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Abstract. The purpose of this work is to characterize the diffuse Galactic polarized syn-
chrotron, which is the dominant CMB foreground emission at low frequency. We present EE,
BB, and EB power spectra estimated from polarization frequency maps at 23 and 30 GHz
as observed respectively by the WMAP K-band and the Planck lowest frequency channel,
for a set of six sky regions covering from 30% to 94% of the sky. We study the synchrotron
polarization angular distribution and spectral energy distribution (SED) by means of the
so-called pseudo-Cy formalism, provided by the NaMaster package, in the multipole interval
30 < £ < 300. Best results are obtained cross-correlating Planck and WMAP data. The EE
and BB angular power spectra show a steep decay of the spectral amplitude as a function of
multipole, approximated by a power law CFEBB o 2rEBB  with app = —2.95 + 0.04 and
app = —2.85 £ 0.14. The B/E power asymmetry is proved with a B-to-E ratio, computed
as the amplitude ratio at the pivot multipole ¢ = 80, of 0.2240.02. The EB cross-component
is compatible with zero at 1o, with an upper constraint on the EB/EE ratio of 1.2% at the
20 level. We show that the EE and BB power-law model with null EB cross-correlation
describes reasonably well the diffuse synchrotron polarization emission for the full sky if the
bright Galactic center and point sources are masked. The recovered SED shows power-law
spectral indices B = —3.00£0.10 and Spp = —3.05+0.36 compatible between themselves,
in the frequency range 23-30 GHz. Results also seem to indicate that the SED gets steeper
from low to high Galactic latitude.
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1 Introduction

In modern Cosmology, the cosmic microwave background (CMB) plays a fundamental role
describing the physics of our Universe, its structure and how it evolved in time. Among many
other remarkable experiments, the CMB anisotropies have been observed with the Wilkinson
Microwave Anisotropy Probe (WMAP) [1] and, with increasing precision, by the Planck satel-
lite [2]. Further cosmological progress will be made by precisely measuring the polarization
CMB anisotropies. It has been proved that primordial gravitational waves (GWs) would leave
a unique imprint in the so-called B-mode of CMB polarization [3]. Therefore, its detection
would provide a strong evidence in support of some theories on the very early stage of the
Universe [4-6].

However, mixed with the cosmological signal, CMB observations also contain different astro-
physical emissions, usually called CMB foregrounds. The accuracy of the CMB measurements
thus depends critically on the foregrounds removal process, which is commonly done by a



component separation algorithm; for the power spectrum and cosmological parameters esti-
mation, marginalization over some foreground parametrization is usually done [7, 8]. These
methods require different levels of prior knowledge of the foregrounds, in both intensity and
polarization, on their spatial fluctuations, and most importantly, spectral information [9].

The foregrounds are usually characterized as Galactic or extragalactic, and compact or

diffuse, which can dominate at the lower or higher frequencies of interest. In polarization,
there are currently two known important diffuse Galactic foregrounds: synchrotron at low
frequency and thermal dust emission at high frequency, which dominate respectively roughly
below and above 100 GHz. The synchrotron radiation is generated by relativistic cosmic ray
electrons accelerating around the Galactic magnetic field, which spiral around the field lines
emitting radiation. The thermal dust emission comes, instead, from interstellar dust grains
aligned with the Galactic magnetic field. Besides these two main components, it is worth
mentioning other two important foreground sources: free-free radiation, which is emitted by
free electrons interacting with ionised gas, and, Anomalous Microwave Emission (AME), ex-
plained as rotational emission from ultra-small dust grains (spinning dust) [10]. However,
these two foregrounds are not considered in this work because free-free is intrinsically unpo-
larized and AME is expected to be very weakly polarized, with the best current constraints
imposed for the molecular cloud complex W43 with QUIJOTE (I1app <0.39 at 95 per cent
CL at 17 GHz) and WMAP (I1apr<0.22 at 95 per cent CL at 41 GHz) data [11].
The characterization of the thermal dust polarization, at intermediate and high Galactic lat-
itudes, has been carried out with the Planck data at high frequencies [12]. Measurements
were sensitive enough to determine that: the thermal dust polarization frequency dependence
is consistent with a modified black-body, the power spectra are well described by the power
law CfE’BB o (72424002 4nd the B-to-E ratio is CfB/CfE ~ 0.5 in the multipole range
40 < ¢ < 600. Moreover, the dust EB signal is consistent with zero and the EB/EE ratio is
smaller than 3% [13].

