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Accurate cosmologicaparameterestimates using polarization data dhe 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 ACDM, the combination of the
TE and EE constrain polarization calibration with sub-percenincertainty with Planck data and 2%
uncertainty withspTrPoL data. We arrive atsimilar conclusions when extending ACDM to incll_-yde the
amplitude of lensing A the number of relativistic specieggfNor the sum of the neutrino massesm,.
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 Ind"®\p,which increases by 20-50%owever this information can be fully
recovered by adding temperature auto-power spectrum (TT) information. For current and future ground-
based experiment$SPT-3G and CMB-S4we forecastthe cosmologicabarameter uncertainties to be
minimally degraded when marginalizing over polarization calibration paramelieddition, CMB-S4
could constrain its polarization calibration dthe level of ~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 polarization measurements dhe CMB are increasingly
ominating over the temperature measurements in terms of

The A cold dark matter (ACDM) model has emerged to be. S L ;
t eir statistical constraining power on cosmological param-

the leading model in describing our universe since the ad\é?grs.However,in order to fully take advantage of these

of precision measurements of the anisotropies in the cosm . . ;
microwave background (CMB). On the largest angular ur?comlng datasetssystematic errors thatould bias the

scales we have satellite measurementsom WMAP and polarization measurements mubé sufficiently mitigated

Planck that reach cosmic-variance limits in the temperatuand controlled. Specifically, recent Planck results show that

I . . .
. . = - c%smologlcal parameters can be biased by one of the main
anisotropy spectrum up to muitipoles | ~ 500 and | 1600polarization systematics—erroris the estimates of the

respe(cjtil\)/ely Ej1—3]On_ smaﬂl{ifln?r:ﬂa;\tscaledage apelrture polarization efficiencies of the detectors [7,8]. For Planck,
ground-based experimentece the Alacama Losmology 4, o polarization efficiencies of its detectors as measured in-

:]-.e Iﬁsqoper(c:T) ar.wd the South POI? T‘??scmépéowd? flight were discrepantfrom what were expected from
igh signal-to-noise measurements of the amping @) oratory measurements by up to 5 times the statistical

[4,5], in both temperature and polarization. ncertaintiesof the laboratory measurementg9]. To
As elucidated and forecasted in [6] and demonstrated bu i y . £l

Planck and its £ d-based tel Account for this discrepancy,the Planck polarization
anck and recentresults from ground-based telescopes, ¢ jibrations at different frequencies were then reevaluated

by requiring the polarization spectra to recover the ACDM
"gallis@iap.fr cosmology inferred by the temperature spectrum measure-
Twiwu@slac.stanford.edu ments, effectively modeling the detector polarization
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efficiencies as overall calibrations of the polarization mapgommon extensions to ACDM are insensitive to margin-
per frequency, B. We note that the,Pestimated with this alizing over this extra parameter.

procedure were notapplied to correct Planck maps,but In the following, we apply this method tospTPOL and
only applied to correct the power spectra used to estimatd’lanck data and show that B, are constrained to percent
cosmological parameters. level precision for these experiments across ACDM and its

In this work, we proposean alternative method to  extensionsjncluding the lensing amplitude A the effec-
extractpolarization calibration as a potentiatross-check tive number of refativistic species N, and the sum of
for direct approachesTypically, polarization calibration neutrino masses m,. We take inputs from a recent
parameters are included in cosmologicgbarameteresti-  SPTPOL power spectrum analysis[[13], hereafterH18]
mation as nuisance parameters with priors informed by and Planck’s latest data release [20] and sample parameter
external calibration steps [e.g., [10-12]]. For example, forspaces without imposing priors on their respective polari-
SPTpola combination of directmeasuremenénd cross-  zation calibration parameters. With the recent release of the
calibration with Planck was used to estimate the values oACTpol DR4 data,we apply this method to the publicly
individual detector polarization angles and overglblari-  available TT ACTPollite likelihood [14,21] to demonstrate
zation efficiency. A dedicated calibration campaign using the ease of application of this approach. We assmomc
polarized calibration source was used for the direct meas{22] for sampling the posterior distributions sfTPoLand
urement of individual detector angles and efficiencies, theRlanck, and coBAyA [23] for ACTpol. To check the
the overall efficiency was checked by calculating the crosgelevance of this method for upcoming and future datasets,
spectrum betweesPTPoLand Planck E-mode mapghe  we forecast the B, uncertainty and the changes in cosmo-
mean and Gaussian width of the prior on;R used in the logical parameter uncertainties when marginalizing gyer P
spTPOLcosmological parameter analysis of [13] were basd@r SPT-3G and CMB-S4. While this paper was in its final
on the cross-spectrum with Planck. Here, we jointly fit thestages of preparation, the results from the first season of the
ACDM and extension models to the CMB temperature-E-SPT-3G experimentwere released [24]. We leave the
mode cross-power spectrum (TE) and E-mode auto-powepplication of our method to this dataset to future work.
spectrum (EE), allowing the polarization calibration param- This paperis organized as follows. In Sec. II, we

eters to float with a uniform prior i.e., we let the data to sefummarize polarization calibration as defined irsPTPOL
calibrate P, given a model. and Planck.We presentresults forspTpoL, ACTpol, and

Previous works using Planck [7] or ACTpo|[14] data Planck in Secs. IlI-V. Our forecasts for SPT-3G and CMB-

have constrained B, by combining TE and EE with the S4 are detailed in SecVIl. We conclude in SecVII.
temperature auto-power spectrum (TTyVe show in this

paper that the combination of just TE and EE is sufficient in Il. POLARIZATION EFFICIENCY AND

breaking the degeneracy between | and other cosmo- EFFECTIVE CALIBRATION

logical parametersyhich exists when only TE or EE is ] ]

used. In particular, combining TE and EE breaks the almostThe power absorbed by a polarized detectorin an
complete degeneracy between. and the amplitude of experimentsuch as Planck or spTPOL at time t can be
scalar perturbations AWe demonstrate that their combi- Modeled as:

nation provides a tight P., constraint,and that the P,

uncertainty can be further improved by includingthe ~ POtP % Gfl b p’2Qcos28ydtbpb b U sin20ydtPbg [BhbtP;
temperature power spectrum TT. Atmospheric noise

degradesthe ground-based TT measurementore than  where |, Q, and U are the Stokes parameters that character-
satellite TT or ground-based TE and EE measurements. Fze the intensity and polarization field<s is the effective

this reasonthe ability to self-calibrate R, with only TE  gain (setting the absolute calibration),p is the detector

and EE as demonstrated by this work is of particular  polarization efficiency, p 6tb is the angle of the detector with
interest to current and upcoming ground-based experimemigspect to the sky and ndtp is the detector noidere we

