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NPIPE
• is a data processing pipeline built on TOAST[1] 

time-ordered data processing framework


• is a collaborative effort leveraging two decades of 
software, analysis techniques and expertise 
developed in Planck 


• runs at the National Energy Research Scientific 
Computing Center (NERSC) in Berkeley, California, 
and (almost) any other cluster or supercomputer


• processes raw, digitized signal into calibrated 
frequency maps


• is the first pipeline to handle both Planck LFI and 
HFI data in a common framework
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Fig. 14. NPIPE temperature maps, including the Solar dipole. The scaling is linear between �3 and 3 mK.

Fig. 15. NPIPE temperature maps, with the Planck 2015 dipole removed. The scaling is linear between �100 and 100 µK.

4.1.5. A/B maps

NPIPE provides only one data split where the systematics
between the splits are expected to be uncorrelated (unlike the
case for the half-ring splits discussed in Sect. 4.1.2). We have
split the horns in the focal plane into two independent sets, A
and B, and performed reprocessing independently on each set.

The Planck scanning strategy requires at least two polar-
ized horns to solve for a full-sky polarized map. The detector-
set splitting was not possible at either 30 or 44 GHz because
of the lack of redundant polarized horns. Instead, for these two
frequencies, the split is done time-wise: set A comprises oper-
ational years 1 and 3; while set B has years 2, 4, and the
month of integration time from the final, fifth observing year.
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[1] : https://github.com/hpc4cmb/toast



What makes NPIPE special?
NPIPE combines the best parts of the independent LFI 
and HFI data processing pipelines. Most notably NPIPE:


• breaks large scale polarization degeneracies in 
calibration by using polarized sky templates (from 
LFI)


• performs a global fit of gain fluctuations, systematics 
templates and time-dependent sky signal (from HFI)


• uses the generalized destriper, Madam[1], to 
approximate minimum noise solution using short, 
166ms noise steps (from LFI)

Planck Collaboration: NPIPE processing
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Fig. 13. Power spectra of destriped dark-bolometer maps using various baseline lengths. The “full” case on the left panel shows the pseudo-C`
power spectrum over the entire map, including the Galactic plane that was masked out while solving for the baseline o↵sets. Right panel: power
spectrum taken over the sky pixels that were considered when solving for the baselines. Shorter baselines clearly suppress noise above ` = 20.
The 167 ms case shows an elevated residual at ` < 100 inside the destriping mask, likely due to the filter’s inability to constrain the solution. The
residual at ` < 20 is dominated by the irreducible uncertainty set by the Planck scan strategy, and cannot be improved without external information.

4.1. Maps

All NPIPE maps are calibrated to thermodynamic temperature
units in kelvins ( KCMB). The 857 GHz calibration is the same
as in PR3, but is converted into KCMB temperature units using
the measured bandpasses. Note that NPIPE maps include the
Solar dipole; it may be removed using the parameters supplied
in Sect. 8.

The conversion factor from thermodynamic temperature to
flux density units is 58.04 MJy sr�1/KCMB for the 545 GHz
maps and 2.27 MJy sr�1/KCMB for the 857 GHz maps (see
Planck Collaboration IX 2014).

4.1.1. Frequency maps

We present temperature maps at all nine Planck frequencies
in Fig. 14, and with the Solar dipole removed in Fig. 15. The
zero levels of the maps are adjusted for plotting by evaluatings
the monopole outside a Galactic mask. The mapmaking proce-
dure leaves the true monopole undetermined. Stokes Q and U
polarization maps and the polarization amplitude at the seven
polarized frequencies are shown in Fig. 16. Polarization maps
smoothed to 3� are shown in Fig. 17.

4.1.2. Half-ring maps

The repetitive Planck scanning strategy (each scanning circle
is repeated 30–75 times) allows us to build subset maps that
have e↵ectively identical systematics but independent instru-
ment noise. We split each pointing period into two half-rings,
and assign the halves to separate subsets, which we call “HR1”
and “HR2”. The half-ring di↵erence (i.e., HR1�HR2) is a useful
measure of the instrumental noise, but should not be assumed
to be unbiased for large-scale cross-spectral analysis. The half-
ring maps share all the calibration, bandpass mismatch, and other
template residuals.

The noise in the HFI half-ring maps contains a small amount
of correlated error between the two ring halves (cf. Sect. 2.3.4

and Fig. 18). This error comes from a noisy signal estimate used
in the removal of the glitches.

4.1.3. Single-detector maps

NPIPE builds unpolarized single-detector maps from the repro-
cessed TOD by subtracting an estimate of the polarization
response from the full-frequency map. The single-detector
maps are destriped with Madam independently, using the same
destriping parameters as for the full-frequency data. The maps
are provided with and without bandpass-mismatch correc-
tions. Mismatch-corrected maps provide a useful diagnostic
for reprocessing performance, while the uncorrected maps are
used as inputs to temperature component separation. This pro-
vides component-separation algorithms with samples of the
sky for each detector bandpass, which is necessary, for exam-
ple, to measure the CO line emission. Sampling and sub-
tracting the polarization signal from the full-frequency map
injects a small amount of correlated noise into the single-
detector maps. This noise is attenuated by the fact that we
downgrade the frequency map to the same resolution as our
bandpass-mismatch templates, i.e., Nside = 512 for 30–100 GHz
and Nside = 1024 for 143–353 GHz. Most of this correlated
noise is cancelled in the single-horn maps (Sect. 4.1.4),
so applications that are particularly sensitive to small-scale
noise correlations are best served using the horn maps
instead.

