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Motivation 
1.  The third and final 2018 data release in Planck was characterized 

by the correction of polarization systematics, both at large scales 
and small scales.  

2.  At small scales (l>30), there were two main systematics, beam 
leakage, and uncorrected polarization efficiencies. 

In Planck, polarization efficiencies for HFI (High Frequency Instrument) 
where measured in the lab and estimated to be between 80-95%  
(92–96 % at 100 GHz, 83–93 % at 143 GHz, and 94–95 % at 217 
GHz ) with uncertainties that ranged between 0.1-0.3%. 
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publicly available lite likelihood [13] to demonstrate the ease
of application of this approach. To check the relevance of
this method for upcoming and future data sets, we forecast
the Pcal uncertainty and the changes cosmological parameter
uncertainties when marginalizing over Pcal for SPT-3G and
CMB-S4.

This paper is organized as follows. In Sec. II, we summa-
rize polarization e�ciencies kw: calibration? as defined in
SPTpol and Planck. We present results for SPTpol, ACTpol,
and Planck in Sections III and IV. Our forecasts for SPT-3G
and CMB-S4 are detailed in Sec. V. We conclude in Sec. VI.

II. POLARIZATION EFFICIENCY

The power absorbed by a polarized detector in an experi-
ment such as Planck or SPTpol at time t on the sky can be
modeled as:

P(t)=G
�
I + ⇢

⇥
Q cos 2( (t)) + U sin 2( (t))

⇤ 
+ n(t), (1)

where I, Q, and U are the Stokes parameters seen by the de-
tector at time t, G is the e↵ective gain (setting the absolute
calibration), ⇢ is the detector polarization e�ciency,  (t) is
the angle of the detector with respect to the sky and n(t) is the
detector noise. Here we have omitted e↵ects 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 co-adding
observations at di↵erent times and from di↵erent 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. With the coad-
ded map, known instrumental e↵ects such as temperature-to-
polarization leakage could be corrected. In the following, we
focus on the impact of polarization e�ciency inaccuracies at
the coadded map level, which can be e↵ectively captured at
each frequency by a polarization calibration parameter Pcal.
(kw: Can we uniformly call all the parameters applied to the
coadded map as Pcal, or polarization calibration parameter
from now on (as opposed to calling them polarization e�-
ciencies)?)

For the SPTpol TE, EE analysis in H18, before forming
data power spectra, the temperature and polarization maps
are calibrated against Planck maps. The calibration factors
⌘ are formed by taking the ratio of the cross-spectrum be-
tween Planck maps and SPTpol maps and the cross-spectrum
between two halves of SPTpolmaps averaged across the mul-
tipoles ranges 600 < ` < 1000 for temperature and 500 <
` < 1500 for polarization (see sections 4.5.2 and 7.3 in H18
for details). The Planck maps are masked and filtered identi-
cally as the SPTpolmaps and thus have the same filter transfer
function and mode-coupling, and the di↵erences in beam B`
and pixel-window function F` of the input Planck maps are
accounted for as follows kw: (not sure if this is more helpful
or not.):

⌘` =
FP
` BP

`

BS
`

CS i⇥S j

`

CS⇥P
`

, (2)

where S and P denote SPTpol and Planck, and i , j. In par-
ticular, the Planck DR2 Commander polarization map was
used to obtain the polarization calibration factor, and provided
a correction to the polarization e�ciency of the maps of 6%.
When sampling cosmological and nuisance parameters, the
theoretical spectra to which the data are compared are scaled
by 1/(Tcal

2 Pcal) for TE and 1/(TcalPcal)2 for EE, where Tcal
denotes the overall residual calibration of the maps and Pcal is
the polarization calibration correction. A Gaussian prior with
mean of unity and uncertainties of 0.34% and 1% are applied
to Tcal and Pcal respectively, based on the uncertainty of the
ratio described above. In H18, only the 150 GHz band data
were used, therefore only one parameter is needed to model
polarization e�ciencies.