[e.g., [15-19]]. have omitted effects from beams and bandpasses without
The inferred polarization calibration from our proposed loss of generality.
method can produce tight constraints becauseof the Intensity and polarization I, Q, and U maps per

different dependence on g of TE and EE, which breaks frequency are then produced via map-making [e.g[9]]
parameter degeneracies with other cosmologigairame- by coadding observations at different times and from

ters. While this inferred polarization calibration is admit- different detectors.Relative calibration corrections are

tedly model-dependent,it is neverthelessuseful as a  applied across detectors and the co-addition is weighted
consistency check againstpolarization calibration esti-  given the noise of the time-ordereddata over some
mated through other method&urthermorewe show that  observing period. In the following, we focus on the impact
most ACDM parameter constraintsare only mildly to of errors in the estimate of detector polarization efficiency
negligibly degraded when marginalizing over P.,, and  at the coadded map level, which can be effectively captured
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at each frequency by a polarization calibration correction the spTPOL P, is defined at the map level, the Planck
parameter B, effective polarization calibration parameterscEE are
For thesPTPOLTE and EE analysis in H18, polarization defined at the power spectrum levelfor each frequency

maps are first made incorporating detectorpolarization FMeYs used in the high-| likeliho8dhus, P,, %
efficiencies and angles measured on ground. Then, beforéqg@ forleaﬁ}/frequency I cal 7t

forming data power spectra, the temperature and polariza- Specifically, the theory power spectra to which the data is

tion maps are calibrated againsPlanck maps.The cali- L o .
bration factors € are formed by first taking the ratio of the compared are multlglled by a calibration fa:tor g defined as

cross-spectrum between two halvesrafoLmaps and the
cross-spectrum between Planck maps asgTPOL maps. 1 % i gﬁ . e i i I o S
The Planck maps are masked and filtered identically as the Sy V4 22 'ﬁ'fﬁ’“"*“""*“ﬁ'-'""""'m'ﬁ'ﬁ'ﬁ'ﬁ'ﬁ'

) X XYY XYY
spTPOLmMaps and thus have the same filter transfer function Vo0 v v

and mode-coupling.The remaining differ m;? the
beams B and the pixel-window functio% @lﬁ(?fﬁ?he@put Here, v\ indicate the frequency spectra with

Planck maps are accounted for as follows: v; W% 100, 143, 217 GHz; the spectra are then either
T '
q i i i i for )_(Y Ya TE or XY Y4 E_E. ¢, denotes temperatu_re cali-
F PlancigPlanck ~SPTxSPT, bration parameters, which are separately determined and on
6 Vo b b : s2b Which priors are set]£; is set to unity so that the 143 GHz
BT CgPT=Planck temperature map is taken as a reference. Finallyisythe

_ _ . o overall Planck calibration parametedefined at the map
where subscript b denotes binned multipole, and i, j denoﬁ@veL on which a Gaussian pfiof yp % 61; 0.002% is set
different halves of thepTPoLdata. The calibration factors (see Sec.3.3.4 of [7] for further details). As detailed in
are extracted by averaging acrossghe multipole ranges  gg¢. V, in the baseline Planck analys€ are fixed to the
600 <1< 1000 for temperature and 500 <1< 1500 for  \5|es obtained by comparing the EE data spectra to the
polarization. The Planck DR2 Commander polarization theory spectra computed given the best-fitosmology to
maps are used to obtain the polarization calibration factory, o 1T spectra. In this workEfare nuisance parameters to
and provide a ~6% correction to the Q and U maps (see e constrained by the data themselves. Given the different
Secs.4.5.2and 7.3 in H18 for  further details). The  yefinitions of the polarization calibration in thesepTPoL
uncertaintiesof the calibration factors are incorporated 1,4 Planck works. in the rest of this paper we will always
when sampling cosmological and nuisance parameters.  gnecify whether the quoted uncertainties refer to the map-
Specifically,the theoreticalspectra to which the data are level (P,) or power-spectrum levelcEE) corrections.In
compared are scaled by 1=8%,PcP for TE and  sec.V, we will provide results for the Planck data using
1=0T,Pcal® for EE, where I, denotes the overall residual poth definitions.
calibration of the maps and R, denotes the polarization

calibration correction. Gaussian priors with mean of unity . SPTPOL

and uncertainties of 0.34% and 1% are applied tg, &nd o

P.. respectivelybased on the uncertainties otthe ratio A. Data and model description

estimates in Eq. (2). It is the prior og,fhat we remove in We use thesPTPOLTE and EE power spectrum mea-
this work. surements from H18.The generation of these measure-

