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Planck ’s Cosmic Microwave Background temperature and polarization observations are the pre-
mier dataset for constraining cosmological models. Cosmic variance limited temperature at large
and intermediate scales today dominates the constraints; polarization provides additional constrain-
ing power and further scrutiny of the models. To complete this picture from Planck, ground-based
experiments, such as the Atacama Cosmology Telescope (ACT ) and the South Pole Telescope (SPT )
continue to add temperature and polarization measurements at small scales, allowing for the ex-
traction of competitive cosmological constraints from the TE and EE power spectra. Matching at
the same time all these stringent probes is a key challenge and validation step for any cosmological
model. In particular, ΛCDM requires a tight consistency between the temperature and polarization
measurements. In this paper, we present a number of methods to identify and quantify possible
inconsistencies between temperature and polarization, we apply them to the latest Planck, ACT
and SPT data and find no evidence for a deviation from ΛCDM. Application of these methods will
have increased importance for future, more constraining CMB data.

I. INTRODUCTION

Our current, most precise estimates of cosmological pa-
rameters have been achieved with observations of Cosmic
Microwave Background (CMB) temperature and polar-
ization anisotropies [1–4], in particular with large and in-
termediate angular scales measured by the Planck satel-
lite [5] and data at finer resolution from the Atacama
Cosmology Telescope (ACT ) [6] and the South Pole Tele-
scope (SPT ) [3]. These are de facto state-of-the-art lim-
its on cosmological models and the data have significant
power for ruling in or out cosmological scenarios over a
wide range of scales. Given the importance for the cos-
mology landscape, assessing the robustness of the results
has become a major endeavor for all collaborations and
analyses. The quantity and quality of CMB observations
has both allowed and demanded an increasing level of
scrutiny of the results and of the assumptions made in
deriving them (see, e.g., [6–12]). For example, in CMB
analyses one can derive cosmological parameters using
only a subset of scales or frequencies or probes, making
different assumptions in analysis methodology such as us-
ing or relaxing priors, applying calibrations in different
ways etc., and verify that within the expected statistical
uncertainty the estimates are consistent. In particular,
over the next few years we expect to reach in polarization
the same level of cosmic-variance limit in observations
that we now have in temperature, obtaining two almost
independent routes to cosmological estimates from dif-
ferent probes with similar constraining power. More ac-
curate and sensitive polarization data are expected from
the final ACT and SPT polarization surveys, from the
soon-to-be-deployed Simons Observatory (SO) [13], and
from the planned CMB-S4 experiment [14]. For these,
the CMB analysis framework will need to continue to
develop and build tools to validate the results.

In this paper we present a series of methods to look

at consistency – or to identify inconsistencies – between
CMB temperature and polarization measurements at in-
termediate and small angular scales, apply them to the
latest Planck, ACT and SPT data marginalizing over
residual systematics in a joint fit of cosmological and
nuisance parameters, and discuss ways to use and ex-
pand this methodology in future analyses. In all cases
we assume a ΛCDM model which has been proven to be
the best-fitting model for these data [1–3].

We summarise the data used and the cosmological
framework for our work in Sec. II, present conditional
probability method and results in Sec. III, and transfer
function method and results in Sec. IV. We discuss and
conclude in Sec. V.

II. DATA, LIKELIHOODS AND BASIC
COSMOLOGICAL MODEL

The methods presented here can be generally applied
to any CMB dataset covering Gaussianly-distributed
anisotropies, i.e., following the Planck terminology the
‘high−`’ scales. In this paper we consider the three CMB
experiments that today set the most stringent limits on
cosmological parameters, Planck, ACT and SPT.

• Planck
Our baseline for Planck includes the temperature,
temperature cross E modes and E-modes power
spectra, TT , TE, and EE, and covariances from
the Planck 2018 legacy release (PR3) [5]. We use
the plik lite CMB-only high-` likelihood, imple-
mented in Cobaya [15, 16], to analyse these data.
The spectra entering in the computation of this
likelihood have been marginalized over foreground
and instrumental systematic uncertainties, and in-
clude TT measurements in the range 30 < ` < 2500
and TE, EE measurements at 30 < ` < 2000.
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• ACT
We use the latest ACT data including temperature
and polarization from the forth data release, ACT
DR4 [6]. Also in this case, the TT , TE and EE
power spectra have been marginalized over fore-
grounds and systematic uncertainties and are con-
tained in the publicly available pyactlike likeli-
hood. The TE and EE power spectra cover mul-
tipoles 326 < ` < 4325, while the TT power spec-
trum spans 576 < ` < 4325.

• SPT
For SPT we use the most recent power spectra
from the 2020 SPT-3G data release [3] which in-
cluded only TE and EE spanning multipoles 300 <
` < 3000. The SPT data were released with a
fortran likelihood characterizing the spectra; we
present here and use throughout a python version
of this likelihood1. We verify that our python im-
plementation leads to the same results as the offi-
cial SPT constraints published in Ref. [3] in Ap-
pendix A. These SPT power spectra have not been
marginalized over foregrounds and therefore this
likelihood includes modelling of polarized Galactic
dust both for EE and TE and Poisson-distributed
point sources in EE for the three frequency chan-
nels 95, 150 and 220 GHz.

