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Abstract

We present constraints on the tensor-to-scalar ratio r using Planck data. We use the latest release of Planck maps (PR4), processed
with the NPIPE code, which produces calibrated frequency maps in temperature and polarization for all Planck channels from 30 GHz
to 857 GHz using the same pipeline. We compute constraints on r using the BB angular power spectrum, and also discuss constraints
coming from the TT spectrum. Given Planck’s noise level, the TT spectrum gives constraints on r that are cosmic-variance limited
(with �r = 0.093), but we show that the marginalized posterior peaks toward negative values of r at about the 1.2� level. We derive
Planck constraints using the BB power spectrum at both large angular scales (the “reionization bump”) and intermediate angular
scales (the “recombination bump”) from ` = 2 to 150, and find a stronger constraint than that from TT , with �r = 0.069. The Planck

BB spectrum shows no systematic bias, and is compatible with zero, given both the statistical noise and the systematic uncertainties.
The likelihood analysis using B modes yields the constraint r < 0.158 at 95 % confidence using more than 50 % of the sky. This upper
limit tightens to r < 0.069 when Planck EE, BB, and EB power spectra are combined consistently, and tightens further to r < 0.056
when the Planck TT power spectrum is included in the combination. Finally, combining Planck with BICEP2/Keck 2015 data yields
an upper limit of r < 0.044.

Key words. cosmology: observations – cosmic background radiation – cosmological parameters – gravitational waves – methods:
data analysis

1. Introduction

Gravitational waves entering the horizon between the epoch of
recombination and the present day generate a tensor contribu-
tion to the large-scale cosmic microwave background (CMB)
anisotropy. Hence, primordial tensor fluctuations contribute to
the CMB anisotropies, both in temperature (T ) and in polariza-
tion (E and B modes).

As described in Planck Collaboration VI (2020) and
Planck Collaboration X (2020), the comoving wavenumbers of
tensor modes probed by the CMB temperature anisotropy power
spectrum have k <⇠ 0.008 Mpc�1, with very little sensitivity to
higher wavenumbers because gravitational waves decay on sub-
horizon scales. The corresponding multipoles in the harmonic
domain are ` <⇠ 100, for which, in temperature, the scalar per-
turbations dominate with respect to tensor modes. The tensor
component can be fitted together with the scalar one, and the
precision of the Planck constraint is limited by the cosmic vari-
ance of the large-scale anisotropies.

In polarization, the EE and T E spectra also contain a tensor
signal coming from the last-scattering and reionization epochs.

However, the addition of Planck polarization constraints at ` >⇠
30 does not significantly change the results coming from temper-
ature and low-` polarization data (see Planck Collaboration XIII
2016). BB power spectra are treated di↵erently in determin-
ing the tensor contribution, since the model does not predict
any primordial scalar fluctuations in BB. As a consequence,
a primordial B-mode signal would be a direct signature of
tensor modes. However, depending on the amplitude of the
tensor-to-scalar ratio, such a signal may be masked by E-mode
power transformed to B-mode power through lensing by grav-
itational potentials along the line of sight (so-called “BB lens-
ing”). BB lensing has been measured with high accuracy by
Planck in both harmonic (Planck Collaboration VIII 2020) and
map (Planck Collaboration Int. XLI 2016) domains. But a pri-
mordial BB tensor signal has not yet been detected.

The scalar and tensor CMB angular power spectra are plotted
in Fig. 1 for the Planck 2018 cosmology and for two values of
the tensor-to-scalar ratio, namely r = 0.1 and r = 0.01. For fur-
ther discussion of the tensor-to-scalar ratio and its implications
for inflationary models, see Planck Collaboration XXII (2014),
Planck Collaboration XX (2016), and Planck Collaboration X
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PLANCK polarization data

• PLANCK detectors are sensitive to one polarization direction 

• PLANCK scanning strategy do not allow for polarization reconstruction for each detector 
independently  

➡ need to combine detectors with different polarization orientation 

• Any flux mismatch between detectors will create spurious polarization signal through well 
known I-to-P leakage. 
In particular : ADC non-linearity, bandpass mismatch, calibration mismatch, …
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this is the major systematic in polarization at large scales

Planck is a 
project of the 

European Space 
Agency, with 
instruments 

provided by two 
scientific 

Consortia funded 
by ESA member 

states (in 
particular the 

lead countries: 
France and Italy) 

with 
contributions 
from NASA 
(USA), and 
telescope 
reflectors 

provided in a 
collaboration 

between ESA and 
a scientific 

Consortium led 
and funded by 

Denmark. 

