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We study the possibility of measuring the optical depth at reionization τ without relying on large-scale
cosmic microwave background (CMB) polarization. Our analysis is driven by the need to obtain
competitive measurements that can validate the state-of-the-art constraints on this parameter, widely based
on E-mode polarization measurements at l ≤ 30. This need is partially motivated by the typical concerns
regarding anomalies observed in the Planck large-scale CMB data as well as by the remarkable fact that,
excluding these latter, τ consistently exhibits correlations with anomalous parameters, such as Alens andΩk,
suggesting that slightly higher values of the optical depth at reionization could significantly alleviate
or even eliminate anomalies. Within the Λ cold dark matter model, our most constraining result is
τ ¼ 0.080� 0.012, obtained by combining Planck temperature and polarization data at l > 30, the
Atacama Cosmology Telescope (ACT) and Planck measurements of the lensing potential, baryon acoustic
oscillations (BAOs), and type-Ia supernova data from the Pantheonþ catalog. Notably, using only ACT
temperature, polarization, and lensing data in combination with BAOs and supernovae, we obtain
τ ¼ 0.076� 0.015, which is entirely independent of Planck. The relative precision of these results is
approaching the constraints based on large-scale CMB polarization (τ ¼ 0.054� 0.008). Despite the
overall agreement, we report a slight 1.8σ shift toward larger values of τ. We also test how these results
change by extending the cosmological model. While in many extensions they remain robust, in general,
obtaining precise measurements of τ may become significantly more challenging.

DOI: 10.1103/PhysRevD.109.103519

I. INTRODUCTION

The epoch of reionization arguably stands as one of the
central questions in modern cosmology. The quandary of
when and how the first celestial objects in the Universe
emitted a sufficient amount of ultraviolet radiation able
to reionize the neutral hydrogen and helium within the
intergalactic medium is an active area of research and
debate [1–65]. In this regard, the era of precision cosmo-
logy, made possible by a wide array of satellite and ground-
based cosmic microwave background (CMB) experiments
such as Wilkinson Microwave Anisotropy Probe (WMAP)
[66–73], Planck [74–81], and more recently the Atacama

Cosmology Telescope (ACT) [82–85] and the South Pole
Telescope (SPT) [86–90], has undoubtedly marked a
significant turning point.
In broad terms, during cosmic reionization, CMB pho-

tons undergo Thomson scattering off free electrons at scales
smaller than the horizon size. As a result, they deviate from
their original trajectories, reaching us from a direction
different from the one set during recombination. Similar to
recombination, this introduces a novel “last scattering”
surface at later times and produces distinctive imprints in
the angular power spectra of temperature and polarization
anisotropies. A well-known effect of reionization is an
enhancement of the spectrum of CMB polarization at large
angular scales alongside a suppression of temperature
anisotropies occurring at smaller scales. While the damping
effect may overlap with variations in other cosmological
parameters—most prominently with the amplitude of
primordial inflationary fluctuations As—the distinctive
polarization bump produced by reionization on large scales
dominates the signal in the EE spectrum (CEE

l
) whose

amplitude strongly depends on the total integrated optical
depth to reionization,
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τ ¼ σT

Z
zrec

0

dzn̄eðzÞ
dr

dz
; ð1Þ

where σT is the Thomson scattering cross section, n̄eðzÞ is
the free electron proper number density at redshift z (with
the overline denoting an average over all sky directions),
and dr=dz is the line-of-sight proper distance per unit
redshift.1

For this reason, precise observations of E-mode polari-
zation on large scales are crucial at least for a dual purpose.
On one side, they currently represent the most precise way
to determine the value of τ. Thanks to large-scale polari-
zation measurements released by the Planck satellite,
we have achieved an unprecedented level of accuracy,
constraining the optical depth at reionization down to
τ ¼ 0.054� 0.008 [78] at 68% confidence level (CL
hereafter). On the other hand, measuring τ to such a level
of precision holds implications that extend beyond reioni-
zation models. It is no exaggeration to say that it facilitates
an overall refinement of cosmological constraints by
alleviating many degeneracies resulting from similar effects
on the spectra of temperature and polarization anisotropies
caused by variations in different parameters. Just to
mention a few remarkable examples supporting this last
claim, we note that constraints on the Hubble parameterH0

and the scalar spectral index ns both improve by approx-
imately 22% when incorporating Planck large-scale polari-
zation data in the analysis.
However, despite the remarkable success of large-scale

CMB polarization measurements—which undoubtedly re-
present a significant achievement in modern cosmology
and provide key insights into the physics of reionization—
as often happens when dealing with high-precision mea-
surements at low multipoles, there are certain aspects that
remain less than entirely clear:

(i) First, the detected signal in the EE spectrum is
extremely small, at the order of 10−3 − 10−2μK2 [54].
On scales where cosmic variance sets itself a natural
limit on the maximum precision achievable, this
implies that current measurements are approaching
the limits of experimental sensitivity, and even minor
undetected systematic errors could have a substantial
impact on the results.

(ii) Second, the influence of Galactic foregrounds,
although significantly better understood in recent
years, especially thanks to high-frequency measure-
ments by the Planck satellite [81], remains more
pronounced in relation to polarization anisotropies

at equivalent angular scales. Consequently, small,
undetected foreground effects could also play a role
in determining polarization measurements [91,92].

(iii) Finally, measurements of temperature and polariza-
tion anisotropies at large angular scales exhibit a
series of anomalies. Around the lowest multipoles
(corresponding to the largest scales) the TT spec-
trum (CTT

l
), deviates lower than expected within

the best-fit cosmological model. Multipoles l≲ 10

(particularly the quadrupole and octopole modes)
display unexpected features and correlations [78,81].
Similarly, the TE spectrum (CTE

l
) show excess vari-

ance compared to simulations, most notably at l ¼ 5

and at l ¼ 18–19, for reasons that are not under-
stood [78,81]. As a result, these data are commonly
disregarded for cosmological data analyses [78].
While little information is lost by discarding the
TE spectrum, it is still worth noting that, as for CEE

l
,

also CTE
l

is dominated by the optical depth at
reionization on low multipoles; precisely the scales
where unexplained anomalies are observed.

In light of these considerations, a few scattered questions
and moderate concerns arise. Could the anomalies observed
at low multipoles in TT and TE be present also in the EE
spectrum (at the very same scales) but remain undetected
due to the smallness of the signal and the significant
experimental noise? If so, can other anomalies typically
encountered when extending the minimal Λ cold dark
matter (ΛCDM) cosmology (e.g., the lensing and curvature
anomalies) somehow recast a wrong calibration of τ? More
generally, is it possible to achieve competitive constraints
on τ without exclusively relying on large-scale CMB
polarization?
In this paper, we aim to provide a comprehensive answer

to all these points. We anticipate that, in fact, there exist
other cosmic data that, when combined with small-scale
temperature anisotropies, can provide valuable constraints
on the optical depth even in the absence of large-scale
polarization measurements. The ongoing advancements
in our understanding of the large-scale structure of the
Universe, made possible by accurate reconstructions of the
lensing potential [80,84,85,93], baryon acoustic oscillation
measurements [94–103], and observations of type-Ia super-
novae [104–108], are rapidly approaching a precision level
that enables one to narrow down the constraints on cosmo-
logical parameters, possibly breaking their degeneracy with
τ on small scales. In light of these advancements, it is
certainly timely to reevaluate the constraints on the optical
depth obtained without large-scale CMB polarization and
determine whether they align with (or diverge from) these
latter.
The paper is structured as follows: In Sec. II, we discuss

in more detail the physical motivations in light of which
we believe it is timely to achieve a measurement of τ

independent from large-scale polarization. In Sec. III, we

1Notice that the integral (1) runs from recombination
(zrec ≃ 1100) all the way up to today (z ¼ 0). However, setting
an upper limit in the integral zmax ≃ 50, is typically enough
to capture the entirety of the expected contribution from reioni-
zation [78].
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point out the methodology and data exploited through the
analysis. In Secs. IV and V, we present the results obtained
within the ΛCDM cosmology and its extensions, respec-
tively. Finally, in Sec. VI, we derive our conclusion.

II. FIVE REASONS WHY

From the discussion outlined in the Introduction, several
valid reasons have already emerged to conclude that
obtaining a measurement of the optical depth at reioniza-
tion independent from large-scale polarization can be an
important—if not even necessary—step for both cross-
checking the results and addressing some concerns involv-
ing anomalies in large-scale CMB data. However, in this
section, we would like to further elaborate on the motiva-
tions that have led us to embark on the comprehensive
analysis presented in this article.
Before going any further, we want to clearly outline

the terminology. First and foremost, we recall that the
data released by the Planck satellite for the temperature-
temperature spectrum CTT

l
, temperature-polarization spec-

trum CTE
l
, and the polarization-polarization spectrum CEE

l

can be broadly categorized into two groups: low-multipole
(large-scale) data within the range 2 ≤ l ≤ 30 and high-
multipole (small-scale) data at l > 30. In this study, we
will use different combinations of these measurements
resulting from different experiments or likelihoods. To
ensure clear identification of the specific datasets and
avoid any source of confusion, when dealing with the
Planck temperature, polarization and lensing data we will
consistently adopt the following nomenclature:

(i) TT refers to measurements of the power spectrum of
temperature anisotropies CTT

l
at small scales l > 30

as obtained by the Planck likelihood plik [78,81];
(ii) TTTEEE refers to measurements of the power

spectra of temperature and polarization anisotropies
CTT
l
, CTE

l
, and CEE

l
at small scales l > 30 as

obtained by the Planck likelihood plik [78,81];
(iii) lowT refers to measurements of the spectrum of

temperature anisotropies CTT
l

at large scales 2 ≤

l ≤ 30 as obtained by the Planck likelihood
Commander [78,81];

(iv) lowE refers to measurements of the spectrum of
E-mode polarization CEE

l
at large scales 2 ≤

l ≤ 30 as obtained by the Planck likelihood
SimAll [78,81];

(v) plik-lensing refers to reconstruction of the
spectrum of lensing potential (trispectrum) as ob-
tained by the Planck Collaboration [80];

(vi) Planck-2018 refers to the full combination of all
the above-mentioned data, namely TTTEEEþ
lowTþ lowEþ plik − lensing [78,81].

Notice that, for the reasons discussed in the Introduction,
we do not consider measurements of CTE

l
at l < 30, as

commonly done in the literature [78,81].

Keeping this nomenclature in mind, we now discuss in
detail five different reasons why we find it particularly
important to obtain measurements of τ that are independent
of lowE (and possibly lowT) data.