The sensitivity at low frequency of current space-based observations, WMA P and Planck,
does not allow a good characterization of the synchrotron polarization signal at intermediate
and high Galactic latitudes. Thus, observations from ground-based experiments at lower
frequencies are very useful to trace the synchrotron emission due to their high signal-to-noise
ratio, such as the S-band Polarization All Sky Survey (S-PASS) [14] at 2.3 GHz, the C-
band All Sky Survey (C-BASS) [15] at 5 GHz or the QUIJOTE-MFI Northern sky survey
[16], covering frequencies from 11 to 19 GHz and whose first release is expected in the next
months. Note that although lower frequencies present higher signal to noise ratios, they can
also be significantly affected by Faraday rotation effects, which can depolarize the synchrotron
emission, especially around the Galactic plane [17]. Conversely, for higher frequencies (such
as those from QUIJOTE-TGI), the synchrotron amplitude is lower but they are in the safer
side with respect to depolarization, while also being closer to the frequencies of interest
for CMB observations. In this work, we characterize the diffuse synchrotron polarization
analyzing the observations of WMAP K-band and Planck 30 GHz frequency channels focusing
on the intermediate and low Galactic latitudes. This is done by considering the sky regions
allowed by a set of customized masks that remove the Galactic center as well as compact
sources, but keeping other bright regions of synchrotron emission, trying to maximise the
diffuse synchrotron signal-to-noise ratio. Results are given for both Planck and WMAP data
independently, as well as cross-correlating the data sets from both experiments, the latter
constituting our reference results.



2 Data and Simulations

2.1 Data

For our analysis, we will use Planck and WMAP data. Planck was a space-based experiment
consisting of two instruments, the Low Frequency Instrument (LFI) and the High Frequency
Instrument (HFI), observing both the total intensity and polarization of sky photons, and
covering a wide frequency range from 30 to 857 GHz with 9 frequency channels. In this work,
we use the 2018 data release (PR3) [2], obtained from the full set of observations, focusing
on the lowest channel at central frequency 28.4 GHz. In Appendix B.1, we use instead the
2020 Planck release (PR4), computed with the NPIPE processing pipeline [18], in order to
test the consistency with our main results. Planck data were downloaded from the Planck
Legacy Archive! (PLA) and then downgraded down to the pixel resolution corresponding to
the Ngjqe = 512 Healpix parameter. Note that the resolution of the PR3 (PR4) 30 GHz
Planck map corresponds to an effective beam of FWHM = 32.39 (31.5) arcminutes.

WMAP was also a space-based experiment, which observed the total intensity and polariza-
tion of the sky, using a narrower frequency range, from 23 to 94 GHz, with five frequency
bands. In our analysis, we include the lowest frequency channel of the WMAP dataset,
namely the K-band centered at 23 GHz [1], obtained from the 9-yr data release. All WMAP
products have been downloaded from LAMBDA? and have been analysed at their original
resolution (Ng;qe = 512, with an effective beam of FWHM=0.88°).