• Low-`
Although not examined and not scrutinized with
the methods presented in this paper, we add low-
` temperature and polarization information in our
cosmological fits. When Planck is included in the
analysis, we also use the Planck commander like-
lihood which models the non-Gaussian range be-
tween 2 < ` < 30. To incorporate the low-`
polarization information in all data combinations
(i.e., even when Planck is not included) we use a
Gaussian prior for the reionization optical depth,
τ = 0.054 ± 0.007 [1]. This is a proxy that allows
us to treat Planck, ACT and SPT consistently.

In all cases we work within the ΛCDM model which
is described by: the angular scale at recombination θMC

(or alternatively the Hubble constant, H0), the amplitude
and the scalar spectral index of primordial perturbations
As and ns, the baryon and cold dark matter densities
Ωbh

2 and Ωch
2, and τ . We also carry forward in the fits

the additional parameters needed in the Planck, ACT
and SPT likelihoods. These include a global calibration
amplitude for Planck, APlanck, and an overall polariza-
tion efficiency, yp, for ACT. The SPT likelihood contains
6 foreground parameters modelling point sources for each
cross-frequency spectrum ν1 × ν2 (Dps,ν1×ν2) and 4 pa-
rameters describing polarized galactic dust emissions in

1 Made available at https://github.com/xgarrido/spt_

likelihoods

EE (AEEd , αEEd ) and TE (ATEd , αTEd ) and 7 nuisance pa-
rameters including a temperature/polarization map cal-
ibration parameter for each frequency band (T νcal, E

ν
cal),

and the mean lensing convergence κ modelling super-
sample lensing.

III. CONDITIONAL PROBABILITIES

In 2015 the Planck collaboration presented a first as-
sessment of consistency between its temperature and po-
larization spectra using conditional probabilities [17]. For
that specific data release the conditionals were used to
demonstrate that the temperature-only baseline cosmol-
ogy was predicting a polarization signal in agreement
with the Planck observed polarization spectra which were
not used to estimate cosmological parameters. For the
2018 legacy release the exercise was repeated to test all
possible temperature and polarization combinations [18].
Here we use the same methodology and introduce some
extensions to present new comparisons of temperature
and polarization from the same experiment or between
different experiments.

A. Computing conditionals

Given the Gaussian nature of the CMB high-`
anisotropies, we can test whether a given observed spec-
trum is consistent with other observations by analytically
computing conditional probabilities. As done by Planck,
we define the observed power spectrum vector as

Cobs ≡
(
CTT

obs, CTE
obs ,C

EE
obs

)> ≡ (CT
obs, CP

obs

)>
, (1)

where T and P group spectra containing only tempera-
ture and at least one polarization channel (e.g., TE, EE
or TE+EE), respectively, and > is a transpose opera-
tion. The covariance matrix of this vector can then be
arranged in four blocks

Σ =

(
ΣT ΣTP

Σ>TP ΣP

)
. (2)

With this notation, the likelihood of this dataset is

− 2 lnL(θ) = (Cobs −C(θ))
>

Σ−1 (Cobs −C(θ)) , (3)

where θ represents the set of cosmological parameter that
defines a theoretical model.

From here we can take several different approaches to
compute conditionals depending on which hypothesis we
want to test. In fact, for different hypotheses we need
to make two assumptions. The first one is making an
initial selection of which Cobs components we want to
test. The second one is making a selection on the model
we are comparing the data with. Specifically, we need to
pick a θ vector, θbuild, and define the initial probability
distribution in C-space as

− 2 ln P(C) = (C−Cth)
>

Σ−1 (C−Cth) . (4)
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The mean of the distribution is the theoretical spectrum
defined as

Cth =
(
CT

th(θbuild), CP
th(θbuild)

)
, (5)

which can then be used in Eq. 3 for C(θ). As we show
later this can be linked to a subset of Cobs, i.e., some
spectra that we choose to trust and therefore we use as
benchmark or to another experiment.

We break down the general concept into some specific
prescriptions below.

a. Conditioning to temperature observations within
the same experiment

The first case to consider is the one that Planck
adopted in 2015 [17] (and reapplied in 2018 [18]): we work
within a single experiment, of this we use the tempera-
ture observations and the cosmology that they predict
as benchmark and we look at how the observed polar-
ization spectra behave compared to those. This is still
relevant today because CMB temperature continues to
be the probe providing most of the constraining power
for cosmology.

