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Accurate cosmologicalparameterestimates using polarization data ofthe cosmic microwave back-
ground (CMB) put stringent requirements on map calibration, as highlighted in the recent results from the
Planck satellite. In this paper, we point out that a model-dependent determination of polarization calibration
can be achieved by the joint fit of the temperature-E-mode cross-power spectrum (TE) and E-mode auto-
power spectrum (EE).This provides a valuable cross-check to band-averaged polarization efficiency
measurements determined using other approaches. We demonstrate that, in ΛCDM, the combination of the
TE and EE constrain polarization calibration with sub-percentuncertainty with Planck data and 2%
uncertainty withSPTPOL data.We arrive atsimilar conclusions when extending ΛCDM to include the
amplitude of lensing AL, the number of relativistic species Neff, or the sum of the neutrino masses

P
mν.

The uncertaintieson cosmological parametersare minimally impacted when marginalizing over
polarization calibration, except, as can be expected, for the uncertainty on the amplitude of the primordial
scalar power spectrum lnð1010AsÞ,which increases by 20–50%.However,this information can be fully
recovered by adding temperature auto-power spectrum (TT) information. For current and future ground-
based experiments,SPT-3G and CMB-S4,we forecastthe cosmologicalparameter uncertainties to be
minimally degraded when marginalizing over polarization calibration parameters.In addition, CMB-S4
could constrain its polarization calibration atthe levelof ∼0.2% by combining TE and EE,and reach
∼0.06% by also including TT. We therefore conclude that relying on calibrating against Planck polarization
maps, whose statistical uncertainty is limited to ∼0.5%, would be insufficient for upcoming experiments.
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I. INTRODUCTION

The Λ cold dark matter (ΛCDM) model has emerged to be
the leading model in describing our universe since the advent
of precision measurements of the anisotropies in the cosmic
microwavebackground (CMB). On the largest angular
scales,we have satellite measurementsfrom WMAP and
Planck that reach cosmic-variance limits in the temperature
anisotropy spectrum up to multipoles l ∼ 500 and l ∼ 1600
respectively [1–3].On smallangular scales,large aperture
ground-based experimentslike the Atacama Cosmology
Telescope (ACT) and the South Pole Telescope (SPT) provide
high signal-to-noise measurements of the CMB damping tail
[4,5], in both temperature and polarization.

As elucidated and forecasted in [6] and demonstrated by
Planck and recentresults from ground-based telescopes,

polarization measurements ofthe CMB are increasingly
dominating over the temperature measurements in terms of
their statistical constraining power on cosmological param-
eters.However,in order to fully take advantage of these
upcoming datasets,systematic errors thatcould bias the
polarization measurements mustbe sufficiently mitigated
and controlled. Specifically, recent Planck results show that
cosmological parameters can be biased by one of the main
polarization systematics—errorsin the estimates of the
polarization efficiencies of the detectors [7,8]. For Planck,
the polarization efficiencies of its detectors as measured in-
flight were discrepantfrom what were expected from
laboratory measurements by up to 5 times the statistical
uncertaintiesof the laboratory measurements[9]. To
account for this discrepancy,the Planck polarization
calibrations at different frequencies were then reevaluated
by requiring the polarization spectra to recover the ΛCDM
cosmology inferred by the temperature spectrum measure-
ments, effectively modeling the detector polarization
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efficiencies as overall calibrations of the polarization maps
per frequency, Pcal. We note that the Pcal estimated with this
procedure were notapplied to correct Planck maps,but
only applied to correct the power spectra used to estimate
cosmological parameters.

In this work, we propose an alternative method to
extractpolarization calibration as a potentialcross-check
for direct approaches.Typically, polarization calibration
parameters are included in cosmologicalparameteresti-
mation as nuisance parameters with priors informed by
external calibration steps [e.g., [10–12]]. For example, for
SPTpol a combination of direct measurementand cross-
calibration with Planck was used to estimate the values of
individual detector polarization angles and overallpolari-
zation efficiency. A dedicated calibration campaign using a
polarized calibration source was used for the direct meas-
urement of individual detector angles and efficiencies, then
the overall efficiency was checked by calculating the cross-
spectrum betweenSPTPOLand Planck E-mode maps.The
mean and Gaussian width of the prior on Pcal used in the
SPTPOLcosmological parameter analysis of [13] were based
on the cross-spectrum with Planck. Here, we jointly fit the
ΛCDM and extension models to the CMB temperature-E-
mode cross-power spectrum (TE) and E-mode auto-power
spectrum (EE), allowing the polarization calibration param-
eters to float with a uniform prior i.e., we let the data to self-
calibrate Pcal given a model.

Previous works using Planck [7] or ACTpol[14] data
have constrained Pcal by combining TE and EE with the
temperature auto-power spectrum (TT).We show in this
paper that the combination of just TE and EE is sufficient in
breaking the degeneracy between Pcal and other cosmo-
logical parameters,which exists when only TE or EE is
used. In particular, combining TE and EE breaks the almost
complete degeneracy between Pcal and the amplitude of
scalar perturbations As. We demonstrate that their combi-
nation provides a tight Pcal constraint,and that the Pcal
uncertainty can be further improved by including the
temperature power spectrum TT. Atmospheric noise
degradesthe ground-based TT measurementmore than
satellite TT or ground-based TE and EE measurements. For
this reason,the ability to self-calibrate Pcal with only TE
and EE as demonstrated by this work is of particular
interest to current and upcoming ground-based experiments
[e.g., [15–19]].

The inferred polarization calibration from our proposed
method can produce tight constraintsbecauseof the
different dependence on Pcal of TE and EE, which breaks
parameter degeneracies with other cosmologicalparame-
ters.While this inferred polarization calibration is admit-
tedly model-dependent, it is neverthelessuseful as a
consistency check againstpolarization calibration esti-
mated through other methods.Furthermore,we show that
most ΛCDM parameter constraintsare only mildly to
negligibly degraded when marginalizing over Pcal, and

common extensions to ΛCDM are insensitive to margin-
alizing over this extra parameter.