For Planck, the modeling of polarization e�ciencies is dif-
ferent from the one used in SPTpol in two ways. First, the
Planck likelihood at high-`1 includes maps from 3 frequen-
cies, 100, 143 and 217 GHz. Second, while the SPTpol Pcal
is defined at the map level, the Planck e↵ective polarization
calibration parameters cEE

⌫ are defined at the power spectrum
level for each frequency spectrum ⌫ ⇥ ⌫ used in the high-`
likelihood.2 Thus, Pcal =

p
cEE for each frequency.

Specifically, the theory power spectra to which the data is
compared to are multiplied by a calibration factor g defined
as:

gXY
⌫⇥⌫0 =

1
2y2

P

0
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1
q

cXX
⌫ cYY

⌫0

+
1

q
cXX
⌫0 cYY

⌫

1
CCCCCCCCCCA
. (3)

Here, ⌫ ⇥ ⌫0 indicate the frequency spectra with ⌫, ⌫0 =
100, 143, 217 GHz; the spectra are then either for XY = T E
or XY = EE. cTT

⌫ are temperature calibration parameters, sep-
arately determined and on which priors are set. The 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 pa-
rameter defined at the map level, on which a Gaussian prior
of yP = 1± 0.0025 is set (see Section 3.3.4 of [14] for further
details). In the baseline Planck analysis, cEE

⌫ are fixed to the
values obtained by comparing the EE data spectra to the the-
ory spectra computed given the best-fit cosmology to the TT
spectra, as it will be further elucidated in Section IV. In this
work, cEE

⌫ are nuisance parameters to be constrained by the
data themselves. Given the di↵erent definitions of the polar-
ization calibration parameters for SPTpol and Planck, 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

⌫ ) polarization calibrations. In Sec. IV, we will pro-
vide results for the Planck data using both definitions.

1The high-` likelihood covers ` > 30. We assume here that polarization e�-
ciency corrections have a negligible impact on the low-` polarization likeli-
hood due to the large uncertainties in this regime due a combination of cosmic
variance, noise, and systematic uncertainties.

2Thus, the polarization e�ciency for a cross-frequency spectrum ⌫⇥⌫0 in, e.g.,

EE is
q

cEE
⌫ ⇥ cEE

⌫0 .

Detector polarization efficiency 

Detector gain Stokes parameters 



Motivation 

1.  However, in-flight observations of 
strong polarized galactic  
emission revealed differences 
between polarization efficiencies of 
detectors of the percent-level. 

 
2.  These were responsible for large 

differences between power spectra 
estimated from different 
frequencies. 

3.  Uncorrected polarization efficiencies 
impact parameters in Planck up to 
0.6σ

Planck Collaboration: Planck 2018 results. HFI DPC.

Fig. 34: Relative polarization e�ciency with respect to ground-
based measurements, extracted from SRoll single-bolometer
maps for the 353-GHz bolometers. The bottom panel is an en-
largement of part of the top one. It shows the small polariza-
tion e�ciency di↵erence with respect to ground-based measure-
ments when used with (in blue) the SWBs and without (in red)
the SWBs.

three values of the rms of the spread in e�ciencies, 0.5, 1, and
2 %, to model in a conservative way the errors in the simula-
tions (which are 0.5 % for the PSBs, as shown in Fig. 34). We
test our two main data splits, i.e., rings and half-mission maps.
Figure 35 displays the relative variance within logarithmic bins
in the di↵erence of the cross-spectra of the two simulations. The
impact is smaller than the noise for TT , EE, and BB, but not
for T E. The polarization e�ciency mismatch causes leakage be-
tween temperature and polarization and increases the correlated
noise in the T E cross-spectrum. The variance of the di↵erence
associated with polarization e�ciency uncertainties is larger for
the cross-spectra between odd and even rings than for the cross-
spectra between two half missions. This can be understood, since
the scanning strategy is the same from one year to the next, and
the half-mission sets have almost the same pixelization.

