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ABSTRACT

The cosmic microwave background (CMB) anisotropies are difficult to measure at large angular scales. In this paper, we present a
new analysis of the Planck High Frequency Instrument data that brings the cosmological part and its major foreground signal close
to the detector noise. The solar dipole signal induced by the motion of the Solar System with respect to the CMB is a very efficient
tool for calibrating a detector or cross-calibrating sets of detectors with high accuracy. In this work, the solar dipole signal is used to
extract corrections of the frequency map offsets, reducing uncertainties significantly. The solar dipole parameters are refined together
with the improvement of the high-frequency foregrounds and the CMB large-scale cosmological anisotropies. The stability of the
solar dipole parameters is a powerful way to control Galactic foreground removal in the component separation process. We use this
stability to build a model of the spatial variations in spectral energy distribution of the interstellar dust emission. Knowledge of these
variations will help future CMB analyses of intensity and polarization used to measure faint signals related to the optical reionization
depth and the tensor-to-scalar ratio of the primordial anisotropies. The results of this work are: improved solar dipole parameters, a
new interstellar dust model, and a large-scale intensity map of cosmological anisotropies.
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1. Introduction

Accurate measurement of the diffuse extragalactic emission at
microwave frequencies on the (nearly) full sky is difficult, espe-
cially at large angular scales. It requires the ability to separate
the atmospheric and telescope emissions from the astronomi-
cal ones and, among those, to separate the extragalactic emis-
sion from that of the Galactic diffuse background. The cosmic
microwave background (CMB) is the truly diffuse extragalac-
tic background, and can provide key cosmological information.
At the peak emission of the CMB frequencies, accurate mea-
surements also necessitate space missions, building cryogenic
telescopes and instruments, and finding compromises between
constraints on the size of telescopes —meaning a limited angular
resolution— and the goal to cover the whole sky.

In the last 25years, there has been three generations of
CMB space missions COBE, WMAP, and Planck, and the next
one will not provide results for at least another decade. The
Planck High Frequency Instrument (HFI) observed the sky (at
100, 143, 217, 353, 545, and 857 GHz) with 50 bolometers
cooled at 100mK. The present and future observations from
the ground use large detector arrays, but are strongly affected
by the atmospheric emission above 200 GHz. Future space mis-
sions will allow us to map the CMB and the Galactic foregrounds
at higher frequencies. Progress in experiments from the ground
will certainly lead to a capacity to outperform Planck on the
CMB itself up to 150 GHz but not on the high-frequency Galac-
tic foreground emission, which dominates the signal at higher
frequencies.

The large-scale polarized B modes are a major target for cos-
mology. Analyzing these modes requires very high sensitivity
at CMB frequencies (through more detectors and better control
on polarized systematic effects). It will also require better mea-
surements of the low-frequency foreground emission with large
ground-based surveys, and of high-frequency foreground emis-
sion, which is hard to measure from the ground. A key objective
is therefore to exhaustively analyze the HFI data in search of
information on the large-scale high-frequency foreground emis-
sion. This is the goal of the present study.

Although HFI reached the remarkable achievement of being
cosmic background photon-noise-limited at the CMB peak fre-
quency on intermediate and small angular scales (a few degrees
to 5’), at very large angular scales (¢ < 15), the control of
instrument systematic errors and foreground residuals took a
long time to reach the required level to measure the reioniza-
tion optical depth cosmological parameter with a signal-to-noise
ratio (S/N) of 10 (Pagano et al. 2020). The noise and systematic
effects residuals on the largest angular scales are nevertheless
still far from the detector white-noise level needed to accu-
rately remove the high-frequency foreground emission. Remov-
ing those from differential detector data requires use of the Solar
System kinetic dipole. The solar dipole, common to all detectors
and frequencies, is the strongest measurable differential signal at
large scales. Improving its determination is therefore a key issue
throughout this paper and the solar dipole is extracted from var-
ious splits of the HFI data (frequencies, Galactic masks, compo-
nent separation models). This provides a tool for intercalibration
of different instruments and missions but can also be used to
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constrain a better model of the high-frequency foreground sys-
tematic errors at large scales. These improvements, not achieved
in the Planck Legacy release, are introduced in this work where
we develop a new interstellar dust model (the dominant fore-
grounds for the CMB above 100 GHz) that is self-consistent with
better CMB anisotropies and the associated better solar dipole
measurement.

The paper is organized as follows: Sect. 2 describes the con-
text and goals of the paper; Sect. 3 describes the algorithm to
coherently extract the parameters and template maps of the fore-
ground emission and the map zero levels, and presents the result-
ing dust model; Sect. 4 builds a self-consistent map of CMB
anisotropies and solves for solar dipole parameters; and Sect. 5
summarizes our findings and conclusions.

2. Context and definitions

The relative motion between the Planck spacecraft and the CMB
rest frame generates a dipolar modulation of the CMB intensity
field. The spacecraft motion with respect to the cosmological
background composed of two components. The first component,
referred to as the orbital dipole, is caused by the relative velocity
of the spacecraft at the L2 Lagrange point following the earth
motion with respect to the Solar System rest frame. It is known
with high accuracy at any time. This orbital dipole of order
30kms~! does not project on the sky maps. It is used to cal-
ibrate the absolute photometric response of each detector with
a high-signal-to-detector-noise ratio of order 10° at the 100 and
143 GHz CMB-dominated channels, and 5x 10° at 353 GHz (see
Planck Collaboration III 2020, hereafter HFI-Legacy).

The second component, referred to as the solar dipole, is the
consequence of the relative velocity of the Solar System with
respect to the cosmological rest frame. Although it is an order
of magnitude larger than the orbital dipole, it cannot be deter-
mined from extragalactic astronomy, and therefore cannot help
to calibrate the absolute response of the detectors. The dipole
signal associated with this second component projects onto the
sky maps with the same spectral energy distribution (SED) as
the CMB cosmological anisotropies. As such, it is not a cosmo-
logical effect, but is a systematic effect in the maps extracted by
component separation methods based on their different SEDs.
The dipole signal is nevertheless not separable from the intrin-
sic dipolar term of the CMB primordial anisotropies. Using a
ACDM model, measurement of the CMB anisotropies leads to
an expected dipole amplitude of the order of 30 uK. This induces
an uncertainty of the order of one percent on the kinetic Solar
System velocity. This dipolar term is therefore included in the
definition of the solar dipole, imposing a null dipolar term for
the total CMB anisotropies maps.

The Solar System velocity measurement is independent of
the CMB monopole temperature, which is known with an accu-
racy of 3x 10* (Fixsen 2009). This introduces additional uncer-
tainty when expressing the amplitude of the solar dipole in
o0Tcmp anisotropies. Nevertheless, for convenience in making
use of map differences at different frequencies, all intensity con-
tributions to the dipole amplitudes are expressed in CMB tem-
perature. As such, the conversion between velocity and uKcms
depends directly on the CMB temperature, which is obtained
by fitting a Planck function in the COBE-FIRAS data, which
has been refined using a combination of the solar dipole direc-
tion from WMAP and the FIRAS full-spectrum measurements
(Fixsen 2009). In this regard, using the solar dipole to estimate
the CMB monopole temperature makes the conversion from
velocity to pKcmp slightly dependent on the dipole. However,
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the difference induced by a new dipole determination leads to a
negligible correction.

The amplitude of the solar dipole signal is proportional to
the response of each detector to a CMB intensity signal and is
therefore very useful for testing the CMB relative photometric
calibration of different CMB detectors. Its amplitude of approx-
imately 3 mK CMB is very large with respect to the sensitivity
of the 143 GHz map (the noise on the dipolar amplitudes is less
than 1072 uK). This 3 x 10° signal-to-noise ratio has been used
to measure the relative CMB photometric calibration on single
detector maps. The consistency of the relative CMB photomet-
ric calibration on single detector maps within a frequency has
a noise-limited accuracy of 107>, The inter-calibration between
HFI frequency maps is at the 4 x 10~ level from 100 to 353 GHz
(HFI-Legacy). This work uses these sensitivities, and exploits
the fact that all detectors measure the same CMB solar dipole
(hereafter referred to as the consistency argument) to control the
residuals for foreground emission on the largest angular scales.