In the following, we apply this method toSPTPOLand
Planck data and show that Pcal are constrained to percent
level precision for these experiments across ΛCDM and its
extensions,including the lensing amplitude AL, the effec-
tive number of relativistic species Neff, and the sum of
neutrino masses

P
mν. We take inputs from a recent

SPTPOL power spectrum analysis[[13], hereafterH18]
and Planck’s latest data release [20] and sample parameter
spaces without imposing priors on their respective polari-
zation calibration parameters. With the recent release of the
ACTpol DR4 data,we apply this method to the publicly
available TT ACTPollite likelihood [14,21] to demonstrate
the ease of application of this approach. We useCOSMOMC
[22] for sampling the posterior distributions ofSPTPOLand
Planck, and COBAYA [23] for ACTpol. To check the
relevance of this method for upcoming and future datasets,
we forecast the Pcal uncertainty and the changes in cosmo-
logical parameter uncertainties when marginalizing over Pcal
for SPT-3G and CMB-S4. While this paper was in its final
stages of preparation, the results from the first season of the
SPT-3G experimentwere released [24]. We leave the
application of our method to this dataset to future work.

This paper is organized as follows. In Sec. II, we
summarize polarization calibration as defined inSPTPOL
and Planck.We presentresults for SPTPOL, ACTpol, and
Planck in Secs. III–V. Our forecasts for SPT-3G and CMB-
S4 are detailed in Sec.VI. We conclude in Sec.VII.

II. POLARIZATION EFFICIENCY AND
EFFECTIVE CALIBRATION

The power absorbed by a polarized detector in an
experimentsuch as Planck or SPTPOL at time t can be
modeled as:

PðtÞ ¼ GfI þ ρ½Qcos2ðψðtÞÞ þ U sin2ðψðtÞÞg þ nðtÞ;ð1Þ

where I, Q, and U are the Stokes parameters that character-
ize the intensity and polarization fields,G is the effective
gain (setting the absolute calibration),ρ is the detector
polarization efficiency, ψ ðtÞ is the angle of the detector with
respect to the sky and nðtÞ is the detector noise.Here we
have omitted effects from beams and bandpasses without
loss of generality.

Intensity and polarization I, Q, and U maps per
frequency are then produced via map-making [e.g.,[9]]
by coadding observations at different times and from
different detectors.Relative calibration corrections are
applied across detectors and the co-addition is weighted
given the noise of the time-ordered data over some
observing period. In the following, we focus on the impact
of errors in the estimate of detector polarization efficiency
at the coadded map level, which can be effectively captured
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at each frequency by a polarization calibration correction
parameter Pcal.1

For theSPTPOLTE and EE analysis in H18, polarization
maps are first made incorporating detectorpolarization
efficiencies and angles measured on ground. Then, before
forming data power spectra, the temperature and polariza-
tion maps are calibrated againstPlanck maps.The cali-
bration factors ϵ are formed by first taking the ratio of the
cross-spectrum between two halves ofSPTPOLmaps and the
cross-spectrum between Planck maps andSPTPOL maps.
The Planck maps are masked and filtered identically as the
SPTPOLmaps and thus have the same filter transfer function
and mode-coupling.The remaining differences from the
beams Bb and the pixel-window function

ffiffiffiffiffiffi
Fb

p
of the input

Planck maps are accounted for as follows:

ϵb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
FPlanck

b

q
BPlanck

b

BSPT
b

CSPTi ×SPTj
b

CSPT×Planck
b

; ð2Þ

where subscript b denotes binned multipole, and i, j denote
different halves of theSPTPOLdata. The calibration factors
are extracted by averaging acrossthe multipole ranges
600 < l < 1000 for temperature and 500 < l < 1500 for
polarization.The Planck DR2 Commander polarization
maps are used to obtain the polarization calibration factor,
and provide a ∼6% correction to the Q and U maps (see
Secs. 4.5.2 and 7.3 in H18 for further details). The
uncertaintiesof the calibration factors are incorporated
when sampling cosmological and nuisance parameters.
Specifically,the theoreticalspectra to which the data are
compared are scaled by 1=ðT2

calPcalÞ for TE and
1=ðTcalPcalÞ2 for EE, where Tcal denotes the overall residual
calibration of the maps and Pcal denotes the polarization
calibration correction. Gaussian priors with mean of unity
and uncertainties of 0.34% and 1% are applied to Tcal and
Pcal respectively,based on the uncertainties ofthe ratio
estimates in Eq. (2). It is the prior on Pcal that we remove in
this work.

For Planck,the modeling of polarization calibration is
different from the one used in H18 in two ways. First, the
Planck likelihood at high-l2 includes maps from 3 frequen-
cies, 100, 143, and 217 GHz, in contrast to the single-
frequency analysis done in H18 at 150 GHz. Second, while

the SPTPOL Pcal is defined at the map level, the Planck
effective polarization calibration parameters cEE

ν are
defined at the power spectrum levelfor each frequency
spectrum ν × ν used in the high-l likelihood.3 Thus, Pcal ¼ffiffiffiffiffiffiffi

cEE
p

for each frequency.
Specifically, the theory power spectra to which the data is

compared are multiplied by a calibration factor g defined as

gXY
ν×ν0 ¼

1
2y2

P

0

B@
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cXX
ν cYY

ν0

q þ
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cXX
ν0 cYY

ν

q

1

CA : ð3Þ

Here, ν × ν0 indicate the frequency spectra with
ν; ν0 ¼ 100, 143, 217 GHz; the spectra are then either
for XY ¼ TE or XY ¼ EE. cTT

ν denotes temperature cali-
bration parameters, which are separately determined and on
which priors are set. cTT

143 is set to unity so that the 143 GHz
temperature map is taken as a reference. Finally, yP is the
overall Planck calibration parameterdefined at the map
level, on which a Gaussian prior4 of yP ¼ ð1; 0.00252Þ is set
(see Sec.3.3.4 of [7] for further details). As detailed in
Sec. V, in the baseline Planck analysis, cEE

ν are fixed to the
values obtained by comparing the EE data spectra to the
theory spectra computed given the best-fitcosmology to
the TT spectra. In this work, cEE

ν are nuisance parameters to
be constrained by the data themselves. Given the different
definitions of the polarization calibration in theseSPTPOL
and Planck works, in the rest of this paper we will always
specify whether the quoted uncertainties refer to the map-
level (Pcal) or power-spectrum level(cEE

ν ) corrections.In
Sec.V, we will provide results for the Planck data using
both definitions.