For Planck, the modeling of polarization calibration is ments is described in detail in H18 and here we highlight
different from the one used in H18 in two ways. First, the relevant aspects of that work. Data in H18 came from the
Planck likelihood at high-zi includes maps from 3 frequen- 150 GHz band observations made bys#ePoLcamera on
cies, 100, 143, and 217 GHz, in contrast to the single-  the South Pole Telescopeover an effective area of
frequency analysis done in H18 at 150 GHz. Second, whik90 ded. The power spectra cover angular multipoles |

between 50 and 8000The polarization noise leveimea-

"The polarization calibration correction parameteP,,, are ~ Sured in the range 1000 <1< 3000 of this dataset
sometimes called polarization efficiency corrections in Planck is 9.4 pK arcmin.
papers. Unless specifically referring to detector polarization For the ACDM baseline caseywe sample the identical

efficiencies,we use polarization calibration B, as applied at  ode| space as in H18 using the same covariance matrix
the map level to refer to this correction. In this paper, we would
often shorten “polarization calibration correction parameter” to =
polarization calibration. hus, the polarization f#mﬁ' i PHEHRF \ c-
*The high-I likelihood covers | > 30. We assume here that x\0j P EE | ¢ EE xﬁﬁ AR

polarization efficiency corrections have a negligible impact on thdM vV * V'in, e.g.EEis  ¢;= x ¢y~

low-I polarization likelihood due to the large uncertainties in this “We denote Gaussianpriors with mean p and standard
regime due a combination of cosmic variance, noise, and  deviation g as dy; @b, and uniform priors between v, and
systematic uncertainties. Vimax @S Ya¥n; Vimax:
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with cosmomc [22]. The modelparameter space is com- 12

posed of ACDM, foreground, and nuisance parameters. The . TE
ACDM parameters are the cold dark matter degbftytiie 1.11 - ?; B
baryon density {b?; the amplitude and tilt of the primordial '
scalar power spectrum In®AQP and gy the optical depthto ~ _ 1.0 ,
reionization 1; TExtsccosmomc’snternal proxy to the oS

angular scale of the sound horizon at decouplirgg,c. A 0.9

Gaussian prioris set on 1:60.0544; 0.007$> given the

Planck results [25]. The sum of neutrino masm,,, when 0.8

not sampled, is fixed to 0.06 eV. On the other cosmological

parameters, we set large uniform priors. 0.7 1

We considerGalactic dustforegrounds and the extra- 3.2
galactic foregroundsfrom polarized point sources.We
model and setpriors for them identically as in H18.The
priors on the amplitudes of dust at | of 8@5 And Af, are  FIG. vs P, in ACDM for spTPOLTE, EE, and
set to be uniform with 140; 2 gKkthe priors on the spatial  TE,EE, with no P, priors. We exploit the different degeneracy
spectralindices, arg and ogg, are setto 8-2.42; 0.02b.  directions between In610°Ab and P, from TE and EE to
Finally, the prior on the amplitude of polarized sources constrain Ry
DESEe is set to 40; 2.5 1K

As in H18, the nuisance parameters are beam uncer- cosmologicalparameter uncertainties when marginalizing
tainties, supersample lensing [26],and temperature and over P,
polarization calibrations We include effects from super- For this spTPOLdataset, we obtain a ~2% congiraint on
sample lensing with the prior on k to be 80.0; 0.881We P, in ACDM and three extensions—ANgs, and m,,
model beam uncertainties using two eigenmodes with prias listed in Table | and shown in Fig. 2. This level of
80.0; #b on each mode.The overall residual calibration  precision is sufficient to cross-check the baseline approach
parameter T, has prior 81.0; 0_003¢_Finally, as forthe used in H18 in which the sPTPOL polarization maps are
focus of this paper £, we either set a prior of 31.0; 3191  calibrated against the Planck Commander maps. In other
which is the baseline of H18, or no prior, which is the ~ words, without applying the polarization calibration cor-
method we propose to let B, be determined by the data. rection from comparing against Planck, one would arrive at

In the following, we will reportresults obtained either @ similar conclusion that a 6% correction should be applied
from TE and EE separately, or from the combination of théo the calibration of the polarization maps if one lets g
two, which we will refer to as TE, EE. float while sampling the ACDM and extension model
spaces with the TE,EE dataset¥We note thatin all three
extension scenarioghe P, constraintdoes notdegrade
significantly, which shows thatthis approach is usefuas

To illustrate the idea, in Fig. 1, we show the 2D posteriafross-checks beyond jushe ACDM model.
of In310°A¢p and P, from TE,EE and TE,EE without The stable uncertainties on B across ACDM and the
imposing a R prior. We see that without a g prior, the  few extensions suggest thatPhas little degeneracy with
constraints on A from TE alone and EE alone are very  other parameterslndeed, most cosmological parameter
degenerate with . However,since the R, dependence constraints are only negligibly to mildly degraded when we
from TE and EE are different (linear versus quadratig,in Prelax the R, prior for thespTPOLTE,EE dataset. We show
respectively) the combined TE,EE constrainton A; and  in Fig. 3 the ratios of cosmological parameter uncertainties
Pca Without a prior are significantly reducedThis illus-  between the no £ prior and the baseling.fpprior case for
trates the potential of combining the TE and EE spectra in
constraining P, without significantly degrading con-
straints on ACDM parameters-urthermorewe find that ~ TABLE|.  Polarization calibration parameters obtained from
the P., parameter as sampled is consistent with unity. Thi§°TPoLdata assuming different models. For reference, using the
serves as cross-check to the polarization calibration deter2@s€line & prior in H18 of 1%, we find g % 1.0015 0.0090
mined by the comparison to the Planck Commander for the ACDM model.

B. Main results

polarization maps,which are not calibrated againstthe  Model sPTPOLTE,EE (no P, prior)
ACDM model. In the following, we first show that the 10061 0.0210
constraints on B, are sufficiently precise and stable across, -\ bA, 0.9980 0.0216
different models to be used as a cross-check for other  Acpm b Ner 1.0126 0.0222
sourcesof measurementsWe then discuss effects on  AcDM b m, 1.0022 0.0209
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V(JQ P $9‘5‘ 4\/((\ v VCJQ w Q& zvﬂ(w VCJQ w Q& ‘V&\)
1 1 1 1 40 40
Pcal,pol 30 Qbh2 30 - Qch2
1.025 A | 20 4 20 4
10 10
1.000 A * + < 40 20
0.975 = 30 - 1006mc 304 s
' , , , , 20 7 20
SPTpol TE,EE o 18 ig
% 60 1 In(10104;) 30  Ho
FIG. 2. Marginal mean and 68% confidence level error bars on & 40 4 20
P obtained from spTPoL TE ,EE data assuming the ACDM 8 20 A 10
model and a few of its extensiondhe determination of B, is $ 40 40 1—
only slightly affected by the choice of cosmologicaiodel. L 3078 304 7t
20 20
10 10
the models considered. The constraints afegrade most, ‘3‘8 TN ‘3‘8 T, 95%
by 40%-60% depending on the modelThis is expected 20 - 20 -
given the correlation between Ind18Ap and P,,. The 10 10
correlatior? is 84% for the ACDM case, as suggested in 0 0
Fig. 1. All of the rest of the parameter uncertainties increase SPTpol TE,EE

by <10% when marginalizing over the broadened R, ) i
posterior space. We show in Sec. VI that the degradation f#C- 3 Impact of freeing g, on the error bars of cosmological
A, disappearsif we include the temperature spectrum parameters for thepTPOLTE,EE data. We show the ratio of the