The CMB map is obtained from the frequency maps using
two properties of CMB anisotropies to separate it from the fore-
ground emission: Planck function SED and Gaussian statistics.
The extraction of solar dipole amplitudes measured at various
frequencies and on different sky fractions is the most powerful
tool to detect the foreground residuals. It was used for exam-
ple with the HFI data, and revealed residuals behaving with fre-
quency like a Galactic dust component as can be seen in Tables 7
and 8 of the HFI-Legacy. These residuals are obviously due to
the dust foreground removal, and showed that introducing large-
scale dipolar and quadrupolar terms to account for the large-
scale SED variation significantly reduces these drifts for the
highest frequencies and sky fraction used to fit the solar dipole.

The solar dipole was recognized as an important tool when
discussing the high-latitude dust foreground and zero level of
frequency maps in Planck Collaboration XI (2014). Here, the
solar dipole is extracted with an improved version of the SRol1l
algorithm, SRo112 (Delouis et al. 2019), which was used to pro-
duce the Planck Legacy HFI maps. This upgraded algorithm,
named SRo112. 2, introduces the following improvements:

— Use of 143, 217, 353, 545, and 857 GHz nonpolarized Spider
Web bolometers (SWB) data, in addition to Polarized Spi-
der bolometers (PSB) data. This allows reduced systematic
effects for intensity-only maps, while avoiding being limited
by signal to noise ratios.

— Removal of polarized parts of the signals due to the small
parasitic sensitivity to polarization of SWBs detectors.

— Improved correction of the Analog-to-Digital Converters
nonlinearities, bringing the associated residuals below detec-
tor noise levels, even at the largest angular scales.

— Computation of single detector maps removing the polariza-
tion part in the signal.

— Use of the full resolution for the bandpass leakage correction
where the signal is very strong, keeping the low resolution
of the foreground templates on the rest of the maps to avoid
introducing extra noise.

— Removal of the cosmic infrared background (CIB) monopole
(Lagache et al. 1999) and use of CMB anisotropy maps with
zero monopole bold.

— Setting the initial zero level of the intensity maps to the zero
level of the 21-cm emission of the HI Galactic gas fore-
ground.

SRo112.2 builds two types of single-detector intensity maps':
(i) one where a correction of all foreground signal bandpass

! These maps are available at http://srol1120.ias.u-psud. fr
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mismatch between detectors is applied, and (ii) another where
no correction of the foreground signal bandpass mismatch is
applied. These type (ii) maps, smoothed at a common 1°, are
used in this work.

3. Foreground sky model and zero level offsets

The solar dipole amplitudes of Planck Collaboration Int. XLVI
(2016) Table 2, are drifting away from the amplitude measured at
100 and 143 GHz both for higher frequencies (217 to 545 GHz),
and when increasing the sky fraction fyy used to fit the dipole.
The increase of the amplitude errors with frequency follows a
typical Galactic dust SED. Such variations were expected from
previous work on the COBE-DIRBE data (Lagache et al. 1998).
HFI-Legacy shows that this problem is mostly solved by intro-
ducing large-scale variations of the dust SED in the model. This
result is obtained using the stability of the solar dipole direc-
tion, taking the 100 GHz one as reference. The dipole direction
(especially the longitude) drifts by 0.1° but the parameters for
the 545 GHz still exhibit large shift in amplitude and direction.

These results indicate that the residuals from the dust emis-
sion removal are a major concern when extracting the solar
dipole above 100 GHz in two ways:
— first, indirectly by the dust residuals along the Galactic ridge.
This forces the introduction of a Galactic ridge mask M,
where the CMB anisotropies cannot be removed sufficiently
accurately. This induces an unavoidable error when the dipo-
lar term of the cosmological anisotropies is set to zero on the
full sky (see Sect. 4.2);
— second, the large-scale Galactic emission in the part of the
sky where the solar dipole is fitted outside the Galactic ridge
mask affects the residuals of the component separation pro-
cess. We therefore introduce terms in our foreground dust
emission sky model that improve the modelling of the large-
scale SED variations.
The CMB anisotropies component of the maps, as well as the
noise and systematic effects, are defined with a null monopole
term. The HFI frequency maps do not have an absolute zero set-
ting calibration. Any error in the zero level changes the contrast
between the high- and low-galactic-latitude foreground emis-
sion, and therefore changes the foreground maps, especially
where the intensity is very low at high latitude. The large-scale
residuals of dust emission depend strongly on the accuracy of
these zero levels, and we introduce consistency constraints from
the solar dipole to refine the accuracy of the foreground model.

To start with, the initial setting of the zero level of the Planck
Collaboration HFI frequency maps uses the method in which the
extrapolated zero-intensity emission of the Galactic foreground
gas corresponds to the extrapolated zero column density of gas
(Planck Collaboration VIII 2014). The first step is performed by
regressing the 857 GHz emission, which is fully dominated by
the dust emission intensity, to the neutral hydrogen interstellar
gas column density. The other frequencies are then regressed to
the 857 GHz emission brightness. This sets the initial zero levels
of the frequency maps with a sufficiently good accuracy as long
as one does not require highly accurate intensity on very large
scales. To improve on these results, and especially on the dust
template map zero level, a more accurate method is developed
here and these initial values need only be checked for compati-
bility with the ones extracted in this work?.

2 The full schematics of the algorithm is available at http://
sroll20.ias.u-psud. fr

3.1. Dust model definition
We decompose the intensity sky model as:
sky model ~ CMB, + Free-Free + Synchrotron + CO +dust. (1)

In Eq. (1), there is only one extragalactic component, the CMB
anisotropies. The CIB large-scale (¢ < 100) anisotropies are
negligible with respect to the Galactic dust component, and
are included in it. The first term CMB,, is the total CMB
anisotropies map containing the solar dipole and the primary
cosmological anisotropies. The CMBy, intensity is described by
a single map of 6Ty at all frequencies.

The three next terms of Eq. (1) are the low-frequency fore-
grounds: free-free, synchrotron emission, and the CO emission
lines. In intensity, the free-free and synchrotron emissions are
respectively one and two orders of magnitude smaller than the
CMB anisotropies at 100 GHz. The free-free emission, which
is only one order magnitude lower than the dust at 100 GHz,
benefits from a stable and accurate SED. Furthermore, the syn-
chrotron emission is lower than other emissions by orders of
magnitude at higher frequencies. Therefore, free-free and syn-
chrotron emissions are removed in an open loop using Planck
Legacy results (Planck Collaboration X 2016). In the HFI data,
the CO line emission is derived using only the large differences
of response between detectors within a frequency band contain-
ing a CO line, and the Planck Legacy CO template maps used
are detector noise limited. Nevertheless, their amplitudes are
updated consistently with the new dust model.

The last term of Eq. (1), the interstellar dust emission, is
the dominant foreground at frequencies above 100 GHz, and is
described by a new model:

2
o) ADust; + i)

Dust = f(v)Dust + P 9

ADUStQ, (2)

where the SED f(v) = Planck function(v, T) X ( )ﬁ, with v

Y
being the reference frequency of the Dust map. ’

The temperature 7 and the index S are highly correlated
when fitted in the range of frequencies used in this work, and
therefore the temperature is taken as constant, and the SED vari-
ations are only described by the variations of the 8 parameter.
Given the available number of degrees of freedom (five frequen-
cies), this has been shown to be acceptable in the HFI frequency
range from previous work using a broader frequency range from
the absolute intensity maps from COBE. The single temperature
adopted, 18 K, has been shown to give good SED fits for the
H1 dominant phase of the interstellar medium but also for the
subdominant H 11, which show very similar SED (Lagache et al.
1998).