III. SPTPOL

A. Data and model description
We use theSPTPOLTE and EE power spectrum mea-

surements from H18.The generation of these measure-
ments is described in detail in H18 and here we highlight
relevant aspects of that work. Data in H18 came from the
150 GHz band observations made by theSPTPOLcamera on
the South Pole Telescopeover an effective area of
490 deg2. The power spectra cover angular multipoles l
between 50 and 8000.The polarization noise levelmea-
sured in the range 1000 < l < 3000 of this dataset
is 9.4 μK arcmin.

For the ΛCDM baseline case,we sample the identical
model space as in H18 using the same covariance matrix

1The polarization calibration correction parameter,Pcal, are
sometimes called polarization efficiency corrections in Planck
papers.Unless specifically referring to detector polarization
efficiencies,we use polarization calibration Pcal as applied at
the map level to refer to this correction. In this paper, we would
often shorten “polarization calibration correction parameter” to
polarization calibration.

2The high-l likelihood covers l > 30. We assume here that
polarization efficiency corrections have a negligible impact on the
low-l polarization likelihood due to the large uncertainties in this
regime due a combination of cosmic variance, noise, and
systematic uncertainties.

3Thus,the polarization efficiency for a cross-frequency spec-
trum ν × ν0 in, e.g.,EE is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cEE

ν × cEE
ν0

q
.

4We denote Gaussianpriors with mean μ and standard
deviation σ as ðμ; σ2Þ, and uniform priors between vmin and
vmax as ½vmin; vmax.
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with COSMOMC [22]. The modelparameter space is com-
posed of ΛCDM, foreground, and nuisance parameters. The
ΛCDM parameters are the cold dark matter density Ωch2; the
baryon density Ωbh2; the amplitude and tilt of the primordial
scalar power spectrum lnð1010AsÞ and ns; the optical depth to
reionization τ; TExtsccosmomc’sinternal proxy to the
angular scale of the sound horizon at decoupling,θMC. A
Gaussian prior is set on τ∶ð0.0544; 0.00732Þ given the
Planck results [25]. The sum of neutrino mass

P
mν, when

not sampled, is fixed to 0.06 eV. On the other cosmological
parameters, we set large uniform priors.

We considerGalactic dustforegrounds and the extra-
galactic foregroundsfrom polarized point sources.We
model and setpriors for them identically as in H18.The
priors on the amplitudes of dust at l of 80, ATE

80 and AEE
80 , are

set to be uniform with ½0; 2 μK2; the priors on the spatial
spectralindices, αTE and αEE, are set to ð−2.42; 0.022Þ.
Finally, the prior on the amplitude of polarized sources
DPSEE

3000 is set to ½0; 2.5 μK2.
As in H18, the nuisance parameters are beam uncer-

tainties, supersample lensing [26],and temperature and
polarization calibrations.We include effects from super-
sample lensing with the prior on κ to be ð0.0; 0.0012Þ. We
model beam uncertainties using two eigenmodes with prior
ð0.0; 12Þ on each mode.The overall residualcalibration
parameter Tcal has prior ð1.0; 0.00342Þ.Finally, as for the
focus of this paper Pcal, we either set a prior of ð1.0; 0.012Þ,
which is the baseline of H18, or no prior, which is the
method we propose to let Pcal be determined by the data.

In the following, we will report results obtained either
from TE and EE separately, or from the combination of the
two, which we will refer to as TE, EE.

B. Main results
To illustrate the idea, in Fig. 1, we show the 2D posterior

of lnð1010AsÞ and Pcal from TE,EE and TE,EE without
imposing a Pcal prior. We see that without a Pcal prior, the
constraints on As from TE alone and EE alone are very
degenerate with Pcal. However,since the Pcal dependence
from TE and EE are different (linear versus quadratic in Pcal
respectively),the combined TE,EE constrainton As and
Pcal without a prior are significantly reduced.This illus-
trates the potential of combining the TE and EE spectra in
constraining Pcal without significantly degrading con-
straints on ΛCDM parameters.Furthermore,we find that
the Pcal parameter as sampled is consistent with unity. This
serves as cross-check to the polarization calibration deter-
mined by the comparison to the Planck Commander
polarization maps,which are not calibrated againstthe
ΛCDM model. In the following, we first show that the
constraints on Pcal are sufficiently precise and stable across
different models to be used as a cross-check for other
sourcesof measurements.We then discuss effects on

cosmologicalparameter uncertainties when marginalizing
over Pcal.

For thisSPTPOLdataset, we obtain a ∼2% constraint on
Pcal in ΛCDM and three extensions—AL , Neff, and

P
mν,

as listed in Table I and shown in Fig. 2. This level of
precision is sufficient to cross-check the baseline approach
used in H18 in which the SPTPOL polarization maps are
calibrated against the Planck Commander maps. In other
words, without applying the polarization calibration cor-
rection from comparing against Planck, one would arrive at
a similar conclusion that a 6% correction should be applied
to the calibration of the polarization maps if one lets Pcal
float while sampling the ΛCDM and extension model
spaces with the TE,EE dataset.We note thatin all three
extension scenarios,the Pcal constraintdoes notdegrade
significantly,which shows thatthis approach is usefulas
cross-checks beyond justthe ΛCDM model.

The stable uncertainties on Pcal across ΛCDM and the
few extensions suggest that Pcal has little degeneracy with
other parameters.Indeed, most cosmologicalparameter
constraints are only negligibly to mildly degraded when we
relax the Pcal prior for theSPTPOLTE,EE dataset. We show
in Fig. 3 the ratios of cosmological parameter uncertainties
between the no Pcal prior and the baseline Pcal prior case for

FIG. 1. ln(1010As) vs Pcal in ΛCDM for SPTPOLTE, EE, and
TE,EE,with no Pcal priors.We exploit the different degeneracy
directions between lnð1010AsÞ and Pcal from TE and EE to
constrain Pcal.

TABLE I. Polarization calibration parameters obtained from
SPTPOLdata assuming different models. For reference, using the
baseline Pcal prior in H18 of 1%, we find Pcal ¼ 1.0015  0.0090
for the ΛCDM model.