In conclusion, we have measured small changes in the po-
larization e�ciency compared to the ground-based values, as
shown in Fig. 34. These small changes have not been included
in the frequency maps in this release. In addition, for 353-GHz
polarization studies, one must use the maps based on PSBs
only. At other frequencies, when including SWBs, we show in
Sect. 5.14.3 that polarized maps are not significantly a↵ected for
this 2018 release.

5.11. Transfer function

5.11.1. Need for an empirical transfer function

The empirical transfer functions (TFs) are introduced at low har-
monics of the spin frequency to account for inaccuracies in the
TOI processing step that removes the time constants of the de-
tectors. These corrections are based on the scanning beams mea-
sured on planets and the corresponding e↵ective window func-
tion derived from a first iteration of the mapmaking with the
same TOI-HPR data. Time-constant-induced tails in the e↵ective

Fig. 35: Simulation, at 143 GHz, of the polarization e�ciency
error propagated to power spectra. Specifically plotted is the rel-
ative variance within logarithmic bins in the cross-spectra half-
mission 1 ⇥ half-mission 2 (blue curves) and odd ⇥ even rings
(red curves) di↵erence without and with polarization e�ciency
uncertainties (of 0.5, 1.0, and 2 %). The green curves show the
noise level from the half-mission null test.

beams shown in figure 12 of Planck Collaboration VII (2014) il-
lustrate these inaccuracies in the transfer functions. This proce-
dure was improved in the 2015 release; nevertheless the accu-
racy cannot be much better than a few tenths of a percent and
the correction cannot detect time constants comparable with the
spin frequency (although they are known to be present).

Other residuals are partially degenerate with the time transfer
functions. They are associated with the beam ellipticity acting on
strong gradients and strong extended signals (CMB dipoles and
the Galactic plane) integrated over the FSL. All these e↵ects are
di↵erent for the same sky pixel when scanned in two opposite
directions. The destriper will identify such e↵ects in the di↵er-
ences of signals from the same sky pixel observed by the same
bolometer between odd and even surveys. We thus introduced in
SRoll an empirical complex TF correction in the mapmaking to
minimize all these time-like residuals.

5.11.2. Implementation of the empirical TF

The empirical TF correction for each bolometer is parameter-
ized with four complex amplitudes for four bins of spin har-
monics. These parameters are solved for in the SRoll destriper.
However, the redundancy and accuracy of the data does not al-
low us to extract all of these parameters. At all frequencies, we
correct for the imaginary part by removing the empirical TF in
the h = 1 to h = 4 bins, which show significantly smaller 0.1 %
residuals (figure 11 of LowEll2016). The real part of the transfer
function is not detected accurately at the CMB frequencies (i.e.,
100, 143, and 217 GHz) and is not corrected for at these three
frequencies.

At 353 GHz, and in the submillimetre channels, both the real
and imaginary parts are accurately extracted using the strong
dust emission signal from the Galactic plane (figure 10 of
LowEll2016), and are corrected for at this frequency. The phase

32

Relative polarization efficiency estimated 
on dust at 353 GHz. 
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Motivation 
1.  In Planck residual uncorrected polarization efficiencies were 

modeled at the frequency map level, where efficiencies from 
different detectors coadd into one multiplicative factor (Pcal). 

2.  We define Pcal as the polarization calibration parameter adjusting 
theoretical power spectra at each frequency: 
 

TE’=TE/Tcal
2 Pcal           EE’=EE/Tcal

2 Pcal
2 

 

1.  Planck 2018 re-measured Pcal by recalibrating the TE and EE 
power spectra with respect to a fiducial power spectrum 
calculated from the best-fit TT ΛCDM model (model dependence 
was shown to be small).  

2.   However, in this work realized that one can constrain Pcal 
only just using the combination of EE and TE, without any 
external TT data. 

3.  TE and EE depend on Pcal with different powers (linear versus 
quadratic). This can be used to break degeneracies with other 
cosmological parameters that impact the amplitude of the spectra, 
such logAs. Independent from TT, which is good for ground-
based experiments and cross-checks 



Data 

1.   SPTpol: SPTpol TE,EE from Henning 2018 at 150 GHz over 490 
deg2. Multipoles l=50-8000, with polarization noise level measured 
in the l range 1000 < l < 3000 of this data set is 9.4 µK arcmin.  
We use a prior on the optical depth of reionization. 