A. Consistency test

Let us start with the elephant in the room: acquiring
independent measurements of the same parameter through
different datasets represents one of the most effective and
reliable methods to cross-check the results and ensure their
validity.
In this regard, it should be mentioned that the observa-

tional constraints on the reionization optical depth have
changed quite a lot over time, due to a combination of a
better understanding of foreground contamination and
overall experimental improvements.
Historically, one of the initial measurements of this

parameter was derived from the first year of WMAP obser-
vations, resulting in a constraint τ ¼ 0.17� 0.06 [67].
Within the same experiment, due to improvements in
measurements and additional data, this result has under-
gone substantial changes. After three years of data collec-
tion, the value quoted by the WMAP Collaboration in
Ref. [68] was τ ¼ 0.089� 0.030. Subsequently, after five
and seven years, they obtained τ ¼ 0.084� 0.016 [70] and
τ ¼ 0.087� 0.014 [109], respectively. Finally, the value
quoted after the final maps and results from the WMAP
nine-year observation was τ ¼ 0.089� 0.014 [72,73].
The same aura of uncertainty has characterized the

measurement of this parameter, even in the results provided
by the Planck satellite experiment. Interestingly, the
first value provided in the Planck-2013 results was
τ ¼ 0.089� 0.032, quoted in Table II of Ref. [74]. The
turning point, when the value of the optical depth started
decreasing, was with the Planck-2015 results: τ ¼ 0.066�
0.016 [76]. However, it is worth noting that, the same year,
the Planck Collaboration conducted the first detailed
analysis of the Planck E-modes spectrum at high multi-
poles, quoting τ ¼ 0.078� 0.019 [110]. Moving to more
recent times, in the Planck-2018 paper, we finally obtain
the state-of-the-art constraint on this parameter, τ ¼
0.054� 0.008 [78].
Despite the fact that a detailed analysis of the reasons

behind the evolution of the constraints on this parameter is
well beyond the scope of this article, it is now widely
acknowledged that evidence of dust contamination in the
WMAP large-scale polarization data (2 < l < 23 in the
TE spectrum) could have potentially impacted the early
constraints on τ. On the other hand, the improvements
obtained by the Planck Collaboration over the years are
based on a better understanding of dust emission and fore-
grounds. The combination of these two facts motivated a
global reanalysis of WMAP data using the Planck 353-GHz
map as a dust template, leading to τ ¼ 0.062� 0.012, see
page 24 of Ref. [81]. In any case, this brief investigation
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should be enough to highlight how, while perhaps never
really being at the center of attention, accurately measuring
the optical depth at reionization has been (and maybe still
is) a significant challenge in precision cosmology. In light
of this, we believe that obtaining accurate measurements,
possibly based on diversified and noncontradictory data,
could significantly contribute to validating the current
results on this parameter. Moreover, such an approach
could provide useful benchmark measurements for
broader analyses. This is particularly relevant when ana-
lyzing current ground-based CMB data released from ACT
and SPT, where Planck-based priors on τ are typically
assumed [82,84,85,89,90].

B. Large-scale E-mode polarization measurements

The most recent constraints on the reionization optical
depth from the Planck satellite [54,78] are almost entirely
based on measurements of the E-mode polarization at
l ≤ 30. An easy exercise that can support this claim
involves setting all the cosmological parameters to the
best-fit values from Planck-2018, leaving only τ and As free
to be determined by data. Doing so, we obtain τ ¼ 0.0508�
0.0085 and logð1010AsÞ ¼ 3.032� 0.019 by using only
lowE in combination with a Gaussian prior Ase

−2τ ¼
ð1.873� 0.016Þ × 10−9. Alternatively, instead of including
a prior on Ase

−2τ, one can directly combine lowE+lowT to
get τ ¼ 0.0521� 0.0086 and logð1010AsÞ ¼ 2.965� 0.052,
respectively. This unequivocally demonstrates the impor-
tance of temperature and polarization data at l ≤ 30. These
measurements provide an excellent method for breaking the
degeneracy between As and τ appearing at smaller scales,
allowing precise measurements of both parameters. It is also
worth noting that these measurements are quite robust. The
inclusion of additional parameters does not significantly alter
the results. For instance, repeating the same analysis by
varying also the spectral index ns we obtain τ ¼ 0.052þ0.012

−0.013 ,
logð1010AsÞ ¼ 3.034� 0.025, and ns ¼ 0.977þ0.069

−0.16 from
lowE in combination with the aforementioned prior on
Ase

−2τ, or τ ¼ 0.0512� 0.0091, logð1010AsÞ ¼ 2.88þ0.26
−0.29 ,

and ns ¼ 0.947þ0.060
−0.12 from lowE+lowT.

Having established the importance of large-scale CMB
measurements in determining τ and the robustness of the
results obtained, we note that this situation represents both a
blessing and a curse. On one hand, it has made it possible to
determine τ within a relative precision of approximately
14%. On the other hand, it is not an overstatement to say that
relying so much on one dataset to measure a parameter that,
as we will see, carries important implications for various
issues emerged in recent years, can be at least imprudent.
This is even more true when one considers the difficulties

surrounding precise CMB measurements at large angular
scales, where foreground contamination has historically
been a significant source of uncertainty. As mentioned
in the Introduction, measurements of temperature and

polarization anisotropies at large angular scales exhibit a
series of anomalies. In the lowT dataset, multipoles with
l < 10 display unexpected features and correlations while,
for reasons that are not understood, the TE spectrum
exhibits excess variance compared to simulations at low
multipoles, where, in principle, the signal should be
dominated by the optical depth at reionization.
Fortunately, lowE appears to be anomaly-free since (as
of now) there are no compelling arguments suggesting
problems or unreliability in this dataset. However, it
remains a fact that the signal in the spectrum of E-mode
polarization at l ≤ 30 is extremely small, on the order of
∼10−3–10−2μK2. This implies that current measurements
are approaching the limits of experimental sensitivity, and
minor undetected systematic errors could potentially have a
significant impact on the results.
To formalize this concern in a more quantitative way, we

consider the most recent measurements of the spectrum of
E-modes polarization in the multipole range 2 ≤ l ≤ 30 as
provided in Ref. [54] (and shown in Fig. 1) and we figure
out to what extent the signal is different from zero. To do
so, we perform a fit to measurements of DEE

l
¼ lðlþ

1ÞCEE
l
=2π assuming a constant functionDEE

l
¼ C, whereC

represents the amplitude of the spectrum in units of μK2.
We work under the unrealistic assumption that data points
are independent and Gaussian distributed. While we know
this is not the case and that the effects of non-Gaussianity
and correlations among data are significant for large-scale
EE measurements, we believe that this approximation is
enough for the purpose of our toy analysis. Considering the
full multipole range Dl ∈ ½2 ≤ l ≤ 30� from the Markov
chain Monte Carlo (MCMC) analysis, we get C ¼
0.0059� 0.0022 μK2 at 68% CL, together with a best-
fit value C ¼ 0.00596 μK2. The p-value of the best fit
D

EE
l

¼ 0.00596 μK2 is p ¼ 0.063. Despite all the impor-
tant caveats surrounding this result, we note that the
p-value remains above the threshold value typically
adopted to reject the hypothesis (p ¼ 0.05). This is some-
what surprising since from the theoretical predictions
for the spectrum of E-modes polarization in that multi-
pole range one would expect CEE

l
∝ τ2=l4 and thus

D
EE
l

∝ τ2=l2. However, when considering the full multi-
pole range CEE

l
∈ ½2 ≤ l ≤ 30�, the p-value for the case

D
EE
l

¼ 0 is p ¼ 0.012; well below the threshold value of
p ¼ 0.05. That being said, looking at Fig. 1, the signal
appears to substantially diminish on scales 4≲ l≲ 15. In
fact, 8 out of the first 15 data points are consistent with
DEE
l

¼ 0 within 1σ. These scales are those that contribute
more when determining τ because it is where the character-
istic reionization bump in polarization manifests itself
more prominently. Therefore, we repeat the analysis
focusing only on data points at 2 ≤ l ≤ 15. In this case,
we obtain C ¼ 0.0029� 0.0027 μK2 with a best-fit value
of 0.00287 μK2. As we shall see from the posterior
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distribution function in the bottom panel of Fig. 1, the case
C ¼ 0 (i.e., no signal at all) falls basically within the 1σ

range. In addition, the p-value for the best-fit scenario,
D

EE
l

¼0.00287 μK2, is p¼0.087, while the p-value corres-
ponding to DEE

l
¼ 0 μK2 is p ¼ 0.064. Both of them are

larger than the threshold used for dismissing the hypothesis.
In conclusion, when examining the residuals reported in

Fig. 1, it is evident that, while ΛCDM provides a good fit to
these measurements (better than the hypothesis of a null or
constant signal), the data points in lowE remain highly
correlated, and the broad trends in residuals are not
significant enough to conclusively confirm a reionization
bump. As our toy analysis has shown, a constant or

vanishing signal can, in principle, be fitted to this dataset
without being ruled out by the p-value statistics. In
addition, we acknowledge the concern that, when dealing
with measurements so close to the absence of a signal and
experimental sensitivity, any statistical fluctuation or lack
of understanding of the foreground could be crucial and
potentially have implications in the measurement of τ.
Certainly, an independent measurement of this parameter
would provide reassurance, dispelling any doubts about
using large-scale polarization measurements.

C. Lensing anomaly

One of the standout achievements of the standardΛCDM
model of cosmology is its ability to provide a robust fit
to the Planck data. Nonetheless, despite this undeniable
success, in recent years a few mild anomalies have
emerged, becoming the subject of intense study. Among
them, one issue that has been at the heart of discussions and
keeps stimulating significant research interest [111–116] is
the higher lensing amplitude observed in the temperature
and polarization spectra.
To put it in more quantitative terms, the lensing anomaly

can be quantified by the phenomenological parameter
Alens—first introduced in Ref. [117]—that captures any
deviations from the lensing amplitude expected within
ΛCDM, corresponding to Alens ¼ 1. As well known, apart
from the direct measurement of the CMB lensing spectrum,
the lensing amplitude manifests in the temperature and
polarization power spectra through the lensing-induced
smoothing of the acoustic peaks and the transfer of power
to the damping tail. Surprisingly, when Alens is treated as a
free parameter, the analysis of Planck TTTEEEþ lowEþ
lowT data yields Alens ¼ 1.180� 0.065, suggesting an
excess of lensing in the spectra of temperature and
polarization anisotropies at about 2.8σ [78].
The Planck preference for Alens > 1 is not due to a

volume effect in the parameter space, but it results from a
genuine improvement in the χ2 by approximately Δχ2 ∼

9.7 [78]. Analysis of the temperature and polarization
spectra has widely established that this improvement
primarily comes from TTTEEE data, particularly within
the multipole range 600 < l < 1500. Nevertheless,
allowing Alens to vary also improves the fit to lowT data.
Regarding TT data, one can even visually observe a
preference for increased lensing smoothing in the oscil-
latory residuals at 1100 < l < 2000, which matches the
shape of the lensing smoothing (see, e.g., Fig. 24 in [78]).
Within ΛCDM, the fact that TTTEEE data prefer more

lensing translates into a preference for higher fluctuation
amplitudes. Hence, the high-l data typically yield higher
values of As and τ than large-scale E-mode polarization.
This suggests from the onset a strong negative correlation
between τ and Alens: higher values of the former can
modulate the effects of a lensing amplitude Alens > 1.
Clearly, in the presence of lowE data, such a correlation

FIG. 1. Top: theoretical predictions (and relative deviation in
terms of residuals) forDEE

l
at l < 30. The blue line represents the

predictions derived within ΛCDM by fixing all cosmological
parameters to their best-fit values based on the Planck-2018
likelihoods. The green line represents the best-fit scenario for the
toy-model case DlEE ¼ C. Bottom: posterior distribution func-
tion for C, considering the entire multipole range (in green)
versus solely the first 15 multipoles (in red).
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is immediately broken as τ is measured down to 14%
precision. However, considering our earlier concerns about
large-scale polarization data, one might question whether
the lensing anomaly could be, at least in part, produced by a
misalignment in the calibration of the signal within the
lowE data. Given its proximity to a case with no signal at
all, any fluctuations could artificially lower the values of τ.
In other terms, relaxing the constraints on reionization, one
would naively expect to recover agreement in Alens by
shifting up τ. Not surprisingly, this is exactly what we find
when analyzing all possible combinations of the Planck
likelihoods within the ΛCDMþ Alens framework. The
results are summarized in Table I and can be visually
represented in Fig. 2.
In the plot, each panel represents constraints in the plane