Model SPTPOLTE,EE (no Pcal prior)

ΛCDM 1.0061  0.0210
ΛCDM þ AL 0.9980  0.0216
ΛCDM þ N eff 1.0126  0.0222
ΛCDM þ

P
mν 1.0022  0.0209
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the models considered. The constraints on As degrade most,
by 40%–60% depending on the model.This is expected
given the correlation between lnð1010AsÞ and Pcal. The
correlation5 is 84% for the ΛCDM case, as suggested in
Fig. 1. All of the rest of the parameter uncertainties increase
by ≲10% when marginalizing over the broadened Pcal
posterior space. We show in Sec. VI that the degradation in
As disappearsif we include the temperature spectrum
measurementTT as part of the input.This is because TT
tightly constrains As independentof Pcal. For datasets
similar to SPTPOL, not only are the constraints on Pcal
precise enough for cross-checks with otherapproaches,
most cosmologicalparameterconstraintsare also mini-
mally degraded when no Pcal priors are imposed.

As one way of demonstrating consistency,we compare
the inferred Pcal values from the TE-only and EE-only
datasets when the restof the parameters are fixed to the
best-fit from the TE,EE joint fit in ΛCDM with the baseline
Pcal prior. The marginalized Pcal are Pcal ¼ 0.997  0.020
and Pcal ¼ 0.991  0.005 for the TE and the EE dataset
respectively. This shows that the individual dataset does not
prefer a statistically differentPcal; there is no significant
systematic residuals that project onto Pcal.

C. The AL case
We now turn to one particularly interesting parameter

extension, AL, a nonphysical parameter that tunes the effect
of gravitational lensing on the CMB primary spectra,
changing the amount of smoothing of its peaks and troughs
[27]. In Planck, an excess peak smoothing was observed in
their temperature power spectrum atthe 2.8σ levelcom-
pared with the ΛCDM expectation [25].One key way of
differentiating whether the excess smoothing is a statistical
fluctuation, the resultof unmodeled systematic errors,or
new physics is to test if this trend persists in polarization
[e.g., [14]]. One concern of our method would be that

FIG. 2. Marginal mean and 68% confidence level error bars on
Pcal obtained from SPTPOL TE,EE data assuming the ΛCDM
model and a few of its extensions.The determination of Pcal is
only slightly affected by the choice of cosmologicalmodel.

FIG. 3. Impact of freeing Pcal on the error bars of cosmological
parameters for theSPTPOLTE,EE data. We show the ratio of the
error bars obtained letting the Pcal parameter free to vary, over the
ones obtained using the baselineSPTPOL settings,in units of
percent, σfree Pcal=σbaseline− 1½%. The horizontal dashed line
indicates a 10% increase in the error bars.We show results for
the ΛCDM model and a few of its extensions.Only the
constraints on lnð1010AsÞ are significantly weakened by letting
Pcal free to vary.

FIG. 4. As, Pcal, and AL posteriors with and without AL free for
the SPTPOLTE,EE dataset.The uncertainty on AL is unchanged
with and without the Pcal prior, ensuring the strong AL constraint
from polarization-only spectra even when freeing Pcal.

5We define the correlation between two parameters x,y as
ρx;y ¼ covðx; yÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
covðx; xÞcovðy; yÞ

p
, with covðx; yÞ the ele-

ments of the parameter covariance matrix.
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marginalizing over the no-prior Pcal would degrade the AL
constraint enough that one can no longer tell if the
polarization data show similar trends. As shown in
Fig. 4, the constraints on AL for TE,EE with and without
Pcal priors are almost identical,retiring related concerns.

As an aside,we note that the lensing information from
peak smoothing reduces what would otherwise be almost
complete degeneracy between Pcal and As in the TE-only
and EE-only cases.Specifically,because peak smoothing
provides a second handle for measuring As, the ΛCDM TE-
only and EE-only constraints on Pcal are 21% and 13%
respectively (as shown in the red and yellow contours in
Fig. 1). By contrast, when the peak-smoothing information
is absorbed by the additional parameterAL, the Pcal
constraints degrade by more than a factor of two in both
TE-only and EE-only cases.

IV. ACTpol

We apply this method to the recent ACTpol DR4 dataset
on the frequency-combined CMB-only spectra,using the
TT ACTPollite likelihood [14,21]. We note that the flat
prior applied on yP, the ACTpol polarization calibration
parameter, is sufficiently broad ([0.9, 1.1]) that it is already
allowing yP to float to that extent.Here we estimate how
well this ACTpol datasetcan constrain polarization cali-
bration using just the TE and EE spectra, with the prior on
yP further widened. We also check if the TE,EE yP result is
consistent with the TT,TE,EE yP result.

We use only the TE and EE frequency-combined spectra
without TT on both the wide and the deep patch. We then
transform the yP samples by applying an inverse to match
the Pcal definition, Pcal ¼ 1=yP. With this setup,we find
Pcal ¼ 1.0113  0.0150 in the ΛCDM model. It is con-
sistent with the yP result from [14], which includes the TT
spectra,of yP ¼ 1.0008  0.0047.

V. PLANCK

A. Data and model description
In this section, we test whether jointly fitting the Planck

TE and EE spectra with no prior on Pcal would produce
sufficiently precise Pcal measurements to serve as useful
cross-checks for other approaches. We also test the level of
impact of this approach on the uncertainties on cosmo-
logical parameters.

In Planck, polarization efficiencies, as well as polariza-
tion angles, were measured on the ground in [28] and taken
into account in the map-making algorithm SRoll [9]. At
the frequencies used in the high-multipole likelihood (100,
143, 217 GHz), polarization efficiencies per detector were
found to be between 83% and 96%, with estimated
uncertaintiesbetween 0.1 and 0.3% at the map level.
However,tests performed on the maps,which compared
strongly emitting polarized galactic dust regions as
observed by different detectors,suggested thatresidual

polarization efficiency errors are several times larger than
the expected uncertainties reported in [28], as shown in [9].
Left uncorrected,these residuals in the polarization effi-
ciencies can impactcosmologicalparameters up to frac-
tions of a sigma by biasing the overall amplitude of the TE
and EE spectra used in the high-multipole likelihood.