2.   Planck 2018. We use: 
a.   Low-l EE in polarization SimAll (l = 2 − 29 in EE only) 
b.   High-l TE, EE Plik (l = 30−1997), 
c.   Low-l TT  Commander (l = 2 − 29 in TT) 
d.   High-l TT Plik (l = 30−2508 in TT) 



SPTpol 
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III. SPTPOL

We use the SPTpol TE/EE power spectra measurements
from H18. The generation of these measurements are de-
scribed in detail in H18 and here we highlight relevant aspects
of that work. Data included in H18 are the 150 GHz band ob-
servations by the SPTpol camera on the South Pole Telescope
over an e↵ective area of 490 deg2. The power spectra cover
angular multipoles ` between 50 and 8000. The polarization
noise level measured in the ` range 1000 < ` < 3000 of this
data set is 9.4 µK arcmin.

For the ⇤CDM baseline model, we sample the identi-
cal model space as in H18 using the same covariance ma-
trix using CosmoMC [15]. The model parameter space in-
clude ⇤CDM parameters, foreground, and nuisance parame-
ters. The ⇤CDM parameters are the cold dark matter den-
sity ⌦ch2; the baryon density ⌦bh2; the amplitude and tilt of
the primordial scalar power spectrum ln(1010As) and ns; the
optical depth to reionization ⌧; CosmoMC’s internal proxy to
the angular scale of the sound horizon at decoupling, ✓MC .
We highlight some priors in the following, with parentheses
(µ,�2) denoting a Gaussian prior with mean µ and variance
�2. A Gaussian prior is set on ⌧ : (0.0544, 0.00732) given
the Planck results [16]. The sum of neutrino mass M⌫, when
not sampled, is fixed to 0.06 eV. On the other cosmological
parameters, we set large uniform priors.

We consider Galactic dust foregrounds and the extragalac-
tic foregrounds from polarized point sources. We model and
set priors for them identically as in H18. The priors on the am-
plitudes of dust at ` of 80, AT E

80 and AEE
80 , are set to be uniform

between 0 � 2µK2; the priors on the spatial spectral indices,
↵T E and ↵EE , are set to (�2.42, 0.022). The prior on the ampli-
tude of polarized sources DPSEE

3000 is set to be uniform between
0 � 2.5µK2.

As in H18, the nuisance parameters are beam uncertainties,
super-sample lensing, and temperature and polarization cali-
bration uncertainties. We include e↵ects from super-sample
lensing with the prior on  to be (0.0, 0.0012). We model
beam uncertainties using two eigenmodes with prior (0.0, 12)
on each mode. The overall residual calibration parameter Tcal
has prior (1.0, 0.00342). Finally, as for the focus of this paper
Pcal, we either set a prior of (1.0, 0.012), which is the baseline
of H18, or no prior, which is the method we propose to let Pcal
be determined by the data.

To illustrate the idea, in Fig. 1, we show the 2D posterior
of As 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 di↵erent (linear versus quadratic in Pcal respectively), the
combined TE,EE constraint on As and Pcal without a prior are
significantly reduced. This illustrates the potential of combin-
ing the TE and EE spectra in constraining Pcal without sig-
nificantly degrading constraints on ⇤CDM parameters. Fur-
thermore, we find that the Pcal parameter as sampled is con-
sistent with unity. This serves as cross-check to the polariza-
tion e�ciency determined by the comparison to the Planck
Commander polarization maps. In the following, we first

FIG. 1. ln(1010As) vs Pcal in⇤CDM for SPTpol TE, EE, and TE+EE,
with no Pcal priors.

TABLE I. Polarization e�ciency parameters obtained from SPTpol
data assuming di↵erent models. When a Pcal prior of 1.25% is ap-
plied, Pcal = 1.0003±0.0108 is found for the ⇤CDMmodel.

