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ABSTRACT

We discuss the treatment of bandpass and beam leakage corrections in the Bayesian BeyondPlanck cosmic microwave background
(CMB) analysis pipeline as applied to the Planck LFI measurements. As a preparatory step, we first applied three corrections to the
nominal LFI bandpass profiles, including the removal of a known systematic effect in the ground measuring equipment at 61 GHz,
along with a smoothing of standing wave ripples and edge regularization. The main net impact of these modifications is an overall shift
in the 70 GHz bandpass of +0.6 GHz. We argue that any analysis of LFI data products, either from Planck or BeyondPlanck, should
use these new bandpasses. In addition, we fit a single free bandpass parameter for each radiometer of the form ∆i = ∆0 + δi, where ∆0
represents an absolute frequency shift per frequency band and δi is a relative shift per detector. The absolute correction is only fitted at
30 GHz, with a full χ2-based likelihood, resulting in a correction of ∆30 = 0.24 ± 0.03 GHz. The relative corrections were fitted using
a spurious map approach that is fundamentally similar to the method pioneered by the WMAP team, but excluding the introduction
of many additional degrees of freedom. All the bandpass parameters were sampled using a standard Metropolis sampler within the
main BeyondPlanck Gibbs chain and the bandpass uncertainties were thus propagated to all other data products in the analysis. In
summary, we find that our bandpass model significantly reduces leakage effects. For beam leakage corrections, we adopted the official
Planck LFI beam estimates without any additional degrees of freedom and we only marginalized over the underlying sky model. We
note that this is the first time that leakage from beam mismatch has been included for Planck LFI maps.

Key words. cosmic background radiation

1. Introduction

Cosmic microwave background (CMB), initially discovered
by Penzias & Wilson (1965), now stands as one of the most
important sources of information in cosmology. The most
recent full-sky measurements of this signal were made by the
Planck satellite (Planck Collaboration I 2020) from an orbit
around the second Sun–Earth Lagrange point between 2009
and 2013, using two complementary instruments to observe
the sky in nine frequency bands between 30 and 857 GHz.
These measurements have put strong constraints on a wide
range of both cosmological parameters and physical phe-

nomena, forming one of the cornerstones of contemporary
cosmology.

Although the official Planck data processing ended in 2020
(Planck Collaboration I 2020; Planck Collaboration Int. LVII
2020), several open questions regarding low-level instrumen-
tal effects in Planck remained unanswered at that time.
Addressing these concerns for the Low Frequency Instru-
ment (LFI; Planck Collaboration II 2020) is one of the
main motivations devised for the BeyondPlanck project
BeyondPlanck Collaboration (2023). The BeyondPlanck
machinery is unique in that it processes raw time-ordered
data (TOD) into final cosmological and astrophysical results
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within one single integrated end-to-end Bayesian analy-
sis framework. Its computational engine is Commander
(Eriksen et al. 2004, 2008; Galloway et al. 2023), which was
originally developed for Planck component separation purposes
(Planck Collaboration XII 2014; Planck Collaboration X 2016;
Planck Collaboration IV 2020) and which uses Gibbs sampling
(Geman & Geman 1984) to draw samples from a large global
posterior distribution. The BeyondPlanck project has general-
ized this code to also account for low-level data processing and
mapmaking, and thereby integrated the full analysis pipeline into
a self-consistent Bayesian framework. For a full description of
the BeyondPlanck project, we refer the interested reader to
BeyondPlanck Collaboration (2023).

A defining theme for the BeyondPlanck approach is a
detailed statistical exploration of the interplay between instru-
mental effects and astrophysical foregrounds. The area that
is particularly relevant in this respect is related to spectral
responses. Specifically, LFI comprised 22 radiometer chain
assemblies (RCAs) grouped in three bands with nominal fre-
quencies of 30, 44, and 70 GHz. Within a band, each RCA has
a slightly different spectral response (or bandpass profile) and
center frequency compared to the others. The Planck LFI spec-
tral responses used in the official analysis were provided as part
of the 2018 data release1. These response functions were mea-
sured on the ground prior to launch, as described in Zonca et al.
(2009). However, laboratory measurements of bandpass pro-
files are generally a highly non-trivial task, as even small envi-
ronmental variations and interferences may affect the results.
Several systematic issues were identified during the LFI testing
campaign and some of these were left uncorrected in the final
LFI products, even though approaches for possible improve-
ments had been discussed. In this paper, we finally implement
these corrections and make the resulting bandpass profiles pub-
licly available2. We also recommend that any future analysis of
the Planck LFI data should use the new bandpasses, as the effects
are non-negligible and lead to an improved internal consistency.

Even with perfect knowledge of the instrument, there
will be artefacts in the final frequency and component maps
when using a multi-detector mapmaking algorithm (which
includes those employed by Planck; Planck Collaboration II
2020; Planck Collaboration III 2020) if the detectors have differ-
ent sensitivities, unless these differences are properly accounted
for (e.g., Page et al. 2007; Planck Collaboration Int. LVII 2020;
Delouis et al. 2019). This applies both to differences in bandpass
and beam profiles. In this paper, we discuss how such correc-
tions are applied within the BeyondPlanck framework, both in
terms of how to correct deterministically for an assumed known
response functions, and how to account for uncertainties in the
response functions themselves. We note that since the effect of
the bandpass is global and influences both gain and foreground
results, sampling corrections are both phenomenologically chal-
lenging and computationally demanding.