In this scenario the theoretical predictions are inferred
considering only the TT part of Eq. (3). Thus, if we
define the θbuild vector as the best-fit point from TT , θTbf ,
the starting probability distribution in C-space becomes
a normal distribution with mean given by

Cth

∣∣
T

=
(
CT

th(θTbf), CP
th(θTbf)

)
. (6)

With this in hand we can compute the conditional
probability of the polarization decomposition, CP

cond,
given the observed temperature, CT

obs. Noting that, in
general, a Gaussian distribution can be rewritten as

(C−Cth)
>

Σ−1 (C−Cth) =(
CT −CT

th

)>
Σ−1T

(
CT −CT

th

)
+
(
CP − µ

)>
M−1

(
CP − µ

)
,

(7)

we simply derive the mean and covariance of this normal
distribution µ ≡ CP

cond and M ≡ ΣP
cond as

CP
cond = CP

th(θTbf) + Σ>TPΣ−1T
(
CT

obs −CT
th(θTbf)

)
(8)

ΣP
cond = ΣP −Σ>TPΣ−1T ΣTP . (9)

b. Conditioning to polarization observations within
the same experiment

We can also do the reverse exercise and start by as-
suming that the polarization observations are the spec-
tra we consider reliable and want to use them to test the
temperature. This is particularly relevant for example
for ground-based experiments which can be significantly
impacted by atmospheric and foreground contamination
in temperature and less so in polarization. Additionally,
as we collect more data from ACT and SPT and from

future experiments we will soon transition to a scenario
where polarization data dominate the cosmological con-
straints and therefore provide a very powerful channel for
assessing consistency and robustness of the results.

For this, we flip the derivations of the previous case. If
we rely only on polarization observations, we can use the
TE+EE best-fit, θPbf , to compute the theoretical predic-
tion

Cth

∣∣
P

=
(
CT

th(θPbf), CP
th(θPbf)

)
(10)

and use this as the mean of the starting probability dis-
tribution in Eq. (4). We then have everything needed to
compute the conditional probability of the temperature
decomposition given polarization observations. Follow-
ing a similar derivation as before the conditionals now
are given by a normal distribution with mean and co-
variance

CT
cond = CT

th(θPbf) + ΣTPΣ−1P
(
CP

obs −CP
th(θPbf)

)
(11)

ΣT
cond = ΣT −ΣTPΣ−1P Σ>TP . (12)

c. Conditioning to data from another experiment
When more than one experiment provides observations

which bring significant constraining power for cosmolog-
ical models, as it’s the case for Planck, ACT and SPT,
it is important to do a number of inter-experiment tests.
This can be done at power spectrum or cosmological pa-
rameters level [2, 3, 6], looking at residuals, but also with
conditionals. We can for example build a joint Cobs vec-
tor bringing in data from two experiments and then work
through subsections a-b to build conditionals between
two subsets of data from two different experiments. How-
ever, Eq. (2) for this needs joint covariance matrices be-
tween the two experiments which are currently not avail-
able and beyond the scope of this paper. We anticipate
that this will be possible in future analyses, combining
experiments at the likelihood level will soon no longer
be possible without accounting for cross-covariances and
these will become standard data products.

Nevertheless we can use the second assumption made
in building conditionals to compare different experi-
ments. If we assume that Exp1 is the experiment we
trust and want to use as benchmark, and Exp2 is the ex-
periment providing the observations that we want to test,
we can use the best-fit point coming from Exp1 for θbuild
and with it define the probability distribution of Exp2.
With this approach we are building a distribution with a
mean derived from the cosmology measured by Exp1 and
with the experimental setup described by the covariance
of Exp2. This is possible because in the conditional for-
malism there is no accounting for the uncertainty in the
cosmological measurement, i.e., there is no additional co-
variance coming from the specific choice of θbuild. This
allows a large number of options and we explore the most
interesting ones in the next subsection.
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B. Results

We show here the most interesting combinations of
conditionals that we can run on Planck, ACT and SPT
data. More specifically, we compute conditionals for

• (a.) P given T within the same experiment: Planck
polarization given the Planck temperature observa-
tions (Fig. 1, with Fig. 1(a) for EE and Fig. 1(b)
for TE)2; ACT polarization given the ACT tem-
perature observations (Fig. 2, with Fig. 2(a) for EE
and Fig. 2(b) for TE).

• (b.) T given P within the same experiment: Planck
temperature given the Planck polarization obser-
vations (Fig. 3); ACT temperature given the ACT
polarization observations (Fig. 4).

• (c.) P/T given T/P from another experiment: In
this case we adopt Planck as benchmark since it is
the experiment with the largest constraining power
and compute ACT polarization given Planck tem-
perature observations (Fig. 5, with Fig. 5(a) for EE
and Fig. 5(b) for TE) and ACT temperature given
Planck polarization (Fig. 6).

Finally, we also consider a less stringent test for the SPT
data. Since SPT has only released polarization observa-
tions we condition the only two available spectra

• SPT TE given SPT EE and viceversa.

In what follows we will present and describe the condi-
tionals with a dual purpose. We can use this statistic to
directly assess and quantify consistency. The main tool
used here to perform these tests is the χ2 in harmonic
space, χ2

h, defined as

χ2
h =

`max∑
`,`′=`min

(
C` − Ccond

`

)
M−1

``′

(
C`′ − Ccond

`′
)
, (13)

where M``′ = 〈
(
C` − Ccond

`

) (
C`′ − Ccond

`′

)
〉, Ccond

` rep-
resents the conditional mean, and the average is taken
over 1000 simulations generated using the covariance ma-
trix of the probability distribution defined in Eq. (4).
Secondly, we can use conditionals as a mean to spot un-
expected features in the theoretical predictions given a
specific observation. These can then be explored in more
details with the method presented in Sec. IV.