The novelty of this dust model is the use of an analyti-
cal description of the averaged SED, and the introduction of
two additive corrections modeling the effects of the SED spatial
variations.

The first term of Eq. (2), Dust, is the initial dust map (see
further), propagated from the frequency v, to each single detec-
tor map with a frequency v, with the mean SED. Furthermore,
the frequency is taken at the effective frequency that takes into
account the difference between the response of the detector to a
dust SED and the response to the CMB orbital dipole signal used
to calibrate the detector with high accuracy in Kcys.

The two other terms of Eq. (2) describe the spatially vari-
able part of the SED, absorbing all differences to the spatially
constant SED first term. The analytical description of the SED
f(v) allows a description of these variations as an expansion in
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terms of its first and second derivatives with respect to 8. The
model is not strictly described by the analytical expansion of the
SED function f(v) because the second spatial template ADust;
is independent of the first one, ADust;, which describes the first-
order expansion term. These two independent full sky maps,
with a null average, have a resolution of order 1° (HEALPix;
Gorski et al. 2005; Ngige = 128).

The initial dust map Dust is built from a map at sufficiently
high frequency (vo =545 GHz) that it only needs to be cleaned
from the CMB, the CO, the free-free emission, and the syn-
chrotron emission in an open loop. The CMB large-scale cosmo-
logical anisotropies maps taken from the Planck Legacy release,
once propagated to vy, are then three orders of magnitude smaller
than the dust emission. The effects of the difference between the
initial CMB used at this stage and the CMB map obtained ulti-
mately in this work is therefore negligible.

From Eq. (2), we obtain the dust map model D(v,) for a
single detector (bolometer b) map:

2
D) = L) (Dustm +1n (ﬁ) ADust, + (m (ﬁ)) ADustz].

- S(o) Yo )

3

This equation is valid for maps expressed in spectral energy den-
sity. The 545 and 857 GHz maps are calibrated on planets and
are dealt with in spectral energy density expressed in MJy sr!.
Nevertheless, 100—353 GHz detectors calibrated on the orbital
dipole of the CMB in 67T cmp are expressed in pKcmp, and must
be converted to spectral energy density. The of lower frequency
CMB maps, offsets, and solar dipole amplitudes are finally con-
verted back to uKcpp for the convenience of comparison with
similar maps in the literature.

We know that SED variations exist at intermediate to large
scales due to the gradients of (i) stellar radiation field intensity
changing with Galactic radius and thus changing the dust tem-
perature; and (ii) the relative fraction on each line of sight of the
molecular, atomic, and ionized gas fraction, which are known
to have slightly different dust properties. The two SED variation
components are therefore defined by maps smoothed at 1°.

3.2. Extraction of the CO emission lines, dust model
parameters, and templates

The SRoll2.2 single detector intensity maps are built after
removing the polarized signal and the bandpass mismatch coef-
ficients are computed using template dust maps different from
those build in the present work. We therefore use the set of maps
in which the color correction has not been performed in order to
be able to extract band pass mismatch coefficients coherent with
the dust model using an iterative process.

We use [, to denote the single detector intensity map built
from the bolometer b data. The effective frequency, vy, computed
from the bandpass ground measurements is used in the first iter-
ation of the processing and is corrected at each iteration when
regressing the single detector map against the dust initial tem-
plate Dust,,.

The dust emission is the only broad-band foreground com-
ponent not fully described by its SED, but is modeled empiri-
cally for the frequencies v > 100 GHz as a map with an average
SED, completed with two additive correction maps describing
the spatially variable SED. These three maps are extracted in
this work using constraints other than previous component sep-
arations as discussed above (e.g., consistency of the solar dipole
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parameters). The CO and dust foregrounds being partially corre-
lated, the CO foreground map is built using a CO template map
from the Planck Legacy results (Planck Collaboration X 2016)
but whose coefficients are extracted coherently with our new dust
model.

Finally, the data contain noise and monopole offsets that are
not directly measurable by the HFI differential detectors, and
which are to be solved for using consistency arguments and
data redundancies. Equation (4) defines the residual R, which
only contains the CMB,, and the foreground components to
be modeled; it is computed for each single detector map I,
from which the low-frequency foreground maps —taken from the
Planck legacy maps as described above— are removed in an open
loop.

Ry, = Iy, — Free-Freey, — Synchrotron, — Ogy. 4)

The initial offset Oy applied to the single detector map sets
the zero level of the single-detector intensity maps I, follow-
ing Planck Collaboration VIII (2014), which sets this zero level
to the extrapolation to zero column density of HI 21-cm emission
of interstellar gas at high latitudes. This is a first approximation
of the absolute zero level of the dust foregrounds. The addition of
the ionized component traced by Ha emission changes the zero
level by 3% within the uncertainties, and the molecular com-
ponent is negligible at high Galactic latitudes. The offsets are
further refined in this work with smaller uncertainties, and the
final results should be consistent with the initial offsets and their
uncertainties. The offset values for detectors, either within the
same frequency band or with different frequencies, change the
contrast of the large scales at high latitude but are constrained
by the solar dipole signal which is a common component to all
bolometers.
For the 100 to 353 GHz detectors, the single detector map
offset Oy, is adjusted in three steps:
1. The first step uses all pair differences, which gives offsets
with respect to a zero average offset of all these bolometers.
2. The second step adjusts the average offset using the fact that
the solar dipole vector seen by all the detectors is the same.
3. The third step is the determination of the 545 GHz frequency
map offset, performed by minimizing its projected effect
by the dust emission SED from 545 GHz to the lower fre-
quency offsets. The initial dust template is extracted from
the 545 GHz frequency map, which is corrected at the end of
this step. This provides a new dust template Dust,,, which is
used at the next iteration.
The residual Ry, also contains the nonrecoverable noise and sys-
tematic effects residuals Ny (including the very small negligi-
ble residuals following the low-frequency foreground emission
removal). In order to improve the solar dipole measurement,
an improved model of the two main partially correlated high-
frequency foreground emission components is built, simulta-
neously extracting the CO line emission intensity coefficients
v, the effective frequencies vy, and template maps ADust; and
ADust, describing the new thermal emission dust model. For
each sky pixel seen by all pairs of bolometers b1 and b2, the
constraint used is to minimize the difference ARy 2 = Rp; —Rb2,
expressed in tKcyp. The CMBy, term cancels and

ARp1p2 = Do1) — D) (¥o1 = ¥2) CO

+ Op1 — Opz + Ny1 — Ni, )
where D(v,,) is the dust emission (Eq. (3)). The initial dust map
D(vp) is computed from the SRo112.2 545 GHz map after sub-

tracting in an open loop CO, free-free, and CMB. For bolome-
ter b, the specific projection coefficient f(v,)/f(vo) from the
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template dust map computed from the 545 GHz bandpass map
accounts for the detector response to the dust SED through the
effective frequency vy. These effective frequencies, initially set
to the values computed from the ground measurements of the
bandpass (Planck Collaboration IX 2014), are adjusted simulta-
neously with the vy, coefficients.

The CO Planck Legacy maps are used as a template to extract
a single effective set of vy, coefficients defining the CO lines
response at 100, 217, 353 GHz. The fact that there is no CO line
in the 143 GHz frequency band is used to regularize the solution,
requiring that the detectors have a negligible response correlated
with the CO template. Weaker interstellar molecular lines nev-
ertheless exist in the 143 GHz frequency band, but this affects
the CO coeflicients by an error of 1.1%, inducing an error on the
solar dipole amplitude of 0.06 uK and 10~* degrees in direction,
which is negligible.