In order to estimate the power spectra from only Planck data, we cross-correlate the
two half-ring 30 GHz maps, that are generated using only the first and the second halves
of each pointing period, respectively. Using the cross-correlation of splits, rather than the
auto-spectra from the full mission data, has the advantage of cancelling instrumental noise
and reducing the effect of systematics. For the only- WMAP analysis, we follow an analogous
procedure and use as splits the co-added maps from 1 to 4 years on one side, and from 5 to
9 years on the other. Power spectra results are also obtained from the cross-correlation of
WMAP and Planck maps, using in this case the full-mission Planck and the co-added nine-
year WMAP maps. By cross-correlating data from independent experiments, we can use
directly the full data set rather than the splits, since the instrumental noise is uncorrelated
and the effect of the systematics is also reduced. This also allows us to use the larger number
of simulations which are available at the PLA for the Planck full mission case with respect
to the half-ring splits. The full-mission Planck maps have significantly lower noise than the
nine-year WMA P maps, however, the synchrotron brightness in the Planck lowest frequency,
at 28 GHz, is around half that in the WMAP K-band, at 23 GHz, what ends up in very
similar foreground signal-to-noise for both experiments. According to [19], at a scale of 1°,
the median (mean) signal-to-noise for WMAP K-band is 2.47 (3.77) while for Planck 30 GHz
we have 2.64 (3.72). Nevertheless, each map is better in some sky regions because of the
different scan strategies. Maps are shown in Figure 1.

2.2 Simulations

In order to estimate the errors of our set of power spectra and evaluate the goodness of fit, we
use simulations. The simulations for the two instruments, both splits and full-mission, contain
the sum of CMB, foregrounds and noise. A foreground simulation is generated with the
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Figure 1. Left: Q (top) and U (bottom) polarization all-sky maps of the Planck 30 GHz frequency
channel [2]. Right: Same maps for the WMAP K-band [1]. All maps have a resolution of 1°.

Python Sky Model package® (PySM) [20], currently used for the sky modeling of many CMB
analysis, at Planck and WMAP frequencies with the considered resolutions*. The chosen
model includes two polarized components: thermal dust, modelled as a single-component
modified black body (d1), and synchrotron emission, described as a power law scaling with a
spatially varying spectral index (s1). AME and free-free emission are not included, since they
are assumed to be unpolarised. We recall that the PySM synchrotron model was obtained
combining the first WMAP polarization data with the Haslam total intensity map at 408
MHz [21], including a model for the Galactic magnetic field [22].
Note that we are always using the same foreground model for all simulations. This proce-
dure has also been followed in previous analyses [13, 23] due to the fact that foregrounds
are deterministic and also to the difficulty of producing different realistic foreground models.
However, this procedure does not include the uncertainties associated to the knowledge of
the foreground model, which are difficult to quantify, what could lead to a covariance ma-
trix somewhat underestimated. In order to test the effect of the foreground model on our
results, we repeated the analysis for our reference case using an alternative PySM model
("d2s2") finding fully compatible results.” We remark that it is very important to include an
estimation of the foreground emission, even if fixed for all simulations, since this introduces
significant variance in the power spectra due to the presence of chance correlations between
the foregrounds and the other components.

For the Planck analysis, we use the CMB and noise PR3-2018 simulations (FFP10) at

3pysm3.readthedocs.io

4Note that this applies to the analyses including WMAP and Jor PR3. PR4, however, provides full simula-
tions including foregrounds, that have been generated by evaluating the Commander sky model at the target
frequency [18].

SMoreover, the analysis carried out using PR4 also considers a different (although again deterministic)
foreground simulation, providing again consistent results (see Appendix B.1). This further confirms the
stability of our conclusions versus the considered foreground model.



the 30 GHz channel, generated using the end-to-end simulation pipeline [24], provided by the
Planck Legacy Archive, which are also degraded to Ng;q. = 512, the resolution considered in
our analysis. In particular, we use 600 FFP10 lensed CMB maps [25], 300 full-mission LFI
E2E simulations and 100 half-ring LFI E2E simulations per split, being the number of the
noise simulations limited by the availability in the PLA. The LFI E2E simulations include
noise and systematics due to realistic instrumental effects, which are then processed with the
same algorithms as for the flight data. For a consistency test, we also use the new full-mission
and A /B-splits Planck PR4 simulations, but further details are presented in Appendix B.1.