We note that for the white noise levels typical of WMAP
and Planck, previous static leakage corrections suppress resid-
ual effects that are well below the levels relevant for cosmologi-
cal interpretation. However, future CMB experiments will target
primordial gravitational waves (e.g., Kamionkowski & Kovetz
2016 and references therein) and, more, specifically the tensor-
to-scalar ratio, r. The current measurements from BICEP2/Keck
and Planck constrain this parameter to r < 0.036 (Ade et al.
2021) and r < 0.032 (Tristram et al. 2022), respectively, and

1 https://pla.esac.esa.int/
2 https://beyondplanck.science/products/files_v2/

these low levels correspond to signals that are only a few hundred
nanokelvin on the sky. To reach levels of r . 10−3−10−4, highly
accurate modeling of bandpass and beam leakage effects will be
critically important and we believe that an integrated method of
the kind shown in this paper will be required.

The rest of this paper is organized as follows. We start
with a discussion of the LFI bandpass pre-processing steps in
Sect. 2. We then present our own algorithms in Sect. 3 and show
how these directly build on and generalize previous efforts. The
results from the main Markov chain analysis are reported in
Sect. 4. We present our conclusions in Sect. 5.

2. Bandpass pre-processing

We start our discussion by reviewing the bandpass profiles
provided by the official Planck LFI data processing cen-
ter (DPC) (Planck Collaboration II 2014), as shown in Fig. 1
for each radiometer. As summarized by Zonca et al. (2009),
these functions were characterized through two complementary
approaches. The first was aimed at modeling and characterizing
each optical element individually and then combining these into
a complete model. The second approach was carried out through
integrated cryogenic system tests for LFI by Thales Alenia Space
in Vimodrone for the 30 and 44 GHz channels, as well as by DA-
Design Ylinen in Finland for the 70 GHz channel.

While the results from the two approaches generally agreed,
there were also notable differences, some of which may be iden-
tified by eye in Fig. 1. Perhaps the most striking feature is stand-
ing waves, which result in high-frequency ripples across the
bandpass. While some of these may be due to real features in
RCA itself, others may be caused by standing waves excited
by the testing equipment. One particularly notable example of
this is the 70 GHz channel, for which the input load was placed
directly in front of the feed horn during the test, resulting in
strong standing waves between the two components. At the same
time, the precise phase of the ripples is sensitive to environ-
mental properties and can change depending, for instance, on
the ambient temperature. As such, it is non-trivial to assign a
physical reality to these ripples as far as the real measurements
are concerned. Zonca et al. (2009) therefore suggested that these
should be removed through low-pass filtering before cosmolog-
ical data analysis on the grounds that the independent end-to-
end test showed general agreement within the range of reliable
results, but small-scale ripples were not aligned among the two;
this is illustrated in Fig. 2, which is a direct reproduction of Fig. 5
from the original paper. Smoothing the ripples was, however,
never actually implemented during the official Planck analysis
and, thus, this process is a feature of the current paper. Tech-
nically speaking, we implement this filter in logarithmic space
using a three-pole low pass filter at 0.2 times the Nyquist fre-
quency. We note, however, that the specific details regarding the
filter are not critically important.

A second known artefact induced by the testing equipment is
the excess seen in the 70 GHz bandpasses below 61 GHz, which
is due to a known systematic effect in all gain measurements of
the backend module (BEM); it is thus caused by the test equip-
ment – and not the radiometers themselves (Zonca et al. 2009).
This feature should simply be removed and the 70 GHz bandpass
should be limited to 61–80 GHz.

More generally, the edges of the bandpasses are not well
characterized, and standing wave effects also tend to be rel-
atively more significant near the edges. The bandpass cutoffs
should therefore be regularized through smooth apodization. In
this paper, we implement this by calculating the derivative of
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Fig. 1. Normalized radiometer bandpass profiles for LFI 30 GHz (top left), 44 GHz (bottom left), and 70 GHz (right) with a resolution of 100 MHz.
Within each feed horn are two orthogonal linearly polarized components, denoted “M” and “S” for main- and side-arm radiometers, for measuring
Q and U polarization. Individual bandpasses are highlighted in bold and the remaining are plotted behind for ease of comparison.
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Table 1. Effective center frequencies, νeff , and unit conversion factors,
Uc, for nominal and corrected bandpass profiles.

Quantity Unit Band Nominal Corrected Change [%]

νeff GHz 30 28.756 28.747 −0.03
44 44.121 44.148 0.06
70 70.354 70.795 0.63

Uc KCMB/KRJ 30 1.0217 1.0217 0.00
44 1.0515 1.0515 0.00
70 1.1353 1.1369 0.14

Uc MJy sr−1/KCMB 30 24.269 24.254 −0.06
44 55.723 55.834 0.19
70 129.22 132.45 2.49

the low-pass filtered profiles near the edges and extrapolating
smoothly to zero. For the 70 GHz channel, the derivative is eval-
uated at 61 GHz to remove the BEM artefact discussed above.