The offsets O, are strongly degenerate with the large-scale
SED variation of the dust, and are therefore also solved for
simultaneously using the same minimization of the differences
ARy 2 used to compute the large-scale SED variation of the
dust. Based on the internal stability of the frequency maps, the
quantity to minimize, b, for each pixel is p:

Z Z ARy b2p — D(vp1) + D(vp2)

L) p

th

— 2
— (o1 = ¥2) COp = Op1 = O) . (6)
Conditions on the mean parameter values between all single
detectors are needed to minimize Eq. (6), which is based on map
differences. This is possible thanks to several closure conditions.

— For Oy, ADust;, and ADust,, we impose that the mean values
be null.

— For y,, we force the mean values to be null at 143 GHz.

— The level of residual dust emission in the mean map over all
detectors after removing the dust and the CO model, and an
initial CMB anisotropies map, is related to incorrect estima-
tion of the mean f(vy). Setting this level to zero provides a
closure condition for all vy,. At the first iteration, we use the
CMB SMICA map.

From this minimization, we obtain:

— the correction to the response to a dust SED for bolome-
ters calibrated on the CMB orbital dipole as an effective fre-
quency Vp,

— the additive SED spatial variation described by the ADust;
and ADust, maps,

— the CO effective coeficients y,, and
— the relative offsets Oy, of the single detector maps.

Furthermore, a global 100-353 GHz offset O must be introduced
to adjust the offsets of the 100—353 GHz maps with respect to the
unknown 545 GHz map offset. Moreover, considering the large
uncertainty on the 545 GHz map offset, a correction must also be
introduced. This will correct the large-scale initial dust map tem-
plate taken from the 545 GHz frequency map. This is performed
by adding a constraint on the solar dipoles built for each detector
(Sect. 3.3).

3.3. Determination of the frequency map offsets

The SED spatial variations of the dust are strongly degenerate
with the average zero levels of the frequency maps. Equation (6)
minimization only constrains the relative adjustments of these
offsets, and does not affect the initial band average zero levels of
the frequency maps which have rather large uncertainties with

respect to the relative ones, especially for the 353 and 545 GHz
frequency bands.

A global (100 to 353 GHz) offset O is introduced in the algo-
rithm. This is determined thanks to the fact that the spatial dis-
tortions of the dust foreground initial dust map uncertainties bias
the solar dipole vector directions. Thus, minimization of the dis-
persion of the single detector CMB solar dipole vector over the
43 (100 to 353 GHz) HFI bolometers allows us to compute O.

To remove the solar dipole, the cosmological CMB
anisotropies map must be removed from the CMB,,, map. Never-
theless, this CMB anisotropies map, which is extracted by com-
ponent separation methods, is not reliable in the narrow Galactic
ridge that needs to be masked and filled with a constrained real-
ization within a Galactic ridge mask M, before setting the dipole
term to zero on the whole sky. The mask M, is defined as the
sky contained between two symmetrical latitudes centered on
the Galactic plane and characterized by the sky fraction that it
COVeErS, fiky-

The CMB anisotropies full-sky map, denoted CMB M,> is the
CMB; map from a component separation, in which the dipole
term has been set to zero bold after masking with a Galactic
ridge mask M,. This induces biases that depend on the size of
the Galactic mask My, and on the procedure used to fill this mask
with CMB anisotropy-constrained realizations. Before we have
a CMB4y, anisotropies map consistent with the new foreground
model, we use, at the first iteration, the Planck Legacy CMB
SMICA map, which is estimated to be reliable for cosmology out-
side a 5% Galactic mask. At the second and following iterations,
a CMB large-scale anisotropies map coherent with the results of
Sect. 3 can be built. From all single intensity bolometer maps we
remove Ry, from 100 to 353 GHz, the current dust model and CO
template, and the adjustments of the offsets obtained in Sect. 3.2.
The weighted average over all bolometers provides the new cur-
rent CMB,,.

A new three-component (CMB, dust, and CO) separation
algorithm named Bcsep is was developed using the difference
between single detector maps in nested iterative loops, which
also uses the consistency of the solar dipole parameters between
frequencies. This requires us to start with adequate approxima-
tions and the convergence of the algorithm is the test of this
condition. This new component separation is performed by sub-
tracting the dust or the CMB maps from the frequency residual
map Ry, and iteratively improving CMB,,, and the three maps of
the dust model per frequency:

-1
CMBy, = (Z %] 3 =5 (Ro — DOw) ~ %CO - 0, - 0).
b v/ b5 b
™

where o-f) is the variance of the cleaned maps for fu, =0.9 esti-
mated by simulations.

Equation (8) defines a residual map Ny, 5, as the single detec-
tor intensity map R, after removal of the high-frequency fore-
ground emission model, the current CMB anisotropies CMB y, ,
and the relative offsets extracted previously. Ny, y, is therefore
the map containing only the CMB solar dipole, together with the
noise and residuals from the foregrounds removal:

8o, = Ry — CMByy, — Dy = ,CO - Oy

Apm,Y + O + Np ., (3)

= Ab,Mg,O
t=1,m=0,x1

where
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— Ay m,.0 18 the solar dipole amplitude extracted from CMBy,,
- Ay, M,.0 are the three a,, vector components (aj, aj real
and imaginary parts) of the solar dipole direction,
— Y are the three spherical harmonics Y;-; , component maps
of the solar dipole, and
— Ois the global offset of the detector maps 100—353 GHz ini-
tially set to zero.
To constrain O, we impose that all detectors show a minimal
dispersion of the solar dipole direction vector. Starting with O =
0, we loop on Egs. (8)—(10) and solve for the O value. The solar
dipole parameters for bolometer b are fitted within a set of ten
masks M with smaller and smaller areas identified by their fyy
and taken in the sky region left outside the Galactic ridge M,.
For any given detector, the minimization Eq. (9) extracts a
running O and mask My, the dipole amplitude Ay, M,.0» and direc-
tion vector Ay, p, o by minimizing the difference taken over for
a mask M between the residual map Ny, 7, map and the model
solar dipole map plus the current O:

)(i,/v(,Mg = Z My | Nop.ut, = Avm,0 Z Ao m,.0Yp = of.
p =1

m:6,il

Here, O is then carried back into Eq. (8) if we change M, or
into Eq. (9) if we change only M after the optimization of M,
until convergence.

This should not be affected at the first iteration by the choice
of the CMB cosmological anisotropies SMICA map in the first
iteration as it converges to a stable O value:

=35 [ 31 5 o) 10
e b=1 M=1 o0 = A Yme

At this stage, the 545 GHz map initial offset uncertainty still
indirectly affects the zero levels at all lower frequencies through
the distortion of the initial dust template and the minimization
of Egs. (6)—(10), and directly by the propagation of the 545 GHz
offset residual to lower frequencies through the SED f(v).

We define the 100 to 353 GHz offsets O, as the average of
(O + O) over the frequency band v. The correction of the initial
offset at 545 GHz, Os45, which also affects all the O, (follow-
ing the f(v)/f(vy) emission law), is the one which minimizes
Eq. (11):

333 ) 2
=Y (o (22 o)
X V;O our? ( (f(Vo)) "

where oy is the rms of the initial zero level determination uncer-
tainties at frequency v. This correction therefore mainly affects
the 353 GHz.

The following section (Sect. 3.4) discusses the coherence of
the offset determination.

an

3.4. Absolute zero level correction consistency

The absolute zero levels of the maps are critical in order to iden-
tify the foreground emission that needs to be modeled with the
correct zero level. In Sects. 3.2 and 3.3, we develop a method to
constrain these offsets using the solar dipole strong signal that
should be seen in all single detector maps with the same direc-
tion vector.

Four map offsets are determined in sequence:
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Table 1. Zero level offset for each correction step.