In order to correctfor this effect, effective polarization
calibrations were estimated by the Planck collaboration by
comparing the TE and EE power spectra at 100, 143, and
217 GHz to fiducial TE and EE spectra computed from the
ΛCDM best-fit to the TT data. Polarized galactic contami-
nation was cleaned using information from the 353 GHz
channel [7]. The fits were performed on a limited range of
multipoles (l ¼ 200–1000) to discard regions affected by
foreground cleaning or noise uncertainties and over about
∼60% of the sky (see [7] for details). The advantage of this
method is that it provides an absolute reference with small
uncertainties.The disadvantage is that the polarization
efficiency corrections found in this way depend on the
cosmological model fitted to the temperature data (although
this was tested to have a small impact). This method
enabled determinations of the polarization calibration for
EE with uncertainties below ≲0.5% at the map level (≲1%
at power spectrum level)and for TE with uncertainties
below ≲1% (≲2%) in each of the three frequencies used in
the high-multipole Planck likelihood. Up to a global
polarization calibration,the derived cEE

ν s were found to
be consistent with the results of the component separation
algorithm SMICA [9], which measures relative interfre-
quency calibration ratios between foreground-cleaned
polarization maps.Furthermore,in [7], it was noted that
the estimates obtained separately from EE and TE should
agree given the same polarization maps. However, the two
measurements were found to differ by up to 1.7  1% at the
map level at 143 GHz (see Sec.3.3.4 of [7]). As we will
show below,this difference cannotbe reconciled by the
approach we propose in this work—leaving polarization
efficiencies to freely vary.Since the difference in polari-
zation calibration from TE and EE is small enough that it
could be caused by statisticalfluctuations,we leave the
investigation of potential biases to parameters to future
work and focus on the constraints on Pcal given the Planck
dataset and impact on cosmological parameters.

We consider the 2018 final release of the Planck data [7].
We use the low-multipole likelihood in polarization
SimAll (l ¼ 2–29 in EE only), which we will refer to
as “lowE.” For high multipoles, we use the Plik likelihood
(l ¼ 30–1997 in EE and TE), which we will refer to as TE
and EE separately or TE,EE when used in combination. For
cross-checks, we use the TT Commander likelihood at low-
l (l ¼ 2–29) and Plik at high-l (l ¼ 30–2508) and we
refer to the combination of the two as TT. We model
polarization calibration only for the high-l likelihoods,
becausetheir impact on low-l spectra are negligible
compared to cosmic variance, noise, and systematic
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uncertainties in this multipole range. In the baseline Planck
results using the Plik likelihood, the polarization calibra-
tion to the TE and EE spectra are fixed to the ones obtained
from comparing the EE spectra at different frequencies to the
ΛCDM best-fit of the TT þ lowE data combination. These
baseline parameters are listed in Table II.

B. Main results and robustness assessment
We first discuss the uncertainties on Pcal for the Planck

dataset when it is free to vary.Using TE; EE þ lowE,we
find one can determine the polarization calibrations with
uncertainties smallerthan ∼1% at the map level. More
specifically we find uncertainties of 0.65%, 0.6% and 0.8%
at the map levelfor ν ¼ 100, 143, 217 GHz respectively
(corresponding to 1.3%, 1.2% and 1.7% at the power
spectrum level). Furthermore, we compare these uncertain-
ties to the ones obtained with the TT power spectra
included.We find that the error bars shrink by almosta
factor of 2 to 0.35%, 0.31% and 0.51% at the map level for
the three frequencies and similarly at the power-spectrum
level. The measurements and uncertainties are reported in
Table II and shown in Fig. 5. With and without TT, the

uncertainties on the Pcal factors are comparable to ones
used in the Plik likelihood. This demonstrates thatthis
approach yields relevant constraintson P cal for cross-
checks of other approaches.

In Tab. II, we observe shifts in the mean values of the
polarization calibrations when TT are added to TE and EE.
To check that the shifts are consistentwith statistical
fluctuations,we employ the formalism described in [29],
which is applicable for comparing two datasets in which
one is a subset of the other. We find that the observed shifts
are consistent with statistical fluctuations at better than the
2σexp level, with σexp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2

TE;EE − σ2
TT;TE;EE

q
. Finally, we

TABLE II. Polarization calibrations atpower spectrum level
obtained from Planck data assuming different cosmological
models.We also reportthe corresponding polarization calibra-
tions at map level(Pcal ¼

ffiffiffiffiffiffiffi
cEE

p
, σðPcalÞ ∼ ðcEEÞ−1.5σðcEEÞ=2.),

to ease the comparison with those obtained forSPTin Sec. III. The
column “baseline” lists the fixed values used in the baseline
Planck likelihood, which were determined with an uncertainty of
∼1% at the power-spectrum level (∼0.5% at the map level).

Parameter
Planck TE,
EE þ lowE

Planck TT,
TE, EE þ lowE baseline

ΛCDM
cEE100 0.985  0.013 1.007  0.007 1.021
cEE143 0.954  0.012 0.973  0.006 0.966
cEE217 1.036  0.017 1.056  0.011 1.04
Pcal

EE100 0.9925  0.0066 1.0035  0.0035
Pcal

EE143 0.9767  0.0064 0.9864  0.0031
Pcal

EE217 1.0178  0.0081 1.0276  0.0051
ΛCDM þ AL
cEE100 0.989  0.014 1.005  0.0074
cEE143 0.957  0.013 0.971  0.0060
cEE217 1.040  0.017 1.050  0.012
Pcal

EE100 0.9945  0.0071 1.0025  0.0037
Pcal

EE143 0.9783  0.0069 0.9854  0.0031
Pcal

EE217 1.0198  0.0080 1.0247  0.0056
ΛCDM þ N eff
cEE100 0.983  0.013 1.006  0.0080
cEE143 0.957  0.012 0.973  0.0064
cEE217 1.040  0.016 1.054  0.012
Pcal

EE100 0.9915  0.0067 1.0030  0.0040
Pcal

EE143 0.9783  0.0064 0.9864  0.0033
Pcal

EE217 1.0198  0.0075 1.0266  0.0055

FIG. 5. Marginal mean and 68% confidence level error bars on
the three Planck Pcal frequency parameters when they are let free
to vary assuming differentcosmologicalmodels.The top plot
shows the results for Planck TE,EE, while the bottom one shows
Planck TT,TE,EE. Estimateson the Pcal parametersdo not
change significantly when varying the cosmologicalmodel.
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note that the mean values recovered from the TT,TE,EE
combination are slightly different from the ones used in the
baseline becauseof statistical fluctuations due to the
different multipole range and sky mask used in the two
cases (see also the discussion in Sec.3.7 of [7]).