. - error bars obtained letting thg,arameter free to vary, over the
measurement T as part of the input. This is because TT ones obtained using the baselinsPTPOL settings,in units of

tightly constrains As independentof Pc,. For datasets percent, g, posrOhaceine= 1%%. The horizontal dashed line
similar to sPTPOL, not only are the constraints on Pga indicates a 10% increase in the error bale show results for
precise enough for cross-checks with otherapproaches, the ACDM model and a few of its extensions.Only the
most cosmological parameterconstraintsare also mini-  constraints on IndT0A b are significantly weakened by letting
mally degraded when no B, priors are imposed. P free to vary.

As one way of demonstrating consistenaye compare
the inferred P, values from the TE-only and EE-only
datasets when the resif the parameters are fixed to the
best-fit from the TE,EE joint fit in ACDM with the baseline
P.a prior. The marginalized B, are P, ¥4 0.997 0.020
and P, 72 0.991 0.005 for the TE and the EE dataset
respectively. This shows that the individual dataset does not
prefer a statistically differentP,;; there is no significant
systematic residuals that project ontq. R

I LCDM+AL (no P, prior)
Il 1.CDM+Aj (with P, prior)
I LCDM (no P, prior)

—~ 3.1F —
C. The A_ case = 50
We now turn to one particularly interesting parameter =

extension, A a nonphysical parameter that tunes the effect= 2.9
of gravitational lensing on the CMB primary spectra, oy .

changing the amount of smoothing of its peaks and troughs 1.4 R

[27]. In Planck, an excess peak smoothing was observed in 7N

their temperature power spectrum dhe 2.8 levelcom- S or [ .) T /| ‘\ T

pared with the ACDM expectation [25]0One key way of ‘ | \ :
differentiating whether the excess smoothing is a statistical °¢[ ~ "/ T =
fluctuation, the resultof unmodeled systematic errorsr ' ' ' . . .

0.95 1.00 1.05 29 3.0 3.1 06 1.0 14

new physics is to test if this trend persists in polarization
phy P P Peal In(10%°A,) Ar

[e.g., [14]]. One concern of our method would be that

FIG. 4. A, P.,, and A posteriors with and without Aree for
*We define the ﬁﬂﬁrﬁﬁhﬂﬂfﬁﬁﬁ?ﬁﬁmﬂiﬂﬁﬂﬁfﬂﬁﬂﬁfﬁfﬁl*lﬁﬁflﬁlﬂﬁﬁfﬁf’ﬁﬁ@ﬂfﬁfﬁﬁ datasetThe uncertainty on A is unchanged

Pyy Y4 cOVOX; yP=covox; xPcovdy;,ywith covox; ypthe ele-  with and without the B, prior, ensuring the strong Aonstraint
ments of the parameter covariance matrix. from polarization-only spectra even when freeing,P
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marginalizing over the no-prior B would degrade the A  polarization efficiency errors are several times larger than
constraint enough that one can no longer tell if the the expected uncertainties reported in [28], as shown in [9].
polarization data show similar trends. As shown in  Left uncorrectedthese residuals in the polarization effi-
Fig. 4, the constraints on Afor TE,EE with and without  ciencies can impacttosmologicalparameters up to frac-
P.al priors are almost identicaletiring related concerns. tions of a sigma by biasing the overall amplitude of the TE
As an aside we note that the lensing information from and EE spectra used in the high-multipole likelihood.
peak smoothing reduces what would otherwise be almost In order to correctfor this effect, effective polarization
complete degeneracy between,Pand A in the TE-only  calibrations were estimated by the Planck collaboration by
and EE-only casesSpecifically,because peak smoothing comparing the TE and EE power spectra at 100, 143, and
provides a second handle for measuriggh® ACDM TE- 217 GHz to fiducial TE and EE spectra computed from the
only and EE-only constraints on R, are 21% and 13%  ACDM best-fit to the TT data. Polarized galactic contami-
respectively (as shown in the red and yellow contours in nation was cleaned using information from the 353 GHz
Fig. 1). By contrast, when the peak-smoothing informatiorchannel [7]. The fits were performed on a limited range of
is absorbed by the additional parameterA, the Pc;  multipoles (I % 200-1000) to discard regions affected by
constraints degrade by more than a factor of two in both foreground cleaning or noise uncertainties and over about

TE-only and EE-only cases. ~60% of the sky (see [7] for details). The advantage of this
method is that it provides an absolute reference with small
IV. ACTpol uncertainties.The disadvantage is that the polarization

We apply this method to the recent ACTpol DR4 datasdifficiency corrections found in this way depend on the
on the frequency-combined CMB-only spectrasing the cosmological model fitted to the temperature data (although