We also note that our computations are slightly differ-
ent from the Planck conditionals in Ref.s [17, 18]. The
Planck team derived conditionals using foreground best-
fit subtracted spectra and errors. This is an approxima-
tion that we relax here using the foreground-marginalised

2 We repeat here these tests for Planck for completeness and be-
cause as explained later we use slightly different likelihoods than
those adopted by the Planck team for the conditionals.

plik lite likelihood which fully captures the additional
uncertainty due to foregrounds and systematics.

Fig. 1 shows the conditionals for Planck polarization
obtained using for the probability distribution in Eq. (6)
the theoretical temperature and polarization spectra de-
rived minimizing the Planck plik lite TT+low-`3 likeli-
hood, and Eq.s (8) and (9) to compute mean and covari-
ance. The black line of Fig. 1 represents the difference
between the mean of the polarization conditional given
the temperature observations and the base ΛCDM polar-
ization prediction from the TT+low-` best fit. The green
lines show the expected covariance for this distribution.
More precisely, the solid green and dashed-green lines
stand for the 1 and 2σ regions. Both probabilities for EE
(Fig. 1(a)) and TE (Fig. 1(b)) given temperature obser-
vation show an agreement with what the Planck team
presented in Ref. [18]. The different treatment of τ and
the additional covariance in plik lite move some points
but do not affect the overall behaviour. With the ex-
ception of a few bins in both EE and TE that show a
deviation in power greater than 2σ, we see good agree-
ment and this is confirmed by the χ2

h for which we find a
PTE = 52.04% for EE and a PTE = 78.45% for TE.

Fig. 2 shows conditionals for ACT polarization given
the ACT temperature observations – this is the first time
that a conditional analysis is applied to ACT data. The
theoretical temperature and polarization spectra are de-
rived minimizing the ACT TT likelihood within ΛCDM.
The differences between the mean polarization spectra
conditioned to temperature observations and the ΛCDM
best-fit spectra are shown by the black lines. The band-
pawers used to compute the conditionals are obtained
by co-adding the ACT deep and wide spectra fully ac-
counting for the correlation between the two regions.
The corresponding conditional covariances are shown in
the figure with the blue lines. We first note the differ-
ence in behaviour between the Planck and ACT con-
ditionals (i.e., the shape and amplitude of the bands),
highlighting the complementary in noise properties, and
therefore in constraining power of the two experiments,
across multipoles. The plots also prove the capability
of ACT and other ground-based experiments to perform
very stringent tests of the cosmological model at small
scales. When looking in detail at the ACT EE condi-
tioned to TT (Fig. 2(a)) we note ∼ 2σ fluctuation in
the conditional covariance band for multipoles ` < 1000.
This could be a statistical fluctuation or a hint for a
poor ΛCDM fit to the data. Indeed, this feature was de-
scribed in detail in Ref. [19] where it was shown that an
early dark energy model could accommodate better then
ΛCDM the ACT EE data in that region. We have shown
here that prior to any extended model fitting we can iden-

3 We remind the reader that all datasets also include a τ prior but
we omit it hereafter in the text and in the captions of the figures
to avoid repetitions. We also note that the exact choice of the
prior can have small effects.
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FIG. 1: Conditional probabilities for the Planck EE (a) and TE (b) data given the Planck TT observations. The black line
represents the difference between the mean of the polarization conditional and the base polarization ΛCDM best fit determined
from the Planck TT+low-` likelihood. The points are the residuals of the measured bandpowers with respect to the theory.
(We bin further the original Planck binned likelihood bandpowers reducing the points by a factor of three for visualization
purposes.) The colored solid and dashed lines stand for the 1 and 2σ uncertainty regions of the conditionals, respectively.
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FIG. 2: Conditional probabilities for the ACT EE (a) and TE (b) data given ACT TT observations. The central line shows
the difference with the ACT TT ΛCDM best fit.
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FIG. 3: Conditionals for Planck TT data given Planck TEEE
observations. The central line shows the difference with the
Planck TEEE+low-` ΛCDM best fit.
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FIG. 4: Conditionals for ACT TT data given ACT TEEE
observations. The central line shows the difference with the
ACT TEEE ΛCDM best fit.
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FIG. 5: Conditionals for ACT EE (a) and TE (b) data given Planck TT observations. The central line shows the difference
with the Planck TT ΛCDM best fit.
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FIG. 6: Conditionals for ACT TT data given Planck TEEE
observations. The central line shows the difference with the
Planck TEEE+low-` ΛCDM best fit.