Model SPTpol TEEE (no Pcal prior)
⇤CDM 1.0022 ± 0.0203
⇤CDM+AL 0.9936 ± 0.0213
⇤CDM+Ne↵ 1.0081 ± 0.0219
⇤CDM+M⌫ 0.9976 ± 0.0208

show that the constraints on Pcal are su�ciently accurate and
stable across di↵erent models to be used as a cross-check for
other sources of measurements. We then discuss e↵ects on
parameter uncertainties when marginalizing over Pcal.

For this SPTpol dataset, we obtain a ⇠ 2% constraint on
Pcal in ⇤CDM and three extensions—AL, Ne↵ , and M⌫, as
listed in Tab. I and shown in Fig. 2. This level of precision
is su�cient 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 ap-
plying the polarization calibration correction from comparing
against Planck, one would arrive at a similar conclusion that a
6% correction should be applied to the calibration of the polar-
ization maps if one lets Pcal float while sampling the ⇤CDM
and extension model spaces with the TE,EE dataset. We note
that in all three extension scenarios, the Pcal constraint does
not degrade significantly, which shows that this approach is
useful as cross-checks beyond just the ⇤CDM model.

The stable uncertainties on Pcal across ⇤CDM and the few
extensions suggest that Pcal has little degeneracy with other
parameters. Indeed, we observe that all but one cosmolog-
ical parameter constraints are negligibly to mildly degraded
when we relax the Pcal prior for the SPTpol TE,EE dataset.
We show in Fig. 3 the ratios of cosmological parameter uncer-
tainties between the no Pcal prior and the baseline Pcal prior
case for the models considered so far. The constraints on As
degrade most, by 40 � 60% depending on the model. This is

The combination of SPTpol 
TE and EE data allows one 
to constrain Pcal at the 
2% level assuming ΛCDM 
and other. 
 
Even TE and EE alone can 
place a weak constraint on 
Pcal since the presence of 
lensing breaks the 
degeneracy with logAs 



Impact on cosmological parameters 

Increase in error bars due to letting Pcal free to vary. 
The most affected parameter is logAs, whose error bar increase 
by ~50%. 



Planck 

Planck TE+EE can determine polarization calibration parameters at 0.65%, 
0.6% and 0.8% at the map level for 100, 143, 217 GHz. Adding TT reduces 
this by a factor of 2. 

The theory power 
spectra multiplied by 
g defined as: 
 
 
 
 
with cEE

freqxfreq=Pcal2 
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publicly available lite likelihood [13] to demonstrate the ease
of application of this approach. To check the relevance of
this method for upcoming and future data sets, we forecast
the Pcal uncertainty and the changes cosmological parameter
uncertainties when marginalizing over Pcal for SPT-3G and
CMB-S4.

This paper is organized as follows. In Sec. II, we summa-
rize polarization e�ciencies kw: calibration? as defined in
SPTpol and Planck. We present results for SPTpol, ACTpol,
and Planck in Sections III and IV. Our forecasts for SPT-3G
and CMB-S4 are detailed in Sec. V. We conclude in Sec. VI.

II. POLARIZATION EFFICIENCY

The power absorbed by a polarized detector in an experi-
ment such as Planck or SPTpol at time t on the sky can be
modeled as:

P(t)=G
�
I + ⇢

⇥
Q cos 2( (t)) + U sin 2( (t))

⇤ 
+ n(t), (1)

where I, Q, and U are the Stokes parameters seen by the de-
tector at time t, G is the e↵ective gain (setting the absolute
calibration), ⇢ is the detector polarization e�ciency,  (t) is
the angle of the detector with respect to the sky and n(t) is the
detector noise. Here we have omitted e↵ects 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 co-adding
observations at di↵erent times and from di↵erent 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. With the coad-
ded map, known instrumental e↵ects such as temperature-to-
polarization leakage could be corrected. In the following, we
focus on the impact of polarization e�ciency inaccuracies at
the coadded map level, which can be e↵ectively captured at
each frequency by a polarization calibration parameter Pcal.
(kw: Can we uniformly call all the parameters applied to the
coadded map as Pcal, or polarization calibration parameter
from now on (as opposed to calling them polarization e�-
ciencies)?)

