the
xtraction of the scalar spectral index of primordial perturbations
rom Planck and ACT data. Since future strategies in B modes
earches in the CMB polarization pattern depend crucially on the
mplitude of these fluctuations, it is mandatory to understand where
his anomaly comes from and what we can conclude about the precise
alue of n s from present cosmological observations (Jiang et al.
022 ). In this section, we conduct further tests and explore possible
ays to relieve the tension by examining theoretical extensions to

he standard � CDM framework. Our aim is to identify potential
odifications to the current model that may reconcile the observed

iscrepancies and provide a more comprehensive understanding of
ts origin. 

.1 Extending the reionization epoch 

n order to understand the nature of this anomaly and reco v er the
easured value of the scalar spectral index n s by Planck consistent
ith the predictions from most of the canonical inflationary scenar-

os, one could follow many distinct avenues. We start focusing on
NRAS 521, 2911–2918 (2023) 
tudying the impact of a more general reionization scenario on the
ension on n s . The left panel of Fig. 3 illustrates that there is also a
e generac y between the reionization optical depth τ reio and n s . The
eionization optical depth is defined as: 

reio ( z) = 

∫ ∞ 

z 

d z ′ 
c d t ′ 

d z ′ 
( n e ( z 

′ ) − n e , 0 ( z 
′ )) σT , (1) 

here n e ( z) = n H (0)(1 + z ) 3 x e ( z ) and n e, 0 ( z ) = n H (0)(1 + z ) 3 x e, 0 ( z ),
eing n H (0) the number density of hydrogen at present, x e ( z) the
ree electron fraction and x e , 0 ( z) the free electron fraction lefto v er
rom the recombination epoch. It is well-known that the statement
hat n s = 1 is observationally excluded no longer applies if one
reats reionization in a general manner (Pandolfi et al. 2010 ). One
ould therefore consider to add an additional prior on the reionization
ptical depth to the ACT constraints on the cosmological parameters.
f a prior on τ reio = 0.065 ± 0.015 (Aiola et al. 2020 ) ( τ reio =
.0544 ± 0.0070 (Aghanim et al. 2020c )) is applied, we have n s =
.009 ± 0.015 (1.007 ± 0.015), barely changing the ∼3 σ discrepancy
ith the Planck results. The same conclusion is reached if ACT data

s directly combined with the low- � polarization Planck (lowE) data,
ee also the left panel of Fig. 3 . 

A different avenue is to relax the reionization scenario (Pandolfi
t al. 2010 ). In all our previous results, we have restricted ourselves
o parametrize the reionization history in terms of the optical depth
o reionization, see equation ( 1 ). To study the impact of a more
eneral reionization scenario on the tension on n s , we have explored,
s a first attempt, the so-called redshift-symmetric parametrization,
hich assumes that the free electron fraction follows a step-like

unction, taking the recombination lefto v er value at high redshifts
nd becoming close to one at low redshifts, and being described by
he hyperbolic tangent function (Lewis 2008 ) 

 

tanh 
e ( z) = 

1 + f He 

2 

(
1 + tanh 

[
y( z re ) − y( z) 

�y 

])
, (2) 

art/stad724_f3.eps
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Figure 4. Mean values and 1 σ errors for the scalar spectral index for various 
extensions of the fiducial cosmology as inferred by Planck (black points) and 
ACT (red points). 

w  

3  

f
z  

r  

t  

M
A  

2  

2  

t  

f  

a
f

4

Y
t
s
m  

a  

K  

2
e  

n  

τ  

t

Table 2. The marginalized 1 σ bounds for the scalar spectral index for various 
extensions of the cosmological model as inferred by Planck and ACT. 

Model Planck ( n s ) ACT ( n s ) 

� CDM + z + �z 0.9647 ± 0.0044 1.009 ± 0.016 
� CDM + A lens 0.9708 ± 0.0048 1.008 ± 0.017 
� CDM + N eff 0.9597 ± 0.0085 0.960 ± 0.035 
� CDM + �k 0.9706 ± 0.0048 1.007 ± 0.016 
wCDM 0.9654 ± 0.0043 1.007 ± 0.016 
� CDM + 

∑ 

m ν 0.9646 ± 0.0044 0 . 990 + 0 . 022 
−0 . 019 

� CDM + αs 0.9635 ± 0.0046 0.980 ± 0.020 
wCDM + �k 0.9708 ± 0.0047 1.007 ± 0.017 
� CDM + �k + 