(Alens, τ) obtained through various combinations of Planck
data. Let us start with the bottom panel in the figure. We can
see that by combining small and large-scale measurements,
the correlation between the two parameters is significantly
reduced. Once again, this is because the lowE data
precisely constrain τ. Moving on to the second panel from
the bottom, we see that the influence of lowT data, while
not critical in this context, is still relevant: when these data
are removed from the analysis, the negative correlation
between the two parameters becomes slightly more pro-
nounced. On the other hand, advancing to the next panel,
we notice that excluding the lowE data significantly affects
the contours, confirming our naive expectation that values
of Alens around 1 can be reintroduced by allowing for higher
values of τ. However, it is important to emphasize that
Alens ¼ 1 is only marginally consistent with the 2-σ con-
tours and would still require unreasonably high values
τ ∼ 0.1. Finally, let us move to the top panel of the figure.
We observe that, in the absence of information on both

temperature and polarization at large angular scales, a
significant correlation between the two parameters is
introduced. In this case, values of Alens ∼ 1 become fully
consistent with both TT and TTTEEE. It is to note that in
this scenario, achieving Alens ¼ 1 does not require artifi-
cially high values of τ. In fact, τ ∼ 0.07–0.08 is perfectly
compatible with Alens ¼ 1.
In conclusion, an artificially low measurement of τ

derived from large-scale (temperature and) polarization
data may impact the lensing anomaly, potentially biasing
the preference for Alens > 1 observed in the Planck data.
As we will demonstrate shortly, a similar argument can be
extended to other anomalies, such as the curvature anomaly
and the overall preference toward phantom dark energy.
Therefore, obtaining competitive measurements of optical
depth at reionization independent of large-scale polariza-
tion data holds intrinsic significance, as they are needed
to either validate or highlight differences among results
obtained with or without lowE data.

D. Curvature anomaly

The presence of lensing anomaly can have significant
consequences, especially when it comes to constraining
cosmological parameters beyond the standardΛCDMmodel.
A point typically cited to make this argument involves noting
that, since more lensing is expected with a higher abundance
of dark matter, the observed lensing anomaly can be recast
into a preference for a closed Universe,2 well documented

TABLE I. Constraints on τ and Alens obtained within ΛCDMþ Alens for all possible combinations of the Planck
likelihoods. Constraints are given at 68% while upper bounds are given at 95% CL.

Planck Likelihood τ Alens

TT <0.178 1.13� 0.13
TTþ plik-lensing <0.175 0.99� 0.10
TTþ lowT <0.123 1.23� 0.12
TTþ lowTþ plik-lensing <0.119 1.075� 0.079
TTþ lowE 0.0499� 0.0085 1.205� 0.099
TTþ lowEþ plik-lensing 0.0494� 0.0086 1.058� 0.054
TTþ lowTþ LowE 0.0500� 0.0087 1.243� 0.096
TTþ lowTþ LowEþ plik-lensing 0.0496� 0.0084 1.082� 0.052

TTTEEE <0.168 1.09� 0.12
TTTEEEþ plik-lensing <0.171 0.987� 0.096
TTTEEEþ lowT <0.115 1.174� 0.095
TTTEEEþ lowTþ plik-lensing <0.114 1.065þ0.082

−0.074
TTTEEEþ lowE 0.0495� 0.0086 1.168� 0.066
TTTEEEþ lowEþ plik-lensing 0.0497� 0.0086 1.061� 0.042
TTTEEEþ lowTþ LowE 0.0492� 0.0086 1.180� 0.065
Planck-2018 0.0491� 0.0084 1.071� 0.040

2Notice, however, that the potential implications of the lensing
anomalies extend far beyond the curvature parameter. Other
notable examples concern modified gravity and the neutrino sector,
without claiming to be exhaustive; see, e.g., [111,118–121] and
references therein.
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and discussed in several recent works [122–142]. Here we
note that the analysis conducted on the lensing anomaly has
shown that removing large-scale temperature and polari-
zation data leads to a correlation between τ and Alens,
such that slightly larger values of the former can possibly
reconcile the lensing amplitude inferred from Planck
temperature and polarization spectra at l > 30 with the
expected value in ΛCDM. Therefore, given the strong
interconnection between Alens and Ωk, it is worth consid-
ering whether similar conclusions can also be drawn for the
curvature anomaly.
To address this question, we can refer to the left panels in

Fig. 3, where two-dimensional correlations between τ and
Ωk are presented for different combinations of the Planck
likelihoods. Starting from the bottom-left panel, we observe
that constraints on these two parameters obtained, includ-
ing both lowE and lowT data, exclude Ωk ¼ 0 at more
than 95% CL. Instead, from the second and third left panels
from the bottom, we see that excluding respectively lowE

and lowT, the global preference toward Ωk < 0 becomes
weaker than the one obtained by including temperature
anisotropies or E-mode polarization measurements at large
scales. Excluding both lowE and lowT (upper-left panel
in the figure), we recover agreement with Ωk ¼ 0 well
within the 68% CL contours. Therefore, we can draw two
significant conclusions. First, we can confirm that the part
of the preference forΩk < 0 is due to the inclusion of lowT
data. As it is well known, they exhibit a deficit of power at
large angular scales (most prominently at the quadrupole
and octupole modes) that remains largely unexplained
within the flat ΛCDM model and drives the shift toward
Ωk < 0. Second, we notice that τ appears to be correlated
with Ωk in a way such that slightly larger values of the
optical depth at reionization lead to a reduced preference
for a closed Universe. Moving to the upper-left panel, we
can see that, by removing large-scale temperature data, this
result is not only confirmed but further accentuated. Now
Ωk ¼ 0 falls within 2 standard deviations for values of τ in
the range of τ ∼ 0.7–0.8. Again, this stems from the fact
that, by relaxing the constraints on the optical depth to
reionization, the excess lensing in the damping tail appears
to recast into a preference for a larger τ, similar to what
happens with Alens.

E. Shift toward phantom dark energy

The last of the five reasons we want to discuss to
underscore the importance of obtaining an independent
measurement of τ pertains, one more time, to unexpected
results derived from the Planck data when extending the
cosmological model. In this case, we focus on the dark
energy (DE) equation of state parameter w. The constraints
on this parameter have recently undergone a comprehen-
sive reanalysis in light of the most updated data [143].
As extensively discussed in Ref. [143], by considering

FIG. 2. Joint marginalized contours at 68% and 95% CL
illustrating the correlation between the lensing amplitude Alens
and the optical depth at reionization τ for different combinations
of the Planck likelihoods.
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FIG. 3. Left column: joint marginalized contours at 68% and 95% CL illustrating the correlation between the curvature density
parameter Ωk and the optical depth at reionization τ for different combinations of the Planck likelihoods. Right column: joint
marginalized contours for the DE equation of state w and τ for the same likelihoods.
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Planck-2018, one can find that at 68% (95%) CL w ¼

−1.57þ0.16
−0.36 (w ¼ −1.57þ0.50

−0.40 ) confirming the consistent
findings documented in the literature [78,144], indicating
a Planck preference for a phantom equation of state at a
statistical level slightly exceeding 2 standard deviations.
Such a preference can be attributed to a wide range of
physical and geometrical effects. Notably, when excluding
the lowE likelihood, a significant shift of w toward
the cosmological constant value w ¼ −1 is observed,
and no preference for a phantom equation of state is found
anymore.
This result can be further understood from the panels on

the right in Fig. 3, which display the two-dimensional
correlations between w and τ. As visible in all panels in the
figure, removing lowE leads to all other combinations of
Planck data being consistent with w ¼ −1 for values
of τ ∼ 0.07–0.08.
In conclusion, whether it is the lensing anomaly, the

curvature anomaly, or the shift toward phantom DE,
including or excluding large-scale CMB data (and hence
determining or not determining τ through lowE and
possibly lowT) produces a substantial difference. τ con-
sistently displays correlations with anomalous parameters,
suggesting that slightly higher values of the optical depth at
reionization could go a long way in alleviating or even
eliminating all these anomalies. As the saying goes, “three
clues make a proof” and we can certainly use this proof to
underscore the importance of deriving independent meas-
urement of this parameter.

III. DATA AND METHODS

In light of the reasons documented in the previous two
sections, we now proceed with our aim to derive a measure
of τ that is both competitive and independent of large-scale
CMB temperature and polarization measurements. To
achieve this goal, we will examine a wide range of different
datasets in various combinations. Specifically, we shall
consider:

(i) CMB measurements of the power spectra of temper-
ature and polarization anisotropies CTT

l
, CTE

l
, and

CEE
l

at small scales l > 30 as obtained by the Planck
likelihood plik [78,81]. As already pointed out in
Sec. II, we refer to these datasets as TT when they
include only temperature anisotropies and TTTEEE

when they include polarization, as well.
(ii) CMB measurements of the power spectra of temper-

ature and polarization anisotropies CTT
l
, CTE

l
, and

CEE
l

at small scales l > 600 as obtained by the
Atacama Cosmology Telescope ACT-DR4 likeli-
hood [82,83]. We will refer to this dataset as
ACT-DR4.

(iii) The gravitational lensing mass map, which covers
9400 deg2, reconstructed from CMB measurements
obtained by the Atacama Cosmology Telescope

from 2017 to 2021 [84,85]. We consider only the
conservative range of lensing multipoles 40 <
l < 763. This dataset is denoted as ACT-DR6.

(iv) ACT-DR6 is considered both independently and in
conjunction with the Planck satellite experiment.
Following Refs. [84,85], when combining two like-
lihoods together, we use the more recent NPIPE data
release [93] that reprocessed Planck time-ordered
data with several improvements, including around
8% more data compared to the plik-lensing

likelihood. We note that the NPIPE lensing map
covers CMB angular scales in the range 100 ≤ l ≤

2048 using the quadratic estimator. Since NPIPE
and ACT-DR6 measurements overlap only across a
portion of the sky, explore distinct angular scales,
and exhibit varying noise levels and instrument-
related systematics, they can be regarded as nearly
independent lensing measurements. We refer to the
final combination of ACT-DR6 and NPIPE simply
as lensing. This dataset should not be confused
with the one denoted as plik-lensing in Sec. II.
Please, read the last sentence again.

(v) Observations of the local Universe in the form of the
following:
(1) Baryon acoustic oscillation (BAO) and redshift-

space distortion measurements from the com-
pleted SDSS-IV eBOSS survey. These include
isotropic and anisotropic distance and expansion
rate measurements, as well as measurements of
fσ8, and are summarized in Table 3 of Ref. [99].

(2) 1701 light curves for 1550 distinct SNeIa in the
redshift range 0.001 < z < 2.26 collected in the
Pantheonþ sample [107]. In all but one case,
we will consider the uncalibrated Pantheonþ
SNeIa sample.