Figure 3 shows a comparison of the raw and corrected band-
passes for each radiometer. Here, we see that the main change
applied to the 30 GHz radiometers is the low-pass filter, as the
edges were already quite well characterized in the original mea-
surements. For the 44 GHz band, the most prominent correc-
tion is the high frequency cutoff. In particular, extrapolating the
behavior for horn 24 is not trivial, as the profiles do not show
a convincing downward trend before truncation. However, the
profiles for both horn 25 and 26 suggest that the power drop-off
is most likely just outside the measured range.

Edge trimming is also the dominant effect for the 70 GHz
channels, both at low and high frequencies. The substantial
amplitude and width of the 61 GHz spike feature implies that
even the center frequency of the 70 GHz channel will change
notably for this channel. This is quantified in Table 1 (see next
section for exact definitions of each quantity). Here, we see that
the 70 GHz center frequency increases by 0.44 GHz, or equiva-
lently, by 0.6%, which translates into a difference in the conver-
sion factor between flux density and thermodynamic temperature
units, Uc, of 2.5%. The impact of these corrections in terms
of the data quality and astrophysical products is considered in
Sect. 4, where we find that the new profiles require smaller cor-
rections during leakage removal. The Python script that applies
the various corrections is available online3.

3. Methodology

The main goal of the BeyondPlanck project is to perform
an end-to-end Bayesian analysis of the Planck LFI data. To do
so, we start by writing down a physically motivated parametric
model which can be fitted to our calibrated time-ordered data, d,
for radiometer, j:

d j = P jB j

∫
s(ν)τ j(ν) dν + nj. (1)

Here, P is a pointing matrix that maps the sky signal s into time
domain; B is the beam profile; and τ(ν) is the bandpass. The
sky signal as observed by radiometer j may be written in the
following form,

s j =

Ncomp∑
c=1

ac

[
U j

∫
fc(ν; β) τ j(ν) dν

]
≡

Ncomp∑
c=1

M jc ac = M j a, (2)

3 https://github.com/trygvels/BeyondPlanck_LFI_
bandpass

Fig. 2. Bandpass profile for a 30 GHz radiometer measured by the
standard approach (LARFM), versus the end-to-end cryogenic testing.
Figure from Zonca et al. (2009).

where the sum runs over all relevant astrophysical sky com-
ponents, c, each with its own unit conversion factor, U j,
that converts from its own intrinsic unit to the common
brightness temperature unit adopted for s. As shown by
(Planck Collaboration IX 2014), this may be written as

Ui j =

∫
τ(ν) dIν

dXi
dν∫

τ(ν) dIν
dX j

dν
, (3)

where dIν/dXi is the intensity derivative expressed in the given
unit convention.

As defined by Eq. (2), Mc j is referred to as the “mixing
matrix,” and this matrix scales the set of component amplitudes
a to arbitrary frequencies using the spectral energy distribution,
f , of each component, which may be described by some set of
spectral parameters β. Using this notation, Eq. (1) can be written
in the following slightly more compact form:

d j = P jB jM ja + nj. (4)

For a full discussion of the BeyondPlanck data model and
notation, we refer to BeyondPlanck Collaboration (2023) and
references therein.

In this paper, we are particularly interested in how beam and
bandpass differences between detectors create leakage effects
and how we can correct for these. The first complication in that
respect is related to binning the time-ordered data, d, into the
Stokes parameter maps, mν, using the mapmaking equation:∑

j∈ν

Pt
jN
−1
j P j

 mν =
∑

j

Pt
jN
−1
j d j, (5)

where we define N j =
〈
nnt〉 as the (time-domain) noise covari-

ance matrix for detector j.
This equation implicitly assumes that all radiometers, j,

observe the same sky, s. However, although the various detectors
actually do observe the same sky, their “response” to the spec-
tral distribution of the different foreground components varies,
because the bandpass and beam profiles differ, as described by
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Fig. 3. Nominal and corrected bandpass profiles for LFI 30 GHz (top left), 44 GHz (bottom left), and 70 GHz (right) radiometers. Orange curves
show raw bandpass profiles as provided by the Planck LFI DPC, and blue curves show the corrected profiles discussed in Sect. 2.
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Eq. (1). When co-adding these different measurements into a
sky map, any difference from the mean will be interpreted as
noise by the mapmaker and, accordingly, it would be distributed
between the various Stokes parameters according to the local
scanning and noise levels at any given time. Furthermore, since
these discrepancies are not stochastic but, rather, deterministi-
cally predictable by the bandpass and beam profiles, they do
not average down over time. They therefore induce systematic
errors in the final maps that are directly correlated with the
sky signal itself. These effects are particularly significant for
polarization analysis, where different bands must be combined
to extract the very low Q and U signals. Thus, these errors
are particularly worrisome for cosmological and astrophysical
analyses.

We define three different effects caused by bandpass and
beam errors. The first effect is referred to as the “band-
pass mismatch,” and this describes the deterministic effect dis-
cussed above, namely, that different bandpass profiles create
spurious leakage during multi-detector mapmaking, creating
what is often referred to as “temperature-to-polarization leak-
age.” However, this name is somewhat of misnomer, since
all the Stokes parameters are formally coupled (see, e.g.,
Planck Collaboration Int. LVII 2020). Still, the effect is rela-
tively much more important for polarization than for temper-
ature because of its far lower signal-to-noise ratio. Indeed,
this effect is the single strongest instrumental polarization con-
taminant for the LFI 30 GHz channel (see, e.g., Fig. 16 in
BeyondPlanck Collaboration 2023). However, it is also entirely
predictable and could, in principle, be removed to machine accu-
racy if both the astrophysical sky and the detector bandpasses
were perfectly known.