tify with conditionals regions that are not fully following
the expected behaviour in a specific model prediction.
More quantitatively, we perform a statistical comparison
with the simulations and we find that the PTE obtained
with Eq.(13) and including only multipoles ` < 1000 is
0.25%, which corresponds to a 3.7 χ2-excess in terms of√

2Ndof . It is worth noting that here we used the stan-
dard deviation of a χ2 distribution due to the low number
of points included in the statistics, i.e., Ndof = 13 band-
powers. The lowering of the PTE is due to the coherence
of the ∼ 2σ feature, i.e., there is a cumulative contribu-
tion to the χ2 from several multipoles. Note that this also
incorporates the preference of higher multipoles because
we are cutting the conditional a posteriori from simu-
lations obtained using the full multipole range. Despite
this localised feature the overall EE behaviour shows sta-
tistical consistency with a PTE = 9.3%. TE conditionals
(Fig. 2(b)) show good consistency but with a somewhat
low scatter, corresponding to a PTE = 85.32%.

Fig. 3 shows the conditional for Planck temperature
given Planck polarization observations. The theoretical
temperature and polarization spectra are obtained mini-

mizing the plik lite TEEE+low-` likelihood. This time
Eq.s (11) and (12) are used to compute mean and covari-
ance. The color convention is the same as Fig. 1. Simi-
larly to Ref. [18] we find really good agreement between
the T/P spectra with a PTE = 55.33%.

Fig. 4 shows the conditional for ACT temperature data
given ACT polarization observations. Although statisti-
cally consistent with zero and a PTE = 25.07%, the pre-
dictions and the bands shows that the ACT temperature
observations compared to polarization have a tail of low
power up to ` ∼ 1500. As done for EE before, we can
explore a specific region by considering only multipoles
below 1500 and we find a PTE = 5.0% which corresponds
to a 1.8 χ2-excess in terms of

√
2Ndof .

We now move to conditonials between different exper-
iments. Fig. 5 shows the conditionals of ACT polariza-
tion given Planck temperature observations. A PTE =
21.82% shows overall good consistency. The fluctuations
in EE that we saw earlier are now less pronounced with
no points outside the 2σ band. The shift in the first bins
results in a PTE = 2.0% when we only consider multi-
pole ` < 1000, corresponding to a χ2-excess in terms of√

2Ndof of 2.44. This reduction of scatter is also seen in
Ref. [19] when one considers the combined ACT +Planck
fit. In TE we notice that the ACT spectra show a co-
herent lack of power at the level of ∼ 2σ, with 71% of
the bins below the mean. This was already noticed and
explored in the ACT analyses [2, 19]. As in Ref. [2] our
results show that this is similar to a constant TE-only
amplitude factor, we explore this further in Sec. IV. De-
spite this feature, we observe an overall statistical con-
sistency with a PTE = 6.49%.

ACT TT conditioned to Planck polarization is shown
in Fig. 6. Here the conditional shows that Planck po-
larization prefers a somewhat lower TT power spectrum
with respect to ACT observations, with a resulting PTE
= 5.03%. Most of the contribution to this comes from the
high-` multipoles (` > 2500), scales not directly probed
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FIG. 7: Conditionals for SPT EE (a) and TE (b) data given SPT TE and SPT EE observations, respectively. The black line
represents the difference between the expected power spectrum given the corresponding observation and the base ΛCDM best
fit determined from SPT likelihoods restricted to the polarization counterpart.

by Planck TT measurements4. This effect might be re-
duced when using both ACT and Planck covariances.

Finally, we look at the SPT conditionals in Fig. 7 with
Fig. 7(a) for EE given TE, and Fig. 7(b) for TE given
EE. For these we use spectra obtained co-adding the
three frequency channels, 95, 150 and 220 GHz after sub-
tracting the best-fit foreground and nuisance model5. For
EE we find that two points are outside the 2σ region and
recover a similar behaviour to the one shown in Fig. 10
of Ref. [3]. The corresponding PTE is 0.52%, increasing
to 2.84% if we consider only multipoles ` > 750. For TE
we find a PTE = 27.7% with no outliers.

IV. MODELLING RESIDUAL TRANSFER
FUNCTIONS IN CMB POLARIZATION

As long as a model of their effects is available, instru-
mental systematics (such as polarization efficiency, T -to-
E leakage, etc.) can be handled during data processing
or in the likelihood functions used to put constraints on
cosmology. However, even after modelling and marginal-
izing over these effects, some unresolved and/or unknown
systematics can still be present and have an impact. In
the previous section we have shown how to use condi-
tional probabilities to localize possible disagreements be-
tween different observations. In this section we expand
this further and look at ways to then complete the work
by modelling and marginalizing over a possible T − E

4 When we consider only multipoles at ` < 2500 in the χ2
h compu-

tation, the PTE increase to 80%.
5 When using TE to compute EE conditionals we fix the TE nui-

sance parameters to their best-fit values and the EE parameters
to the mean values of the priors – and viceversa when condition-
ing TE to EE. We checked that using for these parameters the
best-fit values from a full TE+EE fit gives very similar results.