We collectively denote these two datasets as low-z.
We perform the MCMC analyses employing the sam-

plers COBAYA [145] in conjunction with the Boltzmann
solver CAMB [146]. To test the convergence of the chains
obtained using this approach, we utilize the Gelman-Rubin
criterion [147], and we establish a threshold for chain
convergence of R − 1 < 0.01.
As for the cosmological model, since the key point of our

analysis is to derive robust bounds on the optical depth
at reionization without large-scale CMB data, a necessary
step is to ensure that the results remain stable when
extending the background cosmology. Therefore, while in
Sec. IV we start considering the baseline ΛCDM scenario,
in Sec. V we eventually consider a plethora of possible
minimal extended cosmologies. As a result, along with the
six ΛCDM parameters (i.e., the amplitude As and the
spectral index ns of scalar perturbations, the baryon Ωbh

2

and the cold dark matter Ωch
2 energy densities, the angular

size of the sound horizon at recombination θMC and
the reionization optical depth τ), we will also consider
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additional parameters such as the sum of neutrino massesP
mν, the number of relativistic degrees of freedom Neff ,

the running of the scalar index αs, the curvature component
Ωk, the DE equation of state parametersw and w0 − wa, and
the lensing amplitude Alens. We refer to Table II for the
priors adopted in all the cosmological parameters.

IV. RESULTS FOR ΛCDM

We start by analyzing the constraints that can be derived
on τ without large-scale CMB data, assuming a standard
ΛCDM cosmology. In Table III we summarize all the
most important results obtained by considering various
combinations of data, ranging from CMB observations
at small angular scales to observations of the local
Universe at low redshift. The same results can be visualized
in Fig. 4.

A. Reionization optical depth

First and foremost, we consider the combination of
data denoted as TTþ lensing. It is interesting to note
that precise lensing measurements released by Planck
and ACT, when combined with the observations of temper-
ature anisotropies on small scales, lead to a constraint
on the optical depth to reionization, τ ¼ 0.078� 0.025
(0.078þ0.049

−0.049 ) at the 68% (95%) CL. In this case, τ is
measured with a relative precision of about 32%. Therefore,
this constraint is not competitive with the one obtained
using the full Planck-2018 combination (τ ¼ 0.0543�
0.0076), where the optical depth is constrained up to
14% precision. Nonetheless, this result relies on a relatively
limited amount of data, making it evident that it is indeed
plausible to obtain constraints on reionization without
large-scale CMB data, as well as that precise lensing
measurements are crucial for this purpose.
As a second step, we consider the same combination of

data adding low-z information about the local Universe

(i.e., BAO and SNIa measurements). This leads to an
improvement in constraints on the reionization optical
depth, yielding a value τ ¼ 0.079� 0.013 ð0.079þ0.025

−0.024Þ
at the 68% (95%) CL. In this case, the relative precision
increases up to 16.5%, approaching the level achieved by
lowE data. Such an improvement further underscores the
crucial role played by low-redshift information. As exten-
sively documented in the literature, these datasets are
essential for breaking correlations among cosmological
parameters induced by similar effects on the spectrum of
temperature anisotropies.3 It is worth noting that the value
obtained for τ, although in good agreement with Planck-
2018 within 2 standard deviations, shows a shift toward
higher values.
We proceed by including information on polarization

measurements at small scales. Analogously to the previous
cases, we start with TTTEEEþ lensing. We obtain
τ ¼ 0.078� 0.016 (0.078þ0.033

−0.032 ) at the 68% (95%) CL.
Incorporating polarization data significantly improves the
constraint obtained from TT+lensing, allowing us to
achieve approximately 20% precision. That being said, the
precision remains lower compared to TTþ lensingþ
low-z. It is also worth noting that, even though all results
are broadly consistent within 2 standard deviations, the
trend toward higher values of τ compared to the full Planck-
2018 combination is confirmed also when including
polarization measurements.
By including the low-z data and considering the

combination TTTEEEþ lensingþ low-z, we obtain
what, to the best of our knowledge, represents the most
precise constraint on the reionization optical depth in the
absence of large-scale temperature and polarization data.
Specifically, we find τ ¼ 0.080� 0.012 (0.080þ0.023

−0.023 ) at
68% (95%) CL. In this case, the parameter τ is constrained
with a relative precision of 15%, and this precision
becomes comparable to that obtained when considering
the lowE data. Therefore, we consider this result signifi-
cant since the good accuracy reached in measuring τ can
serve as an important test for the standard results obtained
by Planck-2018. In particular, we note that, although both
measurements of τ are consistent within 2 standard devia-
tions, the shift toward higher values in the absence of large-
scale polarization data is confirmed and slightly increased.
For this combination of data—which represents the most
stringent one considered in this study—the shift reaches a

TABLE II. List of uniform prior distributions for cosmological
parameters.

Parameter Prior

τ [0.001, 0.8]
Ωbh

2 [0.005, 0.1]
Ωch

2 [0.001, 0.99]
100θMC [0.5, 10]
logð1010AsÞ [1.6, 3.9]
ns [0.8, 1.2]P

mν (eV) [0, 5]
Neff [0.05, 10]
Ωk ½−0.3; 0.3�
w0 ½−3; 1�
wa ½−3; 2�
αs ½−1; 1�
Alens [0, 10]

3Without large-scale polarization, we observe a loss of
constraining power on τ and As. This introduces additional
degeneracy lines. For instance, varying Ωch

2 primarily alters
the amplitude of all acoustic peaks, and higher values of As can be
compensated by lower values of Ωch

2. By adding low-z data,
we can accurately determine Ωm, which primarily contributes to
fixing Ωch

2, breaking the degeneracy with As and allowing
consequently more precise measurements of τ.
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statistical significance of 1.8σ.4 Clearly, a shift of 1.8σ is
certainly not enough to represent an element of concern, but
it is interesting to note that this result appears to align with
those obtained in previous years (or decades) by experi-
ments like WMAP and/or “early” Planck. The crucial
difference among these early measurements and ours is
that the latter does not depend on large-scale CMB data,
where foreground contamination has always been a source
of uncertainty. In fact, it relies only on solid and very
well understood data. We also note that, as discussed in
Appendix B, the very same shift is also confirmed by
analyzing small-scale Planck data from the newly released
Planck likelihoods CamSpec [150] and HiLLiPoP [151],
which come with several improvements compared to
plik, above all accounting for more sky area at high
frequencies and addressing several enhancements in the
processing of time-ordered data and foreground modeling.
That being said, it remains true that a large part of these data
comprises the temperature, polarization, and lensing spec-
tra measured by Planck. Therefore, another crucial step is to
obtain a precise measurement of τ that is entirely inde-
pendent of Planck.
To this end, we consider measurements of temperature

and polarization anisotropies released by ACT-DR4 in
conjunction with the recent ACT-DR6 lensing measure-
ments provided by the same collaboration. We consider
ACT data both on their own and in combination with low-z
observations. Considering ACTðDR4þ DR6Þ alone, we
obtain τ ¼ 0.094þ0.037

−0.048 (0.094þ0.071
−0.082 ) at the 68% (95%) CL.

In this case, the uncertainties are certainly too large to draw

reliable conclusions. However, when including low-
redshift information, from ACTðDR4þ DR6Þ þ low-z we
get τ ¼ 0.076� 0.015 (0.076þ0.030

−0.031 ), i.e., a measurement of
τ with an accuracy of approximately 20%, entirely inde-
pendent of Planck. This measurement aligns perfectly
with TTTEEEþ lensingþ low-z, confirming the trend
toward slightly higher values of the reionization opti-
cal depth.
We conclude this section taking a last look at Fig. 4

where all the results discussed so far are summarized. In the
figure, we identify three specific combinations of data that
we consider particularly noteworthy. First and foremost, we
consider the full Planck-2018 case (shown in red in the
figure) as the baseline case for comparison. Second, we

TABLE III. Constraints at 68% (95%) CL on cosmological parameters obtained within the ΛCDM model of cosmology by different
datasets.

Parameter TTþ lensing TTþ lensingþ low-z TTTEEEþ lensing TTTEEEþ lensingþ low-z ACTðDR4þ DR6Þ ACTðDR4þ DR6Þ þ low − z

τreio 0.078� 0.025ð0.078þ0.049
−0.049 Þ 0.079� 0.013ð0.079þ0.025

−0.024 Þ 0.078� 0.016ð0.078þ0.033
−0.032 Þ 0.080� 0.012ð0.080þ0.023

−0.023 Þ 0.094þ0.037
−0.048 ð0.094

þ0.071
−0.082 Þ 0.076� 0.015ð0.076þ0.030

−0.031 Þ

Ωbh
2 0.02230� 0.00027 0.02230� 0.00020 0.02249� 0.00017 0.02250� 0.00014 0.02162� 0.00030 0.02162� 0.00029

Ωch
2 0.1184� 0.0027 0.1184� 0.0011 0.1187� 0.0016 0.11857� 0.00098 0.1167� 0.0043 0.1188� 0.0013

100θMC 1.04103� 0.00053 1.04103� 0.00041 1.04105� 0.00032 1.04106� 0.00029 1.04232� 0.00074 1.04210� 0.00062
ns 0.9678� 0.0080 0.9681� 0.0045 0.9683� 0.0053 0.9687� 0.0040 1.005� 0.016 0.999� 0.012
logð1010AsÞ 3.086� 0.043 3.088� 0.022 3.087� 0.029 3.091� 0.021 3.110� 0.065 3.081� 0.026

H0 67.9� 1.2 67.90� 0.52 67.96� 0.72 68.00� 0.44 68.4� 1.8 67.54� 0.51
σ8 0.824� 0.011 0.8247� 0.0076 0.8247� 0.0088 0.8260� 0.0073 0.844� 0.017 0.837� 0.010

FIG. 4. Values and corresponding 1σ errors of τ obtained
through different combinations of data within ΛCDM. Planck-
2018 (in red) is the only dataset containing temperature and
polarization measurements at large angular scales. TTTEEE þ
lensingþ low-z (in green) provides the most stringent
constraint among the lowE-free datasets considered in this study,
serving as our consensus dataset. ACTðDR4þ DR6Þ þ low-z
(in blue) provides a Planck-independent measurement of this
parameter.

4The 1.8σ shift has been calculated by adopting the so-called
“rule of thumb difference in mean,” which involves comparing
the difference in means of τ for two different datasets to the
quadrature sum of the uncertainties, namely Eq. (40) in
Ref. [148]. This procedure requires marginalizing over many
parameters, possibly introducing volume effects and potentially
washing out tensions or signals in the D-dimensional parameter
space. For this reason, we have tested the global parameter shift in
D ¼ 6 dimensions by adopting the statistical methodology
introduced in Sec. VII of Ref. [149], which is valid for correlated
datasets. Considering different combinations of datasets, we find
that the global shift remains always comparable to the shift in τ,
ensuring that no sensible information is lost.
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identify TTTEEEþ lensingþ low-z (green in the fig-
ure) as our consensus dataset for measuring τ in the absence
of large-scale CMB observations. We choose this combi-
nation as the consensus dataset because it provides the most
constraining result and aligns well with the other lowE-
free data combinations while incorporating a larger amount
of information. Finally, we identify ACTðDR4þ DR6Þ þ
low-z (blue in the figure) as our “safety check” dataset.
While less constraining than our consensus dataset, this
combination of data is entirely Planck independent and
precise enough to double check all the results we will
mention in the subsequent sections.