∑ 

m ν 0.9688 ± 0.0050 0.987 ± 0.019 
wCDM + �k + 

∑ 

m ν 0.9691 ± 0.0051 0.986 ± 0.019 
wCDM + �k + 

∑ 

m ν + N eff 0.9686 ± 0.0095 0.928 ± 0.045 
wCDM + �k + 

∑ 

m ν + αs 0.9689 ± 0.0054 0.920 ± 0.031 
wCDM + �k + N eff + αs 0.967 ± 0.012 0.934 ± 0.050 
wCDM + 

∑ 

m ν + N eff + αs 0.951 ± 0.011 0.928 ± 0.033 
wCDM + �k + 

∑ 

m ν + N eff + αs 0.968 ± 0.012 0.943 ± 0.043 
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here f He = n He / n H is the Helium fraction, y ( z) = (1 + z) 3/2 , � y =
/2(1 + z re ) 1/2 �z, and �z is the width of the transition. Therefore, the
ree parameters in this simple approach are the reionization redshift 
 re and �z. Ho we ver, this reionization scenario renders the very same
esults, and the ∼3 σ tension on n s still persists both with and without
he inclusion of large-scale structure data, see the right panel of Fig. 3 .

ore general reionization schemes, such as a Principal Component 
nalysis approach of Refs. (Hu & Holder 2003 ; Mortonson & Hu
008a , b , c , 2009 ; Mortonson et al. 2009 ; Mitra, Choudhury & Ferrara
011 ; Villanue v a-Domingo et al. 2018 ) or non-parametric forms for
he free electron fraction x e ( z), which is instead described using the
unction values x e ( z i ) in a number n of fixed redshift points z 1 , . . . , z n ,
re promising and viable phenomenological alternatives that will be 
urther explored in future work. 

.2 Extending the cosmological model 

et another possibility usually explored when finding anomalies in 
he cosmological parameter values when combining different data 
ets is to extend the minimal cosmological model. We have performed 
any tests in this directions that are summarized in Fig. 4 and Table 2 .
Relaxing the dark energy sector physics alleviates some discrep- 

ncies, such as the Hubble constant one [see Refs. (Verde et al. 2019 ;
nox & Millea 2020 ; Di Valentino et al. 2021a , d ; Abdalla et al.
022 ) and references therein]. We have therefore allowed the dark 
nergy equation of state w to be a free parameter, finding values of
 s = 1.010 ± 0.014 ( n s = 0.9654 ± 0.0042) for ACT with a prior of
reio = 0.065 ± 0.015 + BAO DR12 ( Planck + BAO DR12). The

ension is enhanced to the 3.2 σ level. 
Relaxing the assumption of flatness provides a solution to the 
forementioned Planck lensing anomaly (Di Valentino et al. 2019 ). 
oti v ated by this neat result, we have explored here the possibility

f having a non-zero curvature parameter �k . While the Planck (TT
E EE) data show a definite preference for a closed universe at more

han 99 per cent CL (Di Valentino et al. 2022 ), as already mentioned
n the introduction, ACT is perfectly consistent with the inflationary 
rediction for a flat universe, i.e. with �k = 0. More concretely, we
nd �k = −0 . 0011 + 0 . 014 

−0 . 0093 for the case of ACT plus a prior on τ reio =
.0544 ± 0.0070 (Aghanim et al. 2020c ). A very similar conclusion is 
chieved if the reionization prior considered is τ reio = 0.065 ± 0.015 
Aiola et al. 2020 ) or low multipole polarization data from Planck
s used. Last, but not least, ACT data are perfectly compatible with
 lens = 1 (Di Valentino et al. 2023 ), as A lens = 0 . 984 + 0 . 082 

−0 . 094 for the
ombination of ACT plus a prior τ reio = 0.0544 ± 0.0070 (Aghanim 

t al. 2020c ). 
Ho we ver, none of these extensions has been successful in resolving 

he discrepancy between the scalar spectral index as measured by 
lanck and ACT, see also Table 2 and Fig. 4 . Conversely, as demon-
trated in Fig. 4 , including the ef fecti ve number of relativistic degrees
f freedom N eff in the sample is the one of the few minimal extensions
ble to impro v e the agreement between the two experiments. The
eduction in the global tension between ACT and Planck has been
 xtensiv ely e xplored in recent studies (Di Valentino et al. 2023 )
nd found to be closely related to the ACT preference for a value
f the ef fecti ve number of relativistic particles ( N eff = 2 . 35 + 0 . 40 