Planck This work

Frequency Our Oy +0 Final rms

[GHz] [pK] [MK]  [uK] [1K] [pK]
100 -3.5+3.6 -3.6 1.14 1.05 1.0
143 -8.28£2.8 -1.08 3.67 3.49 1.1
217 -26.1+5.8 -2.87 1.87 1.24 2.4
353 -142.4+27 6.26 11.0 6.17 12.2

[MJy sr7!] My sr~!] [MJysr!]

545 -0.884 +£0.012 0.0048  0.0023
857 -0.534+0.16 -0.124 0.04

Notes. For the HFI frequency bands, Oy gives the initial map offsets
based on the zero HI column density extrapolation; O, gives the relative
bolometer offsets averaged over the frequency band; column +O gives
the offsets after adding the global offset O; column Final gives the final
offsets after removing the 545 GHz offset. The last column gives the
final uncertainty on these zero levels.

1. The initial setting of the zero levels in the SRoll2.2
maps Oyp are computed following Planck Collaboration VIII
(2014). Their uncertainties, although small in the CMB fre-
quencies, affect the large-scale dust emission at high lati-
tudes at 353 and 545 GHz.

2. Equation (6) describes the computation of the relative offsets
of the 100 to 353 GHz single bolometer maps, Oy. The con-
straint is the consistency between all pairs of single bolome-
ter maps. To allow the minimization based on differences
between maps, the mean of all these relative offsets per sin-
gle bolometer is set to zero.

3. Section 3.3 deals with the zero level mean correction over all
100 to 353 GHz bolometers, O. This correction is obtained
by minimizing the variance of the solar dipole directions
over all single detectors and masks using Eq. (9). The single
bolometer solar dipoles are extracted using Eq. (10). Finally,
we measure O = 4.74 uK. The relative corrections are bigger
on the lowest frequencies.

4. Finally, Eq. (11) adjusts the 545 GHz offset, Os4s, by mini-
mizing the lower frequency offset corrections affected by the
projection of Osys following the dust SED f(v). This offset
is applied to the initial dust map Dust,,,, and we iterate over
the whole process.

The results after convergence are reported in Table 1. The data
zero level offset corrections, averaged per HFI frequency band,
are given as cumulative offset values obtained after each correc-
tion of the algorithm refining the initial offset Og;. The conver-
gence of the iterative process shows the stability of the algorithm
which leads to a minimal dispersion of the solar dipole vector
direction for the single-detector CMB anisotropy maps in the
frequency bands 100-353 GHz.

The final absolute zero level uncertainties are computed
using a set of ten simulations for the four lower frequen-
cies. Those simulations have representative noise and systematic
effects but no attempt is made to quantify the uncertainties due
to the dust model using simulations because we have no reliable
statistical model. These uncertainties at 100, 143, and 217 GHz
are almost equal to the dispersion of the single bolometers at
each frequency. Thus, these errors are probably dominant over
the instrumental systematic effect dispersion. The uncertainty at
353 GHz is about one-third of the dispersion between bolome-
ters which indicates that the zero level correction reflects the
dust foreground effects. The uncertainty at 545 GHz is computed
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Fig. 1. Zero levels of the maps corrections: the initial one in red, and the

final cumulated offset corrections taken as reference in blue, with their
uncertainties.

using a Monte Carlo approach based on uncertainties at the lower
frequencies. The Osys correction induces a marginally significant
correction at 353 GHz only. These correction steps are weakly
correlated, and the convergence confirms that the algorithm steps
improve the offsets efficiently.

Figure 1 displays the map offset results as a function of the
frequency bands and the initial ones from Planck in red; the final
corrections from this work taken for reference, in blue, are con-
sistent with the initial frequency map offsets but with an accu-
racy that is better by factors of 2.5 to 5.

The 857 GHz is obtained in Appendix A extending the dust
model beyond 545 GHz and using the solar dipole constraint.
This is independent of the lower frequency results.

3.5. Dust model results

Figure 2 presents these additive correction maps (as Healpix
maps at Ngg. = 128) to take into account the spatial variation
of the dust emission SED. These spatial variation maps in the
right column are built from ADust; and ADust, maps, and
are weighted by the frequency-dependent ratios df(v)/d8 and
0%f(v)/0B* respectively. These maps are compared with the
HFI-Legacy ones (left column), where each frequency SED spa-
tial variation map has been determined independently but only
for dipole and quadrupole terms. The large scales are similar
although obtained in different ways, and despite the fact that the
initial dust maps were taken from different frequencies: 857 GHz
for HFI-Legacy and 545 GHz for this work.

The SED spatial variations are described by an expansion in
In(vy/vg) at the second order, but are associated with two inde-
pendent large-scale maps providing more degrees of freedom.
The two bottom maps in Fig. 3 show these additive correction
maps for the 143 GHz frequency band. The top map shows an
estimate of an effective 8 corresponding to the total correction of
the two terms.

For a more quantitative comparison, Fig. 4 shows the ratio
of the power spectra of the first- and second-order additive SED
correction maps at 143 GHz, with different fiy.

There is a strong Galactic center anti-center dipole term
(¢ = 1 and 3), and weaker latitude pattern ({ = 2 and 4), and
also a white power distribution, probably reflecting the random
interstellar cloud distribution. The low rise at £ > 15 shows the
noise contribution. For fgy =0.82, the first-order SED variation

100 GHz

143 GHz 143 GHz

-17 17 -17 17
353 GHz 353 GHz

!

-75 75 =75 75

Fig. 2. Additive correction maps from this work (right). The equiva-
lent correction maps from HFI-Legacy, which only contain dipole and
quadrupole terms, are shown in the left column. The 100 GHz map is
not displayed as it was used as the reference for the dipole direction.

corrections show a strong center-to-anticenter dipole term at the
30% to 50% level of the dust initial spectra with opposite sign
to the dust map. The second-order correction is two orders of
magnitude smaller (one order of magnitude in the map). This
agrees with the astrophysical assumption that the dust SED gra-
dients are induced by large-scale Galactic physics —gradient of
gas molecular fraction in latitude and star light energy density
gradient with Galactic radius—, and not small-scale variations of
the dust properties which are seen in the flat power spectrum
5 <t<15).

To test the validity of the dust model above 545 GHz, we
describe its extension to 857 GHz in Appendix A.

4. Cosmic microwave background large-scale
results and solar dipole determination

The solar dipole is extracted from each single detector CMBy¢
map from which we can subtract CMB anisotropies. The first
iteration uses the Planck Legacy CMB anisotropies SMICA map
after masking the Galactic ridge, keeping 95% of the sky as
recommended in Planck Collaboration IV (2020). In later iter-
ations, the Bcsep CMBy,, map from Eq. (8) is used.
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Fig. 3. Effective dust parameter B variation map (top). In the narrow
Galactic ridge, a single 8 correction per line of sight is not meaningful
considering the large variations of the SED. Bottom maps: two inde-
pendent intensity correction maps associated with the first and second 3
order derivative.
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Fig. 4. Power spectrum ratio of the ADust; term to the dust emission
(continuous lines) for different high latitude masks. The dashed lines
show the power spectrum ratio of the ADust, term to the dust emission.
These results are given for the emission at 143 GHz.

4.1. New cosmic microwave background large-scale
anisotropies map

To illustrate the accuracy of the CMB cosmological anisotropies
map built by the Bcsep method, we use an end-to-end simula-
tion which contains CMB realizations, noise, systematic effect
residuals, and also a single CO model and a dust model as per
Eq. (2) which is removed at the end of the processing. Thus, this
simulation does not intend to evaluate the Bcsep ability to solve
for the dust model, but only for the noise and systematic effect
residuals.