The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada.   

[Planck Collaboration Int. LVII (2020)]



PLANCK Release 4

• Processing applied consistently over the whole 9 PLANCK frequencies  
(from 30 GHz to 857 GHz) 

• NPIPE map-making includes templates for  

- systematic effects  
(time transfer-function, ADC non-linearities, Far Side Lobes, bandpass-mismatch) 

- sky-asynchronous signals (orbital dipole, zodiacal light) 

• Provide frequency maps 
- cleaner: less residuals (compared to PR3) at the price of a non-zero transfer function 

at large scale in polarization 
- more accurate: less noise (compared to PR3) 
- no residuals from template resolution mismatch (as visible in PR3) 

• Provide independent split-maps  
- PR3: time-split (half-mission or half-ring) ➡ correlated 
- PR4: detector-split (detset) ➡ independent  

• Provide low-resolution maps with pixel-pixel noise covariance  
estimates across all PLANCK frequencies
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NPIPE processing

NEW

NEW

NEW



PLANCK Release 4
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Commander CMB Q and U maps 
(large scale, 5º smoothing)

CMB polarized maps
Planck Collaboration: NPIPE processing

QComm2015 UComm

QComm2018 UComm

Fig. 59. Comparison of large-scale CMB Q and U maps from, top to bottom: Commander Planck 2015; Commander Planck 2018;
SEVEM Planck 2018; Commander NPIPE; and SEVEM NPIPE. Note that the large-scale Planck 2015 CMB map in the top row was
never publicly released, due to the high level of residual systematic e↵ects. The grey region corresponds to the Planck 2018 common
component-separation mask (Planck Collaboration IV 2019). All maps are smoothed to a common angular resolution of 5� FWHM.
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Planck Collaboration: NPIPE processing

QCommNPIPE UComm

Fig. 59. Comparison of large-scale CMB Q and U maps from, top to bottom: Commander Planck 2015; Commander Planck 2018;
SEVEM Planck 2018; Commander NPIPE; and SEVEM NPIPE. Note that the large-scale Planck 2015 CMB map in the top row was
never publicly released, due to the high level of residual systematic e↵ects. The grey region corresponds to the Planck 2018 common
component-separation mask (Planck Collaboration IV 2019). All maps are smoothed to a common angular resolution of 5� FWHM.
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PLANCK Release 4

• 600 consistent simulations (frequency and split maps) 

• Inputs 
- including instrumental noise (consistent with data-split differences) 
- including models for systematics (ADC non-linearity) 
- random CMB with 4pi beam convolution 
- foreground sky model based on Commander PLANCK solution 

• Allow for 
1. accurate effective description of the noise and covariance of the maps 

(including noise, instrumental systematics, foreground residuals) 
no need for "a posteriori" rescaling as in PR3 

2. estimation of the transfer function of the PLANCK processing
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NPIPE simulations

NEW

a realistic simulation set is essential to properly assess 
polarization uncertainties especially at large angular scales

Planck Collaboration: NPIPE processing

QOutput

Fig. 71. Comparison of end-to-end reconstructed (top row) and input (middle row) NPIPE simulations for the Stokes Q and U CMB
maps. The bottom row shows the di↵erence between the output and input sky maps. All maps are smoothed to a common angular
resolution of 2� FWHM.