−0 . 47 at
8 per cent CL) significantly lower than the value expected within
he standard model of particle physics ( N eff = 3.044). This appears
o be an important factor also in restoring the concordance for the
nflationary predictions since leaving N eff a free parameter in the 
ample, from ACT we obtain n s = 0.960 ± 0.035 that is now in perfect
greement with Planck . Despite the loss of constraining power on
 s due to the geometrical de generac y between these two parameters,
he agreement is restored because of an actual shift in the mean value
f n s rather than to larger error-bars, see also Fig. 4 . 
A second interesting avenue to reconcile the disagreement in the 

alue of the spectral index may also rely in modifications to the
eutrino sector. Specifically, adding the total neutrino mass in the 
ample, from ACT we observe a shift in the value of n s towards the
lanck result, and the tension barely reaches the statistical level of
 σ . Ho we ver, also in this case, the n s -problem seems to be linked
MNRAS 521, 2911–2918 (2023) 
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M

Figure 5. One-dimensional posterior distributions and two-dimensional joint 
marginalized contours for the spectral index n s and its running αs = dn s / d log k 
inferred by the Planck satellite and the Atacama Cosmology Telescope, 
both alone and in combination with the South Pole Telescope polarization 
measurements. 
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o the anomalous ACT preference for larger values of the neutrino
ass ( 

∑ 

m ν � 1 eV), generally at odd with the Planck and BAO
osmological measurements, that are instead disfa v oring the inverted
rdering as the one go v erning the mass pattern of neutral fermions
Di Valentino, Gariazzo & Mena 2021b ). Indeed, due to the strong
nticorrelation between these two parameters, larger neutrino masses
llow to reco v er values of n s closer to those predicted by Planck. 

Another important clue that can be inferred from Fig. 4 is
he tendency for the value of n s predicted by ACT to decrease
ignificantly when extending the inflationary scenario by accounting
lso for the possibility of a running in the scalar spectral index
s = dn s / d log k . Fig. 5 depicts the impact of considering a running
f the scalar spectral index in the parameter allowed regions for
he cases of Planck and ACT data, either alone or combined with
PT polarization measurements. In the case of CMB data alone, we
btain n s = 0.950 ± 0.011 ( n s = 0.982 ± 0.020) for Planck (ACT)
ata, leading to a very mild 1.6 σ discrepancy. If the BAO (DR12
r DR16) data set is also considered, then the disagreement gets
urther diluted and it barely reaches the 1 σ significance. Ho we ver,
he tension in n s maps into a contro v ersy in the values of αs : while
lanck alone prefers a ne gativ e value of αs = −0.0119 ± 0.0079,
CT measurements fa v our a positive running αs = 0.058 ± 0.028,

eading to a 2.5 σ tension. The addition of BAO does not modify this
esult: a positive running can contribute to positively tilt the spectrum
nd mimic the effect of a larger n s , see also the strong positive
orrelation between these two parameters in Fig. 5 . The preference
or a positive tilted spectrum from small-scale CMB observations,
hich is shown to persist even combining ACT with WMAP 9-year
bservations (Forconi et al. 2021 ), challenges canonical inflationary
cenarios, as the predictions from all these models provide a negative
alue of αs , see e.g. Martin, Ringe v al & Vennin ( 2014 ); Escudero
t al. ( 2016 ); Akrami et al. ( 2020 ). To further understand this
iscrepancy, we reconsider to neglect the ACT polarization data
y replacing it with SPT polarization TE and EE measurements,
s done for the baseline � CDM scenario. Combining these two
NRAS 521, 2911–2918 (2023) 
mall-scale CMB observations, the spectral index remains centered
round n s ∼ 1 but the decrease in constraining power weakens the
ension with Planck . Ho we ver, it is noteworthy that disregarding
he ACT polarization data, the value of αs shifts towards αs � 0,
ending support to the hypothesis that the ACT polarization mea-
urements may play a prominent role in producing this unexpected
esult. 