For the SPTpol TE, EE analysis in H18, before forming
data power spectra, the temperature and polarization maps
are calibrated against Planck maps. The calibration factors
⌘ are formed by taking the ratio of the cross-spectrum be-
tween Planck maps and SPTpol maps and the cross-spectrum
between two halves of SPTpolmaps averaged across the mul-
tipoles ranges 600 < ` < 1000 for temperature and 500 <
` < 1500 for polarization (see sections 4.5.2 and 7.3 in H18
for details). The Planck maps are masked and filtered identi-
cally as the SPTpolmaps and thus have the same filter transfer
function and mode-coupling, and the di↵erences in beam B`
and pixel-window function F` of the input Planck maps are
accounted for as follows kw: (not sure if this is more helpful
or not.):

⌘` =
FP
` BP

`

BS
`

CS i⇥S j

`

CS⇥P
`

, (2)

where S and P denote SPTpol and Planck, and i , j. In par-
ticular, the Planck DR2 Commander polarization map was
used to obtain the polarization calibration factor, and provided
a correction to the polarization e�ciency of the maps of 6%.
When sampling cosmological and nuisance parameters, the
theoretical spectra to which the data are compared are scaled
by 1/(Tcal

2 Pcal) for TE and 1/(TcalPcal)2 for EE, where Tcal
denotes the overall residual calibration of the maps and Pcal is
the polarization calibration correction. A Gaussian prior with
mean of unity and uncertainties of 0.34% and 1% are applied
to Tcal and Pcal respectively, based on the uncertainty of the
ratio described above. In H18, only the 150 GHz band data
were used, therefore only one parameter is needed to model
polarization e�ciencies.

For Planck, the modeling of polarization e�ciencies is dif-
ferent from the one used in SPTpol in two ways. First, the
Planck likelihood at high-`1 includes maps from 3 frequen-
cies, 100, 143 and 217 GHz. Second, while the SPTpol Pcal
is defined at the map level, the Planck e↵ective polarization
calibration parameters cEE

⌫ are defined at the power spectrum
level for each frequency spectrum ⌫ ⇥ ⌫ used in the high-`
likelihood.2 Thus, Pcal =

p
cEE for each frequency.

Specifically, the theory power spectra to which the data is
compared to are multiplied by a calibration factor g defined
as:

gXY
⌫⇥⌫0 =

1
2y2

P

0
BBBBBBBBBB@

1
q

cXX
⌫ cYY

⌫0

+
1

q
cXX
⌫0 cYY

⌫

1
CCCCCCCCCCA
. (3)

Here, ⌫ ⇥ ⌫0 indicate the frequency spectra with ⌫, ⌫0 =
100, 143, 217 GHz; the spectra are then either for XY = T E
or XY = EE. cTT

⌫ are temperature calibration parameters, sep-
arately determined and on which priors are set. The 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 pa-
rameter defined at the map level, on which a Gaussian prior
of yP = 1± 0.0025 is set (see Section 3.3.4 of [14] for further
details). In the baseline Planck analysis, cEE

⌫ are fixed to the
values obtained by comparing the EE data spectra to the the-
ory spectra computed given the best-fit cosmology to the TT
spectra, as it will be further elucidated in Section IV. In this
work, cEE

⌫ are nuisance parameters to be constrained by the
data themselves. Given the di↵erent definitions of the polar-
ization calibration parameters for SPTpol and Planck, 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

⌫ ) polarization calibrations. In Sec. IV, we will pro-
vide results for the Planck data using both definitions.

1The high-` likelihood covers ` > 30. We assume here that polarization e�-
ciency corrections have a negligible impact on the low-` polarization likeli-
hood due to the large uncertainties in this regime due a combination of cosmic
variance, noise, and systematic uncertainties.