inconsistency. Implementing a model for the T − E in-
consistency with this method can help characterize the
type and nature of the inconsistency preferred by the
data. We will focus on four different models, either in-
spired by physically motivated systematic effects or by
assuming more arbitrary parametrizations. Since these
are potentially multipole-dependent deviations from our
data model, we consider them as an additional ‘trans-
fer function’, introducing an inconsistency between the
CMB temperature and polarization measurements. We
further overcome the fact that the conditional analysis
performed in Sec. III does not propagate uncertainties
from the best-fit power spectra/cosmology to the con-
ditional distributions. Here, we use a set of extra pa-
rameters to constrain the multipole dependence of the
deviations and we obtain a joint posterior distribution
for them and ΛCDM parameters. This method should
be able to catch either deviations from the ΛCDM model
or unmodelled systematic effects.

A. Transfer function models

We introduce four different parametrizations – a to
d below – to quantify the consistency of temperature
and polarization measurements assuming the ΛCDM
model. The first two models explore a polarization
transfer function and T -to-E leakage and are inspired
by common CMB systematic effects. The other two
models look at possible effects that would alter the
EE or TE power spectra separately. In all cases we
leave the temperature measurements unaffected by these
transfer functions, such that the model for the TT power
spectrum corresponds to the actual TT theory power
spectrum: C̃TT` = CTT` . In this way the TT data will
help to break the degeneracies between the cosmological
parameters and the extra transfer function parameters.
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a. Polarization transfer function
We include a transfer function in the polarization E

modes (F`) such that our model for the observed tem-
perature and polarization modes are ãT`m = aT`m and
ãE`m = F`a

E
`m respectively. The model for the measured

TE and EE power spectra can be expressed as

C̃TE` = F`C
TE
` ,

C̃EE` = F 2
` C

EE
` . (14)

b. T -to-E leakage
In the case of power leakage between T and E a transfer

function, β`, alters the modes such that ãT`m = aT`m and
ãE`m = aE`m + β`a

T
`m. The measured power spectra are

then affected as follows

C̃TE` = CTE` + β`C
TT
` ,

C̃EE` = CEE` + 2β`C
TE
` + β2

`C
TT
` . (15)

c. Independent EE bias
In the case of a transfer function affecting only the EE

power spectrum, α`, the spectra become

C̃TE` = CTE` ,

C̃EE` = α`C
EE
` . (16)

d. Independent TE bias
Finally, a transfer function affecting only the TE power

spectrum, δ`, leads to

C̃TE` = δ`C
TE
` ,

C̃EE` = CEE` . (17)

With these parametrizations we have four functions to
constrain: F`, β`, α` and δ` – always considered sepa-
rately. To study in a model independent way the multi-
pole dependence of potential deviations from theory that
they encode, we use step functions for them with a given
number of extra parameters related to the number of
available bandpowers in different experiments. We use
nb = 10 extra parameters for ACT and nb = 11 for SPT ;
with Nbins = 40 for ACT power spectra and Nbins = 44
for the SPT ones, each extra parameter in our model acts
on four consecutive CMB bandpowers in the same way.
Apart from spotting residual power, this methodology
will also capture T -E inconsistencies that are localized
in a specific multipole range.

B. Results

We first constrain the self consistency between tem-
perature and polarization measurements within Planck,
ACT and SPT latest data. In order to assess the con-
sistency between the Planck temperature measurements

and the polarization measurements from ground-based
experiments, we then also consider some combinations
between the TT power spectrum from Planck and the
TE+EE power spectra from ACT or SPT. Therefore,
below we work with the following data combinations

• Planck TT+TE+EE,

• ACT TT+TE+EE,

• SPT TE+EE,

• Planck TT + ACT TE+EE,

• Planck TT + SPT TE+EE.

Since there is no available measurement of SPT tem-
perature, we are limited on the number of tests that we
can perform with this dataset. In particular, we cannot
study here the case of a polarization transfer function (a)
and T − E leakage (b) for SPT data alone.

As mentioned above, in order to constrain the nb ex-
tra parameters modelling the T − E inconsistencies, we
explore the joint posterior distributions of the nb extra-
parameters, the 6 ΛCDM parameters and the foreground
and nuisance parameters described in Sec. II depend-
ing on the specific dataset. Parameters are sampled
using the MCMC algorithm implemented in Cobaya
and marginalized constraints are obtained using Get-
Dist [20]. Apart from τ , we use flat priors on cosmologi-
cal and nb extra parameters. For SPT foreground param-
eters we use the priors described in Ref. [3]. Since we are
explicitly modelling and fitting for functions that could
capture the effect of some systematics that are already
accounted for in the likelihoods, to avoid large degeneracy
between parameters in some cases we need to change the
treatment of the nuisance parameters of the likelihoods.
More specifically, we have to fix the polarization efficien-
cies/calibrations for both ACT and SPT likelihoods in
order to remove some degeneracies between these and
the nb parameters. We use the Bobyqa likelihood maxi-
mizer [21, 22] implemented in Cobaya to obtain (within
ΛCDM) the best-fit values: yp = 1.00047 for the ACT
overall polarization efficiency and E90GHz

cal = 0.99517,
E150GHz

cal = 0.99519 and E220GHz
cal = 1.00073 for the SPT

polarization calibrations. We then fix these parameters
to their best fits.