Finally, as seen in Fig. 4 , the disparities in n s experience a
oticeable decline as more parameters are added to the background
osmology. This impro v ement can be partially attributed to the
ecreased data constraining power that commonly results from
ncorporating a high number of parameters, leading to geometric
egeneracies among them. Ho we ver, it can be noticed that ACT data
xhibits a trend towards smaller values of n s , which is not evident in
he Planck data. This deviation is primarily driven by the combined
ffect of other anomalous parameters discussed so far, most notably
 eff , 

∑ 

m ν and αs . Hence, while it is entirely possible that the
iscrepancy in the spectral index may reflect important observational
ystematic errors, we cannot rule out that this difference may stem
rom a limitation in the standard cosmological model to accurately
eflect small scale (high multipoles) CMB observations as probed by
CT. 

 C O N C L U S I O N  

oth the Planck satellite and the Atacama Cosmology Telescope
how intriguing anomalies that seem to challenge the typical predic-
ions of inflationary theories: the first data set seems to disfa v our the
nflationary prediction for a flat background geometry at more than
9.9 per cent CL, whereas the second, albeit in perfect agreement
ith spatial flatness, shows a preference for a larger spectral index

onsistent with a Harrison-Zel’dovich scale-invariant spectrum ( n s =
) of primordial density perturbations, introducing a tension with a
ignificance of 99.3 per cent CL with the results from the Planck
atellite. These anomalies suggest either the presence of important
bservational systematic errors in one or both data sets or a departure
rom the theoretical framework. In this work, we have extensively
 xplored both possibilities, e xtending the analysis presented in Ref.
iola et al. ( 2020 ). 
Concerning the possibility of observational systematics in the

bservations, we have performed several tests in this direction. First
nd foremost, our analysis definitiv ely pro v es that this preference
emains robust with the addition of large-scale structure information
ata both in the form of BAO (DR12 and DR16) measurements and
hear–shear, g alaxy–g alaxy, and g alaxy–shear correlation functions
rom the first year of the Dark Energy Surv e y, see Fig. 2 . In addition
e have demonstrated that the inclusion of low multipole polarization
ata from the Planck measurements of E-modes at multipoles 2 ≤
 ≤ 30, while breaking the de generac y between the optical depth at
eionization ( τ ) and the scalar spectral index, is not able to explain
his anomaly . Finally , following Ref. Aiola et al. ( 2020 ) where it was
rgued that an o v erall TE calibration could eventually explain the
ismatch in n s , we have neglected any information arising from ACT

olarization measurements (TE EE) and combined ACT temperature
nisotropies (TT) with SPT polarization data (TE EE). Although the
ombination of ACT and SPT appears to restore the agreement for
b h 

2 and reduce the disagreement on n s at the level of two standard
eviations (suggesting the possibility of systematic in the ACT data),
his result is mostly due to the loss of constraining power rather than
n actual shift in the value of n s , see also Fig. 1 . Therefore, restoring
he agreement for �b h 

2 does not seems enough to reconcile the n s 
iscrepancy. 
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Given that none of the tests has been conclusive in explaining this
ne xpected result, we hav e inv estigated sev eral possible theoretical
xplanations behind the disagreement. As a first attempt, we have 
elaxed the canonical reionization scenario and explored the so- 
alled redshift-symmetric parametrization, which assumes that the 
ree electron fraction follows a step-like function, taking the recom- 
ination lefto v er value at high redshifts. While it is not excluded that
he disagreement may actually be reduced in alternative reionization 
cenarios, this particular parametrization has pro v ed to be largely 
nable to explain the tension on n s , see Fig. 3 . Another possibil-
ty usually explored when finding anomalies in the cosmological 
arameter values is to extend the minimal cosmological model. 
e have therefore explored over a dozen of extended cosmologies, 

ummarized in Fig. 4 . We have argued that the n s -tensions appears
o be strongly related to the anomalous behavior of other parameters 
ypically fixed at � CDM but that, when fitted with ACT data, in
urn show significant deviations from the baseline cosmology. Re- 
arkably, modifications to the neutrino sectors, parametrized both in 

erms of the ef fecti ve number of relativistic neutrinos N eff and the total
eutrino mass 