TT ACTPollite likelihood [14,21]. We note thatthe flat  this was tested to have a small impact). This method
prior applied on yP, the ACTpol polarization calibration enablled determl_na_tlons of the polarization calibration for
parameter, is sufficiently broad ([0.9, 1.1]) that it is alreadyFE With uncertainties below <0.5% at the map level (s1%
allowing y® to float to that extent.Here we estimate how 2t Power spectrum level)and for TE with uncertainties
well this ACTpol datasetcan constrain polarization cali- Pelow $1% (s2%) in each of the three frequencies used in
bration using just the TE and EE spectra, with the prior orfhe high-multipole Planck likelihood. Uptoa global
yP further widened. We also check if the TE,PEagultis  Polarization calibration,the derived cfs were found to
consistent with the TT,TE,EER result. be consistent with the results of the component separation
We use only the TE and EE frequency-combined spectfdgorithm SMICA [9], which measures relative interfre-
without TT on both the wide and the deep patch. We thenquency calibration ratios between foreground-cleaned
transform the § samples by applying an inverse to match Polarization maps Furthermorejn [7], it was noted that
the P, definition, Pey %4 1=y. With this setup,we find  the estimates obtained separately from EE and TE should
P, % 1.0113 0.0150 in the ACDM model. It is con-  agree given the same polarization maps. However, the two
sistent with the § result from [14], which includes the TT Measurements were found to differ by up to 1.7 1% at the

spectraof yP ¥ 1.0008 0.0047. map level at 143 GHz (see Se@.3.4 of [7]). As we will
show below, this difference cannotbe reconciled by the
V. PLANCK approach we propose in this work—leaving polarization
o efficiencies to freely vary.Since the difference in polari-
A. Data and model description zation calibration from TE and EE is small enough that it

In this section, we test whether jointly fitting the Planck could be caused by statisticafluctuations, we leave the
TE and EE spectra with no prior on P,;; would produce investigation of potential biases to parameters to future
sufficiently precise B, measurements to serve as useful work and focus on the constraints og,iven the Planck
cross-checks for other approaches. We also test the leveldataset and impact on cosmological parameters.
impact of this approach on the uncertainties on cosmo- We consider the 2018 final release of the Planck data [7].
logical parameters. We use the low-multipole likelihood in polarization

In Planck, polarization efficiencies, as well as polariza- SimAll (I 72 2-29 in EE only),  which we will refer to
tion angles, were measured on the ground in [28] and takes “lowE.” For high multipoles, we use the Plik likelihood
into account in the map-making algorithm SRoll [9]. At (I Y4 30-1997 in EE and TE), which we will refer to as TE
the frequencies used in the high-multipole likelihood (100,and EE separately or TE,EE when used in combination. For
143, 217 GHz), polarization efficiencies per detector werecross-checks, we use the TT Commander likelihood at low-
found to be between 83% and 96%, with estimated | (I ¥4 2-29) and Plik at high-I (I 2 30-2508) and we
uncertaintiesbetween 0.1 and 0.3% at the map level.  refer to the combination of the two as TT. We model
However,tests performed on the mapswhich compared polarization calibration only for the high-I likelihoods,
strongly emitting polarized galactic dust regions as  becausetheir impact on low-l spectra are negligible
observed by different detectors,suggested thatresidual compared to cosmic variance, noise, and systematic
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3 o

TABLE Il.  Polarization calibrations apower spectrum level é’o ™ o 4
obtained from Planck data assuming different cosmological , , , ,
models.We also reportthe, ¢pigsR@ifng polarization calibra- Pcalge1go
tions atmap level(Pgy % CE5, GOP, P ~ 0D 506&EP=2.), 1.000 9
to ease the comparison with those obtainesbfim Sec. Ill. The 0.992 r T * *
column “baseline” lists the fixed values used in the baseline 0.084
Planck likelihood, which were determined with an uncertainty of
~1% at the power-spectrum level (~0.5% at the map level). 0.084 4 Pealerias
Planck TE, Planck TT, oot ¥ I % *
Parameter EE p lowE TE, EE p lowE baseline 0.968 -
ACDM 1.03 4 Pcalggoir
CEE100 0.985 0.013 1.007 0.007 1.021 Loz 4 1
CEE143 0.954 0.012 0.973 0.006 0.966 ' T * *
CEE217 1.036 0.017 1.056 0.011 1.04 1.01
P FE100 0.9925 0.0066 1.0035 0.0035 , , , ,
P, FE'43 0.9767 0.0064 0.9864 0.0031
P EE217 1.0178 0.0081 1.0276 0.0051 Planck TE,EE
ACDM b A,
CeEE100 0.989 0.014 1.005 0.0074 Q@ . &
Ceg143 0.957 0.013  0.971 0.0060 N 0 o 4¢
CeE217 1.040 0.017 1.050 0.012 = : : ' ' '
PeafE100 0.9945 0.0071 1.0025 0.0037 1008 TCTEELO
P-4 0.9783 0.0069 0.9854 0.0031 1004 & l 1 %
P.aFE21 1.0198 0.0080 1.0247 0.0056 1.000 -
ACDM b N g 0.0
CeE100 0.983 0.013  1.006 0.0080 ' Pealgg14s
CEE143 0.957 0.012 0.973 0.0064 0.988 1 ! 1
CeE217 1.040 0.016 1.054 0.012 0.984 *
P, FE100 0.9915 0.0067 1.0030 0.0040 '
Pea= 4% 0.9783 0.0064 0.9864 0.0033 e rysr—
P, FE217 1.0198 0.0075 1.0266 0.0055 1.032 7
10264 F * * T
1.020

uncertainties in this multipole range. In the baseline Planck : ' ' '

results using the Plik likelihood, the polarization calibra- Planck TT,TE,EE

tion to the TE and EE spectra are fixed to the ones obtained

from comparing the EE spectra at different frequencies toRH& 5. Marginal mean and 68% confidence level error bars on
ACDM best-fit of the TT p lowE data combination. These the three Planck £ frequency parameters when they are let free

baseline parameters are listed in Table II. 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 P, parametersdo not
B. Main results and robustness assessment change significantly when varying the cosmologicabdel.