72

Planck Collaboration: NPIPE processing

U

Fig. 71. Comparison of end-to-end reconstructed (top row) and input (middle row) NPIPE simulations for the Stokes Q and U CMB
maps. The bottom row shows the di↵erence between the output and input sky maps. All maps are smoothed to a common angular
resolution of 2� FWHM.
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NPIPE simulations

M. Tristram PLANCK constraints on the tensor-to-scalar ratio 

processing transfer function

Simulations allow to characterize accurately the processing 
transfer-function for each frequency 

- stable with frequency (less for LFI with fewer systematic templates) 

- stable with sky-fraction
Planck Collaboration: NPIPE processing
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Fig. 20. NPIPE E-mode transfer functions measured by comparing simulated CMB input and foreground-cleaned output maps. Left:
CMB frequencies and component-separated Commander maps (Sect. 7) over 60 % of the sky. The apparent mismatch between the
LFI and HFI transfer functions results from the quantity and structure of the template corrections; templates that are specific to
HFI, especially the ADC distortion, provide more degrees of freedom to suppress the CMB power. The 44-GHz transfer function
is closer to unity because the 30-GHz template shields about 22 % of the CMB polarization. The error bars reflect the statistical
uncertainty of the measured transfer function, not the total Monte Carlo scatter. Tabulated values of the transfer functions are listed
in Table G.1. Right: E-mode transfer function for 100 GHz over multiple sky fractions. The error bars at `� 10 were suppressed to
show more structure.

Fig. 21. NPIPE E-mode transfer functions, measured by compar-
ing simulated CMB input and foreground-cleaned output maps
over 60 % of the sky. The 30 and 353 GHz frequencies are not
expected to have a measurable transfer function because they are
not calibrated with a polarization prior. These two transfer func-
tions are merely of diagnostic value (to demonstrate the absence
of signal suppression) and are not applied in any analysis. The
error bars reflect the statistical uncertainty of the measured trans-
fer function, not the total Monte Carlo scatter. Tabulated values
of the transfer functions are listed in Table G.1.

To gain insight into the magnitude of the e↵ect, we take a
simulated CMB sky with a realistic amount of large-scale polar-
ization power, and apply the 143-GHz anisotropic transfer func-

tion from Fig. 24 to it. The input, output, and di↵erence maps
are shown in Fig. 25.

We provide the measured E-mode transfer functions for all
frequency auto-spectra, frequency cross-spectra, and detector-
set cross-spectra. The format of the files is exactly the same
as the QuickPol beam-window-function files used in Planck
Collaboration V (2019). In these files, the transfer function is
unity everywhere except for the `< 42 E modes. These trans-
fer functions were measured with the 60 % sky mask. It is im-
possible to anticipate all sky masks and map combinations that
a user may require, so we also provide software that enables
measurement of the transfer function for arbitrary sky masks.
To ensure fidelity of the science results, any statistic that em-
ploys large-scale (`< 10) CMB polarization should be corrected
for the transfer function or otherwise calibrated with the simula-
tions. This is the baseline for all NPIPE products.

4.3.1. Non-CMB transfer function

There is no algebraic reason to expect that the suppression of
large-scale CMB polarization would extend to Galactic or ex-
tragalactic foregrounds. Indeed, measurement of these signals is
driven by the 30- and 353-GHz channels, neither of which is sub-
ject to the polarization prior in the calibration. Furthermore, the
presence of polarized foregrounds is accounted for in the calibra-
tion process by marginalizing over the polarization templates.

Foreground experts may object to the use of foreground tem-
plates to model the polarized foregrounds in the calibration pro-
cess. Such templates are inherently incapable of supporting spa-
tial variation of the spectral index of the foregrounds. When
these templates make up the polarization prior, the calibration
process does have the potential to suppress true spatial variation
of the spectral index. We are confident that the limitations of our

27



NPIPE simulations
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noise estimation



Scalar v.s. Tensor fluctuations
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TT

EE

BB

scalar
tensor (r=0.1)
tensor (r=0.01)



Full E/B Likelihood (lollipop)

• Hamimeche&Lewis approximation modified for cross-spectra 

• Cℓ not Gaussian but Xℓ statistics is very close to Gaussianity 

 

 