We further check how much the constraints degrade
when we exclude the cross-frequency spectra and only use
the combination of the TE and EE frequency auto-spectra
100 × 100, 143 × 143, and 217 × 217 GHz. We find in this
case comparable constraints on polarization calibrations to
our baseline results. Furthermore, if we include TE and EE
from only one frequency instead of all three as in our
previous cases, i.e., we use only the 100 × 100, 143 × 143,
or 217 × 217 GHz power spectra,the uncertainties of the
polarization calibrations worsen to 1.1%, 0.75% and 2.1%
at the map level (2.1%, 1.5% and 4.1% at the power
spectrum level) respectively.The large increase in uncer-
tainty for the 217 × 217 GHz case is because of the more
restrictive l range of 500–1996 used atthis frequency,
which increases the degeneracies between cosmological
parametersand polarization calibrations. For the other
frequencies,the degradation of the constraintis smaller
than a factor of 2.

Fig. 6 shows the degeneracies between the Pcalparameters
at different frequencies and the most degenerate cosmologi-
cal parameter,lnð1010AsÞ. When using TE; EE þ lowE,
lnð1010AsÞ has a ∼40% correlation with each of the three
Pcal parameters.The second most degenerate parameter is
Ωbh2 (∼30% correlation),while all other parameters have
smaller correlations.As can be expected,we also find the

FIG. 6. One- and two-dimensional posterior distributions of the polarization efficiency parameters and cosmological parameters for
Planck TE,EE. The left panel shows the results for the ΛCDM model, while the right panel shows results for the ΛCDM þ AL model.

FIG. 7. Same as Fig. 3, but for the Planck TE,EE data. Freeing
the Planck Pcal parameters for this data combination has a large
impact only in the ΛCDM þ Σmν case, where the 95% confidence
level upper limit on the sum of neutrino masses Σmν and the
error bars on derived parameters H0 and σ8 are increased by
30–40%. This is due to a shift in the best fit values of lnð1010AsÞ,
rather than an increase in degeneraciesbetween parameters,
see Sec.V C.
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degeneraciesamong the Pcal parametersto be large:
ρcEE

100;c
EE
143

¼ 81%, ρcEE
100;c

EE
217

¼ 60% and ρcEE
100;c

EE
143

¼ 66%.
These correlations are then lifted when adding information
from TT.

In terms of the impact on cosmological parameter
constraintswhen allowing P cal parametersto float, we
show the fractional difference in ΛCDM parameter uncer-
tainties in Fig. 7 for TE,EE and Fig. 8 for TT,TE,EE.
Similar to what we see inSPTPOL, we observe negligible to
mild degradation in ΛCDM parameter uncertainties besides
those for lnð1010AsÞ, given the correlations between the Pcal
parametersand lnð1010AsÞ. For the TE,EE dataset, the
uncertainty of lnð1010AsÞ increases by ∼20% when the Pcal
parameters are allowed to float. Once TT is included, which
independently constrains lnð1010AsÞ,we see thatfloating
Pcal has negligible impacton all ΛCDM parameters.We
will see similar trends in our forecasts in Sec.VI.

C. Extended models
We now turn to extensions to the ΛCDM model. Similar

to Sec. III, we check the constraints on P cal for three
extensions, AL ,

P
mν, and Neff. The Pcal uncertainties are

shown in Fig. 5 for TE,EE and TT,TE,EE. We see that in all
cases, the uncertainties of the Pcal parameters are similar to
those in ΛCDM. As for the cosmological parameter
uncertainties, Figs. 7 and 8 show the increase in their error
bars when marginalizing over polarization calibration
parameters for Planck TE,EE and TT,TE,EE respectively.

The parameter uncertainties in ΛCDM þ Neff are little
affected, with increases in the error bars by less than 15%.
On the contrary, we find a somewhat larger effect on
parameter uncertainties in the ΛCDM þ

P
mν model for

the TE,EE data. In this case, marginalizing over Pcal
increases the upper limiton

P
mν by almost 40%,while

degrading the uncertainties on H0 and σ8 by almost 30%.
We note thatthe main source causing the degradation inP

mν does notcome from a drastic increase in posterior
uncertainty given the degeneracy between

P
mν and Pcal.

The main effect rather comes from a shiftin the best-fit
values of correlated parameters

P
mν, lnð1010AsÞ, and Pcal.

For this dataset, TE dominates the fit and causes
P

mν and
lnð1010AsÞ to be anticorrelated. With Pcal free, the best fit
for lnð1010AsÞ shifts to lower values by about 0.7σ. Thus, a
lower value of lnð1010AsÞ induces a shift of the

P
mν

posterior distribution to higher values. Since this distribu-
tion is single-tailed with

P
mν > 0, this shift is perceived

as a change in the upper bounds. These degradations
disappearonce the TT data is included, becauseTT
strongly constrains lnð1010AsÞ.While this shift could be
due to either a statistical fluctuation or a systematic error, it
highlights the impact of Pcal on constraining

P
mν.

For the ΛCDM þ AL model, it was noted in Planck that
the AL parameter is high compared to the ΛCDM expect-
ation—at the 2.8σ or 2.1σ levels6 for polarization calibra-
tions estimated using Plik’s baseline or estimated using
separatefits of TE and EE respectively, as already
described above in Sec.VA. Here we show thatleaving
the polarization calibrations free to vary cannot alleviate the
difference between these two results. This is due to the fact
that the difference between the two Planck estimates of
polarization efficiency from TE alone or from EE alone
(ΔPcal ∼ 0.017 at 143 Ghz at map level) is larger than
the Pcal posteriorwidth when Pcal is free to vary when
fitting the TE,EE or TT,TE,EE data (σðPcalÞ ≲ 0.01).
Furthermore,the Pcal mean values measured from these
fits are in good agreement with those of the baseline
estimates.7 Therefore,leaving Pcal free to vary provides
results which are similar to the baseline case. Specifically,
using the TE; EE þ lowE dataset, the AL parameter best fit
is AL ¼ 1.09  0.13, which is within 0.8σexp of the value
obtained when fixing P cal in the baselinecase,AL ¼
1.13  0.12, with negligible impact on the uncertainties.
Similarly when also including TT, varying the polariza-
tion calibrations leads to AL ¼ 1.19  0.069, in agreement
with the baseline result obtained with Pcal fixed

FIG. 8. Same as Fig.3, but for the Planck TT,TE,EE data.
Freeing the three Planck Pcal frequency parameters has a very
minor impact on the cosmological parameter error bars,smaller
than 15%,in all the cosmologicalmodels considered here.