2Thus, the polarization e�ciency for a cross-frequency spectrum ⌫⇥⌫0 in, e.g.,

EE is
q

cEE
⌫ ⇥ cEE

⌫0 .
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TABLE II. Polarization e�ciencies at power spectrum level obtained
from Planck data assuming di↵erent cosmological models. We also
report the corresponding polarization e�ciencies at map level (Pcal=p

cEE , �(Pcal) ⇠ (cEE)�1.5�(cEE)/2.), to ease the comparison with
those obtained for SPT in Section III.

Parameter PlanckTE, EE+lowE PlanckTT,TE, EE+lowE baseline
⇤CDM
cEE100 0.985± 0.013 1.007 ± 0.007 1.021
cEE143 0.954± 0.012 0.973 ± 0.0060 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

⇤CDM+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

⇤CDM+Ne↵

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

proach yields interesting constraints on Pcal for cross-checks
of other approaches.

We observe shifts in the mean values of the polarization ef-
ficiencies when TT are added to TE and EE. To check that the
shifts are consistent with statistical fluctuations, we employ
the formalism described in [19] applicable for comparing two
data sets in which one is a subset of the other. We find that the
observed shifts are consistent with statistical fluctuations at
better than the 2�exp level, with �exp =

q
�2

TE,EE � �2
TT,TE,EE.

Finally, we note that the mean values recovered from the
TT,TE,EE combination are slightly di↵erent from the ones
used in the baseline because of statistical fluctuations due to
the di↵erent multipole range and sky mask used in the two
cases (see also discussion in section 3.7 of [14]).

We further check how much the constraints degrade when
we exclude the cross-frequency spectra and only use the com-
bination of the TE and EE frequency auto-spectra 100 ⇥ 100,
143 ⇥ 143, and 217 ⇥ 217 GHz. We find in this case compa-
rable constraints on polarization e�ciencies to our baseline
results. Furthermore, if we include TE and EE from only
one frequency instead of all three as in our baseline case, i.e.,
we use only the 100 ⇥ 100, 143 ⇥ 143, or 217 ⇥ 217 GHz
power spectra, the uncertainties of the polarization e�cien-
cies 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 uncertainty for the 217⇥217 GHz case is be-
cause of the more restrictive ` range of 500�1996 used at this
frequency, which increases the degeneracies between cosmo-
logical parameters and polarization e�ciencies. For the other

FIG. 5. Marginal mean and the 68 % confidence level error bars on
the three Planck Pcal frequency parameters when they are let free to
vary assuming di↵erent cosmological models. The top plot shows
the results for Planck TE,EE, while the bottom one shows Planck
TT,TE,EE. Estimates on the Pcal parameters do not change signifi-
cantly when varying the cosmological model.

frequencies, the degradation of the constraint is smaller than a
factor of 2.

Figure 6 shows the degeneracies between polarization e�-
ciency parameters at di↵erent frequencies and the most de-
generate cosmological parameter, ln(1010As). When using
TE,EE+lowE, ln(1010As) has a ⇠ 40% correlation with each



Impact on cosmology 

The uncertainty on LogAs 
increases by ~20%. When 
neutrino mass is varied, the 
constraint can worsen by up to 
~40%  

When also TT data is included, 
increase in the error bars is 
strongly reduced.  



Forecasts  

1.   SPT-3G: 16000 detectors, over 1500 deg2 of the sky in 5 years 
(2019-2023). SPT-3G will provide maps at 90, 150 and 220GHz 
with white noise levels in temperature of 3.0, 2.2, and 8.8 µK 
arcmin (multiplied by a factor of 2 for polarization), at resolutions of 
1.7, 1.2, 1.1 arcmin respectively. We include foreground and 
atmosphere contributions to noise. 
We use l = 100 − 3500 and Gaussian prior on the optical depth 
to reionization of σ(τ) = 0.007.  

2.   CMB-S4: Observe ∼70% of the sky with angular resolution < 1.5 arc 
minutes at 150 GHz and the frequency coverage spans 20 to 270 
GHz. We include foreground and atmosphere contributions to noise. 