We display the 1σ constraints on the ΛCDM param-
eters derived from Planck, ACT and SPT latest results
while fitting at the same time for each of the transfer
function models in Fig. 8. We do not see any signif-
icant cosmological parameter deviation with respect to
the standard analysis (without additional transfer func-
tion) also shown in the figure as reference. The ΛCDM
parameters determination is not strongly dependent on
the extra parameters describing the T − E inconsisten-
cies (apart from when we lack temperature data as shown
later for SPT ). For all studied cases we observe a pref-
erence for high values of the scalar index measured from
ground-based experiments, and we recover a preference
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FIG. 8: Marginalized constraints on ΛCDM parameters derived from the different datasets described in Sec. IV B: Planck
TT+TE+EE (green), ACT TT+TE+EE (lightblue), SPT TE+EE (orange), ACT TE+EE + Planck TT (blue) and SPT
TE+EE + Planck TT (red). We display the ±1σ (68%C.L.) constraints on ΛCDM parameters obtained while also fitting for
the transfer function models detailed in Sec. IV A. Standard ΛCDM constraints – without any additional transfer function –
are displayed at the bottom of each panel and with a vertical grey band.

for lower values of ns when combining with Planck tem-
perature data.

In order to quantify the deviation with respect to the-
ory expectations, we compare the nb constraints to the
expected value for the studied bias (i.e., 0 for T -to-E
leakage and 1 otherwise). We then compute a χ2 for
each dataset and bias model using the parameter covari-
ance matrix obtained from the MCMC chains. The re-
sults are displayed in Table I. Figures 9(a), 9(b), 9(c)
and 9(d) display the 1σ constraints on the transfer func-
tion bandpowers and compares them with the expecta-

tion in the case of consistency. We find no evidence for a
polarization transfer function in both Planck and ACT
data (Fig. 9(a)), with PTE=75%, 54% respectively. We
observe a small feature around ` ' 900 in the T -to-E
leakage transfer function estimated from Planck data,
but this deviation is not statistically significant with a
PTE=16% (Fig. 9(b)). The EE/TE transfer functions
derived from Planck, ACT and SPT data are also in
good agreement with expectations with PTE=62%, 40%
and 21% (EE transfer function) and PTE=25%, 76%
and 39% (TE transfer function).
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χ2/d.o.f (PTE)
Dataset Pol. TF T -to-E leakage EE bias TE bias
Planck TT+TE+EE 6.74/10 (0.75) 14.2/10 (0.16) 8.07/10 (0.62) 12.6/10 (0.25)
ACT TT+TE+EE 8.91/10 (0.54) 4.76/10 (0.91) 10.52/10 (0.40) 6.61/10 (0.76)
Planck TT + ACT TE+EE 11.29/10 (0.34) 15.30/10 (0.12) 11.35/10 (0.33) 17.82/10 (0.06)
SPT TE+EE — — 14.38/11 (0.21) 11.69/11 (0.39)
Planck TT + SPT TE+EE 18.26/11 (0.08) 8.89/11 (0.63) 16.53/11 (0.12) 10.32/11 (0.50)

TABLE I: Goodness of the fit, in terms of χ2 and probability to exceed (PTE), for all for the different datasets and transfer
function models considered in this analysis.
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FIG. 9: Transfer function bandpowers with ±1σ errors for the four different models studied: the F` polarization transfer
function (a), the β` T -to-E leakage (b), the α` EE bias (c) and the δ` TE bias (d). On each panel we display the results
for different datasets: Planck 2018 TT+TE+EE (green), ACT TT+TE+EE (lightblue), SPT TE+EE (orange), Planck TT
+ ACT TE+EE (blue) and Planck TT + SPT TE+EE (red). The lower panels of each sub-figure show the comparison
with, or potential deviation from, the expected value in units of σ. The gray band corresponds to the ±1σ limits. No
statistically-significant deviation is observed.
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FIG. 10: Correlation matrices of cosmological parameters and transfer function bandpowers obtained using a EE transfer
function. We display on the left the correlation matrix derived from SPT (TE+EE) data [(a)] and on the right the correlation
matrix derived from a combination of SPT (TE+EE) and Planck 2018 TT data [(b)].