6These results refer to the baseline data combination
TT; TE; EE þ lowE þ CMB lensing. Note that the AL parameter
only impacts the amplitude of lensing in the TT,TE,EE power
spectra,while it leaves the Planck CMB lensing reconstruction
power spectrum unaltered.

7This is not surprising since the Pcal fits obtained from the TE,
EE or TT,TE,EE data are dominated by EE,which is also the
datasetused for the baseline estimates.
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AL ¼ 1.18  0.068 (see also the discussion in Sec.3.7 of
[7]). Thus, leaving the polarization calibrations free to vary
has a very small impact on the value and error bar of the AL
parameter,which remains higher than unity at the 2.8σ
level, due to the tight constraint provided by the TE,EE or
TT,TE,EE data combinations which agree with the baseline
estimate.For the same reason,the other cosmological
parameters are little affected as well.

VI. FORECASTS

In this section, we forecast how well Pcal could be
measured with our method and the impact on cosmological
parameter uncertainties when marginalizing over Pcal for
ongoing and future experiments.We consider two experi-
ment configurations: SPT-3G, the third-generation camera
currently installed on the South Pole Telescope [15,30], and
CMB-S4, a next-generation ground-based CMB experi-
ment [19].

A. SPT-3G
The SPT-3G receiver observes in three frequency bands

95, 150, and 220 GHz in both intensity and polarization
with ∼16000 detectors over ∼1500 deg2 of the sky in its
main survey field. The full-width half-maximum of the
beams are approximately 1.7, 1.2, and 1.1 arcminutes at 95,
150, and 220 GHz respectively.The first science results
from SPT-3G using TE and EE spectra measured using data
collected in 2018 have recently been released [24].
However, the data were only collected for half of the
observing season with partof the focal plane operable.
Therefore, for this forecast, we use noise level projections
starting from 2019 when the active detector countnearly
doubled.With five seasons of observations on the main
survey field (2019–2023 inclusive), the noise levels in the
final coadded temperature maps are projected to be 3.0, 2.2,
and 8.8 μK arcmin in the three frequency bands, and those
in the polarization maps are a factor of

ffiffiffi
2

p
higher [15,30].

We forecast the Pcal constraints along with constraints on
ΛCDM and extension parametersfor SPT-3G for two
scenarios.First, we use data from only one of the three
frequency bands,150 GHz, for more direct comparison

with SPTPOL, described in Sec. III, and to verify the impact
of using only one frequency channel. Second, we report the
constraints when combining maps from allthree bands.

We use the Fisher Matrix formalism and code described
in [6] for extracting the 1-σ parameteruncertainties.As
inputs, we use lensed power spectra of TT, TE, and EE; we
do not include the lensing reconstruction spectrum Cϕϕ

L . We
present constraints from the combination of TE and EE as a
baseline and also those including all three spectra to study
the effect of including TT. We restrict the power spectrum
angular multipole range to l ¼ 100–3500, and we adopt a
Gaussian prior on the optical depth to reionization of
σðτÞ ¼ 0.007,based on the Planck constraint [25].The
noise curves include atmospheric 1=f noise and account
for foreground residuals.We verified that choosing a
minimum multipole of l ¼ 300 instead of 100, or neglect-
ing the 1=f noise or the marginalization over foregrounds
do not change our results substantially.

Table III shows results for the ΛCDM case. The SPT-3G
TE and EE combination is projected to constrain Pcal at the
level of ∼0.8%, either using only one frequency or
combining the information from all three frequencies.
When freeing Pcal, the constraint on lnð1010AsÞ is degraded
by about 50% while the rest of the ΛCDM parameters are
mildly affected (below the 15% level).Similar to what is
seen in the Planck case,the degraded constraints can be
recovered by adding the TT data. In this case, marginalizing
over Pcal has negligible impact on cosmological parameters
and the constraint on Pcal tightens to 0.2%.

We verify that similar constraints on Pcal are obtained in
extensions of the ΛCDM model,such as ΛCDM þ Neff,
ΛCDM þ A L or ΛCDM þ

P
mν, for both the TE þ EE

and the TT þ TE þ EE data combination. As for the
cosmological parameters,we highlight here the ones with
constraintsdegraded when marginalizing over Pcal. In
ΛCDM þ

P
mν, the lnð1010AsÞ uncertainty increases by

40% for the TE þ EE data combination. In ΛCDM þ Neff,
the lnð1010AsÞ uncertainty increasesby 70% and the
uncertainties on Ωbh2 and H0 increase by ∼30%.
However,similar to the ΛCDM case,when including the
TT data, the marginalization over Pcal has minimal impact
on the constraints on cosmological parameters.

TABLE III. Fisher matrix forecast on cosmological parameters and Pcal for SPT-3G, using the 150 GHz channel alone or all of the
three channels.As a comparison,we also show constraints when fixing Pcal.

Ωbh2 ½×10−4 Ωch2 ½×10−3 H0 ½×10−1 τ ½×10−3 ns ½×10−3 ln½1010As ½×10−2 Pcal ½×10−3

ΛCDM
SPT-3G TE þ EE,150 GHz 1.4 2.0 7.5 6.6 8.0 1.3
SPT-3G TE þ EE 1.3 1.9 7.1 6.6 7.7 1.3
SPT-3G TT þ TE þ EE 1.4 1.7 6.5 6.4 7.4 1.2
ΛCDM þ P cal
SPT-3G TE þ EE150 GHz 1.6 2.1 8.0 6.6 8.2 2.0 7.6
SPT-3G TE þ EE 1.5 2.0 7.7 6.6 7.9 1.9 7.4
SPT-3G TT þ TE þ EE 1.4 1.8 6.8 6.4 7.4 1.2 2.1
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B. CMB-S4
CMB-S4 is a next-generationground-basedCMB

experimentaiming to observe ∼70% of the sky. It is
planned to have a frequency coverage from 20 to
270 GHz and the full-width half-maximum of its beam
at 150 GHz is ≲1.5 arcminutes [19].There will be tele-
scopes observing from both the South Pole and from the
Atacama desert in Chile, for a deep and a wide area survey
respectively.