We first discuss the uncertainties o For the Planck
dataset when it is free to varyUsing TE; EE p lowE,we
find one can determine the polarization calibrations with
uncertainties smallethan ~1% at the map level. More
specifically we find uncertainties of 0.65%, 0.6% and 0.

atthe map levelfor v 7 100, 143, 217 GHz respectively In Tab. ll, we observe shifts in the mean values of the
(corresponding to 1.3%, 1.2% and 1.7% at the power lari t'- ’ librati hen TT dded to TE and EE
spectrum level). Furthermore, we compare these uncertai 2 aﬂzall(),(?] cta ’lhra '?]nﬁs when gr;a at '?h ° i t'anl )
ties to the ones obtained with the TT power spectra f|0(t: et(': at the SI ' L:,har? COH?IS eg Wi 'bstz IS |(:2a9
included. We find that the error bars shrink by almosta uctuations,we employ the formalism described in [29],

factor of 2 to 0.35%, 0.31% and 0.51% at the map level fovrthCh is applicable for comparing two datasets in which

the three frequencies and similarly at the power-spectrum®n® is a subset of the other. We find that the observed shifts

level. The measurements and uncertainties are reported ifre consistent with Statg‘til‘ﬁ%Fﬁ%ﬁﬁﬂﬂﬁiﬁﬁﬁﬁ%ﬁﬁﬁﬁﬁ%ﬁiﬁiﬁiﬁh
Table Il and shown in Fig. 5. With and without TT, the 20, level, with e, % O3g.ee — O%r1eee Finally, we

uncertainties on the R, factors are comparable to ones
used in the Plik likelihood. This demonstrates thahis
8%approach yields relevant constraintson P ., for cross-
checks of other approaches.
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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 ACDM model, while the right panel shows results for the ACBibdIA

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 S&c 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 x 100, 143 x 143, and 217 x 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 x 100, 143 x 143,
or 217 x 217 GHz power spectrdhe 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

(UfreePcaI/abaseline - 1) [%]

spectrum level) respectivelyihe large increase in uncer-
tainty for the 217 x 217 GHz case is because of the more
restrictive | range of 500-1996 used atthis frequency,
which increases the degeneracies between cosmological
parametersand polarization calibrations. For the other
frequencies the degradation ofthe constraintis smaller

than a factor of 2.
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Fig. 6 shows the degeneracies between tpaf@meters FIG. 7. Same as Fig. 3, but for the Planck TE,EE data. Freeing
at different frequencies and the most degenerate cosmold§f Planck B parameters for this data combination has a large

cal parameter|nd10°A,b. When using TE; EE p lowE,
In610°Ab has a ~40% correlation with each of the three

impact only in the ACDM p Xptase, where the 95% confidence
level upper limit on the sum of neutrino masses Zand the
error bars on derived parameters jland oz are increased by

Pca parametersThe second most degenerate parameter i80_40%. This is due to a shift in the best fit values of &9
Qph? (~30% correlation)while all other parameters have rather than an increase in degeneraciesbetween parameters,

smaller correlationsAs can be expectedye also find the
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6)@ v g 60® vood o The parameter uncertainties in ACDM p Iy are little
vor vor affected, with increases in the error bars by less than 15%.
‘3‘3 4 o 38 1 On the contrary, we find a somewhat garger effect on
20 20 parameter uncertainties in the ACDM p m, model for
10 10 e the TE,EE data. In this cgse, marginalizing over P,
= 2 1 1000w Bl increases the upper limibn = m, by almost 40%,while
= 50 4 20 4 degrading the uncertainties ongHand g by almost 30%.
'g 10 10 /e note thatthe main source causing the degradation in
% 30 I (014, T+ m, does notcome from a drastic incrgase in posterior
£ 5 20 - uncertainty given the degeneracy betweerm, and F.,,.
8 10 10 e The main effectrather comessfrom a shiftin the best-fit
g 0T OTA values of correlated parametersm,, In610°Agl, and B
=] ol For this dataset, TE dominates the fit and causes, and
10 10 In610°AP to be anticorrelated. With £ free, the best fit
‘3‘8 Th., ‘3*8 T o5% for In10°A.b shifts to lower values by about 0.7g. Thus, a
20 ool lower value of In610°Ap induces a shift of the m,
10 10 -mmemmmmemmmeenes posterior distribution togigher values. Since this distribu-
0 0 tion is single-tailed with  m, > 0, this shift is perceived
Planck TT,TE,EE as a change in the upper bounds. These degradations

. disappearonce the TT data is included, becauseTT
FIG. 8. Same as Fig.3, but for the Planck TT,TE,EE data.  g4rongly constrains IndT§ALP. While this shift could be
Freeing the three Planck E, frequency parameters has a very ¢ 14 gither a statistical fluctuation or a systematic error, it
minor n’gpr_:\ct on the cosmologlcal parameter.error barsaller highlights the impact of P, on constraining m,.
than 15%,in all the cosmologicaimodels considered here. For the ACDM p A_ model, it was noted in Planck that
the A parameter is high compared to the ACDM expect-
ation—at the 2.80 or 2.10 levédidor polarization calibra-
degeneracieamong the P., parametersto be large: tions estimated using Plik’s baseline or estimated using
Peee ceE. Va 81%, PoeE cee, Y2 60% and PeeE et Y24 66%. separatefits of TE and EE respectively, as already
These correlations are then lifted when adding informatiorlescribed above in SecVA. Here we show thatleaving
from TT. the polarization calibrations free to vary cannot alleviate the
Interms of the impact on cosmological parameter difference between these two results. This is due to the fact
constraintswhen allowing P, parametersto float, we that the difference between the two Planck estimates of
show the fractional difference in ACDM parameter uncer-polarization efficiency from TE alone or from EE alone
tainties in Fig. 7 for TE,EE and Fig. 8 for TT,TE,EE. (APcy~0.017 at 143 Ghz at map level) is larger than
Similar to what we see isPTPOL we observe negligible to the Pcg posteriorwidth when P is free to vary when
mild degradation in ACDM parameter uncertainties besidditing the TE,EE or TT,TE,EE data (06R,P < 0.01).
those for In6 AP, given the correlations between the P Furthermore the P, mean values measured from these
parametersand In610°A.p. For the TE,EE dataset, the f|ts_ are in good agreemer]t with those of the basglme
uncertainty of IN3THAP increases by ~20% when thg, P estlmateg..Therefore,!eavmg Peal freg to vary prowd_e_s
parameters are allowed to float. Once TT is included, Whiéﬁs_u”S which are similar to the baseline case. Specmcfally,
independently constrains Ind1®p, we see thatfloating using the TE; EE b lowE dataset, the parameter best fit

. ; TR

P.a has negligible impacton all ACDM parametersWe IS AL_ 7 1.09 013 which '_S within 0'80‘?Xp of the vaI:Je

will see similar trends in our forecasts in Sed/I. obtained when fixing P o, in the baselinecase, A, %
1.13 0.12, with negligible impact on the uncertainties.