B. Implications for cosmological parameters

The analysis detailed in the previous subsection con-
firmed that it is indeed possible to obtain measurements of τ
independent of large-scale CMB polarization with a pre-
cision that is competitive and comparable to the latter.
Furthermore, we report that, in the absence lowE and
lowT data, observations show a preference for higher
values of the optical depth at reionization, leading to a shift
in the results whose statistical significance reaches the
level of 1.8 standard deviations for the consensus data-
sets (TTTEEEþ lensingþ low-z).
This shift, of course, has implications for the constraints

obtained on other cosmological parameters. In Fig. 5,
for the three reference datasets identified at the end of
the previous subsection, we show the one-dimensional
marginalized posterior distribution functions and two-
dimensional correlations for all parameters involved in
the analysis. Leaving aside the well-documented shift
[152–160] observed between the results based on Planck
(red and green contours in the figure) and those based on
ACT (blue contours in the figure) our analysis confirms
a global preference of small-scale temperature and
polarization measurements toward larger values of the
amplitude of primordial inflationary fluctuations As. For
our consensus dataset, the constraint on this parameter
reads log ð1010AsÞ ¼ 3.091� 0.021, 1.8σ higher compared
to the result obtained by Planck-2018 [log ð1010AsÞ ¼
3.044� 0.015]. The shift in As (which recast the one in
τ) can be compensated by a corresponding preference for a
lower abundance of cold dark matter in the Universe. This
is clear from the strong negative correlation between Ωch

2

and As in the green contours in Fig. 5 and from the small
shift in the final results (Ωch

2 ¼ 0.11857� 0.00098
from TTTEEEþ lensingþ low-z instead of Ωch

2 ¼
0.1200� 0.0012 from Planck-2018).
All these differences, and most prominently the

increased amplitude of primordial perturbations, produce
higher values of the parameter σ8 which, at 68% CL,
reads σ8 ¼ 0.8260� 0.0073. This value is 1.6σ larger
when compared to the value inferred by Planck-2018 of
σ8 ¼ 0.8111� 0.0061. As a result, excluding lowE and
lowT data seems to further exacerbate the well-known

tension between weak lensing (WL) and CMB experiments
regarding the values of parameters governing the structure
formation in the Universe [161], although very recently
the actual disagreement between these experiments
appears to be the subject of careful reevaluation, see,
e.g., Ref. [162].
On the contrary, excluding lowE and lowT from the

analysis does not appear to significantly reduce the ongoing
tension between Planck [78] and SH0ES [163] regarding
the value of the Hubble constant. From the consensus
dataset, we obtain H0 ¼ 68.00� 0.44 km=s=Mpc, very
slightly shifted in the direction of local measurements.
However, such a shift is not substantial enough to suggest
any involvement of large-scale temperature and polariza-
tion measurements in the Hubble tension.

V. RESULTS FOR EXTENSIONS TO ΛCDM

The results discussed in the previous section prove that,
combining data on temperature and polarization anisotro-
pies at small angular scales with precise reconstructions of
the lensing potential spectrum and low-redshift informa-
tion, it is possible to obtain constraints on the optical depth
at reionization that are competitive with those derived by
E-mode polarization measurements at large angular scales.
However, an important assumption upon which these

constraints are derived is assuming a baseline ΛCDM
model of cosmology. While this framework has undeniably
excelled in explaining many observations, recent tensions
are raising the question of whether it represents the end of
the story or whether we need to introduce some new
physics to restore concordance in cosmological and astro-
physical observations. Just to mention a few concrete
examples, the ongoing tension concerning the value of
the Hubble constant between direct and indirect measure-
ments could potentially reveal a mismatch in our under-
standing of the early- and late-time Universe so that several
theoretical attempts are trying to find a resolution by
introducing new physics in the model either at early or
late times (or even both, see, e.g., Refs. [164–170] for
reviews and discussions). Furthermore, in addition to the
Hubble tension, a few other scattered and less significant
anomalies exist, such as the already mentioned controversy
surrounding the values of the matter cluster parameters
(S8 and σ8) [161] and recent measurements conducted by
the James Webb Space Telescope [171] (JWST) indicating
a higher density of massive galaxies at high redshift than
previously assumed [172–180].5

Even though it is certainly premature to draw definitive
conclusions from these observations, it is not implausible
that, in the near future, cosmology could undergo a new
paradigm shift. Therefore, we believe it is imperative to

5Particularly relevant for this article is the fact that JWST
measurements show an overall disagreement with Planck polari-
zation measurements [181].
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understand to what extent the results derived in the previous
section rely on assuming ΛCDM in the data analysis, as
well as how they change beyond the standard cosmologi-
cal model.
For this reason, we repeat the same analysis performed

for the baseline case, considering the usual array of
extended cosmologies typically analyzed when deriving
constraints beyond ΛCDM [89,126,140,182–185]. These
models include additional parameters featuring new

physics at both early (prior to recombination) and late
(postrecombination) times. We keep in mind that the
overall goal of this section is to study the implications
for reionization—specifically the results on the optical
depth τ—rather than testing new physics. That being said,
we will, however, study the implications for beyond-
ΛCDM parameters.
A summary of the results obtained in extended models

is given in Table IV. Given the large amount of data and

FIG. 5. One-dimensional posterior probability distributions and two-dimensional contours at 68% and 95% CL for the ΛCDM
parameters derived from the three reference datasets indicated in the legend.
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models considered, in this table we report only the results
on τ derived for the consensus dataset (TTTEEEþ
lensingþ low-z), testing them against both Planck-
2018 and the Planck-independent combination ACTðDR4þ
DR6Þ þ low-z. However, in Appendix Awe provide tables
with the full results for all the other data combinations
and parameters considered in this study. We can quickly
visualize the results in Table IV by referring to Figs. 6
and 7. In Fig. 6, we present constraints on the optical depth
at reionization in models beyond ΛCDM, comparing
results obtained from the consensus dataset with those from
the Planck-2108. Meanwhile, in Fig. 7, we illustrate the
two-dimension correlation between τ and the additional
beyond-ΛCDM parameters as obtained by the consensus
dataset and ACTðDR4þ DR6Þ þ low-z.

A. Massive neutrinos

We start our investigation into beyond-ΛCDM models
by considering neutrinos as massive particles and leaving
their total mass

P
mν as a free parameter to be constrained

by data.
In this extension, from our consensus dataset TTTEEEþ

lensingþ low-z, we obtain τ ¼ 0.095� 0.016. This
result can be compared to that obtained from Planck-2018,
which reads τ ¼ 0.0553� 0.0075, and with the Planck-
independent combination ACTðDR4þ DR6Þ þ low-z,
which places a constraint τ ¼ 0.133� 0.034. Including
the mass of neutrinos as an additional parameter leads to a
general increase in uncertainties in determining τ as well as
a further shift toward higher values. This is due to a strong
positive correlation between these two parameters, as
highlighted in Fig. 7. This correlation is particularly
pronounced in the ACTðDR4þ DR6Þ þ low-z as the
temperature and polarization data released by ACT only
cover angular scales l≳ 650, thus lacking data around the
first acoustic peak in the spectrum of temperature anisot-
ropies, which are crucial for partially reducing the corre-
lation between τ and

P
mν.

Regarding the value of the neutrino mass, from the con-
sensus dataset, we obtain

P
mν < 0.228 eV, while con-

sidering ACTðDR4þ DR6Þ þ low-z, we get
P

mν <
0.476 eV (both at a 95% CL). Therefore, despite the
correlation with τ, the total neutrino mass is still well
constrained, primarily due to the addition of information at
low-z and precise lensing spectrum measurements, which
have both proven to be crucial in determining the properties
of eV-scale thermal relics6 [190].
Regarding other cosmological parameters, a closer inspec-

tion of Table V in Appendix A—which contains information
about all the other datasets analyzed in this work—reveals a
general trend toward higher or lower values of σ8 when
including or excluding information at low-z.

TABLE IV. Constraints at 68% CL on τ obtained from Planck-2018, our consensus dataset TTTEEE þ lensingþ low-z, and the
Planck-independent dataset ACTðDR4þ DR6Þ þ low-z across various extended cosmologies.

Optical depth at reionization τ

Model Planck-2018 TTTEEE þ lensingþ low-z ACTðDR4þ DR6Þ þ low-z

ΛCDM 0.0543� 0.0076 0.080� 0.012 0.076� 0.015
ΛCDMþ

P
mν 0.0553� 0.0075 0.095� 0.016 0.133� 0.034

ΛCDMþ Neff 0.0533� 0.0074 0.080� 0.012 0.086� 0.017
ΛCDMþ αs 0.0553� 0.0077 0.079� 0.012 0.055þ0.018

−0.020
ΛCDMþ Ωk 0.0493� 0.0084 0.079� 0.013 0.084� 0.022
wCDM 0.0524� 0.0074 0.090� 0.014 0.098� 0.022
w0waCDM 0.0521� 0.0075 0.074� 0.017 0.076þ0.028

−0.036
ΛCDMþ Alens 0.0491þ0.0084

−0.0074
0.099� 0.034 0.133� 0.034

FIG. 6. Values and corresponding 1σ errors of τ obtained from
Planck-2018 (in red) and our consensus dataset TTTEEE þ
lensingþ low-z (in green) in different extended models of
cosmology.

6Notice that late-time-only constraints on the total neutrino
mass can be even stronger than early-time constraints in certain
extended cosmologies [119,155,186–189].
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B. Relativistic degrees of freedom

The next step always involves modifications to the
neutrino sector. In particular, we focus on the effective
number of relativistic degrees of freedom at recombination,
Neff . Within the Standard Model of particle physics, this
parameter is predicted to be Neff ≃ 3.04. However, our
analysis treats it as a free parameter in the cosmological
model to be constrained by data.
In this case, the result obtained from the consensus

dataset (τ ¼ 0.080� 0.012) is identical to the one obtained
within the standard cosmological model and so are the
general conclusions. In contrast, the value obtained
from ACTðDR4þ DR6Þ þ low-z shows a slight shift to
larger values, accompanied by an increase in uncertain-
ties: τ ¼ 0.086� 0.017.
Regarding the value of Neff obtained trough TTTEEEþ

lensingþ low-z, we get Neff ¼ 2.95� 0.16 (see also
Table VI in Appendix A), in excellent agreement with the
baseline value. On the other hand, as is well known, ACT
favors a lower amount of radiation in the early Universe,
typically resulting in an anomaly in the value of Neff at
approximately 2.5σ [82,157,159]. However, it is worth
noting that the ACT-based constraint reads Neff ¼
2.65� 0.27. Therefore, by constraining τ independently
from Planck, the disagreement of ACTwith the predictions
of the Standard Model is reduced from 2.5 to 1.5 standard
deviations. This is due to a combined effect of increased
uncertainties and a genuine shift in the central value of this
parameter.

C. Running of inflationary perturbations

We include the running of the spectral index, αs ¼
dns=d log k, in the cosmological model. In this case, the
results for τ from TTTEEEþ lensingþ low-z mea-
surements are τ ¼ 0.079� 0.012, practically identical to
ΛCDM. On the other hand, the constraints based on ACT
measurements are τ ¼ 0.055þ0.018

−0.020 . Despite the consider-
able uncertainties, the central value of the optical depth at
reionization in this case appears to be closer to the Planck-
2108 results (τ ¼ 0.0553� 0.0077). This shift to smaller
values is attributed to the anticorrelation between τ and αs
depicted in Fig. 7. The well-known preference of ACT for
positive values of the latter [82,157,159,191] pushes τ

toward lower values.