4.1.4. Single-horn maps

In addition to polarization-corrected single-detector maps, we
also provide unpolarized single-horn maps that naturally can-
cel most if not all of the polarization. These maps are lin-
ear combinations of the polarization-orthogonal detector data
in the polarized Planck horns, with the weights chosen to
maximally cancel polarization in the averaged map. The pro-
cess also eliminates noise present in the resampled polarization
estimate.
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Dark bolometer signal destriped 
and projected onto a map with 
various noise step (baseline) lengths

[1] : E. Keihänen, H. Kurki-Suonio and T. Poutanen: Madam - A Map-making method for CMB experiments, MNRAS 360 (2005) 390, astro-ph/0412517

https://github.com/hpc4cmb/libmadam


Differences between NPIPE and PR3 processing (1/2)

• Include re-pointing maneuvers and incomplete survey 9


• Apply pointing model corrections developed for Herschel


• Apply low-pass filter to reduce small scale noise in the sky-
load differenced LFI signal


• Improve the HFI cosmic ray glitch removal to reduce noise 
bias and scan-synchronous glitch residuals


• Fit for 1Hz spikes, including aliased modes, in all LFI 
detectors


• Add new 4-Kelvin cooler interference templates and track 
the time evolution of the more intense harmonics (HFI)

Planck Collaboration: NPIPE processing

Fig. 6. NPIPE applies a low-pass filter to the LFI load signal before decorrelation. In PR3, a single scaling coe�cient was fitted each operational
day. We demonstrate the two approaches for one pointing period on two diodes: LFI2500 (left), with a relatively low amount of 1/ f noise; and
LFI1800 (right), which is dominated by 1/ f at all frequencies. Top: power spectral densities of sky and best-fit load signals. Bottom: power spectral
densities of sky�load di↵erenced signals. The PSDs were binned into 300 logarithmically-spaced bins for clarity. The scaled load template leaves
more noise at both high and low frequencies than a filtered version, where the uncorrelated power is suppressed. When the 1/ f fluctuations
dominate across the spectral domain, the scaling and filtering approaches achieve e↵ectively the same result.

require removal of sections of data. To facilitate the use of
Fourier techniques (e.g., bolometer transfer function deconvolu-
tion, Sect. 2.3.9), the gaps need to be filled with a constrained
realization.
NPIPE deals with gap filling using the same basic approach

for all Planck channels. For LFI, since it has relatively few gaps,
the signal part of the constrained realization comes from the
global signal estimate (Sect. 2.3.2), while for HFI it comes from
the phase-binned signal estimate. The decision to use the (noisy)
phase-binned signal estimate instead of the global signal esti-
mate was made out of an abundance of caution: even small but
systematic errors in the signal estimate used to fill 10–20% of the
data before applying a filter could potentially lead to detectable
bias. The 1/ f noise fluctuations are matched using a 5th order
polynomial fit to the signal-subtracted data, and the gap-filling
procedure is completed with a white-noise realization.

2.3.9. Deconvolution of the bolometer time response

The time response of the HFI bolometers gives the relation
between the optical signal incident on the bolometers and the
output of the readout electronics, characterized by a gain, and a

time shift, dependent on the temporal frequency of the incom-
ing signal (Planck Collaboration VII 2016). It is described by
a linear complex transfer function in the frequency domain,
called the “time transfer function”, which must be deconvolved
from the data. NPIPE performs this deconvolution at the end
of preprocessing. The gap-filled data are Fourier transformed,
divided by the measured complex transfer function, and trans-
formed signal back into the real domain. The complex transfer
functions are identical to those used in PR3, and described in
Planck Collaboration VII (2016).

We discovered that the application of the transfer function
to glitch-removed and gap-filled data was picking up a consid-
erable amount of power from the gap-filled samples and mixing
it with the science data in the unflagged samples. To suppress
this e↵ect, our deconvolution module transforms a delta function
signal and measures a window over which more than 10% of the
deconvolved power can be attributed to the constrained realiza-
tion present in the gaps. These samples are flagged in addition
to the usual quality flags. The issue is illustrated in Fig. 7. The
e↵ect was not corrected for in PR3, contributing a small amount
of sky-synchronous noise (especially at 100 GHz), responsible
for several percent of the small-scale noise variance in the maps.
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Top: power spectral density (PSD) 
of sky and load signals for one 
44GHz detector 
Bottom: PSD of the differenced 
signal.