Figure 5 shows the difference between the simulated input
map of CMB primary anisotropies (without solar dipole) and
the retrieved one. The narrow Galactic ridge towards the inner
galaxy is the only visible contributor to a significant dipole term,
with a main vector direction toward b = [ = 0°. To avoid this
bias, the solar dipole is extracted outside the Galactic ridge mask
M. The error induced on the solar dipole amplitude is 0.103 uK
with fgy =0.90, and 0.108 uK with fgy, =0.95. This shows that
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Fig. 5. Retrieved primordial CMB anisotropies Bcsep map compared to
the input CMB (fop maps). Bottom map: difference between input and
output with a color scale that is 100 times smaller.

the removal of noise and systematic effects on the CMB maps
outside M, —within this range of f,— is not a direct problem
for the solar dipole determination. The dust foreground residuals
remain the main issue.

Figure 6 displays the difference maps between the
CMB,,; maps obtained by Bcsep and the four Planck Col-
laboration methods Commander, NILC, SEVEM, and SMICA
(Planck Collaboration IV 2020). The residuals are much bigger
than in Fig. 5 and are dominated by the Galactic foreground
emission residuals at low latitudes. At high Galactic latitude
(b > 20°), NILC and SMICA, which do not depend on a phys-
ical model of the Galactic components to extract the Gaussian
CMB, are in very good agreement. The difference map between
SMICA and Bcsep at b > 20° does not show significant resid-
uals either. All differences containing either the Commander or
the SEVEM maps show Galactic residuals at b > 20° and zodiacal
dust emission residuals along the ecliptic equator.

We note that the CMB,,; Bcsep map is only aimed at a sig-
nificant improvement at £ < 30 and outside the bright Galactic
ridge M, where it has smaller large-scale dust residuals than the
Planck legacy maps. Bcsep does not intend to build a CMB map
for analysis of cosmological parameters mostly based on CMB
power spectra at £ > 30, and is not characterized for that pur-
pose.

4.2. Optimization of the CMB anisotropies removal

Lacking a model to build statistically representative and con-
trolled dust foreground maps, the foreground residuals cannot
be fully evaluated by simulations. A semi-quantitative approach
is nevertheless possible by comparing data and simulations. The
behavior of the solar dipole parameters with frequency and sky
fraction are sensitive probes to test both the method for remov-
ing CMB anisotropies and that for removing Galactic foreground
residuals.

Large-scale foreground residuals in the part of the sky where
the dipole is fitted induce a source of systematic effects on the
dipole parameter retrieval. These effects are introduced in the
simulation by adding an empirical estimate of the foreground
residuals defined as the difference map from two-component
separation method: SMICA-Bcsep shown in Fig. 6.
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Fig. 6. Difference between the CMB maps built by Bcsep and the four Planck Collaboration component separation methods.

We now use the CMB,; Bcsep map built in Sect. 4.1. When
extracting the solar dipole from the full sky CMB,, the solar
dipole parameters are biased by the Galactic ridge residuals
seen in Fig. 6. This leads to the use of the Galactic ridge mask
M, where the CMBy, is affected by large Galactic residuals.
This mask M, is filled with a simulated CMB constrained at
the boundaries (Wandelt et al. 2004; Thommesen et al. 2020).
By definition, the all-sky map of the CMB cosmological
anisotropies has no dipolar term, and is built by removing the
dipolar term from the CMB map. The solar dipole is thus fit-
ted in a mask M taken as the complement of M. On the one
hand, the masked sky replaced by a constrained CMB induces
an uncertainty on the dipole parameters. This uncertainty is eval-
uated by the dispersion of the retrieved solar dipole parameters
from 1000 Monte Carlo realizations changing the f, fraction of
the Galactic ridge mask M,. On the other hand, the bias induced
by the dust residuals in the central Galactic ridge decreases with
increasing M, sky fraction. The combination of these two effects
presents a minimum, which defines the optimal. The large-scale
dust residuals in the CMB,,, map also slightly affect the dipole
measurement (Sect. 4.1). Any detectable dust residual effect will
then appear as a frequency and/or an fy, dependence of the
dipole parameters when changing M.

We want to compare these two effects: the large-scale SED
spatial variations of the dust emission, and the CMBy, affected
by the filling of M,. These behaviors, which can be observed in
the data, are simulated. Figure 7 shows the computed solar dipole
parameters for the 100—353 GHz frequencies, when varying the
Galactic ridge mask M, in which the CMB,,; Bcsep map is filled
with constrained CMB realizations. The dipole parameters are
plotted as a function of the sky fraction left outside M, used to
fit the dipole.

At first, the systematic effects affecting the retrieved dipole
parameters are tested both on simulations and data to ensure that

the simulations are a good representation of the data. The two
first rows in Fig. 7 use the processing algorithm without SED
variation correction. The input solar dipole parameters for the
simulated data are taken from the final determination from this
work, and given by the black lines with gray bands. In these
two first rows, we see the remaining effects of the dust SED
variations (included in the simulations and not corrected for),
which are well simulated when compared to the results obtained
using the data. The magnitude and sign of the residuals qualita-
tively demonstrate the quality of the simulation, even though the
dust behavior is not quantitatively accurate, as expected, lack-
ing a reliable physical model of the dust SED variations. In the
third and fourth rows of Fig. 7, the algorithm now includes the
dust SED spatial variation correction. Both show a spectacular
reduction of the previous trends. This demonstrates that the sim-
ulation takes into account the SED variations with the right order
of magnitude, and also that the algorithm captures them well.
The dipole term has to be removed from the CMB,; map, and
is only well known outside a Galactic ridge mask M, where there
are significant Galactic dust residuals. This masking induces an
error due to leakages between the very large-scale anisotropies
and the dipole term. Figure 8 shows the results for the recovered
parameters of the solar dipole as a function of the sky fraction
left outside of the varying M, where the dipole is fitted. The dis-
persion of the solar dipole parameters is evaluated by simulation
with 1000 realizations of the CMB filling of M,. The plain gray
wedges show the dipole term dispersion when nothing is done
to compensate this leakage. The dashed (dotted) gray wedges
show the dispersion of the dipole term after filling M, with a
smoothed 1° (6°) CMB realization of the large scales only (up to
¢ = 5) constrained by the cosmological parameters HFI best-fit
(Planck Collaboration V 2020), and continuity constraints at the
boundaries. Once the dipole term is removed from the CMB,
map, as per the adopted definition, it is used to remove the CMB
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Fig. 7. Reconstructed solar dipole parameters along sky fraction used to remove the Galactic ridge from the retrieved CMB. Frequencies are color
coded from 100 to 353 GHz. Black lines reflect the input dipole parameters (taken from the final result of this work). The gray band gives the

uncertainties on these parameters.

anisotropies from the full sky map. The solar dipole is then fitted
in M. This removal and filling procedure introduces a nonrecov-
erable uncertainty, increasing with M, estimated using results
shown in Fig. 8.

The simulations with the qualitatively representative dust
component residuals defined above show the expected bias in
the amplitudes and in direction (longitude bias as expected larger
than the latitude one) of the solar dipole parameters. The biases
are maximal when the Galactic ridge mask M, is null, and
decrease with decreasing fqy following the predicted behavior.
For no masking of the Galactic ridge, the direction is shifted by
about 2’ in longitude. When fy, decreases to 0.95, the longi-
tude bias is reduced by a factor of two, and crosses the longitude
dispersion for 1° smoothing. For this sky fraction, the ampli-
tude parameter shows a bias of 0.25 uK. The dispersion for 6°
smoothing crosses the bias for fy, = 0.92. We therefore conclude
that, for the CMB anisotropies removal map, a M, mask leaving
fsky =0.95 available for the fit of the dipole is optimal for the
CMB anisotropies removal with a safer 1° smoothing.