∑ 

m ν , are able to significantly reduce the disagreement 
n n s . Ho we v er, the y resulting in a preference of the ACT data for
 value N eff significantly lower than expected within the standard 
odel of particle physics, and in a large neutrino mass at odds with

lobal fit analyses de Salas et al. ( 2021 ). Yet another possible phe-
omenological avenue to settle this issue includes a possible positive 
unning of the scalar spectral index αs > 0. In this latter case the
ension is translated into a discrepancy on αs with Planck preferring 
 ne gativ e running and ACT a positiv e one. It is also noteworthy
hat the combination ACT + SPT does not lead to any evidence for
 running spectral index, see Fig. 5 . From the theoretical/model- 
uilding approach, non-standard inflation theories may also pro- 
ide a solution while being testable by near future CMB B-mode 
xperiments. 

In conclusion, while our analysis of the ACT and SPT tem- 
erature and polarization data suggests that the disagreement in 
he spectral index may be due to systematic errors in the ob-
ervations, we cannot disregard the possibility that the tension is 
ooted in the limitations of the standard cosmological model. Our 
ndings indicate that the value of the spectral index measured by 
CT is highly dependent on the underlying assumptions of the 
 CDM cosmology. This raises the possibility that the standard 

osmological model is not fully modeled to accurately represent 
he small scale (high multipole) observations of the CMB as probed 
y ACT, which could account for the discrepancy in the spectral 
ndex. 

C K N OW L E D G E M E N T S  

his work has been partially supported by the 
CIN/AEI/10.13039/501100011033 of Spain under grant 

ID2020-113644GB-I00, by the Generalitat Valenciana of Spain 
nder grants PR OMETEO/2019/083, PR OMETEO/2021/087 
nd by the European Union’s Framework Programme for 
esearch and Innovation Horizon 2020 (2014–2020) under grant 
2020-MSCA-ITN-2019/860881-HIDDeN. EDV is supported 
y a Royal Society Dorothy Hodgkin Research Fellowship. FR 

cknowledges support from the NWO and the Dutch Ministry of 
ducation, Culture and Science (OCW) (through NWO VIDI Grant 
o.2019/ENW/00678104 and from the D-ITP consortium) WG and 
M are supported by ’Theoretical Astroparticle Physics’ (TAsP), 

niziati v a specifica INFN. 
ATA  AVAI LABI LI TY  

he data underlying this article will be shared on reasonable request
o the corresponding author. 

EFERENCES  

bbott T. M. C. et al., 2018, Phys. Rev. D , 98, 043526 
bbott T. M. C. et al., 2022, Phys. Rev. D , 105, 023520 
bdalla E. et al., 2022, JHEAp , 34, 49 
ghanim N. et al., 2020a, Astron. Astrophys. , 641, A1 
ghanim N. et al., 2020b, Astron. Astrophys. , 641, A5 
ghanim N. et al., 2020c, Astron. Astrophys. , 641, A6 
iola S. et al., 2020, JCAP , 2020, 047 
krami Y. et al., 2020, Astron. Astrophys. , 641, A10 
arrow J. D., 1990, Phys. Lett. B , 235, 40 
arrow J. D., Liddle A. R., 1993, Phys. Rev. D , 47, R5219 
arrow J. D., Saich P., 1990, Phys. Lett. B , 249, 406 
arrow J. D., Liddle A. R., Pahud C., 2006, Phys. Rev. D , 74, 127305 
alder ́on R., Shafieloo A., Hazra D. K., Sohn W., 2023, On the consistency

of � CDM with CMB measurements in light of the latest Planck, ACT,
and SPT data, preprint ( arXiv:2302.14300 ) 

el Campo S., Herrera R., 2007, Phys. Rev. D , 76, 103503 
hoi S. K. et al., 2020, JCAP , 2020, 045 
awson K. S. et al., 2013, Astron. J. , 145, 10 
awson K. S. et al., 2016, Astron. J. , 151, 44 
i Valentino E., Melchiorri A., Fantaye Y., Heavens A., 2018, Phys. Rev. D ,

98, 063508 
i Valentino E., Melchiorri A., Silk J., 2019, Nat. Astron. , 4, 196 
i Valentino E. et al., 2021a, Class. Quant. Grav. , 38, 153001 
i Valentino E., Gariazzo S., Mena O., 2021b, Phys. Rev. D , 104, 083504 
i Valentino E. et al., 2021c, Astropart. Phys. , 131, 102604 
i Valentino E. et al., 2021d, Astropart. Phys. , 131, 102605 
i Valentino E., Melchiorri A., Silk J., 2021e, Astrophys. J. Lett. , 908, L9 
i Valentino E., Giar ̀e W., Melchiorri A., Silk J., 2022, Phys. Rev. D , 106,