When we quantify the T − E inconsistencies between
polarization measurements from ground-based experi-
ments (ACT, SPT ) and temperature measurements from
Planck, we observe a slight degradation in χ2 with respect
to the values obtained considering Planck, ACT and SPT
individually (except for the TE transfer function con-
strained from SPT data) but still no significant devia-
tion from consistency. We note one case in particular.
For the combination of Planck TT and ACT TE+EE,
we recover a slight preference for higher values of the
TE power spectrum with respect to what the ΛCDM
model predicts, with a PTE=6%, and mostly driven by
the large value of the transfer function in the bin cen-
tered on ` = 1875.5. As mentioned above, this effect
was noticed in Ref. [2] where an artificial 5% effect in
the TE calibration was explored and discussed, and also
seen in Fig. 5(a) of Sec. III. We run additional tests here
to quantify this feature in more detail. We define and
constrain three independent calibration amplitudes ATT ,
AEE and ATE for ACT DR4 (CTT` , CEE` , CTE` ) and in-
cluding also the large scale temperature measurements
from Planck (CTT` at ` < 650). While for TT and EE
we find no particular preference away from unity, for TE
we obtain a marginalized constraint ATE = 1.037±0.015
at 68% confidence which is 2.5σ away from the standard,
no-inconsistency, value of 1. Even if visible in our re-
sults, we note that this is a small deviation with respect
to ΛCDM. Overall, we find no statistically significant ev-
idence for transfer functions.

Finally we highlight the importance of temperature
data for fitting these systematic models. We show the
correlation matrices between ΛCDM and the parameters
describing the shape of the EE transfer function for SPT
TE+EE alone (Fig. 10(a)) or for a combination of SPT
data with Planck TT data (Fig. 10(b)). In the first case,
we do not have any measurement of the temperature
power spectrum and we observe non-zero correlations be-
tween the extra parameters and cosmological parameters
even if the TE power spectrum is unchanged when we
constrain the EE transfer function. These correlations
are much smaller when we include temperature data from
Planck.

V. CONCLUSION

In this work we have presented methods to quantify the
consistency between CMB temperature and polarization
measurements and applied them to the most recent data
from Planck, ACT and SPT.

• We have performed a full survey of the datasets
with conditional probabilities in Sec. III which
have been compared to simulations and show good
agreement between temperature and polarization
within the same experiments, as well as between
different experiments.
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• We have studied potential T −E inconsistencies di-
rectly modelling and fitting for transfer functions in
Sec. IV. We constrained the extra parameters intro-
duced to model the transfer functions together with
cosmological parameters. Again, we found no evi-
dence for an inconsistency within ACT, SPT, and
Planck or between the ground-based polarization
data and the Planck temperature measurements.

This work introduced a number of methods to po-
tentially spot some deviations from the ΛCDM predic-
tions either due to physics beyond the standard model or
due to instrumental systematic effects. While we found
no statistically-significant evidence for such deviations in
current CMB data, the accuracy of future small-scale po-
larization data from ACT, SPT and the Simons Obser-
vatory will allow to apply these methods in a much more
stringent way and potentially identify and study inconsis-
tencies between CMB temperature and polarization with
high significance.

Acknowledgements

The theoretical power spectra used in this paper were
computed using CAMB Boltzmann solver [23, 24]. We
thank Edward J. Wollack for useful comments. We
gratefully acknowledge the IN2P3 Computer Center
(http://cc.in2p3.fr) and the Hawk high-performance
computing cluster at the Advanced Research Computing
at Cardiff (ARCCA) for providing the computing
resources and services needed to this work. EC ac-
knowledges support from the STFC Ernest Rutherford
Fellowship ST/M004856/2 and STFC Consolidated
Grant ST/S00033X/1. EC and UN acknowledge support
from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation
programme (Grant agreement No. 849169).

Appendix A: SPT-3G likelihood

In this section we validate the results of our SPT-3G
python likelihood with respect to the results published in
Ref. [3]. Since our SPT-3G likelihood is compatible with
Cobaya, we obtain the posterior distributions displayed
in Fig. 11 using Cobaya, computing the theory power
spectra with Camb (with the default accuracy settings
and lens potential accuracy=1.0). For the MCMC
analysis, we set flat priors on cosmological parameters
except for the reionization optical depth τ for which we
use τ = 0.0544±0.0073. We use the Gaussian priors from
Ref. [3] for the point sources parameters (Dps,ν1×ν2), the
parameters describing the polarized galactic dust emis-
sions in EE and TE (AEEd , αEEd , ATEd , αTEd ) and the
mean lensing convergence κ. We impose flat priors on
the temperature and polarization map calibration pa-
rameters (T νcal, E

ν
cal) ∈ [0.85, 1.15]2. The 68% constraints

obtained with our likelihood are displayed in Table II.
We recover well the published constraints on cosmology.
We compute a χ2 using cosmological parameters from
Table II, and obtained χ2 = 513.5 for 528 bandpowers
(χ2 = 513.0/528 in Ref. [3])

SPT-3G (this work) SPT-3G [3]
100θMC 1.03965 ± 0.00072 1.03961 ± 0.00071
Ωbh

2 0.02243 ± 0.00032 0.02242 ± 0.00033
Ωch

2 0.1148 ± 0.0037 0.1150 ± 0.0037
ns 1.000 ± 0.019 0.999 ± 0.019
H0 [km/s/Mpc] 68.9 ± 1.5 68.8 ± 1.5

TABLE II: Constraints and 68% errors on ΛCDM parameters
from SPT-3G using our python likelihood compared with the
constraints from Ref. [3]
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