4.3. Dipole fit stability

Figure 9 is a zoom-in of the Fig. 7 third row displaying simula-
tions for the four frequencies 100—-353 GHz. The dipole param-
eters for all frequencies show the behavior described in Sect. 4.2
with a bias increasing for increasing f, from fgy, =0.8 to 1.0
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(purple line), and a dispersion, as the gray wedge (1° smoothing),
decreasing rapidly with increasing fuy. The four frequencies
show very similar patterns. The longitude, the most sensitive
parameter, shows a minimal error for the optimal M, size to
feky =0.95 as expected. The behavior of the three parameters
shows a correlated but nonmonotonic behavior as expected when
dominated by the dispersion induced by the large-scale fore-
grounds for fg, < 0.95, within the range predicted by the gray
wedge. It is at present impossible to draw high-quality statis-
tically representative Galactic foreground emission maps and
thus fully evaluate the foreground residuals. The uncertainties
are given by the dispersion between detectors in each frequency
band, and increase with frequency. Calibration errors resulting
from noise and systematic effects, both evaluated by simulations,
are visible as a variation in amplitude between frequencies with
the right order of magnitudes.

4.4. Solar dipole results

We now wish to test the effect of the dust residuals on the stabil-
ity of the solar dipole parameters, when increasing frequencies
and varying M, keeping the optimal M, constant (fyy =0.95).
Figure 10 shows the stability of the solar dipole parameters
when the fitting mask M spanning from fyy, =0.19 to 0.9 (see
Sect. 4.2). The stability of the solar dipole parameters is impres-
sive, and they do not show any obvious trend with the dipole
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Fig. 8. Retrieved solar dipole parameters as a function of the sky
fraction outside the Galactic ridge mask M, from which the solar
dipole is extracted. M, is filled with a constrained realization of CMB
anisotropies. The blue and red lines show the bias for two smoothing
(1° and 6°). The gray wedges show the dispersion of the solar dipole
parameters.

fitting mask M nor with frequency. The most noticeable discrep-
ancies are in amplitude and nearly all within 1o-. The final result
of this paper (average over the three lower frequencies) is shown
as black lines and gray band uncertainties. We therefore con-
clude that there is no dust foreground residuals detectable above
the noise.

Table 2 shows the final results of the solar dipole parame-
ters, computed as the weighted averaged per frequency over M
with fgy =0.3 to 0.8. For amplitudes, the dispersion between
detectors within a frequency band is a more relevant measure
of the whole calibration process, including systematic effects.
HFI-Legacy uses 100 full end-to-end simulations of the over-
all absolute calibration process based on the recovery of the
solar dipole input. These simulations retrieve the rms uncertain-
ties of the calibration measured by the solar dipole amplitude
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Fig. 9. Zoom-in of Fig. 7 for simulated data. The purple lines show the
Galactic ridge emission residual after the Bcsep component separation.
The gray lines show the dispersion of the effect of M, filling.

rms: 1.5 x 10~ at frequency from 100 to 217 GHz increasing to
4 x 10™* at 353 GHz. Our results in amplitude are coherent
with the HFI-Legacy calibration mismatch estimates. Thus, the
weighted average (AVG) of the 100, 143, and 217 GHz results
provides the best estimate of dipole parameters. The AVG ampli-
tude uncertainty (0.36 uK), computed as the dispersion between
the three frequencies, is significantly larger than the intra-
frequency uncertainties, but reflects the calibration error due the
residual systematic effects.

For direction, the given uncertainties are the statistical
errors. The HFI-Legacy results are obtained by alignment
of the 143-353 GHz frequencies solar dipole directions on
the 100 GHz solar dipole direction, assuming it was the best
reference, because of its best combination of high CMB sen-
sitivity and low foregrounds. In the present work, this assump-
tion is replaced by the constraint of minimum dispersion of the
dipole directions for all 100 to 353 GHz detectors, a more refined
dust model of the spatial variation of the SED, and coherent
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Fig. 10. Variation of the solar dipole parameters (in rows) for different frequency bands (in columns) as a function of the Galactic mask in which
the dipole is fitted. The black lines and gray band uncertainties show the final results of this work, using the Bcsep CMB anisotropies map. For
reference, the pink lines and bands show the HFI-Legacy measurements. The four Planck Legacy CMB anisotropies maps are also tested, and are

shown color coded.

large-scale CMB anisotropies. We also introduce a better
masking-filling procedure for the removal of the Galactic ridge
residuals in the CMB cosmological anisotropies. Figure 10 com-
pares the present results with the HFI-Legacy results, shown as
the pink lines and bands. The results for the amplitude and lati-
tude are highly compatible within their error bars. Nevertheless,
the longitude is not, albeit very stable when varying fuy.

An empirical test of the systematic effects related to the com-
ponent separation is to use different CMB maps. This is done
also in Fig. 10, and the four component separation methods used
for the CMB anisotropies are shown with thin lines. Although
using CMB from Commander, NILC, SEVEM, and SMICA is not
fully consistent with the new and better foreground dust model
developed in this work, the comparison remains interesting.
When other component separations are used to get the CMB
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anisotropies, the stability with varying fy, (M) parameter is not
as good as the one achieved by the Bcsep one. It strengthens
the statement that the CMB removal, when done with an optimal
Galactic ridge mask, has little effect on the solar dipole parame-
ters fitted in a mask M covering a very broad range of sky frac-
tion, thus showing no sign of large-scale dust residuals.
Thommesen et al. (2020) and Planck Collaboration Int. LVII
(2020) increasing the Galactic mask up to 80% of the sky is far
from optimal. The dispersion of the amplitude in these papers
grows from +2.5 uK for M, in the range fi, 0.95-0.75 and
reaches £10 uK for fu, =0.30. These large uncertainties are
induced when setting the dipole term to zero in a larger and
larger Galactic mask. Conversely, the method described in the
present work optimizes this mask and reduces the uncertainties
by large factors, making full use of the CMB anisotropies that
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Table 2. Solar dipole parameters averaged per frequency and per fitting

J.-M. Delouis et al.: CMB solar dipole and dust foreground model

mask M.
Frequency A l b
[GHz] [uK] [deg] [deg]
100 3361.52 £0.04 263.958 +0.003 48.260 + 0.001
143 3362.36 £ 0.04 263.961 +0.002 48.259 + 0.001
217 3361.74 £ 0.11  263.959 +0.002 48.260 + 0.001
353 3361.93 +0.71 263.959 £ 0.019 48.259 + 0.009
AVG 3361.90 £ 0.36  263.959 +0.003 48.260 + 0.001

Notes. AVG is the average over CMB-dominated frequencies 100, 143,
and 217 GHz. The 353 GHz is also given; it has larger uncertainties
because of the much larger dust emission.

are accurately measured over up to 95% of the sky. We also note
that the 40 calibration discrepancy between 100 and 143 GHz
mentioned in Table 10 of Planck Collaboration Int. LVII (2020)
is of the same order as the absolute calibration reflected by the
shift of the amplitude of the solar dipole by 4 uK in their paper
showing a photometric calibration problem.

Figure 11 shows three combinations of the solar dipole
parameters, the results of this work, and the results of
HFI-Legacy (in red). The longitude is the only discrepant param-
eter, being shifted by —3.6’ of longitude (2.5 on the sky) well
outside the error ellipses. There is a key difference between
the extraction method used in this work and the one used in
HFI-Legacy. These latter authors fit the dipole parameters out-
side of a Galactic ridge mask for which the zero dipolar term
of the CMB anisotropies has been removed without filling the
mask with constrained CMB realizations uncontaminated by
dust residuals. This induces a bias on the dipolar component in
the part of the sky outside the Galactic ridge mask M,. This bias
has been simulated on the present final maps by removing the
step of the gap filling, and fitting the dipole parameters outside
the optimal mask M,. The dipole direction is displayed as the
blue cross and dotted error ellipse in the top panel of Fig. 11.
This point falls near the HFI-Legacy red point, as expected as
neither of them have optimal gap filling. The bias on the sky is
1.8" when the shift observed is 2.5’. This simulation shows the
bias induced when M, is not filled with a constrained CMB, and
we added this bias to the uncertainties of the legacy shown by
the full blue line ellipse.