This is also confirmed by looking at the results in
Appendix A, Table VII. As one can notice, from the con-
sensus dataset we measure αs ¼ 0.0018� 0.0080, in per-
fect agreement with α ¼ 0. Instead, from ACTðDR4þ
DR6Þ þ low-z, we have α ¼ 0.069� 0.025, confirming
a general preference for α > 0 at ∼2.8σ.

D. Curvature

Allowing Ωk to vary in the model, from the consensus
dataset, once again, the constraints obtained for the optical
depth at reionization are practically identical to those
obtained in ΛCDM: τ ¼ 0.079� 0.013. This confirms
the robustness of this measurement when extending the
cosmological model. Conversely, for ACTðDR4þ DR6Þþ
low-z, we obtain τ ¼ 0.084� 0.022, i.e., significantly
larger uncertainty margins compared to those obtained in
the standard case.
Regarding the parameter Ωk, the inclusion of low-z

data and precise lensing spectrum measurements impose
strong constraints on this parameter and all combinations of
data presented in Appendix A, Table VIII show excellent
agreement with a flat Universe Ωk ¼ 0.

E. Dynamical and nondynamical dark energy

Now, we turn our attention to the study of extensions
related to the DE sector of the theory. In this case, we
examine two different extensions.
First, we consider the wCDM model, where we general-

ize the cosmological constant Λ to the case where DE is
described by a nondynamical (i.e., time-independent)
equation of state w. In this case, from TTTEEEþ
lensingþ low-z, we obtain a significantly higher value
for the optical depth at reionization, τ ¼ 0.090� 0.014,
together with a slight increase in uncertainty. A similar
pattern is also observed by ACTðDR4þ DR6Þ þ low-z,
yielding τ ¼ 0.098� 0.022. Because of the broader error
bars, these results do not exacerbate the difference with the
results obtained from Planck-2018 (τ ¼ 0.0524� 0.0074).
However, it is worth noting that this shift is due to the
positive correlation between τ and w, as documented in
some previous works [143]. In particular, when the
equation of state is allowed to vary, higher (lower) values
of τ shift the results for w in the direction of quintessential
(phantom) DE. This is evident from the two-dimensional
correlations shown in Fig. 7 and is corroborated by the

FIG. 7. Two-dimensional correlations between τ and beyond-ΛCDM parameters.
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results in Appendix A, Table IX. Specifically, both for the
consensus dataset (w ¼ −0.967� 0.027) and for the con-
straints based on ACT (w ¼ −0.951� 0.032), we observe
a shift toward w > −1 by 1.2σ and 1.53σ, respectively.
Second, we consider a dynamic parametrization for the

equation of state, meaning that the value of w is allowed to
vary with the scale factor a. In particular, we adopt the
Chevallier-Polarski-Linder parametrization [192,193],

wðaÞ ¼ w0 þ wað1 − aÞ; ð2Þ

where w0 is the present value wða ¼ 1Þ, and wa is another
free parameter such that dw=d lnð1þ zÞjz¼1

¼ wa=2.
Notice that the corresponding cosmological model is
labeled as w0waCDM. In this model (which has, therefore,
eight free parameters), we obtain τ ¼ 0.074� 0.017 for
TTTEEEþ lensingþ low-z and τ ¼ 0.076þ0.028

−0.036 for
ACTðDR4þ DR6Þ þ low-z. Both datasets show a slight
shift toward lower values of τ, although the amplified error
bars make this shift not statistically significant. Regarding
the correlation between τ, w0, and wa, Fig. 7 shows that in
this case τ and w0 become anticorrelated and increasing τ

shifts the results toward w0 < −1. Conversely, τ and wa

exhibit a strong positive correlation, and positive values of
wa are only allowed if they result in large values of τ.
Looking at the results in Appendix A, Table X, it is also
interesting to note that constraints on w0 show a preference
in favor of w0 > −1 with a statistical significance ranging
between 1.5 and 2 standard deviations. In particular,
this holds true for TTTEEEþ lensingþ low-z
(from which we obtain w0 ¼ −0.880� 0.062) and for
ACTðDR4þ DR6Þ þ low-z (from which we obtain w0 ¼
−0.891� 0.067). Notably, the preference for w0 > −1 is
accompanied by an inclination toward a dynamic nature of
the equation of state only in TTTEEEþ lensingþ
low-z where it translates into a constraint wa ¼ −0.41�
0.27 (i.e., wa ≠ 0 at 1.5σ). Instead, for ACTðDR4þ
DR6Þ þ low-z, wa ¼ −0.36� 0.34 is consistent with
the nondynamical case essentially within 1 standard
deviation.

F. Lensing amplitude

We conclude the analysis of the extended models by
revisiting the parameter Alens, whose physical implications
have been extensively described in Sec. II.
Our results once again confirm that, in absence of large-

scale data, Alens is the parameter with the most significant
impact on τ. In particular, the constraint on the optical
depth to reionization obtained from the consensus dataset
essentially becomes inconclusive: τ ¼ 0.099� 0.034,
and the error bars become too wide to draw meaningful
conclusions. The same argument applies to the result
obtained for ACTðDR4þ DR6Þ þ low-z, which yields τ ¼
0.083þ0.033

−0.046 at the 68% CL, while only an upper bound can

be derived for the same parameter within the 95% CL
(τ < 0.146). However, all the datasets are in excellent
agreement with Alens ¼ 1, see also Appendix A, Table XI.
Overall, the analysis performed in this section demon-

strates that, when extending the cosmological model,
obtaining precise measurements of τ without lowE data
may become a significantly more challenging endeavor
than in the standard cosmological model. Looking on the
bright side, for the consensus dataset, the result obtained
within ΛCDM remains stable in the majority of the
extended cosmologies. However, we observe a few excep-
tions when considering Alens,

P
mν, and extensions related

to DE. In these latter cases, the correlation between τ and
the other parameters can lead to significant shifts as well
as to a general loss of precision. Furthermore, it is worth
highlighting that all observed shifts systematically tend
toward higher values of τ than those obtained when
including lowE. This frequently reflects in the constraints
on other beyond-ΛCDM parameters. Hence, remaining
agnostic about Planck polarization measurements at large
angular scales, we can certainly conclude that an overall
calibration of τ is crucial when studying extended cosmol-
ogies and, in general, theoretical models more complex
than ΛCDM.

VI. CONCLUSIONS

The observational constraints on the optical depth at
reionization τ have changed quite significantly over time
due to a better understanding of foreground contamination
and improved data accuracy. The state-of-the-art bounds
derived by the Planck Collaboration represent a culmina-
tion, allowing us to determine this parameter with a relative
precision of ∼14%.
However, it should be noted that the Planck constraints

on τ are widely based on E-mode polarization measure-
ments at l ≤ 30 (i.e., lowE data). Relying so much on one
single dataset can be imprudent, especially considering the
challenges in obtaining precise CMB measurements at
large angular scales. As well known, low-multipole temper-
ature data (i.e., lowT data) show unexpected features
and correlations for multipoles l < 10, whereas the CTE

l

spectrum exhibits excess variance compared to simulations
at l≲ 20, exactly the scales the signal should be dominated
by the optical depth at reionization.
Similarly, when evaluating large-scale E-mode polari-

zation measurements (i.e., the lowE data), it becomes
crucial to assess their robustness as well as their consis-
tency with other datasets. In Sec. II, we highlight five
independent reasons why we believe a degree of caution is
advisable when dealing with lowE data. First and fore-
most, it is a fact that the amplitude of the spectrum of
E-mode polarization at l ≤ 30 is extremely small, on the
order of 10−3 − 10−2 μK2, bringing the signal close to the
experimental sensitivity. This makes any statistical fluc-
tuation or lack of understanding of the foreground
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potentially crucial for the measurement of τ. Additionally,
when excluding lowE (and possibly lowT) data from the
analysis, τ consistently shows correlations with anomalous
parameters such as the lensing amplitude Alens, the curva-
ture parameter Ωk, and the dark energy equation of state w.
These correlations systematically suggest that slightly
higher values of the optical depth τ ∼ 0.07–0.08 could
significantly alleviate or even eliminate all anomalies
encountered in the Planck data when extending the cos-
mological model (see also Figs. 2 and 3). Finally, when
considering Planck-independent experiments probing small
scales in the CMB, (Planck-based) priors for τ are usually
assumed, as it is believed a priori that it is not possible to
constrain this parameter without large-scale temperature
and polarization data.
All these arguments emphasize the need to to obtain

competitive measurements of the optical depth at reioniza-
tion without relying on large-scale CMB data that could be
used to cross-check the state-of-the-art results and dispel
any doubts about using large-scale CMB measurements.
In this paper we have extensively studied this possibility

by using different combinations of Planck and ACT temper-
ature and polarization data at l > 30, Planck and ACT
reconstructions of the lensing potential, baryon acoustic
oscillation measurements from BOSS and eBOSS surveys,
and type-Ia supernova data from the Pantheonþ sample.
For the ΛCDM model, our results can be found in

Table III and Figs. 4 and 5. The most relevant conclusions
are as follows:

(i) Considering CMB measurements at l > 30 and
local Universe probes, we can achieve constraints
on τ that are independent from large-scale temper-
ature and polarization measurements. From
TTTEEEþ lensingþ low-z (identified as the
consensus dataset), we obtain the most constraining
result τ ¼ 0.080� 0.012. This result conclusively
demonstrates that not only is it possible to measure
τ without large-scale CMB data, but also that the
relative precision remains comparable to the con-
straints based on large-scale E-mode polariza-
tion (τ ¼ 0.054� 0.008).

(ii) The results on τ derived considering only Planck
data at l > 30 show a trend toward slightly larger
values of τ compared to those derived including
measurements at l ≤ 30. In particular, for the
consensus dataset, we report a 1.8σ shift toward
larger values of τ ∼ 0.08. This tiny shift is confirmed
by different Planck likelihoods that employ diverse
techniques for handling foregrounds and reducing
noise at small scales, such as plik, CamSpec, and
HiLLiPoP, see also Appendix B.

(iii) The shift toward significantly larger τ can have mild
to moderate implications for other cosmological
parameters and tensions. On the one hand, as we

argued in Sec. II, larger values τ ∼ 0.07, 0.08 can
help alleviate anomalies observed in the Planck data,
most notably the lensing and curvature anomalies.
On the other hand, in Sec. IV, we point out that the
1.8σ shift in the value of τ observed excluding large-
scale CMB data is responsible for a 1.8σ shift toward
higher values of the amplitude of primordial infla-
tionary perturbations As compared to Planck-2018
and consequently to higher values of the parameter
σ8, possibly exacerbating the difference between
CMB and WL surveys.

(iv) Notably, using only ACT-based temperature,
polarization, and lensing data in combination with
local Universe measurements, from the dataset
ACTðDR4þ DR6Þ þ low-z, we can derive an in-
dependent measurement τ ¼ 0.076� 0.015, which
does not rely on Planck. The relative precision of
this result is competitive with the value extracted
from Planck (both with and without considering
large-scale polarization). Therefore, not only is it
possible to constrain τ with small-scale CMB data,
but also it is possible to obtain independent mea-
surements from ACT without a need to consider
Planck-based priors on this parameter, as commonly
done in the literature.

(v) Planck-independent measurement of τ based on
small-scale data confirms the overall preference
toward slightly larger values, lending weight to
the robustness of the determination of this parameter
without large-scale data.