For the WMAP analysis, we generate 300 CMB Gaussian realizations using the power
spectra from the Planck best-fit ACDM model [2] at the WMAP K-band channel resolution,
using the Healpy package® [26, 27]. In addition, we generate a set of 600 noise simulations
consistent with the full WMAP 9-yr and 2 sets of 300 noise simulations consistent with
the split data sets. The full-data noise simulations are obtained from the full pixel by pixel
covariance matrix, while those for the splits are generated combining the single-year covariance
matrices from year 1 to 4 on one side and from year 5 to 9 on the other. The single-year and
the full-mission covariance matrices are provided as LAMBDA Products.

3 Masks

Although Galactic foregrounds studies usually focus on regions at high Galactic latitudes
(since these are of greater interest for CMB analyses), these regions are very affected by noise
in the WMAP 23 GHz and Planck 30 GHz polarised maps. Therefore, in order to have a
higher signal-to-noise, our analysis will instead concentrate on low and intermediate latitudes,
by constructing a set of customised masks with different sky fractions. For comparison, and
in order to test the validity of our results also at high Galactic regions, the (almost) full-sky
case will also be considered. In particular, our masks are constructed as a combination of a
Galactic mask (that removes the brightest Galactic centre), a point source mask and a series of
polarization masks constructed by thresholding the total polarised intensity (P = 1/Q? + U2)
of the Planck 30 GHz map. In this way, we end up with a set of five custom masks at
intermediate and low Galactic latitude, which provide a useful sky fraction from 30 to 70%.
For completeness, we also consider a 94% mask constructed simply combining the Galactic
and the point sources masks.

3.1 Galactic Mask

The emission of the central part of the Galactic centre has a very complex behaviour and,
therefore, can not be characterised with a simple power law model, as the one considered
in this work. Therefore, it needs to be excluded from our analysis. For this we construct a
customised Galactic mask in the following way.

First, as baseline, we exclude those pixels given by the 2015 Galactic plane mask (provided
in the PLA) that leaves 97 per cent of the sky unmasked and that has been derived from
Planck higher frequency channels. Second, in order to adapt better our customised mask to
the considered data maps, we also exclude those pixels with P > 70 uK in the Planck 30
GHz channel and those with P > 280 uK in the WMAP 23 GHz map, both smoothed at 5°.
The thresholds were set independently for each map in order to select the best region around
the Galactic centre, such that the results of the analyses were robust while discarding only a
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small fraction of the sky.

In order to regularise the boundaries, the resulting mask is then smoothed with a Gaussian
beam with FWHM=2°. All pixels with values < 0.8 are considered for the mask and, there-
fore, discarded from the analysis. The final Galactic mask retains a sky fraction of f, = 0.95
(see grey Galactic region of Fig. 2).

3.2 Point Source Mask

The previous Galactic mask is not enough to ensure the exclusion of all regions with complex
emission that do not follow a simple model for the power spectra. Indeed, we have seen that
very bright point sources, both Galactic and extragalactic, can have a significant effect at the
spectra at all scales. Therefore, we generate a point sources mask as a combination of Planck
and WMAP polarization point source masks.

For Planck, we use the mask for the 30 GHz polarised map of the SEVEM pipeline (one of the
four component separation methods used by the Planck Collaboration), which consists of 195
point sources that have polarization detection significance levels of 99% or more [8, 28, 29|.
The WMAP point sources mask is generated from a point source catalog [30] of 22 objects,
where each source is detected in polarization with a significance level greater than 99.99% in
at least one WMAP channel. After combining these two masks, we smooth it with a Gaussian
beam with FWHM=30 in order to enlarge the point source holes and, therefore, exclude from
the analysis additional pixels that can still be affected by their emission. In particular, we
mask only those pixels with values < 0.8. The final point sources mask covers about 1% of
the sky. The masked point sources can be seen in grey in Fig. 2.