• Retain the solar system dipole in the frequency maps


• Provide maximally independent detector set (A/B) splits


• Add more transfer function harmonics in HFI templates


• Interpolate map-based templates to sample positions 
to avoid low resolution pixelization artifacts


• Provide depolarized single-detector maps for all Planck 
detectors and horns, use 0.86 arc minute resolution for 
217–857GHz


• Measure and correct HFI polarization angles and 
efficiencies

Differences between NPIPE and PR3 processing (2/2)
Planck Collaboration: NPIPE processing

Appendix D: Anomalies around the Galactic centre

NPIPE fixes a known issue in PR3 polarized HFI maps around
the Galactic centre (Mangilli et al. 2019, Fig. 9 lower panel). The
CO templates used in 2018 bandpass-mismatch correction were

downgraded to low resolution (Nside = 128 or 27.05) and the out-
lines of these pixels can be detected around the Galactic centre
in the polarization maps. We show images of the Galactic centre
in Fig. D.1.

100GHz 2015 2018 NPIPE

0 500 1500 2000µK
143GHz 2015 2018 NPIPE

0 75 225 300µK
217GHz 2015 2018 NPIPE

0 150 450 600µK
353GHz 2015 2018 NPIPE

0 1000 3000 4000µK

Fig. D.1. Polarization amplitude in an 8� ⇥ 8� patch centred around the Galactic centre. The linear colour scale was chosen to demonstrate the
low-resolution CO template residuals in the 2018 maps. The residuals are most pronounced at 100 GHz, where the CO corrections are largest, and
absent at 143 GHz, where there is no CO correction needed. Since the 2015 maps are not corrected for bandpass mismatch, they do not display the
same artefacts..
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Destriper (NPIPE) formalism

A&A 643, A42 (2020)

Fig. 7. Demonstration of the leakage of flagged signal onto science
data. We created a zero (null) input signal (heavy blue line) with a
gap between sample indices 0 and 10. We then filled the gap with an
assumed signal = 1.0, then deconvolved using the 100-2b transfer func-
tion. Three samples immediately preceding the gap are significantly
compromised by the signal in the gap. Such samples are dropped in
the NPIPE analysis.

2.3.10. Outlier pointing-period detection

NPIPE accumulates statistics of the data for each pointing period
during the preprocessing. Once all of the pointing periods are
processed, the metadata are analysed for outlier periods, which
are subsequently flagged completely. We used glitch rate, appar-
ent gain, and noise rms to test for outliers by looking for >5�
deviations in the statistics after removing a running average.
Rings with more than three such deviations were flagged as out-
liers. Table 1 shows the fraction of outlier pointing periods at
each Planck frequency. It also shows the total fraction of point-
ing periods discarded after we also reject unusable data from the
sorption-cooler switchover at the end of first year of operations,
and data acquired during a 10 day elevated spin-rate campaign.

2.4. Global reprocessing

NPIPE applies a number of templates to correct the data using
a generalized destriper, much like the SRoll method described
in Planck Collaboration Int. XLVI (2016) for HFI large-scale
polarization analysis. Our data model can be cast in the standard
destriping form:

d = P m+ F a + n, (9)

where (multi-) detector time-ordered data d are a linear com-
bination of the sought-for sky map m, sampled into the time
domain with the pointing matrix P, and an arbitrary number of
time-domain templates presented as columns of the sparse tem-
plate matrix F and their amplitudes a. When 1/ f noise o↵sets
are included in F, the noise term, n, is approximated as white
noise.

If we choose not to impose a prior on the distribution of the
template amplitudes, a, we can marginalize over the sky map, m,
and solve for the template amplitudes (Keihänen et al. 2004):

a =
⇣
FTN�1ZF

⌘�1
FTN�1Z d, (10)

where

Z = I � P
⇣
PTN�1P

⌘�1
PTN�1. (11)

Traditionally, F has comprised the baseline o↵set templates
of a step function model of the 1/ f noise10 – one column for
each baseline period (anywhere between 1 s and 1 h) and every
detector. Here, we add additional columns to F for:

– linearized gain fluctuations (discussed in Sect. 2.4.1);
– HFI signal distortion (Sect. 2.4.2);
– orbital dipole (Sect. 2.4.3);
– far-sidelobe pickup (Sect. 2.4.4);
– HFI transfer-function residuals (Sect. 2.4.5);
– 6-component zodiacal light model (Sect. 2.4.6);
– bandpass mismatch (Sect. 2.4.7); and
– foreground polarization (Sect. 2.4.13).

Notice that there is no separate template for the Solar dipole;
we consider it as an integral part of the sky, m. For this reason,
NPIPE calibration is not impacted by uncertainty in the Solar
dipole estimate.

Polarization plays a key part in the degeneracy between the
template amplitudes, a, and the sky map m in Eq. (9). Espe-
cially at the CMB frequencies, where the foreground polariza-
tion is fainter, Planck scanning strategy allows for apparent gain
fluctuations that are compensated with scan-synchronous polar-
ization residuals. LFI calibration in the 2015 and 2018 releases
addressed this degeneracy by fixing the polarized part of m to
a polarized sky model derived using Commander (Eriksen et al.
2004). No such prior was used in the HFI 2015 or 2018 process-
ing. We adopt the LFI approach here and also use a polariza-
tion prior, but rather than requiring repeated iterations between
NPIPE and Commander, we sample smoothed NPIPE 30, 217,
and 353 GHz maps as polarization templates in F. When fit-
ting for these polarization templates, the sky map m is unpo-
larized, e↵ectively preventing the generation of spurious gain
fluctuations that would be compensated by polarization errors.
This approach leads to significant improvement in the large-
scale polarization systematics in the HFI maps, particularly
at 100 GHz. Once time-dependent gain fluctuations and other
time-varying signals are corrected for, the last reprocessing iter-
ation freezes the gains and then solves for bandpass mismatch
over a polarized sky, without fitting for polarization templates.
This final fitting step also fits over a larger fraction of the sky
than the previous iterations (Sect. 2.4.12).
NPIPE reprocessing solves for the template amplitudes, a, in