Finally, in Sec. V, we have tested how the results change
by extending the cosmological model. Considering the
usual array of extended cosmologies typically analyzed
when deriving constraints beyond ΛCDM, we find the
following:

(i) Considering the effective number of relativistic
degrees of freedom in the early Universe Neff , the
spectral index running αs, and the curvature density
parameter Ωk as free parameters, the constraints on τ
remain largely consistent with those inferred within
the standard cosmological model. The inclusion of
these additional parameters does not alter the results
derived within ΛCDM from small-scale CMB data
(both alone and in conjunction with low-redshift
data), nor does it compromise the precision of
measurements obtained.

(ii) In contrast, obtaining precise measurements of τ

may become significantly more challenging when
considering the total neutrino mass

P
mν or the

lensing amplitude Alens as free parameters, as well as
in extensions involving modifications to the dark
energy sector of the theory.

We refer to Table IV and Fig. 6 for a summary of the
results.
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APPENDIX A: TABLES WITH FULL RESULTS

TABLE V. Results at 68% (95%) CL on cosmological parameters obtained within ΛCDMþ
P

mν.

Parameter TTþ lensing TTþ lensingþ low-z TTTEEEþ lensing TTTEEEþ lensingþ low-z ACTðDR4þ DR6Þ ACTðDR4þ DR6Þ þ low-z

τreio 0.088� 0.025ð0.088þ0.050
−0.049 Þ 0.100� 0.019ð0.100þ0.042

−0.040 Þ 0.092� 0.018ð0.092þ0.034
−0.035 Þ 0.095� 0.016ð0.095þ0.034

−0.033 Þ 0.113þ0.041
−0.047 ð0.113

þ0.082
−0.086 Þ 0.133� 0.034ð0.133þ0.072

−0.071 ÞP
mν ½eV� <0.470 <0.275 <0.441 <0.228 <0.863 <0.476

Ωbh
2 0.02220� 0.00028 0.02239� 0.00021 0.02244� 0.00017 0.02254� 0.00014 0.02150� 0.00031 0.02158� 0.00030

Ωch
2 0.1192� 0.0027 0.1171� 0.0014 0.1189� 0.0016 0.1178� 0.0011 0.1191� 0.0047 0.1153� 0.0023

100θMC 1.04086� 0.00054 1.04117� 0.00043 1.04096� 0.00033 1.04112� 0.00029 1.04193� 0.00077 1.04239� 0.00063
ns 0.9654� 0.0083 0.9717� 0.0051 0.9674� 0.0054 0.9709� 0.0043 1.001� 0.016 1.011� 0.014
logð1010AsÞ 3.108� 0.044 3.127� 0.035 3.115� 0.032 3.119� 0.028 3.149� 0.068 3.180� 0.058

H0 65.9� 1.7 67.66� 0.54 66.4� 1.2 67.69� 0.49 63.9� 2.6 67.05� 0.57
σ8 0.793þ0.026

−0.024
0.815� 0.010 0.798þ0.023

−0.020
0.8179� 0.0095 0.775� 0.035 0.819� 0.015

TABLE VI. Results at 68% (95%) CL on cosmological parameters obtained within ΛCDM þ Neff .

Parameter TTþ lensing TTþ lensingþ low-z TTTEEEþ lensing TTTEEEþ lensingþ low-z ACTðDR4þ DR6Þ ACTðDR4þ DR6Þ þ low-z

τreio 0.072þ0.022
−0.053 ð<0.136Þ 0.078� 0.013ð0.078þ0.025

−0.025 Þ 0.073� 0.017ð0.073þ0.034
−0.033 Þ 0.080� 0.012ð0.080þ0.023

−0.023 Þ <0.0624ð<0.117Þ 0.086� 0.017ð0.086þ0.034
−0.033 Þ

Neff 2.93� 0.39 3.03� 0.21 2.87� 0.20 2.95� 0.16 2.26� 0.38 2.65� 0.27
Ωbh

2 0.02218� 0.00055 0.02229� 0.00022 0.02231� 0.00026 0.02243� 0.00018 0.02091� 0.00046 0.02129� 0.00037

Ωch
2 0.1173� 0.0037 0.1182� 0.0036 0.1165� 0.0029 0.1170� 0.0028 0.1094� 0.0051 0.1118� 0.0049

100θMC 1.04117� 0.00057 1.04107� 0.00058 1.04130� 0.00044 1.04125� 0.00043 1.04320� 0.00089 1.04288� 0.00083
ns 0.962� 0.024 0.9673� 0.0077 0.960� 0.010 0.9654� 0.0067 0.949� 0.030 0.981� 0.018
logð1010AsÞ 3.071þ0.076

−0.086
3.086� 0.022 3.071� 0.034 3.088� 0.021 3.006þ0.063

−0.079
3.082� 0.026

H0 67.0þ4.1
−4.7

67.8� 1.3 66.6� 1.7 67.4� 1.1 61.5þ3.5
−4.0

65.4� 1.5

σ8 0.818þ0.029
−0.033

0.824� 0.010 0.816� 0.014 0.8222� 0.0095 0.792þ0.026
−0.031

0.823� 0.014

TABLE VII. Results at 68% (95%) CL on cosmological parameters obtained within ΛCDM þ αs.

Parameter TTþ lensing TTþ lensingþ low-z TTTEEEþ lensing TTTEEEþ lensingþ low-z ACTðDR4þ DR6Þ ACTðDR4þ DR6Þ þ low-z

τreio 0.072þ0.026
−0.031 ð0.072

þ0.051
−0.055 Þ 0.077� 0.013ð0.077þ0.025

−0.025 Þ 0.077� 0.016ð0.077þ0.032
−0.032 Þ 0.079� 0.012ð0.079þ0.024

−0.023 Þ <0.0569ð<0.103Þ 0.055þ0.018
−0.020 ð0.055

þ0.035
−0.037 Þ

αs 0.006� 0.010 0.0059� 0.0094 0.0019� 0.0080 0.0018� 0.0080 0.071� 0.025 0.069� 0.025
Ωbh

2 0.02218� 0.00033 0.02222� 0.00023 0.02247� 0.00018 0.02249� 0.00015 0.02131� 0.00032 0.02133� 0.00031

Ωch
2 0.1189� 0.0027 0.1184� 0.0011 0.1187� 0.0016 0.11855� 0.00099 0.1201þ0.0039

−0.0033
0.1191� 0.0013

100θMC 1.04094� 0.00054 1.04100� 0.00042 1.04104� 0.00033 1.04106� 0.00029 1.04217� 0.00070 1.04227� 0.00063
ns 0.9671� 0.0077 0.9683� 0.0043 0.9684� 0.0054 0.9690� 0.0042 0.968� 0.018 0.971� 0.016
logð1010AsÞ 3.074� 0.046 3.082� 0.024 3.085� 0.029 3.090� 0.022 3.025þ0.047

−0.060
3.037� 0.030

H0 67.6� 1.3 67.80� 0.53 67.92� 0.73 68.00� 0.45 66.9þ1.3
−1.6

67.25� 0.52

σ8 0.822� 0.011 0.8243� 0.0076 0.8246� 0.0086 0.8260� 0.0074 0.824þ0.013
−0.016

0.827� 0.011
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TABLE VIII. Results at 68% (95%) CL on cosmological parameters obtained within ΛCDMþ Ωk.

Parameter TTþ lensing TTþ lensingþ low-z TTTEEEþ lensing TTTEEEþ lensingþ low-z ACTðDR4þ DR6Þ ACTðDR4þ DR6Þ þ low-z

τreio 0.093þ0.032
−0.070 ð<0.172Þ 0.078� 0.016ð0.078þ0.031

−0.031 Þ 0.093þ0.039
−0.055 ð<0.163Þ 0.079� 0.013ð0.079þ0.025

−0.024 Þ <0.151ð< 0.252Þ 0.084� 0.022ð0.084þ0.045
−0.043 Þ

Ωk 0.003þ0.014
−0.012

0.0002� 0.0025 0.003þ0.014
−0.012

0.0004� 0.0018 0.002þ0.025
−0.021

−0.0015� 0.0036

Ωbh
2 0.02232� 0.00026 0.02230� 0.00025 0.02249� 0.00016 0.02249� 0.00016 0.02163� 0.00031 0.02162� 0.00029

Ωch
2 0.1183� 0.0025 0.1185� 0.0023 0.1187� 0.0016 0.1188� 0.0015 0.1166� 0.0046 0.1174� 0.0036

100θMC 1.04102� 0.00052 1.04100� 0.00050 1.04104� 0.00033 1.04103� 0.00031 1.04229� 0.00075 1.04226� 0.00071
ns 0.9687� 0.0078 0.9677� 0.0069 0.9690� 0.0053 0.9682� 0.0050 1.006� 0.017 1.003� 0.015
logð1010AsÞ 3.116� 0.091 3.086� 0.026 3.118� 0.083 3.090� 0.022 3.16þ0.15

−0.17
3.092� 0.035

H0 70.4� 6.6 67.94� 0.59 70.5� 6.2 68.09� 0.59 72� 10 67.38� 0.63
σ8 0.838� 0.043 0.8247� 0.0077 0.840� 0.040 0.8265� 0.0077 0.867� 0.075 0.837� 0.010

TABLE IX. Results at 68% (95%) CL on cosmological parameters obtained within wCDM.

Parameter TTþ lensing TTþ lensingþ low-z TTTEEEþ lensing TTTEEEþ lensingþ low-z ACTðDR4þ DR6Þ ACTðDR4þ DR6Þ þ low-z

τreio 0.072þ0.026
−0.040 ð<0.128Þ 0.095� 0.018ð0.095þ0.035

−0.034 Þ 0.073þ0.023
−0.029 ð0.073

þ0.052
−0.050 Þ 0.090� 0.014ð0.090þ0.028

−0.028 Þ 0.084þ0.029
−0.059 ð<0.160Þ 0.098� 0.022ð0.098þ0.043

−0.041 Þ

w −1.27� 0.40 −0.957� 0.030 −1.27� 0.40 −0.967� 0.027 −1.33þ0.42
−0.48 −0.951� 0.032

Ωbh
2 0.02228� 0.00027 0.02244� 0.00022 0.02248� 0.00017 0.02257� 0.00015 0.02162� 0.00030 0.02165� 0.00030

Ωch
2 0.1186� 0.0026 0.1168� 0.0016 0.1188� 0.0016 0.1176� 0.0012 0.1173� 0.0041 0.1166� 0.0019

100θMC 1.04100� 0.00052 1.04123� 0.00044 1.04103� 0.00032 1.04116� 0.00030 1.04226� 0.00075 1.04230� 0.00062
ns 0.9674� 0.0079 0.9726� 0.0056 0.9679� 0.0053 0.9714� 0.0046 1.004� 0.015 1.005� 0.013
logð1010AsÞ 3.075þ0.056

−0.065
3.117� 0.031 3.077þ0.045

−0.053
3.109� 0.026 3.092þ0.073

−0.085
3.118� 0.037

H0 77
þ20

−8
67.30� 0.65 77

þ20

−8
67.40� 0.66 >72.9 66.87� 0.67

σ8 0.89� 0.10 0.8191� 0.0084 0.89� 0.10 0.8210� 0.0084 0.93þ0.13
−0.11

0.832� 0.011

TABLE X. Results at 68% (95%) CL on cosmological parameters obtained within w0waCDM.