 

with  

 is the measured spectrum 

 is the model to test 

 is a fiducial theoretical model 

 is the offset given by the level of noise  

• then the likelihood approximation simply reads 
 
 
 
with the matrix  being the covariance from the 

g(x) = 2(x − ln x − 1)

C̃ℓ

Cℓ

Cf
ℓ

Oℓ ΔCℓ ≡ 2
2ℓ + 1 Oℓ

Mℓℓ′ Cℓ
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Lollipop & Hillipop Teams: reanalysis of the tensor-to-scalar constraints from Planck

Although a Quadratic Maximum Likelihood estimator for
the cross-C` could provide with slightly lower error bars, it
is much more sensitive to the uncertainty in the pixel-pixel
covariance matrix. For the low-` Planck analysis, we rely on
MonteCarlo simulations to propagate the systematic residuals
that remains in the data up to the power spectra and parame-
ters. The limited number of End-to-End simulations avalaible
(Ns = 280) do not allow to accurately estimate the covariance
between Npix = 3 ⇤ 768 = 2304 pixels, and the bias induced on
the precision matrix (the inverse of the covariance matrix) is too
large to make the QML estimator reliable.

Figure 6. BB angular cross-power spectrum 100x143 compared
to theoretical prediction for primordial Bmodes.

At low multipoles and for incomplete sky coverage, the
C`s are not Gaussian distributed and are correlated between
multipoles. As already used in Planck Collaboration Int. XLVII
(2016) to derive ⌧ constraints on E-modes power spectrum, we
use the LoLLiPoP (LOw-` LIkelihood on POlarized Power-
spectra) function to derive constraints on the amplitude of B-
modes at very low multipoles.
LoLLiPoP is based on cross-power spectra for which

the bias is null when noise is uncorrelated between maps
and systematics are considerably reduced in cross-correlation
compared to auto-correlation. It uses the approximation pre-
sented in Hamimeche & Lewis (2008), modified as described in
Mangilli et al. (2015) to apply to cross-power spectra. The idea
is to apply a change of variable C` ! X` so that the new vari-
able X` is Gaussian. Similarly to Hamimeche & Lewis (2008),
we define

X` =
q

Cf
` + O` g

0
BBBB@
eC` + O`
C` + O`

1
CCCCA
q

Cf
` + O`, (6)

where g(x) =
p

2(x � ln(x) � 1), eC` are the measured cross-
power spectra, C` are the power-spectra of the model to evaluate,
Cf
` is a fiducial model, and O` are the o↵sets needed in the case

of cross-spectra. For multi-dimensional CMB modes (i.e., T , E,
and B), C` is a 3 ⇥ 3 matrix of power-spectra:

C` =

0
BBBBBBB@

CTT CT E CT B

CET CEE CEB

CBT CBE CBB

1
CCCCCCCA
`

, (7)

and the g function is applied to the eigenvalues of C�1/2
`
eC`C�1/2

` .

In the case of auto-spectra, the o↵sets are replaced by the
noise bias e↵ectively present in the measured power-spectra. For
cross-power spectra, the noise bias is null and here we use the
e↵ective o↵sets defined from the C` noise variance:

�C` ⌘

r
2

2` + 1
O`. (8)

The distribution of the new variable X can be approximated
as Gaussian, with a covariance given by the covariance of the
C`s. The likelihood function of the C` given the data eC` is then

� 2 ln P(C` |eC`) =
X

``0

XT
` M�1
``0X`0 , (9)

where the C` covariance matrix M``0 is estimated via Monte
Carlo simulations.

This likelihood has been tested on Monte Carlo simulations
including signal (CMB and foregrounds), realistic noise, and
systematic e↵ects. The simulated maps are then foreground-
subtracted, using the same procedure as for the data. We con-
structed the C` covariance matrix M``0 using those simulations.
Figure 7 shows the distribution of the recovered r values based
on LoLLiPoP using 50% of the sky. It shows no bias with re-
spect to the input model with r = 0 and ⌧ = 0.06, fixing all other
cosmological parameters to the Planck 2015 best-fit values (in-
cluding Ase�2⌧).