3.3 Total Polarized Intensity Mask

The combination of the previous Galactic and point sources masks defines a preliminary
region (of around 6 per cent of the sky) that will be excluded from all of our analysis. Once
these pixels are removed, since for the characterization of the synchrotron emission one should
consider regions with a sufficient signal-to-noise ratio, we construct a set of masks that select
those areas with the largest polarization signal in the remaining 94 per cent of the sky.
Thus, we mask those pixels below successively lower thresholds of P in the Planck 30 GHz
polarization map, smoothed to a 5° resolution (Gaussian beam). The thresholds are chosen
such that we select five regions that retain a fs, from 0.3 to 0.7 in steps of 0.1, as shown
in Figure 2. As one would expect, this procedure tends to mask mostly regions far from the
Galactic plane, naturally excluding high latitudes, and leaving unmasked the central regions
in both hemispheres. The mask selection process is described in more detail in Appendix A.
In order to have masks with softer boundaries, we smooth them with a Gaussian beam of
FWHM=3° and exclude all pixels < 0.5. Furthermore, in the resulting masks, we remove small
isolated "holes" and "islands" with radius smaller than 5°, which could otherwise complicate
the spectra estimation. In this way, we have a set of 5 masks that, together with the near
full sky mask (that removes only the Galactic and point source regions) constitute the basic
set of masks for our analysis. Finally, before calculating the spectra and in order to reduce
leakage effects in the power spectra, these six masks are apodized using the “C2” method
of NaMaster” [31] with an apodization length of 3°, where pixels are multiplied by a cosine
function of their distance to the nearest fully masked pixel.

For our main results, we pick as the reference mask the one with fg, = 0.5, which is a good
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compromise between the considered sky fraction and the signal-to-noise ratio, as explained in
Appendix A.

Figure 2. The different regions used to estimate the power spectra are shown. Note that the valid
pixels of a given mask are also allowed in all the masks that leave a larger fraction unmasked. In
this way, the sky fraction allowed by the 30% mask is showed in dark red, the valid pixels of the 40%
mask are given by the combination of the dark red and orange regions, the 50% includes the dark
red, orange and yellow areas, the 60% contains the same regions plus the turquoise one and, finally,
the 70% also includes the light-blue pixels. The 94% mask only excludes from the analysis the grey
region, which corresponds to the combination of the Galactic and point source masks.

4 Angular Power Spectra

In order to characterize the Galactic synchrotron polarization signal, we compute EE and BB
auto-spectra and EB cross-spectra on the set of six masks described in the previous section.
In particular, in order to deal with the presence of masks, which can induce mixing of power
between multipoles and between polarization modes, we use the public code NaMaster [31],
an advanced implementation of the pseudo-spectrum method to estimate the power spectra
on an incomplete sky. Although this type of approach has been shown to be less optimal at
large scales than Quadratic-Maximum Likelihood methods, they provide comparable results
for the range of scales that we consider in this work, while being significantly faster (see [32]).
NaMaster has already been successfully used in different cosmological applications [23, 33, 34].

Pseudo—C’fE are estimated with the NaMaster E-purification method, where the so-
called pure E mode is defined as the field that is orthogonal to all B modes. Similarly,
pseudo—CfB are estimated with the NaMaster B-purification method. The pseudo—CfB are
computed cross-correlating a pure E with a pure B field. Note that at large angular scales
(low multipoles) diffuse synchrotron emission dominates, while at higher multipoles (¢ 2 250)
noise, and possibly extragalactic point sources, can play an important role. Taking this into
account, we focus our main analyses in the multipole range 30 < ¢ < 300, binning with A¢
= 10 for multipoles 30 < ¢ < 200 and with A¢ = 20 for multipoles ¢ > 200. We discard
the lowest multipoles, since pseudo-spectra methods are suboptimal at very large scales on a
masked sky. Consistency of the results versus a different choice of the multipole range (10 <
¢ < 400) is discussed in Appendix B.2.