However, as discussed above, the bandpasses are by no
means perfectly known and those uncertainties create additional
leakage that is not deterministically correctable. Furthermore,
since all radiometer bandpasses within a band are uncertain, the
combined co-added frequency bandpass is also uncertain. And
this uncertainty produces an artefact when incorrectly translat-
ing the foreground sky model to the observed signal through
the mixing matrix in Eq. (2). We refer to the effect caused by
bandpass uncertainties as “bandpass errors,” and we attempt to
minimize and marginalize over these by parameterizing the
bandpasses. We then fit the associated free parameters as part
of the main Gibbs sampling process.

The third and final leakage effect considered here is “beam
mismatch,” which is a deterministic leakage effect arising from
differences between the main beams of the radiometers in a given
frequency channel. These are in principle similar to the band-
pass mismatch effect and give rise to small-scale artefacts for
main beam variations and large-scale artefacts for sidelobe vari-
ations. In this paper, we only account for static FWHM differ-
ences in the main beam between radiometers, but not asymmet-
ric beams (these will be discussed in future publications, along
with “beam errors,” i.e., uncertainties in the actual beam pro-
files). For a real-world example of the importance of detector
sidelobe differences, we refer to the WMAP re-analysis reported
by Watts et al. (2023).

3.1. Leakage corrections

As discussed above, bandpass mismatch artefacts arise because
Eq. (5) assumes that all radiometers measure the same signal
in any given pixel of the sky; however, in reality, they do not
because their different bandpass and beam profiles couple differ-
ently with the SED of foreground emissions. To account for these

differences, we define the following leakage correction term for
each radiometer:

δsleak
j,t = P j

tpB j
pp′

(
ssky

jp′ −
〈
ssky

jp′

〉)
. (6)

Here, ssky
j is a model of the sky as actually seen by radiometer

j at pixel p, taking into account its specific bandpass and beam
profile, and angled brackets denote an average over all radiome-
ters evaluated pixel-by-pixel and t denotes a single time sample.
We note that this leakage term explicitly accounts for both band-
pass and beam differences via ssky

j and B j
pp′ .

In order to create a leakage-cleaned frequency map, we sim-
ply subtract this leakage term from the calibrated data prior to
mapmaking:∑

j∈ν

Pt
jN
−1
j P j

 mν =
∑
j∈ν

Pt
jN
−1
j (d j − δsleak

j ). (7)

In this equation, the right-hand side corresponds to a stationary
sky signal in which all radiometers see the same effective sky
signal, defined by the mean over all detectors, while the mean
itself is not affected by the leakage correction, since δsleak

j sums
to zero by construction.

These corrections are conceptually similar to those applied
by the Planck LFI DPC (Planck Collaboration II 2016,
2020) and Planck DR4 (Planck Collaboration Int. LVII 2020)
pipelines, although implementation-wise they differ significantly
from both. Firstly, neither of the two previous pipelines applies
any beam leakage correction, while in the current work we
account for the different beam FWHMs for each radiometer
(Planck Collaboration III 2016) when evaluating Eq. (6). Sec-
ondly, while both of the previous pipelines use a linear approxi-
mation to the component SEDs to evaluate the bandpass effects,
we evaluate the full integral in Eq. (2) for each case, as described
in Galloway et al. (2023). Thirdly, while the DPC pipelines
makes separate maps for the raw TOD and the leakage cor-
rection, and subtract the latter as a post-processing step, we
applied the corrections directly in time-domain prior to map-
making, as in Planck DR4. Fourthly, while the DPC approach
does not make any direct adjustments to the bandpass profiles
themselves, we fit a parametric function for each of these, as
described in the next section as part of the larger sampling frame-
work, and thereby achieve a better overall fit. The Planck DR4
achieves a similar goal by fitting separate sky signal template
terms for the mean and derivative of the foreground SED eval-
uated at the center frequency as part of their generalized map-
maker (Planck Collaboration Int. LVII 2020). Finally, neither of
the previous pipelines allow for uncertainties in the astrophysi-
cal sky model itself, but rather adopts a Commander sky model
as a static conditional input.

Figure 4 shows as comparison between the uncorrected (top
row) and leakage corrected (second row) LFI 30 GHz map,
as well as the individual contributions from bandpass leak-
age corrections (third row) and beam leakage corrections (bot-
tom row). Comparing these maps, we immediately see that
the bandpass leakage corrections are highly significant along
the Galactic plane, with corrections on the order of unity.
Indeed, the corrections are sufficiently large that the central
Galactic plane switches sign in both Stokes Q and U. This
makes any estimates of spectral parameters highly dependent
on the leakage corrections, and joint estimation of both leak-
age corrections and spectral parameters is essential; for a spe-
cific discussion of Bayesian estimates of the spectral index
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Fig. 4. Comparison of the raw (top row) and leakage corrected (second row) Planck 30 GHz channel. The third and fourth rows show the individual
bandpass and beam leakage corrections, respectively. Columns shows Stokes T , Q, and U parameters. All maps have been smoothed to an angular
resolution of 1◦ FWHM, except for the bottom row, which has been smoothed to 2◦ FWHM.

of polarized synchrotron emission (see Svalheim et al. 2023).
Likewise, the bandpass leakage corrections at high Galactic lati-
tudes are dominated by the foreground monopoles, most notably
those of synchrotron, AME, and free-free emission; thus, con-
sistent and joint estimation of monopoles and leakage correc-
tions is therefore essential for large-scale CMB extraction. A
novel feature of the BeyondPlanck processing is component-
based monopole determination, which allows more easily self-
consistent zero-level estimation across frequencies; for a discus-
sion of this approach, see Andersen et al. (2023).