Eq. (9) and produces a template-cleaned TOD: dclean = d � F a.
Solving for the amplitudes is made nonlinear by the fact that
the gain fluctuation template in F is derived from the sky map,
m. Notionally, one could explicitly write out m in F in Eq. (9)
and solve for the amplitudes using nonlinear minimization tech-
niques. In practice, this is unfeasible owing to the dimension-
ality of the problem. Instead, we iterate between solving for the
amplitudes, a, cleaning the TOD and updating m and F. The iter-
ations also enable speeding up the template generation and fitting
by compressing the data onto phase-binned HEALPix rings11,
10 We use the term 1/ f -noise for instrument noise that has a power
spectral density (PSD) that can be approximated with a power law:
P( f ) / f ↵, where f is the frequency and ↵ is the slope of the spectrum.
The approximation is valid up to a so-called knee frequency, where f ↵
transitions into a high frequency noise plateau and other features. See
Fig. 27 for examples.
11 Each pointing period is binned onto a subset of HEALPix pixels at
the destriping resolution. We must exclude the repointing manoeuvres
in doing so, since they break the repetitive scanning pattern we are
leveraging.
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Templates included in F:


• noise offsets


• gain fluctuations


• HFI ADC nonlinearity


• orbital dipole

• HFI transfer function 
residuals


• Zodiacal emission 
components


• bandpass mismatch


• polarization templates

All detector samples

stationary sky mappointing matrix

time-domain templates

template amplitudes

detector noise not included 
in the noise offsets

A&A 643, A42 (2020)

Appendix E: Visualizations of the destriping
templates

NPIPE suppresses systematics by fitting and removing time-
domain templates (see Sect. 2.4). The destriping templates are
stored as columns of the template matrix, F, in Eq. (10). In this
Appendix we visualize the templates, first by binning their full
time-domain representations as a function of the spacecraft spin
phase and pointing period (ring) index (Fig. E.1). In Fig. E.2 we

bin the first survey (six months and approximately 5500 rings)
onto more intuitive HEALPix maps. Most of the templates are
time-dependent, so the full mission span of the templates cannot
be binned into a single map without loosing the time-dependent
features.

The gain and distortion templates are represented as single
panels but, in reality, are split into a number of disjoint time steps
and columns in the template matrix. Each of these steps is fitted
as a separate template.

Fig. E.1. Signal and systematics templates for detector 100-1a, plotted as a function of pointing period (ring) and spacecraft spin phase. The gain
and signal distortion templates are actually split into several disjoint steps that vary in length depending on the S/N. The templates for 100-1b are
otherwise identical, but the 30, 217, and 353 GHz polarization templates are multiplied by �1. The far sidelobe (FSL) template is not fitted because
of degeneracies, but it is estimated and subtracted. The polarization templates across all detectors share a single fitting amplitude. The zodiacal
emission-template amplitudes are similarly shared. For 353 GHz and above, the harmonic templates are doubled to include frequency-dependent
gain. At 100–217 GHz, only relative time-shift between frequency bins is modelled. The last harmonic template includes all frequencies not
included in the other harmonic templates. The templates are scaled to match the rms amplitude of each systematic across the 100 GHz detectors,
and the plotting ranges are chosen to match the 2� range of each panel. To save space, the amplitude is reported in the title of each panel rather
than as a colour bar. The grey vertical lines indicate the survey boundaries. Figure E.2 shows HEALPix maps of these templates that include only
the first survey.
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NPIPE transfer function
• The polarization prior breaks 

degeneracies and 
substantially reduces large 
scale polarization uncertainty


• The downside is that 
polarization power at ell < 20 
is suppressed


• The pipeline transfer function 
seems remarkably stable 
across frequency and 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 fre-
quencies 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 comparing sim-
ulated CMB input and foreground-cleaned output maps over 60% of the
sky. The 30 and 353 GHz frequencies are not expected to have a mea-
surable transfer function because they are not calibrated with a polariza-
tion prior. These two transfer functions 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 transfer function, not the total Monte Carlo scatter. Tabulated
values of the transfer functions are listed in Table G.1.

We find that the use of the simulated cross-spectra to be
problematic for two reasons: they are much noisier than the
CMB⇥output spectra; and they may contain persistent bandpass-
mismatch residuals. For these reasons, we instead derive the
cross-spectral transfer functions as the geometric mean of the

individual transfer functions. The geometric mean was found to
be in agreement with the Eq. (17) and o↵ered superior noise per-
formance. We show the measured E-mode transfer functions for
detector-set and frequency cross-spectra in Fig. 23.