Figure 7. Distribution of the peak value of the posterior distribu-
tion for r on end-to-end simulations including noise, systematic
e↵ects, Galactic dust signal, and a CMB model with r = 0 (and
⌧ = 0.06).

Although this likelihood has been validated on a large range
of multipoles, in this paper, we restrict ourselves to the very low-
`s. Indeed, to properly take into account the residual systemat-
ics in Planck data, we use MonteCarlo simulations based on the
RD12ll data (Planck Collaboration Int. XLVI 2016) to derive the
covariance matrix. Given the limited number of simulation avail-
able (Ns = 280), we cannot use more than ND = Ns multipoles.
Moreover, we need to correct for the bias of the precision matrix
(M�1
``0 ) which scales like (NS � 1)/(NS �ND � 2) (as described in

Taylor et al. 2013). The correction gets larger with the number
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Lollipop PLANCK power-spectra
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sky fraction 50%

xQML 
[https://gitlab.in2p3.fr/xQML]

Xpol 
[https://gitlab.in2p3.fr/tristram/Xpol]

https://gitlab.in2p3.fr/xQML
https://gitlab.in2p3.fr/tristram/Xpol
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Lollipop PLANCK spectra covariance

M. Tristram PLANCK constraints on the tensor-to-scalar ratio 

400 simulations of CMB reconstructed independently by Commander on 
each set of simulated frequency maps

• used to derive the -covariance matrix 

• feed the likelihood with effective 
covariance including systematics 
(instrumental and astrophysical)

Cℓ



Parameter constraints
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τ = 0.0577 ± 0.0056



Results (in combination with TT)
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lowlEB), we derive 2-dimensional constraints for ⌧ and r and
plot them in Fig. 8. The constraint is stable when sampling for
⌧. Indeed, in this case, we obtain

r0.05 = 0.025 ± 0.064 (lowlB), (17)
r0.05 = �0.015 ± 0.045 (lowlEB), (18)

and for the reionization optical depth

⌧ = 0.0577 ± 0.0056 (lowlEB), (19)

compatible with lowlE results, while lowlB shows no detection
of ⌧, since BB is dominated by noise.

Figure 8: LoLLiPoP posterior distribution in the ⌧–r plane using
lowlE (blue), lowlB (red), and lowlEB (black). The sky fraction
here is fsky = 50 %.

7. Combined results

Up to this point, the constraints on r have been derived relative
to a fixed fiducial⇤CDM spectrum based on the Planck 2018 re-
sults. Including the Planck temperature likelihoods (both lowT
and hlpTT) in a combined analysis of the Planck CMB spectra
allows us to properly propagate uncertainties from other cosmo-
logical parameters to r, as well as to self-consistently derive con-
straints in the ns–r plane. In this section, we combine the lowT
and hlpTT with the low-` polarized likelihood lowlEB to sample
the parameter space of the ⇤CDM+r model. The comparison of
contours at 68 % and 95 % confidence levels between PR3 and
PR4 data is presented in Fig. F.1 of Appendix F.

We also include the BK15 constraints from
BICEP2 Collaboration (2018). When combining Planck

and BK15, we neglect the correlation between the two data sets
and simply multiply the likelihood distributions. This is justified
because the BK15 spectra are estimated on 1 % of the sky, while
the Planck analysis is derived from 50 % of the sky.

Figure 9 gives posteriors on r after marginalization over the
nuisance and the other ⇤CDM cosmological parameters. We ob-
tain the following 95 % CL upper limits:

r0.05 < 0.060 (95 % CL, hlpTT+lowT+BK15); (20a)
r0.05 < 0.056 (95 % CL, hlpTT+lowT+lowlEB); (20b)
r0.05 < 0.044 (95 % CL, hlpTT+lowT+lowlEB+BK15).(20c)

Figure 9: Posterior distributions for r after marginalization over
the nuisance parameters and the other ⇤CDM parameters, for
the Planck temperature data (hlpTT+lowT) in combination with
BK15 and the large-scale polarized Planck likelihood (lowlEB).