Similarly when also including TT, varying the polariza-

C. Extended models tion calibrations leads to, A% 1.19 0.069, in agreement
We now turn to extensions to the ACDM model. Similarwith the baseline result obtained with P, fixed
to Sec. lll, wegcheck the constraintson P, for three

extensipnsz A my, and Nyr. The P, uncertainties are %These results refer to the baseline data combination
shown in Fig. 5 for TE,EE and TT,TE,EE. We see that in gi; TE; EE p lowE p CMB lensing. Note that thg Avarameter
cases, the uncertainties of thg,Barameters are similar to only impacts the amplitude of lensing in the TT,TE,EE power
those in ACDM. As for the cosmological parameter spectrawhile it leaves the Planck CMB lensing reconstruction

- . . . . ower spectrum unaltered.
uncertainties, Figs. 7 and 8 show the increase in their errér "This is not surprising since the,fits obtained from the TE,

bars when marginalizing over polarization calibration  EE or TT,TE,EE data are dominated by EByhich is also the
parameters for Planck TE,EE and TT,TE,EE respectively.dataseused for the baseline estimates.
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TABLE lll.  Fisher matrix forecast on cosmological parameters agdd? SPT-3G, using the 150 GHz channel alone or all of the
three channelsAs a comparisonwe also show constraints when fixing g.

Quh? %x10t  Q.h2 %x10° Hy %x100 1%x10% ns %x16®  In¥100As %x102 P, %x10°

ACDM

SPT-3G TE p EE,150 GHz 1.4 2.0 7.5 6.6 8.0 1.3

SPT-3G TE p EE 1.3 1.9 71 6.6 7.7 1.3

SPT-3GTTp TE p EE 1.4 1.7 6.5 6.4 7.4 1.2

ACDM p Py

SPT-3G TE b EE150 GHz 1.6 2.1 8.0 6.6 8.2 2.0 7.6
SPT-3G TE p EE 1.5 2.0 7.7 6.6 7.9 1.9 7.4
SPT-3GTTp TE p EE 1.4 1.8 6.8 6.4 7.4 1.2 2.1

A ¥4 1.18 0.068 (see also the discussion in Se@.7 of  with spTPOL described in Sec. lll, and to verify the impact
[7]). Thus, leaving the polarization calibrations free to vanof using only one frequency channel. Second, we report the
has a very small impact on the value and error bar of the Aonstraints when combining maps from afiree bands.
parameterwhich remains higherthan unity at the 2.80 We use the Fisher Matrix formalism and code described
level, due to the tight constraint provided by the TE,EE orin [6] for extracting the 1-0 parametetncertainties As
TT,TE,EE data combinations which agree with the baselirieputs, we use lensed power spectra of TT, TE, and EE; we

estimate.For the same reason, the other cosmological  do not include the lensing reconstruction spectrfifn\@e

parameters are little affected as well. present constraints from the combination of TE and EE as a
baseline and also those including all three spectra to study
VI. FORECASTS the effect of including TT. We restrict the power spectrum

angular multipole range to | %2 100-3500, and we adopt a

In this sef:tion,we forecast how v_veII P could be . Gaussian prior on the optical depth to reionization of
measured with our method and the impact on cosmologic 5B 14 0.007pased on the Planck constraint [25].The

parameter uncertainties when marginalizing ovegPfor - ice cyrves include atmospheric 1=f noise and account
ongoing and future experimentVe consider two experi- o foreground residuals.We verified that choosing a
ment configurations: SPT-3G, the third-generation camerainimum multipole of | % 300 instead of 100, or neglect-

currently installed on the South Pole Telescope [15,30], apg; the 1=f noise or the marginalization over foregrounds
CMB-S4, a next-generation ground-based CMB experi- 5 not change our results substantially.

ment [19]. Table Il shows results for the ACDM case. The SPT-3G
TE and EE combination is projected to constrain & the
A. SPT-3G level of ~0.8%, either using only one frequency or

The SPT-3G receiver observes in three frequency band@mbining the information from all  three frequencies.
95, 150, and 220 GHz in both intensity and polarization When freeing B, the constraint on In6'f@\p is degraded
with ~16000 detectors over ~1500 dé€gof the sky inits by about 50% while the rest of the ACDM parameters are
main survey field. The full-width half-maximum of the  mildly affected (below the 15% level)Similar to whatis
beams are approximately 1.7, 1.2, and 1.1 arcminutes at 88¢en in the Planck casethe degraded constraints can be
150, and 220 GHz respectivelyThe first science results recovered by adding the TT data. In this case, marginalizing
from SPT-3G using TE and EE spectra measured using dater P, has negligible impact on cosmological parameters
collected in 2018 have recently been released[24].  and the constraint on E} tightens to 0.2%.