Comparing the bottom two rows of Fig. 4, it is visually
obvious that the bandpass corrections are generally much more
important than the beam errors on large angular scales. How-
ever, the beam corrections can also be important for CMB power
spectrum analysis on smaller angular scales. This is illustrated
in Fig. 5, which shows a 30◦ × 30◦ zoom-in of the 44 GHz leak-
age correction map (top right panel) near the galactic south pole.
This effect is particularly strong for the 44 GHz channel, because
one of its three feeds (horn 24) has a significantly smaller beam

width (24′ FWHM) than the other two (horns 25 and 26; 30′
FWHM), as reported by Planck Collaboration IV (2016).

In this plot, we see that the spurious beam-induced small-
scale polarization fluctuations are typically at a level of 1–2 µK.
In addition, these fluctuations are primarily seeded by CMB tem-
perature fluctuations, as seen by comparing the top two pan-
els. The in-set circle provides a visual guide that makes it easy
to identify correlations by eye. These spurious temperature-
to-polarization leakage fluctuations induce spurious small-scale
polarization modes. The bottom panel in Fig. 5 compares the
angular power spectrum of the 44 GHz channel with the Planck
2018 best-fit ΛCDM EE spectrum, as well as a scaled version
of the TT spectrum. The fact is that not only can uncorrected
beam leakage correction confuse EE and BB measurements, but
they can also obviously be a significant contaminant for T E,
T B, and EB correlations, and thereby contaminate constraints
on both standard and non-standard physics, for instance, gravita-
tional lensing (e.g., Planck Collaboration Int. XLI 2016) or bire-
fringence (e.g., Minami & Komatsu 2020).
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Fig. 5. Top left: Gnomonic projection of a 30◦ × 30◦ area centered on
(l, b) = (0◦,−70◦) in the BeyondPlanck posterior mean CMB temper-
ature map (Colombo et al. 2023). Top right: BeyondPlanck 44 GHz
Q-leakage map in the same area. Bottom: Angular polarization power
spectra of the masked 44 GHz leakage map, compared with the Planck
best-fit ΛCDM TT (scaled by 10−3) and EE spectra.

3.2. Monte Carlo sampling of parametric bandpass models

Since each radiometer bandpass is measured with non-negligible
uncertainties, our leakage correction model as defined by Eq. (6)
is not perfect. For instance (as discussed in Sect. 2), the modifi-
cations made to the 70 GHz bandpasses in this paper changes its
overall center frequency by 0.6%, and this is likely to have a non-
trivial impact on foreground estimates derived from these data,
whereas relative measurement errors between individual detec-
tors will create bandpass leakage (as discussed above).

It is therefore important to parameterize the bandpasses
themselves, fit the free parameters to the data, and marginal-
ize over the corresponding uncertainties. Obviously, bandpasses
have an indefinite number of degrees of freedom, being essen-
tially free functions of frequency, and flight data are far from suf-
ficient to constrain these frequency-by-frequency. It is therefore
customary to base parametric models on the laboratory measure-
ments, τ0, and only apply relatively mild corrections to these. For
instance, Planck Collaboration X (2016) introduced a simple lin-
ear shift model:

τ(ν) = τ0(ν + ∆bp), (8)

where ∆bp denotes a linear shift in frequency space. Another pos-
sible model is a power-law tilt model:

τ(ν) = τ0(ν)
(
ν

νc

)n

, (9)

where νc is the center frequency, and n is a spectral index.
We have implemented support for both models in our codes,
but we focus only on the linear shift model as introduced in
Planck Collaboration IX (2016) in the following. Alternative
models will be explored further in future work.

For the linear shift model, we split the total shift for radiome-
ter j into two components,

∆
j
bp = ∆̄bp + δ

j
bp. (10)

Here, ∆̄bp corresponds to an absolute frequency shift for the over-
all co-added frequency band, while δ j

bp is a relative frequency

shift for radiometer j only, with the constraint that
∑

j δ
j
bp = 0.

Absolute and relative bandpass corrections generally have
very different impacts on the final sky maps. Intuitively, an abso-
lute frequency shift can be interpreted as a “foreground-only cal-
ibration change,” in the sense that each foreground component
becomes either weaker or brighter in the given frequency chan-
nel. The archetypal signature of an absolute bandpass error is
that the residual map (dν − sν) shows an imprint of the Galactic
plane, but there is no corresponding imprint of a residual CMB
dipole; if there are both a CMB dipole and a Galactic plane
imprint, then the problem is an absolute gain error. In con-
trast, relative bandpass errors primarily lead to temperature-
to-polarization leakage, as visualized in Fig. 4, with a pattern
defined by the Galactic intensity foregrounds modulated by the
scanning strategy and polarization angle of the experiment in
question.