We model the EE and BB synchrotron power spectra as a power law parameterized by



the index « and amplitude A evaluated on a pivot point £ = 80

XX xx (£ \oxx

CEX = A (80) (4.1)
with XX = EF, BB. The pivot point at £ = 80 corresponds to the most important scale
for measuring the synchrotron contamination to CMB because it is where the maximum of
the contribution from cosmological gravitational waves is supposed to be located. We fit the
EE and BB power spectrum estimated from the data to the previous model (with a total of
20 degrees of freedom) with a nonlinear least-squares algorithm provided by the SciPy [35]
Python packages. Note that before performing the fit, the CMB contribution is subtracted
from the data at the spectrum level and this is done by estimating the average CMB power
spectra from CMB simulations using the same NaMaster procedure as for the data. With this
procedure, we only subtract the average CMB signal, while the cosmic variance contribution
is preserved in the covariance matrices.
The EB cross-spectra is simply modelled as a constant

CEB = AFB, (4.2)

In this case we also perform a x? fit, with a total of 21 degrees of freedom. In both fitting
processes, we take into account the full covariance matrices computed with simulations. The
effects of the instrumental beams and the pixel window function are also considered.

We first fit equations 4.1-4.2 independently to the power spectra estimated from Planck
30 GHz and from WMAP K-band data. Then we fit the EE, BB and EB models to spectra
obtained cross-correlating the WMAP K-band with the Planck 30 GHz maps. The results are
presented in the following subsections. In order to test the robustness of the results, we also
fit the same models to the power spectra estimated from the Planck PR4 30 GHz [18] data
and to the spectra obtained cross-correlating WMAP and PR3 in a larger multipole range,
results are presented in Appendix B.

4.1 Planck

We compute the EE, BB and EB power spectra cross-correlating the half-ring maps of the
Planck-LFI 30 GHz maps. Covariance matrices are estimated from 100 half-ring simulations.
We fit the model in equation 4.1 separately for E and B-modes, and for EB we fit a constant
(equation 4.2). The power spectra and their corresponding fits are showed in Figure 3, each
panel corresponding to a different mask. Both EE (red diamonds) and BB (blue squares)
spectra show a steep decay of the synchrotron amplitude as a function of the scale. The
goodness of the fit, reported in Table 1 in terms of x2, confirms that the simple power law
model describes reasonably well the synchrotron polarization power spectra in most cases.
Even so, there are a few x? values, especially for EB, which slightly exceed the expectation
for the considered distribution. This seems to be related to the limited number of simulations,
which leads to a misestimation of the covariance matrix. Indeed, when repeating the same
analysis using PR4 data, for which a larger number of simulations is available, the goodness
of fit improves in most cases, especially for the EB fit (see Appendix B.1 for details). The
effect of the number of simulations in also further considered in sections 4.2 and 4.3.

From Table 1, it is seen that, for all the considered masks, there is a systematic difference
between the best-fit values for the indices agpg and agp. In particular, for our reference mask
(foy = 0.5), we find -2.9940.13 and -2.2440.28, respectively, suggesting a steeper decay of
the diffuse synchrotron E-component with respect to the B-component. By simply combining



the errors quadratically, this implies that the two indices are inconsistent at the 20 level.
However, there may be correlations between both quantities that are not being taken into ac-
count, implying that the combined error may be somewhat underestimated. In addition, the
analyses presented in the next sections do not show this behaviour. Therefore, this difference
does not seem to be significant. The B-to-E ratio is computed as the amplitude ratio at the
pivot multipole £ = 80, and it turns out to be around 0.27 (slightly varying with the con-
sidered sky fraction). This amplitude asymmetry between the two polarization components
is confirmed for all the masks, even in the 94% case, showing that it does not seem to be
associated to specific regions but rather to be a feature of the diffusion synchrotron emission
in almost the whole sky.

The EB cross-spectra is compatible with zero for the whole mask set within 1o. We can put
an upper constraint on the diffuse synchrotron polarization EB power spectrum, finding it
to be smaller than 4.2% that of the EE spectrum. The constraint is computed from the 20
error bar of the amplitude ratio AFB /AFF of the reference mask in Table 1, with the ratio
evaluated at the pivot multipole ¢ = 80. As far as we know, this is the first direct constraint
on the EB cross-correlation of the diffuse synchrotron emission.