Averaging the three lowest Planck-HFI CMB frequencies
(Table 2) with uncertainties including the systematic effects
therefore leads to the final solar dipole parameters:

A =[3361.90 + 0.04 (stat.) = 0.36 (syst.)] uK;
1 =2639959 + 0°003 (stat.) + 02017 (syst.);

b = 482260 + 0°001 (stat.) + 02007 (syst.). (12)

This result is consistent with HFI-Legacy for amplitude and lat-
itude. The longitude of the dipole axis is shifted by —2.5" on the
sky. This is fully explained by the difference in procedure, hav-
ing introduced the filling of the Galactic ridge mask with con-
strained CMB anisotropy realizations before setting its dipolar
term to zero.

5. Conclusion

Table 3 summarizes the progress made in terms of the accu-
racy of the determination of the solar dipole parameters. This
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Fig. 11. Three combinations of the solar dipole parameters as a cross
together with uncertainty ellipses. Red color shows the HFI-Legacy
results. The blue color is the present work but without filling the Galac-
tic ridge mask M,: dotted when ignoring the systematic effect on the
CMB anisotropies dipolar term and full line when taking into account
the systematic effect. The black color is for the results of the present
work with Galactic ridge M, filled with a constrained CMB.

work provides the best measurement of the solar dipole param-
eters. Nevertheless, the HFI-Legacy systematic uncertainty in
longitude is not compatible with the shift of 3.6 arcmin with
the new determination in this work. Section 4.4 shows that if
the systematic effect associated with the filling of M, with a
CMB realization is included, the compatibility is within 1o
This measurement, together with the large-scale CMB cosmo-
logical anisotropies map, can be used for cross-calibration of
future CMB experiments, and testing the removal of foregrounds
as done in this work.

The dust emission is the dominant large-scale anisotropy
component above 100 GHz strongly affecting the CMB at the
largest angular scales. Such very nonGaussian foreground criti-
cally depends on the zero level of the frequency maps which can
only be constrained for differential experiments by the coherence
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Table 3. Measurements of the solar dipole parameters for different Collaborations and data sets.

Reference Collaboration data set Amplitude Longitude Latitude
(uK] [deg] [deg]
Fixsen et al. (1996) COBE FIRAS 3372 7 264.14 +0.30 48.26 +0.30
Hinshaw et al. (2009) WMAP 3355 48 263.99 +0.14 48.26 +0.03
Planck Collaboration I (2016) Planck HFI+LFI 3364.5 +2.0 264.00 +0.03 48.24 +0.02
Planck Collaboration IIT (2020) Planck HFI 3362.08+0.09 (stat.) 264.021+0.003 (stat.) 48.253+0.001 (stat.)
+0.45 (syst.) +0.008 (syst.) +0.004 (syst.)
+0.45 (cal.)
This work Bware HFI 3361.90+0.04 (stat.) 263.959+0.002 (stat.) 48.260+0.001 (stat.)
+0.36 (syst.) +0.017 (syst.) +0.007 (syst.)
Dust at 545GHz — anew CMB intensity anisotropies map at large scales;
— 100 to 857 GHz dust intensity maps of our new dust model
including the SED spatial variation properties.
The intensity final dust model is given in Fig. 12 for each HFI
frequency as the sum of the 545 GHz map propagated to other
HFI frequencies with the average SED map containing the cor-
rection due to the spatially variable dust SED. This correction
0 1433G y is not a small one. It will of course affect the dust polarization
z

-100
857GHz

[ —
1 MJy.sr—t 1

Fig. 12. Dust model maps: the fop map shows the Dust template
extracted from the 545 GHz final map to be propagated to lower fre-
quencies with the average SED. The other maps show the additive cor-
rection accounting for the spatial variation of the dust SED, for each of
the other HFI frequencies.

of the dipoles. Here we develop a method that improves these
zero levels, which have much better accuracy than the extrapo-
lation to zero column density of interstellar gas. Moreover, the
component separation between the CMB and the dominant dust
foreground is performed iteratively and allows intermediate and
large-scale maps of the dust SED variations to be built.
The data products associated with this paper are therefore:
— improved zero levels of the HFI single detector maps;
— refined CMB solar dipole vector parameters;
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maps as well and this work is in progress.

The Planck HFI data will remain the best all-sky data at
high frequencies for at least a decade. At frequencies higher than
200 GHz, the sky signal is strongly affected by the atmosphere.
The present study products are therefore unique, and can be used
in combination with balloon-borne and ground-based CMB data
until the next CMB space mission.
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Appendix A: Consistency of the dust model
extended to 857 GHz

Amplitude [uK]

: 545-1 —— 545-2 —— 545-3
3200 - T T T T T T

Longitude [°]

Ogs7=0

Latitude [°]

46 T T T

05 0.6 0.7

fsky

02 03 04 0.8

Fig. A.1. Solar dipole parameters extracted from single detector maps
at 545 GHz to which a dust map from 857 GHz has been removed. The
parameters are shown for the three 545 GHz bolometers, and an offset
correction null or optimized to minimize the difference with solar dipole
direction.

Figure 2 shows the similarity between the SED correction maps
from the HFI-Legacy (based on the 857 GHz map) and the
present dust model (based on the 545 GHz). This suggests that
the dust model can be extrapolated to 857 GHz.

The 857GHz map is the sum of the dust emission, an
unknown offset correction, noise, and systematic errors. The
CMB anisotropies and low-frequency foreground emission are
fully negligible here. Thus, the 857 GHz map is used as a dust
template which is propagated at 545 GHz using Eq. (3):

SED variation from model

545GHz dust cleaned using 857GHz

MK — K
-1000 1000

Residual Residual [smoothed 5°]

K — e K
1000 -200 200

-1000

Fig. A.2. Top left map: computed emission associated to the SED dust
spatial variation applied to 545 GHz. Top right: 545 GHz map correction
after linearly subtracting the 857 GHz map. The bottom maps are the
differences between the two top maps, smoothed at 1 and 5°. Maps are
in pKcmp to allow comparisons with the dipole amplitude.

, f(vs4s)
D' (vsas) =
f(vss7)
X [Dusty,,, — In (—V857 ) ADust; — In? (—V857 ) ADUStz] .
V545 V545

(A1)

A 545 GHz dust model 9 (vs45) is built from the 857 GHz map
by propagating the SED variation dust model. This model is
removed from the 545 GHz single-detector map, leaving only a
CMB solar dipole map plus noise and systematic error residu-
als. To constrain the 857 GHz map offset Ogs7, we compute the
solar dipole parameters for each single-detector 545 GHz map
following the method described in Sect. 4. The 857 GHz offset
is adjusted by minimizing the difference between the 545 GHz
solar dipole directions and the 100—217 GHz average (Table 2),
and found to be Ogs7 =0.124 MJy sr™!.

Figure A.1 shows the CMB dipole parameters extracted from
the three single-detector 545 GHz maps for both a null 857 GHz
offset and for the solved one. The convergence and stability
(amplitude dispersion about 50 uK) at such high frequencies
demonstrate the quality of the dust model and the fact that
the deviations do not come from the dust removal (like in the
HFI-Legacy) but more from the photometric calibration errors
associated with instrument systematic effects.

Figure A.2 shows the consistency of the two dust maps at
545 GHz (top row). The differences are shown in the bottom row
for the full resolution, and at 5° smoothing. Even if there are
some differences near the Galactic ridge, both maps are highly
consistent at high latitudes, demonstrating that the dust model
stands at large scale and high latitude up to 857 GHz.
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