Based on these observations, we employed different sam-
pling techniques for ∆̄bp and δ

j
bp, each with its own likelihood

and proposal density. In both cases, however, we employed a
standard Metropolis MCMC sampler with a tuned covariance
matrix (see Appendix A in BeyondPlanck Collaboration 2023),
and we sampled the absolute and relative corrections separately
and alternately in each main Gibbs step; this interleaved sam-
pling is exclusively for the convenience of implementation, as
the code becomes simpler by considering one type of corrections
at any given time.

3.3. Absolute bandpass sampling

To derive a likelihood for the ∆̄bp parameter, we note that
this parameter conditionally only affects the sky signal model
through the mixing matrix in Eq. (2)4, and we may therefore
form the following data-minus-signal residual,

rν = dν − sν(∆̄bp), (11)

where

sν =
∑

c

Mc j(β,∆
j
bp)ac. (12)

Under the assumption that rν may be modeled as Gaussian noise,
as per Eq. (1), this results in a log-likelihood of the following
form:

−2 lnL(∆̄bp) = (dν− sν(∆̄bp))T N−1
ν (dν− sν(∆̄bp)) = χ2(∆̄bp), (13)

up to an irrelevant constant. Absolute bandpass sampling is thus
equivalent to a standard χ2 fit, and we may sample from the cor-
responding conditional distribution through standard Metropolis

4 In principle, the bandpass also affects the beam calculations, but
since we do not apply any stochastic beam corrections in this paper,
we ignore this effect for now.
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Fig. 6. Mask used for bandpass correction sampling. The accepted sky
fraction is fsky = 0.953.

MCMC, with an acceptance rate of

a = min(1, e−
1
2 (χ2

i+1−χ
2
i )). (14)

In practice, we applied a Galactic mask in these evaluations
by setting N−1

p = 0 for masked pixels. However, since the cal-
ibration signal in question is precisely the Galactic plane, it
is desirable to include as much of the sky as possible and we
only excluded the central parts of the Milky Way (within which
foreground modeling is very complicated), as well as particu-
larly bright points sources such as Tau-A. The actual mask used
is shown as a black region in Fig. 6 and it excludes 4.7% of
the sky.

Finally, following Planck Collaboration X (2016), we only
estimated an absolute correction for the LFI 30 GHz channel.
Allowing all channel corrections to be fitted freely is impossible,
as this would result in perfect degeneracies between the band-
pass parameters and the foreground SED parameters. For this
study in particular, the decision to omit high-frequency Planck
measurements severely limits thermal dust spectral index con-
straints, which could potentially alleviate the degeneracy. The
motivation for fitting the 30 GHz channel is simply that this
parameter turns out to be sufficiently non-degenerate to allow a
robust fit, while at the same time non-negligible residuals occur
when it is not fitted. The 30 GHz bandpass parameter is in prac-
tice constrained by its nearest WMAP channel, namely the Ka-
band at 33 GHz.

3.4. Relative bandpass sampling

For the relative bandpass corrections, δ j
bp, we adopt an alterna-

tive likelihood that is inspired by the spurious map approach pio-
neered by Page et al. (2007) for CMB polarization purposes. The
motivation for this is that relative bandpass corrections primar-
ily have a real-world impact for polarization, while a full and
formally statistically correct χ2 fit, as defined by Eq. (13), is
vastly dominated by the high signal-to-noise ratio (S/N) of the
intensity signal. In practice, a global fit would therefore tend to
use the extra degrees of freedom to fit intensity foreground SED
errors, rather than large-scale polarization artefacts.

As noted by Page et al. (2007), relative bandpass errors cause
intensity-to-polarization leakage with a very specific observa-
tional signature, namely, that the spurious polarization signal
does not depend on the polarization angle orientation of a given
detector, but only on its bandpass properties. They use this to
define an additional correction map for each radiometer, S j, that
corresponds to the difference between the intensity signal seen

by detector, j, and the mean over all radiometers. Thus, the time-
domain signal measured by detector, j, may be written in the
form:

s j = T + Q cos 2ψ j + U sin 2ψ j +

Ndet−1∑
i=1

S iδi j, (15)

and the pointing matrix P in Eq. (1) may be modified
accordingly.

In general, one can only solve for N −1 spurious sky signals,
where N is the number of radiometers in a band, to avoid a per-
fect degeneracy with the mean intensity signal. For simplicity,
we therefore consider a minimal case with N = 2. In this case,
the single-pixel mapmaking equation reads:

1 cos 2ψ sin 2ψ δ1 j
cos 2ψ cos2 2ψ cos 2ψ sin 2ψ cos 2ψ δ1 j

sin 2ψ sin 2ψ cos 2ψ sin2 2ψ sin 2ψ δ1 j
δ1 j cos 2ψ δ1i sin 2ψ δ1 j δ1 j




T
Q
U
S 1


=


d

d cos 2ψ
d sin 2ψ

d δ1 j

 . (16)

For the tightly interconnected WMAP scanning strategy, this
equation may be solved pixel-by-pixel without inducing a pro-
hibitive noise penalty and as a result, Page et al. (2007) sim-
ply chose to deliver polarization sky maps that are explicitly
marginalized over S . However, this is not possible for the Planck
scanning strategy, for which the polarization angle of a given
detector only varies by a few tens of degrees over large areas
of the sky (Planck Collaboration I 2014). For these, the condi-
tion number of the matrix in Eq. (16) leads to a massive noise
increase, to the point that the map becomes unusable for astro-
physical and cosmological analyses.