We also considered measuring the full, anisotropic transfer
function, a complex multiplier applied to every a`m mode of
the input CMB sky. The results are shown in Fig. 24. We can-
not reliably expand the foreground-cleaned CMB map from the
simulations without masking out the strongest Galactic residu-
als. This is problematic for a study of anisotropy, because the
mask already includes a preferred orientation. Instead, we write
a least-squares minimization problem in terms of a transfer func-
tion acting on the input CMB expansion:

�2 = rTr with r = m�
X

X`m

f X
`maX
`mYX

`m, X 2 [T, E, B] (18)

where the residual, r, is estimated by subtracting a CMB expan-
sion (aX

`mYX
`m) convolved with a transfer function ( f X

`m). In this
shorthand notation each basis function, YX

`m, is a full IQU
map with either the I or the QU part identically zero. The
sum in Eq. (18) is conveniently carried out using the HEALPix
alm2map facility. This formulation allows us to use full-sky
input expansions and still evaluate the residual over a masked
sky.

The anisotropic transfer functions in Fig. 24 show a sta-
tistically significant anisotropy, especially at ` = 3. This sug-
gests that fully isotropic methods for power spectrum estimation
and transfer function correction are not optimal in analysing the
large-scale polarization in the NPIPEmaps. Certain modes could
be down-weighted to minimize uncertainty. Nevertheless, spe-
cializing the methods to utilize this information is complicated
and not attempted in this paper.

To gain insight into the magnitude of the e↵ect, we take
a simulated CMB sky with a realistic amount of large-scale
polarization power, and apply the 143 GHz anisotropic transfer
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Fig. 25. Impact of the anisotropic NPIPE transfer function (Fig. 24) on a simulated CMB sky smoothed to 3�. The columns (left to right) are the
input CMB, the transfer-function-convolved CMB, and the di↵erence.

Fig. 26. Comparing the stable science scan (SCM) and the repointing manoeuvre (HCM) data. We find excellent consistency between the two
disjoint data sets. The solid lines are auto spectra computed over 50% of the sky. The dashed lines are corresponding A/B cross-spectra. The spectra
are binned into 100 logarithmically-spaced bins. The dashed orange spectrum in the EE panel demonstrates that even the 143 GHz repointing-
manoeuvre data alone (which were excluded from all previous releases) are sensitive enough to probe at least the first three acoustic EE spectrum
peaks. The agreement in small-scale TT cross-spectra indicates that the HCM pointing reconstruction is accurate enough not to widen the e↵ective
beam. The agreement in large-scale EE and BB power suggests that potential thermal e↵ects from the thruster burns do not leak into large-scale
polarization. The small scale noise in the HCM data set is higher than in the SCM data set from having only 8% of the integration time.

1. The calibration is performed using a Galactic mask, exclud-
ing the more intense Galactic plane and the source of more
probable spatial variation of the spectral index.

2. Spatial variation in the dust spectral index has limited sup-
port by fitting both 217 and 353 GHz templates.

3. Our simulations that are based on the spatially-varying
Commander sky model do not indicate any suppression of
the spatially varying spectral indices (see Fig. 74).

4.4. Data taken during repointing manoeuvres

It is not immediately obvious that including data taken during
the 4 min repointing manoeuvres is going to improve the result-
ing frequency maps and hence it is important to check for con-
sistency. The three thruster burns of a given manoeuvre lead to
a faint but measurable impact on the HFI thermal baseline, and
the attitude reconstruction during the manoeuvre is admittedly
less robust due to the dynamic nature of the data. We explored
the consistency between “stable science mode” (labelled “SCM”
in the Planck attitude history files) and the repointing mode
(“HCM”) by building 143 GHz full-frequency and detector-set
maps exclusively from either SCM or HCM data. We show the

power spectra of such maps in Fig. 26. These power spectra
demonstrate excellent consistency between the two data subsets.
Accordingly, data taken during pointing manoeuvres are used in
all the NPIPE data products. Only SCM data were used in previ-
ous Planck products and results. This additional integration time
reduces the small-scale noise uncertainty in NPIPE by approxi-
mately 9%.

5. Simulations

NPIPE is released with 600 high fidelity Monte Carlo simu-
lations that include CMB, foreground, noise and systematics.
These simulations allow testing and debiasing analysis tools with
life-like frequency and detector-set maps with known inputs. For
further details of the release, see Appendix A.

Calibrating against the same sky signal we are trying to mea-
sure is an inherently nonlinear problem and calibration and other
template uncertainties in the NPIPE maps are not negligible.
For these reasons we found it necessary to simulate the entire
reprocessing part (Sect. 2.4) of the NPIPE processing. Each
Monte Carlo iteration begins with a simulated CMB sky, rep-
resented as an expansion in spherical harmonics. We convolve
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Null map comparison
Planck Collaboration: NPIPE processing
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Fig. 40. EE and BB detector-set di↵erence power spectra. The first two columns show PR3 (blue), raw NPIPE (green), and transfer-
function-corrected NPIPE (orange) null-map power spectra. Note that PR3 detector sets are not the same as were di↵erenced for Fig. 14 in Planck
Collaboration III (2020), but rather ones that were destriped independently. The third column of panels shows the transfer-function-corrected
NPIPE/2018 EE and BB ratios in blue and orange, respectively. NPIPE has notably less power at all angular scales. The grey band in the third
column indicates a 10–20% improvement in power. These spectra are computed over 50.4% of the sky, corrected for the sky fraction and binned
into 300 logarithmically-spaced bins. The polarization amplitudes of 2015, 2018, and NPIPE detector-set di↵erence maps are shown in Fig. 39.