Figure 10 shows the constraints in the r–ns plane for Planck

data in combination with BK15. The constraints from the full
combination of Planck data are comparable to those from BK15.
The addition of the high-` T E likelihood produces tighter
constraints on the spectral index ns (as already reported in
Planck Collaboration VI 2020).

8. Conclusions

In this paper, we have derived constraints on the amplitude of
tensor perturbations using Planck PR4 data. We investigated
the intrinsic sensitivity of the TT spectrum, which is cosmic-
variance limited, and found �r = 0.094 using the full range of
multipoles. We noted the impact of the low-` anomaly, which
pushes the maximum posterior distribution toward negative val-
ues of re↵ at roughly the 1� level.

For the first time, we analyzed the Planck BB spectrum for
r and obtained �r = 0.069, which is lower than in temperature.
The Planck B-mode spectrum, being dominated by noise, gives
a constraint on r that is fully compatible with zero from both
low and intermediate multipoles, in other words from both the
reionization and recombination peaks. Multipoles above ` ' 150
do not contribute to the result, since the noise in BB is too high.

Using an appropriate likelihood in polarization, we showed
that the Planck EE spectrum is also sensitive to the amplitude
of the tensor-to-scalar ratio r. The combined constraints from
Planck EE and BB, including EB correlations, lead to a sensi-
tivity on r of �r = 0.046, two times better than in temperature.
We also investigated the impact of foreground residuals using

9



Last news from BICEP/Keck
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r0.05 < 0.12 (BKP)
r0.05 < 0.09 (BK14)
r0.05 < 0.07 (BK15)
r0.05 < 0.036 (BK18)

[Ade et al. 2021, PhRvL, 127, 151301]

using Planck NPIPE maps at 
30, 44, 143, 217 and 353 GHz



Conclusions

• NPIPE maps 

- cleaner 
- less noisy 
- split-maps not correlated 

• NPIPE sims 

- consistent with the data 
- allow for TF and variance estimation 
- include uncertainties from systematics 

(both instrumental and astrophysical) 

• Results
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Planck Collaboration: NPIPE processing

QCommNPIPE

Fig. 59. Comparison of large-scale CMB Q and U maps from, top to bottom: Commander Planck 2015; Commander Planck 2018;
SEVEM Planck 2018; Commander NPIPE; and SEVEM NPIPE. Note that the large-scale Planck 2015 CMB map in the top row was
never publicly released, due to the high level of residual systematic e↵ects. The grey region corresponds to the Planck 2018 common
component-separation mask (Planck Collaboration IV 2019). All maps are smoothed to a common angular resolution of 5� FWHM.
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Fig. 59. Comparison of large-scale CMB Q and U maps from, top to bottom: Commander Planck 2015; Commander Planck 2018;
SEVEM Planck 2018; Commander NPIPE; and SEVEM NPIPE. Note that the large-scale Planck 2015 CMB map in the top row was
never publicly released, due to the high level of residual systematic e↵ects. The grey region corresponds to the Planck 2018 common
component-separation mask (Planck Collaboration IV 2019). All maps are smoothed to a common angular resolution of 5� FWHM.
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Planck Collaboration: NPIPE processing

QOutput

Fig. 71. Comparison of end-to-end reconstructed (top row) and input (middle row) NPIPE simulations for the Stokes Q and U CMB
maps. The bottom row shows the di↵erence between the output and input sky maps. All maps are smoothed to a common angular
resolution of 2� FWHM.
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Fig. 71. Comparison of end-to-end reconstructed (top row) and input (middle row) NPIPE simulations for the Stokes Q and U CMB
maps. The bottom row shows the di↵erence between the output and input sky maps. All maps are smoothed to a common angular
resolution of 2� FWHM.
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r0.05 < 0.072 BICEP2/Keck 2015 (2018)
r0.05 < 0.069 Planck EB (2020)

1% of the sky 
50% of the sky

r0.05 < 0.044 (Planck + BK15) [Tristram et al. A&A 647, A128 (2021)] 
astro-ph/2010.01139

r0.05 < 0.036 BICEP/Keck 2018 (2021) 1% of the sky

https://arxiv.org/abs/2010.01139