103506 
i Valentino E., Giar ̀e W., Melchiorri A., Silk J., 2023, MNRAS , 520, 210 
scudero M., Ram ́ırez H., Boubekeur L., Giusarma E., Mena O., 2016, JCAP ,

2016, 020 
orconi M., Giar ̀e W., Di Valentino E., Melchiorri A., 2021, Phys. Rev. D ,

104, 103528 
andley W., 2021, Phys. Rev. D , 103, L041301 
arrison E. R., 1970, Phys. Rev. D , 1, 2726 
eymans C. et al., 2021, Astron. Astrophys. , 646, A140 
inshaw G. et al., 2013, Astrophys. J. Suppl. , 208, 19 
owlett C., Lewis A., Hall A., Challinor A., 2012, JCAP , 2012, 027 
u W., Holder G. P., 2003, Phys. Rev. D , 68, 023001 

iang J.-Q., Piao Y.-S., 2022, Phys. Rev. D , 105, 103514 
iang J.-Q., Ye G., Piao Y.-S., 2022, Return of Harrison-Zeldovich Spectrum

in Light of Recent Cosmological Tensions, preprint ( arXiv:2210.06125 ) 
nox L., Millea M., 2020, Phys. Rev. D , 101, 043533 
ewis A., 2008, Phys. Rev. D , 78, 023002 
ewis A., Bridle S., 2002, Phys. Rev. D , 66, 103511 
ewis A., Challinor A., Lasenby A., 2000, Astrophys. J. , 538, 473 
in C.-M., 2022, Phys. Rev. D, 106, 103511 
artin J., Ringe v al C., Vennin V., 2014, Phys. Dark Univ. , 5–6, 75 
itra S., Choudhury T. R., Ferrara A., 2011, MNRAS , 413, 1569 
ortonson M. J., Hu W., 2008a, Phys. Rev. D , 77, 043506 
ortonson M. J., Hu W., 2008b, Astrophys. J. , 672, 737 
ortonson M. J., Hu W., 2008c, Astrophys. J. Lett. , 686, L53 
ortonson M. J., Hu W., 2009, Phys. Rev. D , 80, 027301 
ortonson M. J., Dvorkin C., Peiris H. V., Hu W., 2009, Phys. Rev. D , 79,

103519 
otloch P., Hu W., 2018, Phys. Rev. D , 97, 103536 
eal R. M., 2005, preprint ( arXiv:math/0502099 ) 
andolfi S., Cooray A., Giusarma E., Kolb E. W., Melchiorri A., Mena O.,

Serra P., 2010, Phys. Rev. D , 81, 123509 
eebles P. J. E., Yu J. T., 1970, Astrophys. J. , 162, 815 
MNRAS 521, 2911–2918 (2023) 