However, even though the noise per pixel is excessive, the
aggregated signal-to-noise ratio in S j across the full sky is still
high. In this paper, we propose using the spurious map approach
instead to fit the small number of relative bandpass shifts through
the following goodness-of-fit quantity:

χ2 =

Ndet−1∑
j=1

∑
p

(
S j(p)
σ j(p)

)2

. (17)

Here, σ j(p), is the uncertainty arising from the IQUS solution
above, which is defined as the diagonal element of the inverse
coupling matrix in Eq. (16). The rest of the algorithm is identical
to that described in the previous section, just with a different χ2

expression in Eq. (14).
Intuitively, this approach combines the Planck idea of using a

parametric foreground model to perform relative bandpass correc-
tions with the spurious map approach from WMAP with the goal
of optimizing the free parameters using only polarization informa-
tion. As such, the algorithm significantly reduces temperature-to-
polarization leakage through a very small number of additional
degrees of freedom and a negligible noise boost.

4. Results

4.1. Posterior summary

We are now finally ready to present the results from the
above algorithms as applied within the BeyondPlanck anal-
ysis framework, and we start by inspecting the resulting
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Fig. 7. Markov chain trace plots for bandpass and spectral index param-
eters. The two chains are indicated with different opacities.

Markov chains and their internal correlations. As described
by BeyondPlanck Collaboration (2023), two independent Monte
Carlo chains are produced in the main BeyondPlanck process-
ing, each resulting in 750 samples. Figure 7 shows a representa-
tive subset of these, where in addition to the individual detector
bandpass shifts, we also include the AME νp parameter in tem-
perature, as well as the spectral index in polarization for both
thermal dust and synchrotron, βd and βs, respectively. For an in-

depth discussion on these results, we refer the interested reader
to Svalheim et al. (2023).

Overall, we see that the correlation length is substantial in
these chains, and it is clear that several of the Metropolis step
lengths would benefit from further optimization in a future run.
Indeed, using the current chains to tune a Metropolis proposal
matrix for a future iteration of the analysis appears to be promis-
ing. However, there is generally no doubt that bandpass correc-
tions are among the most difficult parameters to sample in the
entire BeyondPlanck data model, because bandpass correc-
tions are global and they do not only affect leakage corrections,
but also the unit conversions, thereby impacting the entire fore-
ground model. This global impact leads to a long Markov chain
correlation length.

In Fig. 8, we plot Pearson’s correlation coefficient, p, for var-
ious parameter pairs. Overall, we see that the bandpass parame-
ters are most strongly correlated with the AME peak frequency,
νp, in intensity, and the synchrotron and thermal dust spectral
indices, βs and βd, in polarization for which correlations around
|p| ≈ 0.5 are observed. An in-depth discussion on temperature
foreground degeneracies can be found in Andersen et al. (2023).
We also note that this plot serves as a powerful reminder of the
usefulness of global cross-experiment analysis, as improved con-
straints on either νp, βs or βd from, for instance, Planck HFI
(Planck Collaboration III 2020), C-BASS (King et al. 2010), or
QUIJOTE (Génova-Santos et al. 2015) would translate directly
into improved constraints on the Planck LFI bandpasses and,
therefore, better maps overall. Generally speaking, older data
sets may almost always be improved when new experiments
become available.

The average properties of the Markov chains are listed in
Table 2, with the posterior mean and standard deviation for each
bandpass correction parameter, both for co-added frequency
channels and individual radiometers, and the same information
is visualized in Fig. 9.

Figure 10 compares the BeyondPlanck posterior mean
leakage maps with the corresponding Planck 2018 LFI leakage
maps for all three LFI channels. As discussed in Sect. 3.1, there
are several algorithmic differences between these two pipelines.
Firstly, the Planck 2018 approach does not account for beam
mismatch leakage and, thus, we see significantly fewer small-
scale fluctuations in these maps compared to BeyondPlanck;
this is particularly striking in the 44 GHz channel. Secondly,
we note that the Planck 2018 correction maps exhibit sig-
nificantly weaker large-scale corrections at high Galactic lati-
tudes compared to BeyondPlanck. We have traced this effect
down to a difference in the net foreground monopole in the
two approaches and, in particular, we have found that the
BeyondPlanck 30 GHz leakage map takes a very similar shape
if we add an artificial negative monopole of −200 µK to the
AME amplitude map. In this respect, we note that the Planck
2018 pipeline uses the Madammap-making code (Keihänen et al.
2005), which explicitly removes all monopole terms from the co-
added map (Planck Collaboration II 2020). At the same time, the
Commander-based foreground maps used to generate the correc-
tion templates do include a physical estimate of the monopoles.
To account for this issue, the DPC processing generated a new
set of correction maps using the Planck levelS simulation pack-
age (Reinecke et al. 2006), creating TODs from the Commander
leakage map and correction factors. The next step was to bin
these into maps using the same Madam map-making code, result-
ing in correction maps without the monopole term from which
the final correction templates were generated. In retrospect, it
appears that this rather involved pipeline did underestimate the
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Fig. 8. Pearson’s correlations between bandpass correction and other
parameters in the global BeyondPlanck model as evaluated directly
from the Markov chain.

monopole contribution in the final maps, and this serves as a use-
ful reminder of an important benefit of an integrated end-to-end
pipeline: passing data objects from one operation to the next in
a self-consistent manner becomes much more transparent when
all parts of the code use the same data model.