3.  We only use information between l = 100 − 3500. 
 



Forecasts: SPT-3G 
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TABLE III. Fisher matrix forecast on cosmological parameters and polarization e�ciency parameters for SPT-3G, using the 150Ghz channel
alone or all of the three channels. As a comparison, we also show constraints when not varying the polarization e�ciency parameters.

⌦bh2 ⌦ch2 H0 ⌧ ns ln[1010As] Pcal
[⇥10�4] [⇥10�3] [⇥10�1] [⇥10�3] [⇥10�3] [⇥10�2] [⇥10�3]

⇤CDM
SPT-3G TE+EE 150GHz 1.4 2.0 7.5 6.6 8.0 1.3
SPT-3G TE+EE 1.3 1.9 7.1 6.6 7.7 1.3
SPT-3G TT+TE+EE 1.4 1.7 6.5 6.4 7.4 1.2
⇤CDM+Pcal

SPT-3G TE+EE 150GHz 1.6 2.1 8.0 6.6 8.2 2.0 7.6
SPT-3G TE+EE 1.5 2.0 7.7s 6.6 7.9 1.9 7.4
SPT-3G TT+TE+EE 1.4 1.8 6.8 6.4 7.4 1.2 2.1

FIG. 8. Same as Figure 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 cosmological models considered here.

marginalize over Pcal with no loss of accuracy on cosmologi-
cal parameters.

VI. CONCLUSIONS

In this paper, we point out the possibility of accurately
determining e↵ective polarization e�ciency factors by only
combining polarization TE and EE spectra, without the use
of TT. This is possible thanks to the di↵erent dependence

of the TE and EE spectra on these parameters. We show
that constraints on cosmological parameters in ⇤CDM and
its common extensions are minimally a↵ected when polariza-
tion e�ciency factors are included as extra parameters. This
is particularly relevant for current and future ground-based
experiments—because of both overall improved sensitivities
and atmospheric noise in TT, their polarization spectra TE and
EE will provide stronger constraints on cosmological param-
eters than TT alone.

We apply the method to SPTpol and Planck. For the SPT-
pol 150 GHz TE and EE data set presented in H18, we extract
polarization e�ciency correction with an uncertainty of ⇠ 2%
at the map level, independent of the considered models. For
the data set from the Planck 2018 data release, combining TE
and EE allows us to measure polarization e�ciencies at 100,
143 and 217 GHz with uncertainties of 0.7%, 0.6% and 0.8%
at the map level. We highlight how this method can be useful
for detecting inconsistencies in the data. In particular, polar-
ization e�ciencies determined using TE and EE should agree
with the ones determined with TT+TE+EE or the ones mea-
sured from external datasets. If not, this could suggest the
existence of unaccounted for systematics which project into
these multiplicative factors.

Finally, we forecast the capabilities of current and future
experiments to constrain polarization e�ciencies. 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 con-
straints on As from TE and EE by 30%, while constraints from
TT,TE,EE are not a↵ected. 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 a↵ected by
the variation of Pcal by about 20% when using TE,EE, the con-
straints from TT,TE,EE are una↵ected. In conclusion, this pa-
per demonstrates that a significant systematic for future CMB
polarization experiments can be self-calibrated without major
consequences on the constraints on cosmological parameters.
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Conclusions 

1.  Uncorrected polarization efficiencies at the detector level can be 
modeled as effective polarization calibrations at the map level. 

2.  We point out that the different functional dependence of TE and EE 
on  Pcal allows one to let Pcal free to vary at parameter estimation 
level. 

3.  We find that leaving Pcal free to vary mostly impacts the estimates 
on the amplitude of scalar perturbations. This information can be 
completely recovered once we include information from TT. 

4.  SPTpol can set constraints on Pcal by 2% at the map level, while 
Planck by <1%. 

5.  Future experiments such SPT-3G and S4 will be able to constrain 
Pcal at sub-percent level just by using the combination of TE and 
EE. 

6.  Also in this case, the most affected parameter will be logAs. 