In this work, we forecast the constraints on Pcal given the
wide survey from Chile.We use noise curves from [31],
which combine information from all frequencies using an
internal linear combination method. The per-frequency
noise input includes 1/f atmospheric noise;the output
noise curves include residuals from component separation.
We assume fsky ¼ 0.42, which excludes the area covering
the galaxy in the wide survey. As in the forecast for SPT-
3G, we use lensed power spectra in the multipole range of
l ¼ 100–3500 and we do not include information from
lensing reconstruction Cϕϕ

L .
Table IV shows results for the ΛCDM case. We find that

with just TE and EE, CMB-S4 data could constrain Pcal at
the level of ∼0.2%, which further tightens to 0.056% when
we add TT. When freeing Pcal, constraints on cosmological
parameters are mildly degraded without TT, and negligibly
degraded with TT.As in the previous sections,we verify
that extending the ΛCDM model with

P
mν, Neff, and AL

does not significantly change the constraintson P cal.
Conversely, leaving the Pcal parameter free has the largest
impact on the constraints on Ωbh2, H0 and lnð1010AsÞ in
the ΛCDM þ Neff model for TE þ EE, at the level of 30%.
Similarly to previous cases, including the TT data allows us
to marginalize over Pcal with no loss of precision on
cosmological parameters.

VII. CONCLUSIONS

In this paper, we demonstrate that effective polarization
calibrations Pcal could be precisely determined by fitting
CMB TE and EE spectra to the ΛCDM model and its
common extensions with Pcal as a free parameter.This is
possible thanks to the different dependence of the TE and
EE spectra on Pcal. While allowing P cal to float does
increase the posterior volume and therefore degrades some

constraints on cosmological parameters,we show that the
degradation becomes negligible once TT is included.

We apply the method to SPTPOL and Planck. For the
SPTPOL150 GHz TE and EE dataset presented in H18, we
extract Pcal with an uncertainty of ∼2% at the map level,
independent of the considered models. For the dataset from
the Planck 2018 data release, combining TE and EE allows
us to measure Pcal at 100, 143, and 217 GHz with
uncertainties of0.7%, 0.6% and 0.8% at the map level.
While this method is model dependent, we highlight how it
can be usefulfor detecting inconsistencies in the data.In
particular,Pcal determined using TE and EE should agree
with the ones determined with TT included or the ones
measured from externaldatasets.When allowing Pcal to
float, cosmologicalparameters inferred from TE and EE
spectra from different frequency bands should be consistent
among each other.Additionally, we can compare cosmo-
logical parameters inferred by the instrumentin question
with those from other experiments with differentinstru-
mental configurations (thus polarization efficiencies). With
Pcal free and using spectra from the same multipole ranges,
one would expect the inferred cosmological parameters to
be consistent between the two experiments. If any of these
example scenarios presentunexpected results,this could
suggestthe existence of unaccounted for systematics (as
opposed to new physics) which projectinto these multi-
plicative factors.

Finally, we forecast the capabilities of current and future
experimentsto constrain Pcal. We find that using its 3
frequency channels,SPT-3G will be able to measure Pcal
with an uncertainty of 0.7% from TE and EE, and the
uncertainty can be improved to 0.2% when including TT. We
find that leaving Pcal free to vary will degrade the constraints
on As from TE and EE by 30%, while constraints from TT,
TE,EE are not affected. Furthermore, we find that CMB-S4
could further tighten the uncertainty of Pcal to 0.2% with its
TE and EE measurements and to 0.06% with TT,TE,EE.
Similarly to SPT-3G, while constraints on As are affected by
the variation of Pcal by about 20% when using TE,EE, the
constraints from TT,TE,EE are unaffected.

We highlight that these uncertainties on Pcal are com-
parable to or tighter than those derived for the Planck
baseline (∼0.5%). As a consequence, relying on Planck to
calibrate polarization maps will ultimately limit the

TABLE IV. Fisher matrix forecast on cosmological parameters and Pcal for CMB-S4. As a comparison, we also show constraints when
not varying the Pcal.

Ωbh2 ½×10−4 Ωch2 ½×10−3 H0 ½×10−1 τ ½×10−3 ns ½×10−3 ln½1010As ½×10−2 Pcal ½×10−3

ΛCDM
CMB-S4 TE þ EE 0.36 0.71 2.7 5.1 2.5 0.88
CMB-S4 TT þ TE þ EE 0.36 0.67 2.5 4.9 2.3 0.85
ΛCDM þ P cal
CMB-S4 TE þ EE 0.42 0.75 2.9 5.1 2.5 1.0 2.0
CMB-S4 TT þ TE þ EE 0.37 0.70 2.6 4.9 2.3 0.86 0.56
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accuracy of these experiments,provided that the Planck
uncertainty is folded in the power spectrum covariance
matrix.8 Furthermore,if the externalPcal determination is
biased and the systematic uncertainties are notproperly
included, cosmologicalparametersconstraintswould be
biased.We observe a possible hintof this in the Planck
TE,EE

P
mν upper limits between the (baseline) fixed Pcal

case and the free Pcal case. For Planck however, the differ-
ence of

P
mν upper limits due to a shift in the Pcal values is

still compatible with a statistical fluctuation. For future
experiments,we emphasize thatstringentcontrol on Pcal
is importantfor accurate and precise inference on cosmo-
logical parameters, such as the sum of neutrino masses.

Beyond using the primary CMB spectra TT, TE, and EE,
we acknowledge the possibility of adding lensing potential
power spectrum measurementsto further tighten con-
straints on Pcal and reduce degradations in cosmological
parameters.We leave this for future work.In conclusion,
this paper demonstrates thata significant source of sys-
tematic error for future CMB polarization experiments can
be self-calibrated without major consequenceson the

constraints on cosmological parameters investigated in this
work.
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