4.2. Comparison of nominal and corrected LFI bandpasses

As discussed in Sect. 2, we applied a number of pre-processing
steps to the Planck LFI bandpasses before performing the main
BeyondPlanck end-to-end analysis. In this section, we con-

Table 2. Bandpass correction posterior means and standard deviations
for all Planck LFI frequency bands and individual radiometers.

Radiometer ∆bp [GHz]

LFI 30 GHz 0.24 ± 0.03
27M 0.28 ± 0.03
27S 0.47 ± 0.03
28M 0.08 ± 0.03
28S 0.13 ± 0.03

LFI 44 GHz
24M −0.55 ± 0.02
24S 0.16 ± 0.02
25M 0.28 ± 0.03
25S 0.07 ± 0.02
26M 0.09 ± 0.01
26S −0.05 ± 0.01

LFI 70 GHz
18M −0.87 ± 0.17
18S 0.14 ± 0.12
19M 0.73 ± 0.16
19S 0.59 ± 0.12
20M −0.27 ± 0.12
20S 0.20 ± 0.22
21M 0.06 ± 0.20
21S −0.71 ± 0.08
22M 0.36 ± 0.32
22S −0.32 ± 0.16
23M 0.13 ± 0.13
23S −0.05 ± 0.05

Notes. We note that the absolute bandpass corrections at 44 and 70 GHz
are fixed to zero.
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sider the impact of these changes in terms of some key data
products that highlight their effects.

The first quantity we considered is the spurious map, S j, as
defined by Eq. (16). These are shown for the 30 GHz channel
in Fig. 11 for three different analysis configurations, all in the
form of S j/σ j, masked by the bandpass processing mask and
smoothed to 3◦ FWHM. The top row shows the three 30 GHz
spurious maps that result if we attempt to produce maps with no
bandpass corrections at all and simply take the publicly available
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Fig. 12. Estimated bandpass corrections for the 70 GHz radiometers.
These parameters are constrained to have vanishing mean and, as such,
they are strongly correlated.

profiles at face value. Here, we see coherent structures that are
clearly inconsistent with noise and morphologically associated
with the Galactic plane and the so-called “Planck Deep Fields”
(centered on the Ecliptic poles). In these regions, the S/N is
vastly higher than in the Ecliptic plane because of the dense
polarization angle sampling of the Planck scanning strategy. The
second row shows a similar case, using the nominal LFI band-
passes, but this time allowing a frequency shift per radiometer,
as described in Sect. 3. The residuals are clearly reduced, indi-
cating that the fitting algorithm does work as expected. Finally,
the bottom row shows the same, but now using the corrected
LFI bandpasses from Sect. 2 as input. At this point, the residuals
are significantly closer to randomly distributed, with only small
residuals appearing near the Galactic center.

Figure 12 shows a comparison of posterior mean and stan-
dard deviations for the 70 GHz bandpass corrections when using
the nominal (orange points) and corrected (blue points) profiles.
Here, we see that the nominal profiles generally require much
larger correction factors than the corrected profiles. In particular,
18M sees ∆bp ∼ 1.3 GHz using the nominal profiles as opposed
to ∼0.8 GHz for the new ones. This is not surprising, consid-
ering that this profile exhibits some of the strongest systematic
artefacts in Fig. 1.

5. Conclusions

In this paper, we discuss how bandpass and beam leakage effects
may be mitigated in a Bayesian CMB analysis pipeline and we
summarize the results from the BeyondPlanck pipeline. As a
preparatory step, we have also provided a set of corrected LFI
bandpass profiles that correct for known systematic features dat-
ing back to the ground calibration phase and previously reported
in the literature. The most notable result from these corrections
is that the overall 70 GHz center frequency is shifted up by
0.6%, and simple map-based comparisons show that differences
in the resulting frequency maps are on the order of a couple of
microkelvins.

We argue that the proposed algorithms are substantially sim-
pler to implement compared to previous methods, thanks to the
tight integration between astrophysical component separation and
low-level mapmaking; all the required components are already
available from different parts of the BeyondPlanck framework.
As a result, the leakage correction may actually be defined in
terms of two or three very simple equations, and the practical code
implementation amounts to a few hundred lines of code. We also
note that beam leakage corrections are trivial to implement, sim-
ply by accounting for the different detector beam responses when
scanning the model sky with the pointing operator.
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We believe that the importance of these methods will become
increasingly critical for next-generation experiments. While the
current Planck LFI polarization observations are intrinsically
noise-dominated, and the various corrections discussed in this
paper are relatively minor compared to the overall noise level,
the same will not hold true for future B-mode experiments such
as LiteBIRD or CMB-S4. For these, establishing highly accurate
bandpass and beam leakage corrections will be absolutely essen-
tial in order to reach the required accuracy in terms of nanokelvin.
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