Parameter TTþ lensing TTþ lensingþ low-z TTTEEEþ lensing TTTEEEþ lensingþ low-z ACTðDR4þ DR6Þ ACTðDR4þ DR6Þ þ low-z

τreio 0.069þ0.025
−0.040 ð< 0.123Þ 0.073þ0.023

−0.027 ð0.073
þ0.048
−0.049 Þ 0.070þ0.022

−0.027 ð0.070
þ0.049
−0.047 Þ 0.074� 0.017ð0.074þ0.034

−0.033 Þ 0.082þ0.026
−0.060 ð< 0.156Þ 0.076þ0.028

−0.036 ð0.076
þ0.057
−0.062 Þ

w0 −0.95� 0.67 −0.881� 0.065 −0.97� 0.66 −0.880� 0.062 −1.02� 0.64 −0.891� 0.067
wa <− 0.334 −0.41� 0.32 <− 0.336 −0.41� 0.27 <− 0.421 −0.36� 0.34
Ωbh

2 0.02227� 0.00027 0.02229� 0.00024 0.02248� 0.00017 0.02248� 0.00016 0.02162� 0.00029 0.02162� 0.00029

Ωch
2 0.1187� 0.0026 0.1186� 0.0021 0.1188� 0.0016 0.1188� 0.0014 0.1173� 0.0041 0.1187� 0.0027

100θMC 1.04097� 0.00052 1.04099� 0.00047 1.04103� 0.00032 1.04103� 0.00031 1.04227� 0.00073 1.04208� 0.00065
ns 0.9671� 0.0078 0.9673� 0.0066 0.9680� 0.0053 0.9680� 0.0049 1.004� 0.016 0.9998� 0.014
logð1010AsÞ 3.069þ0.055

−0.064
3.078� 0.041 3.072þ0.042

−0.049
3.081� 0.031 3.088þ0.072

−0.085
3.080� 0.050

H0 75
þ20

−8
67.38� 0.68 75

þ20

−6
67.50� 0.66 >70.4 67.02� 0.68

σ8 0.87� 0.12 0.8197� 0.0085 0.88� 0.12 0.8211� 0.0083 0.92þ0.15
−0.13

0.833� 0.011

TABLE XI. Results at 68% (95%) CL on cosmological parameters obtained within ΛCDM þ Alens.

Parameter TTþ lensing TTþ lensingþ low-z TTTEEEþ lensing TTTEEEþ lensingþ low-z ACTðDR4þ DR6Þ ACTðDR4þ DR6Þ þ low-z

τreio <0.116ð<0.177Þ 0.099� 0.034ð0.099þ0.065
−0.070 Þ <0.113ð<0.174Þ 0.099� 0.034ð0.099þ0.064

−0.069 Þ <0.150ð<0.327Þ 0.083þ0.033
−0.046 ð<0.146Þ

Alens 0.985� 0.099 0.958� 0.069 0.982� 0.096 0.959� 0.068 0.98þ0.22
−0.19

0.989� 0.078

Ωbh
2 0.02232� 0.00027 0.02228� 0.00020 0.02249� 0.00017 0.02248� 0.00014 0.02164� 0.00030 0.02161� 0.00029

Ωch
2 0.1181� 0.0026 0.1185� 0.0012 0.1186� 0.0016 0.11869� 0.00099 0.1157� 0.0044 0.1188� 0.0014

100θMC 1.04105� 0.00053 1.04100� 0.00042 1.04105� 0.00033 1.04104� 0.00029 1.04240� 0.00074 1.04210� 0.00063
ns 0.9692� 0.0078 0.9681� 0.0045 0.9690� 0.0054 0.9688� 0.0041 1.007� 0.016 0.999� 0.013
logð1010AsÞ 3.110� 0.099 3.128� 0.068 3.111� 0.096 3.130� 0.067 3.17þ0.18

−0.26
3.095� 0.072

H0 68.0� 1.2 67.84� 0.53 67.98� 0.72 67.94� 0.45 68.8� 1.8 67.54� 0.52
σ8 0.834� 0.041 0.842� 0.029 0.835þ0.042

−0.047
0.844� 0.028 0.870þ0.080

−0.11
0.844� 0.030
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APPENDIX B: RESULTS FROM ALTERNATIVE

HIGH-l PLANCK LIKELIHOODS

In this paper, we have examined the possibility of
measuring the optical depth at reionization τ using small-
scale CMB data, either alone or in conjunction with low-
redshift probes. We focused on two independent CMB
experiments, Planck and ACT. For Planck, our results are
based exclusively on the analysis of temperature and
polarization spectra from the plik likelihood. We chose
plik partly because it is the baseline likelihood used in the
Planck-2018 papers and partly because it is widely adopted
in the literature, enabling a direct comparison with other
studies. However, over the years, the Planck data have been
the subject of reanalyses. Specifically, as mentioned in
Sec. III, the recent Planck PR4 NPIPE CMB map [93] in-
corporates several improvements, accounting for more sky
area at high frequencies and addressing several enhance-
ments in the processing of time-ordered data. This has led
to a significant reduction in small-scale noise compared to
plik. Following these overall improvements, novel like-
lihoods for temperature and polarization anisotropy spectra
have been released [150,151], enhancing constraints on
cosmological parameters, sometimes up to 10%. Further-
more, these alternative likelihoods often employ different
methods for foreground removal. All these aspects, par-
ticularly the reduced noise on a small scale and advance-
ments in foreground modeling, can have significant
implications for the constraints on τ.
In this appendix, assuming a standard ΛCDM model of

cosmology, we study what kinds of constraints we can

derive from small-scale data using alternative Planck like-
lihoods extracted from the NPIPE maps. Specifically, we
consider the following two likelihoods:

(i) CamSpec [150], based on high-lCMB temperature
and polarization power spectra derived from the
Planck PR4 NPIPE maps. We will refer to
CamSpec-TT when we include only high-l tem-
perature data and CamSpec-TTTEEE when we use
both high-l temperature and polarization data.

(ii) HiLLiPoP [151], always based on high-lCMB
temperature and polarization power spectra derived
from the Planck PR4 NPIPE maps, but it relays on
physical modeling of the foreground residuals in the
spectral domain. We will refer to HiLLiPoP-TT

when we use only high-l temperature data and
HiLLiPoP-TTTEEE when including high-l
polarization measurements, too.

Notice that these two likelihoods will always be used in
combination with the lensing likelihood as well as
low-z data, both detailed in Sec. III.
The results for all the six cosmological parameters based

on the CamSpec likelihood are summarized in Table XII.
The results obtained from HiLLiPoP are given in
Table XIII.
Considering only small-scale temperature anisotropies

along with low-redshift data, we obtain τ ¼ 0.079� 0.012
for CamSpec� TTþ lensingþ low-z and τ ¼
0.077� 0.012 for HiLLiPoP� TTþ lensingþ
low-z. These results can be compared with those inferred
from plik� TTþ lensingþ low-z, which yield

TABLE XII. Constraints at 68% (95%) CL on cosmological parameters obtained within the ΛCDM model of cosmology by different
datasets involving temperature and polarization measurements from Planck likelihood CamSpec.

Parameter CamSpec� TTþ lensing CamSpec� TTþ lensingþ low-z CamSpec� TTTEEEþ lensing CamSpec� TTTEEEþ lensingþ low-z

τreio 0.083� 0.025ð0.083þ0.049
−0.048 Þ 0.079� 0.012ð0.079þ0.024

−0.024 Þ 0.069� 0.015ð0.069þ0.029
−0.029 Þ 0.075� 0.011ð0.075þ0.023

−0.022 Þ

Ωbh
2 0.02230� 0.00027 0.02225� 0.00019 0.02224� 0.00015 0.02229� 0.00013

Ωch
2 0.1176� 0.0026 0.1181� 0.0011 0.1192� 0.0014 0.11862� 0.00092

100θMC 1.04109� 0.00047 1.04101� 0.00037 1.04080� 0.00026 1.04087� 0.00024
ns 0.9682� 0.0083 0.9665� 0.0048 0.9646� 0.0048 0.9664� 0.0040
logð1010AsÞ 3.093� 0.044 3.086� 0.023 3.068� 0.027 3.079� 0.021

H0 68.2� 1.2 67.93� 0.51 67.49� 0.62 67.74� 0.41
σ8 0.824� 0.012 0.8229� 0.0077 0.8184� 0.0083 0.8215� 0.0073

TABLE XIII. Constraints at 68% (95%) CL on cosmological parameters obtained within the ΛCDMmodel of cosmology by different
datasets involving temperature and polarization measurements from the Planck likelihood HiLLiPoP.

Parameter HiLLiPoP� TTþ lensing HiLLiPoP� TTþ lensingþ low-z HiLLiPoP� TTTEEEþ lensing HiLLiPoP� TTTEEEþ lensingþ low-z

τreio 0.076� 0.024ð0.076þ0.046
−0.046 Þ 0.077� 0.012ð0.077þ0.025

−0.023 Þ 0.073� 0.014ð0.073þ0.028
−0.028 Þ 0.076� 0.011ð0.076þ0.023

−0.022 Þ

Ωbh
2 0.02224� 0.00025 0.02224� 0.00019 0.02230� 0.00014 0.02232� 0.00012

Ωch
2 0.1185� 0.0025 0.1184� 0.0011 0.1186� 0.0013 0.11839� 0.00089

100θMC 1.04097� 0.00048 1.04099� 0.00038 1.04082� 0.00027 1.04085� 0.00025
ns 0.9660� 0.0076 0.9662� 0.0044 0.9679� 0.0044 0.9686� 0.0034
logð1010AsÞ 3.077� 0.042 3.078� 0.022 3.073� 0.025 3.078� 0.020

H0 67.8� 1.1 67.81� 0.50 67.76� 0.59 67.85� 0.40
σ8 0.820� 0.011 0.8208� 0.0074 0.8189� 0.0079 0.8208� 0.0070
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τ ¼ 0.079� 0.013. Apart from a marginal reduction in
uncertainties, we note that the results remain consistent
across all likelihoods. When we include small-scale polari-
zation data, the values become τ ¼ 0.075� 0.011 for
CamSpec� TTTEEEþ lensingþ low-z and τ ¼
0.076� 0.011 for HiLLiPoP� TTTEEEþ lensingþ
low-z. Once again, these results demonstrate full consis-
tency. They can be compared with the previously obtained
results for plik� TTTEEEþ lensingþ low-z,
which yield τ ¼ 0.080� 0.012. In this case, we can
speculate that the improved treatment of small-scale polari-
zation spectra leads to a slight shift toward values of
τ ∼ 0.075 rather than τ ∼ 0.080. However, such a shift in

the mean value is statistically insignificant compared to the
uncertainty and does not produce substantial differences in
the conclusions we derived in the main paper.
Therefore, we conclude this appendix by emphasizing

once again how small-scale temperature and polarization
data, along with lensing observations and low-redshift
probes, can provide independent constraints on the optical
depth to reionization that do not rely on large-scale E-mode
measurements. These results remain consistent across
different experiments (Planck and ACT) and among differ-
ent likelihoods (within the same experiment) that employ
diverse techniques for handling foregrounds, such as
plik, CamSpec, and HiLLiPoP.
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[155] E. Di Valentino, W. Giarè, A. Melchiorri, and J. Silk, Phys.

Rev. D 106, 103506 (2022).
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[157] W. Giarè, F. Renzi, O. Mena, E. Di Valentino, and A.

Melchiorri, Mon. Not. R. Astron. Soc. 521, 2911 (2023).
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