from the Planck-LFI maps. The residuals for 30 GHz are shown
in Fig. 50, and for 44 GHz in Fig. 51. These figures show that
improvements in the LFI calibration procedure between the 2015
and 2018 releases significantly improved the agreement between
Planck and WMAP. They also show that the NPIPE large-scale
polarization is more compatible with WMAP than is that of PR3.
The fitting was carried out on the 30% of the sky that has the
highest polarization amplitude in the smoothed K-band map, and
we masked out a further 5% of the sky with the highest fore-
ground intensity to reduce bandpass-mismatch-leakage e↵ects,
leaving 25.7% of the sky for fitting.

7. Component separation

We now derive new astrophysical component maps from the
NPIPE data. For CMB extraction, we employ two di↵erent algo-
rithms, Commander (Eriksen et al. 2004, 2008; Seljebotn et al.
2019) and SEVEM (Leach et al. 2008; Fernández-Cobos et al.
2012); for foreground estimation, we only use Commander. Both
methods have been used extensively in previous Planck publica-
tions; for full details see Planck Collaboration IV (2020) and
references therein. The main motivation for the present anal-
ysis is to characterize the internal consistency of the NPIPE
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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 2020). All maps are smoothed to a common angular resolution of 5� FWHM.

image of the CMB polarization sky, with significant systematic
errors present both at low and high Galactic latitudes. However,
it is evident, even at a visual level, that the NPIPE maps provide
a clear tracer of true large-scale CMB features.

Figure 72 shows the standard deviation of the foreground-
cleaned Commander CMB polarization simulations at 1� FWHM
resolution. We see that the overall noise standard deviation varies
between 0.2 and 0.6 µK at high Galactic latitudes, with a spatial
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Fig. 50. Planck 30 GHz – WMAP K-band di↵erence. The K-band regression coe�cients by row (top to bottom) are 0.406, 0.451, and 0.462.

Fig. 51. Planck 44 GHz�WMAP K-band di↵erence. The K-band regression coe�cients by row are 0.104, 0.117, and 0.125.

useful to inspect the residual maps in Fig. 52. Starting with
353-8, the dominant feature is a large-scale red and blue pat-
tern at high Galactic latitudes, extending between the ecliptic
poles. This pattern arises when multiple detectors with slightly
di↵erent bandpasses are destriped simultaneously. Specifically,
the destriping (or mapmaking) process intrinsically assumes that
there is only one true value within a single sky pixel, and that

any deviation from this must therefore be due to noise in the
detectors. However, because di↵erent detectors have di↵erent
bandpasses, they also see a slight di↵erence in foreground sky
signal. The destriper therefore attempts to suppress this residual
sky signal in the same way as actual correlated noise, and e↵ec-
tively “drags” the signal along the scan path of the instrument,
resulting in the large-scale features seen in Fig. 52. To solve this
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Fig. 47. Same as Fig. 46, but for 353, 545, and 857 GHz. The S-shaped residual along the Ecliptic equator, especially in the 353 GHz NPIPE
results, is residual zodiacal emission.

Fig. 48. Internal frequency-di↵erence polarization maps of the form
m217 � 0.128 m353, where the 353 GHz scaling factor is designed to sup-
press thermal dust emission at 217 GHz. From top to bottom, the three
rows show di↵erence maps based on SRoll, SRoll2, and NPIPE. The
left and right columns show Stokes Q and U parameters, respectively.
All maps have been smoothed to a common angular resolution of 10�.

unbiased, albeit slightly sub-optimal in terms of variance. Final
uncertainties are assessed with simulations, for which the same
e↵ects are present.

7.2. SEVEM methodology

SEVEM (Leach et al. 2008; Fernández-Cobos et al. 2012) is based
on internal template cleaning in real space. In previous Planck

Fig. 49. Angular cross-spectra evaluated from m217 to 0.128 m353 di↵er-
ence maps. For NPIPE, the cross-spectra are evaluated from detector-
split di↵erence maps, while for SRoll and SRoll2 they are evaluated
from half-mission split di↵erence maps.

releases, it was one of four approaches used to obtain the CMB
signal from frequency maps (Planck Collaboration IV 2020).
The internal templates trace foreground emission at the cor-
responding frequency range, and are constructed as di↵erence
maps between two neighbouring Planck channels, convolved to
the same resolution to facilitate removal of the CMB contribu-
tion. A linear combination of these templates is then subtracted
from a CMB-dominated frequency map, in such a way that the
coe�cients of the combination minimize the variance of the
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Fig. 45. Odd–even survey intensity di↵erences for LFI smoothed to 5�. These maps reflect the internal consistency achieved, not the total residuals,
since the calibration errors are correlated between the surveys. To match the 2015 and 2018 processing, the NPIPE 167 ms baseline o↵sets for this
plot are solved using individual survey data.