However, the data were only collected for half of the We verify that similar constraints onJPare obtained in
observing season with partof the focal plane operable. extensions of the ACDM rpodel,such as ACDM p N,
Therefore, for this forecast, we use noise level projections\CDM p A, or ACDMp  m,, for both the TE p EE
starting from 2019 when the active detector counearly andthe TT p TE p EE data combination. As for the
doubled. With five seasons of observations on the main cosmological parametersie highlight here the ones with
survey field (2019-2023 inclusive), the noise levels in theconstraintsdegraded when marginalizing over Pg,. In
final coadded temperature maps are projected to be 3.0, AZDM b~ m,, the Ind10°A.p uncertainty increases by
and 8.8 uK arcmin in the three frequ r}ﬁ}(ﬁﬁ?nds, and thos#0% for the TE p EE data combination. In ACDM pJN,
in the polarization maps are a factor of higher [15,30].  the Ind10°Asp uncertainty increasesby 70% and the

We forecast the | constraints along with constraints onuncertainties on Q,h? and H, increase by ~30%.
ACDM and extension parametersfor SPT-3G for two =~ However,similar to the ACDM case,when including the
scenariosFirst, we use data from only one of the three  TT data, the marginalization over.fhas minimal impact
frequency bands,150 GHz, for more direct comparison on the constraints on cosmological parameters.
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TABLE IV. Fisher matrix forecast on cosmological parameters gridrEMB-S4. As a comparison, we also show constraints when
not varying the P,

Quh? %x10t  Q.h? %Bx108  Ho %x10'  1%x10° ns %x10  In%10As %x102 P, %x10°

NACDM
CMB-S4 TE p EE 0.36 0.71 2.7 5.1 25 0.88
CMB-S4 TTp TE p EE 0.36 0.67 2.5 4.9 2.3 0.85
ACDM p P
CMB-S4 TE p EE 0.42 0.75 29 5.1 25 1.0 2.0
CMB-S4 TTp TE p EE 0.37 0.70 2.6 4.9 2.3 0.86 0.56
B. CMB-S4 constraints on cosmological parametenss show that the
CMB-S4 is a next-generationground-based CMB degradation becomes negligible once TT is included.
experimentaiming to observe ~70% of the sky. It is We apply the method to spTPoL and Planck. For the

planned to have a frequency coverage from 20 to spTPOL150 GHz TE and EE dataset presented in H18, we

270 GHz and the full-width half-maximum of its beam  ©Xiract R with an uncertainty of ~2% at the map level,
at 150 GHz is <1.5 arcminutes [19]. There will be tele- independent of the considered models. For the dataset from
scopes observing from both the South Pole and from the the Planck 2018 data release, combining TE and EE allows

Atacama desert in Chile, for a deep and a wide area surv&ly to measure Pey at 100, 143, and 217 GHz  with
respectively. uncertainties 0f0.7%, 0.6% and 0.8% at the map level.

In this work, we forecast the constraints gpdven the While this method is model dependent, we highlight how it
wide survey from Chile.We use noise curves from [31], €a@n be usefulfor detecting inconsistencies in the datin
which combine information from all frequencies using an Particular,Pc, determined using TE and EE should agree
internal linear combination method. The per-frequency ~With the ones determined with TT included or the ones
noise input includes 1/f atmospheric noise;the output ~ Measured from externatlatasets\When allowing P to
noise curves include residuals from component separatioffoat, cosmologicalparameters inferred from TE and EE
We assume §, % 0.42, which excludes the area covering spectra from different frequency bands should be consistent
the galaxy in the wide survey. As in the forecast for SPT-among each otherAdditionally, we can compare cosmo-

3G, we use lensed power spectra in the multipole range dPgical parameters inferred by the instrumein question
| % 100-3500 and we do not include information from  With those from other experiments with differentinstru-

lensing reconstruction @ mental configurations (thus polarization efficiencies). With
9 ’ P.. free and using spectra from the same multipole ranges,

Table IV shows results for the ACDM case. We find tha(tme would expect the inferred cosmological parameters to

with just TE and EE, CMB-S4 data could constraig, it be consistent between the two experiments. If any of these
the level of ~0.2%, which further tightens to 0.056% when P - rany

we add TT. When freeing.R, constraints on cosmological examplﬁehsceng?os pre?emmexpecteg ;eSUItStt’h'S C?UId
parameters are mildly degraded without TT, and negligibl;Zqugz d ,:) i)gjve?esigs; Cvifgﬁ ur;oee dﬁ:os’?r?ezg];ﬁfi-(as
degraded with TT As in the previousssectionswe verify IFi)Eative factors phy proj

that extending the ACDM model with m,, Ngg, and A P Finall f ’ tth bilit f t and fut
does not significantly change the constraintson P . inatly, we forecast In€ capabllities of current and 1uture

. experimentsto constrain P.,. We find that using its 3
Conversely, leaving the & parameter free has the largest Py
impact on the constraints on gh2, Hy and In610°Ab in frequency channelsSPT-3G will be able to measure B,

with an uncertainty of 0.7% from TE and EE, and the
the ACDM p N, model for TE p EE, at the level of 30%. . . o = :
Similarly to previous cases, including the TT data allows uncertainty can be improved to 0.2% when including TT. We

to marainalize over P. with no loss of brecision on Yhd that leaving B, free to vary will degrade the constraints
gine cal P on A from TE and EE by 30%, while constraints from TT,
cosmological parameters.

TE,EE are not affected. Furthermore, we find that CMB-S4
could further tighten the uncertainty Qf,Fo 0.2% with its

VIl CONCLUSIONS TE and EE measurements and to 0.06% with TT,TE,EE.

In this paper, we demonstrate that effective polarizationSimilarly to SPT-3G, while constraints qrare affected by

calibrations R, could be precisely determined by fitting the variation of R, by about 20% when using TE,EE, the
CMB TE and EE spectra to the ACDM model andits  constraints from TT,TE,EE are unaffected.
common extensions with B, as a free parameteihis is We highlight that these uncertainties on B, are com-
possible thanks to the different dependence of the TE andarable to or tighter than those derived for the Planck
EE spectra on P.,. While allowing P ., to float does baseline (~0.5%). As a consequence, relying on Planck to
increase the posterior volume and therefore degrades soroalibrate polarization maps will ultimately limit the
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accuracy ofthese experimentsprovided thatthe Planck  constraints on cosmological parameters investigated in this
uncertainty is folded in the power spectrum covariance work.

matrix® Furthermorejf the external P, determination is

biased and the systematic uncertainties are ngiroperly ACKNOWLEDGMENTS

included, cosmologicalparametersconstraintswould be
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