http://dx.doi.org/10.1103/PhysRevD.98.043526
http://dx.doi.org/10.1103/PhysRevD.105.023520
http://dx.doi.org/10.1016/j.jheap.2022.04.002
http://dx.doi.org/10.1051/0004-6361/201833880
http://dx.doi.org/10.1051/0004-6361/201936386
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1088/1475-7516/2020/12/047
http://dx.doi.org/10.1051/0004-6361/201833887
http://dx.doi.org/10.1016/0370-2693(90)90093-L
http://dx.doi.org/10.1103/PhysRevD.47.R5219
http://dx.doi.org/10.1016/0370-2693(90)91007-X
http://dx.doi.org/10.1103/PhysRevD.74.127305
http://arxiv.org/abs/2302.14300
http://dx.doi.org/10.1103/PhysRevD.76.103503
http://dx.doi.org/10.1088/1475-7516/2020/12/045
http://dx.doi.org/10.1088/0004-6256/145/1/10
http://dx.doi.org/10.3847/0004-6256/151/2/44
http://dx.doi.org/10.1103/PhysRevD.98.063508
http://dx.doi.org/10.1038/s41550-019-0906-9
http://dx.doi.org/10.1088/1361-6382/ac086d
http://dx.doi.org/10.1103/PhysRevD.104.083504
http://dx.doi.org/10.1016/j.astropartphys.2021.102604
http://dx.doi.org/10.1016/j.astropartphys.2021.102605
http://dx.doi.org/10.3847/2041-8213/abe1c4
http://dx.doi.org/10.1103/PhysRevD.106.103506
http://dx.doi.org/10.1093/mnras/stad152
http://dx.doi.org/10.1088/1475-7516/2016/02/020
http://dx.doi.org/10.1103/PhysRevD.104.103528
http://dx.doi.org/10.1103/PhysRevD.103.L041301
http://dx.doi.org/10.1103/PhysRevD.1.2726
http://dx.doi.org/10.1051/0004-6361/202039063
http://dx.doi.org/10.1088/0067-0049/208/2/19
http://dx.doi.org/10.1088/1475-7516/2012/04/027
http://dx.doi.org/10.1103/PhysRevD.68.023001
http://dx.doi.org/10.1103/PhysRevD.105.103514
http://arxiv.org/abs/2210.06125
http://dx.doi.org/10.1103/PhysRevD.101.043533
http://dx.doi.org/10.1103/PhysRevD.78.023002
http://dx.doi.org/10.1103/PhysRevD.66.103511
http://dx.doi.org/10.1086/309179
http://dx.doi.org/10.1016/j.dark.2014.01.003
http://dx.doi.org/10.1111/j.1365-2966.2011.18234.x
http://dx.doi.org/10.1103/PhysRevD.77.043506
http://dx.doi.org/10.1086/523958
http://dx.doi.org/10.1086/593031
http://dx.doi.org/10.1103/PhysRevD.80.027301
http://dx.doi.org/10.1103/PhysRevD.79.103519
http://dx.doi.org/10.1103/PhysRevD.97.103536
http://arxiv.org/abs/math/0502099
http://dx.doi.org/10.1103/PhysRevD.81.123509
http://dx.doi.org/10.1086/150713


2918 W. Giar ̀e et al. 

M

P
R
d  

S
S
T
T
V  

V
V  

Y
Z

T

erivolaropoulos L., Skara F., 2022, New Astron. Rev. , 95, 101659 
iess A. G. et al., 2022, Astrophys. J. Lett. , 934, L7 
e Salas P. F., Forero D. V., Gariazzo S., Mart ́ınez-Mirav ́e P., Mena O., Ternes

C. A., T ́ortola M., Valle J. W. F., 2021, JHEP , 2021, 071 
emenaite A. et al., 2022, MNRAS, preprint ( arXiv:2210.07304 ) 
tarobinsky A. A., 2005, JETP Lett. , 82, 169 
 akahashi F ., Yin W., 2022, Phys. Lett. B , 830, 137143 
orrado J., Lewis A., 2021, JCAP , 05, 057 
allinotto A., Copeland E. J., Kolb E. W., Liddle A. R., Steer D. A., 2004,

Phys. Rev. D , 69, 103519 
NRAS 521, 2911–2918 (2023) 
erde L., Treu T., Riess A. G., 2019, Nat. Astron. , 3, 891 
illanue v a-Domingo P., Gariazzo S., Gnedin N. Y., Mena O., 2018, JCAP ,

2018, 024 
e G., Jiang J.-Q., Piao Y.-S., 2022, Phys. Rev. D, 106, 103528 
eldovich Y. B., 1972, MNRAS , 160, 1P 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/2/2911/7074574 by Jacob H
eeren user on 14 M

arch 2024

http://dx.doi.org/10.1016/j.newar.2022.101659
http://dx.doi.org/10.3847/2041-8213/ac5c5b
http://dx.doi.org/10.1007/JHEP02(2021)071
http://arxiv.org/abs/2210.07304
http://dx.doi.org/10.1134/1.2121807
http://dx.doi.org/10.1016/j.physletb.2022.137143
http://dx.doi.org/ 10.1088/1475-7516/2021/05/057
http://dx.doi.org/10.1103/PhysRevD.69.103519
http://dx.doi.org/10.1038/s41550-019-0902-0
http://dx.doi.org/10.1088/1475-7516/2018/04/024
http://dx.doi.org/10.1093/mnras/160.1.1P

	1 INTRODUCTION
	2 METHODS
	3 ANALYSIS
	4 DISCUSSION
	5 CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