Fig. 46. Odd�even survey intensity di↵erences for 100, 143, and 217 GHz, smoothed to 5�. The 2015 and 2018 maps are the same as in Fig. 12
of Planck Collaboration III (2020). The NPIPE-PP column shows the di↵erence obtained if NPIPE is solved only for pointing-period o↵sets (like
PR3), rather than for the 167 ms baseline o↵sets. The stripes visible in the NPIPE-PP maps are glitch and ADC nonlinearity-correction residuals
that are well captured by the short-baseline solution. The comparison is not perfect, because PR2 (2015) baseline o↵sets were solved using the
survey TOD, while the other versions use full-mission baselines. Three variable radio sources can be identified across the frequencies in the NPIPE
maps. These maps reflect the internal consistency achieved, not the total residuals, as the calibration errors are correlated between the surveys.

for 100-1a, 143, 217-2, and 353-3, the reference o↵sets are
set such that the CO and CMB maps have vanishing mean
o↵sets at high Galactic latitudes. For 545-2, the o↵set is set
such that a T–T scatter plot between the derived thermal dust
map and an H i survey (Lenz et al. 2017) has vanishing inter-
cept. For 30 GHz, it is set such that the derived low-frequency
spectral index map does not correlate strongly with the corre-
sponding amplitude map, which is a typical artefact resulting
from incorrectly-set o↵sets (Wehus et al. 2014). The 30 GHz
o↵set determination is the most uncertain among these o↵sets,
since the spectral index information in the map has relatively
low S/N.

We approximate the instrumental noise of each detector as
Gaussian, and the likelihood therefore is

P(d|✓) / e�
1
2 (d�s(✓))TN�1(d�s(✓)), (22)

where N is the noise covariance matrix. Since the following anal-
yses are performed at the full angular resolution of the Planck
instrument, we approximate this matrix by its diagonal, and
thereby only take into account the scan-modulated white noise
component, not correlated noise features or instrumental sys-
tematics. However, since N a↵ects only the relative weighting
between channels, the derived marginal map products remain
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Fig. 39. Polarization amplitudes of the detector-set di↵erence null maps. The angular power spectra of PR3 and NPIPE maps are shown in Fig. 40.
Independent processing of the two detector-sets means that these maps reflect the level of total residuals in the frequency maps.

visual impression, we see that NPIPE exhibits significantly lower
EE power at large angular scales, while at small scales all three
maps appear broadly consistent.

The observed di↵erences between Planck polarization maps
illustrated in Figs. 48 and 49 may reflect elements specific to the
NPIPE data processing. As discussed in Sect. 4.3.2, polarized
Galactic emission is not a↵ected by the same transfer function
at low multipoles as the CMB, because polarization templates
are part of the data model in Eq. (9). However, this approach
introduces an interdependence between the NPIPE frequency
maps, which may impact studies of Galactic polarization (see
Appendix H). Notably, this is an issue to have in mind when
using the NPIPE frequency maps to characterize the frequency
correlation of dust polarization (Planck Collaboration XI 2019),
an essential question in the search for primordial CMB B-modes.

The bandpass mismatch template used in NPIPE is based on
the same sky model as the simulated sky signal, and (as dis-
cussed in Sect. 5.2) we do not simulate errors in the template
itself. The net e↵ect is that the uncertainty in the polarized emis-
sion by foreground Galactic dust is underestimated in the sim-
ulations, by the amount that errors in the sky model a↵ect the
bandpass mismatch correction. Since the magnitude of this
uncertainty is unknown, it may be misleading to rely on

simulations alone to assess uncertainties in polarized Galactic
emission on large scales, or to investigate how Galactic polar-
ization decorrelates with frequency. NPIPE is not unique in its
approach of not fully sampling the space of template errors.
Issues related to bandpass mismatch are a generic feature in
Planck polarized mapmaking, and caution should be exercised
when analysing other Planck releases as well.

6.3.2. External consistency

Planck is calibrated without reference to WMAP (Bennett et al.
2013) polarization, although in NPIPE, WMAP temperature data
do contribute to the sky model used to derive bandpass-mismatch
templates. It is informative to compare the two experiments
for agreement in synchrotron polarization. The comparison is
particularly interesting due to di↵erences in the two experi-
ments. WMAP’s di↵erencing-assembly design allows for gain
and bandpass mismatch to be separated into special spurious
maps, while Planck requires an estimate of the foreground inten-
sity to correct for bandpass mismatch.

We measure the agreement by smoothing the Planck and
WMAP K-band (23 GHz) maps with a 5� Gaussian beam and
then regressing the WMAP K-band and Planck 353 GHz maps
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Fig. 47. Same as Fig. 46, but for 353, 545, and 857 GHz. The S-shaped residual along the Ecliptic equator, especially in the 353 GHz NPIPE
results, is residual zodiacal emission.

Fig. 48. Internal frequency-di↵erence polarization maps of the form
m217 � 0.128 m353, where the 353 GHz scaling factor is designed to sup-
press thermal dust emission at 217 GHz. From top to bottom, the three
rows show di↵erence maps based on SRoll, SRoll2, and NPIPE. The
left and right columns show Stokes Q and U parameters, respectively.
All maps have been smoothed to a common angular resolution of 10�.

unbiased, albeit slightly sub-optimal in terms of variance. Final
uncertainties are assessed with simulations, for which the same
e↵ects are present.

7.2. SEVEM methodology

SEVEM (Leach et al. 2008; Fernández-Cobos et al. 2012) is based
on internal template cleaning in real space. In previous Planck

Fig. 49. Angular cross-spectra evaluated from m217 to 0.128 m353 di↵er-
ence maps. For NPIPE, the cross-spectra are evaluated from detector-
split di↵erence maps, while for SRoll and SRoll2 they are evaluated
from half-mission split di↵erence maps.

releases, it was one of four approaches used to obtain the CMB
signal from frequency maps (Planck Collaboration IV 2020).
The internal templates trace foreground emission at the cor-
responding frequency range, and are constructed as di↵erence
maps between two neighbouring Planck channels, convolved to
the same resolution to facilitate removal of the CMB contribu-
tion. A linear combination of these templates is then subtracted
from a CMB-dominated frequency map, in such a way that the
coe�cients of the combination minimize the variance of the
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Fig. 73. Power spectrum consistency between the foreground-cleaned Commander (dark curves) and SEVEM (light curves) CMB polarization map
and corresponding end-to-end-simulations. Each panel shows the fractional di↵erence between the angular power spectrum computed from the
observed data and the mean of the simulations. Blue and red curves show results derived for NPIPE data using simulations with and without noise
alignment, respectively, while grey curves show similar results derived from Planck 2018 data using simulations with noise alignment. Rows show
results for EE (top) and BB (bottom) spectra, while columns show results for full-mission (left) and split (right) data. In the latter case, A-B split
results are shown for NPIPE, while half-mission splits are shown for Planck 2018.

and 70 GHz, and at `� 7 for 100 GHz. We nonetheless checked
that using the full measured transfer function has only a mini-
mal impact on the estimated values of ⌧ (assuming a sharp tran-
sition to reionization). On the other hand, constraining models
with extended reionization history also leverages features in the
multipole range `' 10–20, and any such study would need to
assess whether pixel-based methods are suitable, given the above
limitations on the transfer function. In the following, we do not
account for the uncertainty in transfer-function estimates.

Figure 79 shows the scaling coe�cients for synchrotron, ↵,
and the thermal dust, �, and the excess �2 (defined as ��2 =
(�2
�Ndof)/

p
2Ndof , where Ndof is the number of unmasked Q,U

pixels as a function of the Galactic mask). In PR3, the analy-
sis was restricted to masks for which |��2

| < 3, and the R1.8x
mask was selected for the final likelihood. Both 44 and 70 GHz
NPIPEmaps meet the |��2

| < 3 criterion over the range of masks
considered, while at 100 GHz this criterion is met (marginally)
only for the R0.9 ( fsky = 0.379) or less aggressive masks. At
70 GHz the level of stability over di↵erent masks is in line with
Planck Collaboration V (2020) results, with an overall lower �2

excess. However, NPIPEmaps seem to prefer higher scaling coef-
ficients than what shown there. For the reference R1.8x mask,
we find ↵ = 0.062 ± 0.004 and � = 0.0095 ± 0.0003, are about

Fig. 74. Ratio between simulation output and input thermal dust polar-
ization amplitude at 353 GHz, smoothed to an angular resolution of 3�
FWHM. Gray lines indicate where the polarization amplitude is 3 µKRJ,
corresponding roughly to a signal-to-noise ratio of unity.

1� higher than Planck Collaboration V (2020) values. On the
same R2.2x mask as Planck Collaboration V (2020), we observe
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NPIPE release
• Planck Collaboration : “Planck intermediate results 

LVII. Joint Planck LFI and HFI data processing”, A&A 643, A42 (2020), 
arXiv:2007.04997


• Time-ordered data, maps and 600 end-to-end simulations are soon 
available on the Planck Legacy Archive (PLA): http://pla.esac.esa.int/pla 
and already available at NERSC. If you need a NERSC account, see 
https://crd.lbl.gov/departments/computational-science/c3/c3-research/
cosmic-microwave-background/cmb-data-at-nersc


• NPIPE software is available on GitHub: 
https://github.com/hpc4cmb/toast-npipe

http://pla.esac.esa.int/pla
https://crd.lbl.gov/departments/computational-science/c3/c3-research/cosmic-microwave-background/cmb-data-at-nersc
https://crd.lbl.gov/departments/computational-science/c3/c3-research/cosmic-microwave-background/cmb-data-at-nersc
https://github.com/hpc4cmb/toast-npipe


Conclusion
• NPIPE (PR4) offers significant improvements over earlier Planck data releases


• Much of the advantage comes from treating the Planck dataset as a whole 
and leveraging the extensive frequency coverage


• Despite its success, the internal NPIPE sky model is crude and affects a non-
trivial transfer function on large scale CMB polarization


• Developing the sky model directly from the time-ordered data is a natural 
next step in multifrequency data analysis


• There is lots to explore in NPIPE. See Tristram et al, arXiv:2010.01139 for an 
example