We can compare our results with those found by the Planck Collaboration in 2018 using

the Commander and SMICA component separation methods [8]. They estimated the spectra
from a different region, which considers intermediate and high Galactic latitudes, thus finding
smaller amplitudes than in our analysis, A¥¥ = 2.3+ 0.1 (2.4 +0.1) uK? for Commander
(SMICA), but very compatible® EE power spectrum index agp = —2.84+0.05 (—2.8840.04).
The value found with Commander (SMICA) for app = —2.76+0.09 (—2.75+0.07) is slightly
different from ours, even if compatible at 20. This apparent discrepancy can be explained
by the very different procedure used in that work to extract the foreground signal (through
a component separation method that takes into account all frequency channels), the use
of different sky regions as well as a different power spectrum estimation method. Those
differences are expected to have a larger impact on the BB spectrum, rather than EE, because
of the lower signal-to-noise. The B-to-E ratio, around 0.34, is very compatible with the value
we find for our 94% mask, that is 0.3320.06, which is the most similar mask to that used in
the Planck work. Nevertheless, the B-to-E ratio compatibility holds also for our 30% mask,
that is 0.2940.04, which instead left unmasked mostly low latitudes.
Comparing our results with the ones found in 2018 with S-PASS [36] at frequency 2.3 GHz,
we see some differences. In particular, the BB synchrotron spectra is found to have a steeper
decay, with app around -3, and the B-to-E ratio is about 0.5 (although the specific values
of these parameters vary strongly with the considered latitudes). These differences could
be explained by the different frequency of observation of both experiments and, to a lesser
extent, by the different regions considered for the analysis. Indeed, at low frequencies we
expect other physical effects to take place, such as the Faraday rotation, depolarizing the
synchrotron emission.

8 Along this work, when referring to compatibility between two values (either obtained here or in relation to
previous results), unless otherwise stated, we mean that the difference of the two central values is less than 2o.
In this case we take o = /0% + 02 with o; the errors of the compared values. Note that this combined error
is just an approximation, since it does not take into account possible correlations between the two considered
quantities.
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Figure 3. Planck results. Top panels: EE (red diamonds), BB (blue squares) pseudo-spectra, bottom
panels: EB (purple squares) pseudo-spectra, at the nominal frequency 30 GHz. Spectra are computed
cross-correlating the Planck 30 GHz half-ring maps, for each of the six sky masks, identified by the

unmasked sky fraction. The dashed lines are the best fits to the data points.

The indices a (top

panels) are the exponent of the fitted power law 4.1 and the amplitudes Agp (bottom pannels) are

the constant fitted in equation 4.2.
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fsky 94% 70% 60% 50% 40% 30%

QEE -3.09 £ 0.11 -2.82 £0.10 | -2.84 £0.12 -2.99 £ 0.13 -2.87 £ 0.11 -2.87 £ 0.11
aBB -2.22 £0.28 | -248 £0.24 | -2.31 +£0.22 -2.24 £ 0.28 -220 £0.33 | -2.44 £0.35

AFE [1073uK] | 4.86 +0.28 7.69 + 0.44 8.87 + 0.52 10.01 + 0.62 | 12.07 £ 0.61 | 14.4 + 0.69
ABB 1073uK] | 1.62 4+ 0.27 1.92 + 0.29 2.61 + 0.30 2.72 + 0.37 3.04 £+ 0.45 4.14 + 0.59

ABB JAEE 0.334+0.06 | 0.25+0.04 | 0.29 + 0.04 0.27 4 0.04 0.25 4+ 0.04 | 0.29 £ 0.04
x4 g (20 dof) 19.3 22.0 25.6 29.8 21.9 19.5
X% 5 (20 dof) 35.3 20.3 20.6 22.1 21.7 25.2

AEB [1073uK] | 0.04 £ 0.12 0.08 £ 0.17 0.04 £ 0.16 -0.11 £ 0.21 0.04 £ 0.27 0.02 £ 0.35
AEB JAEE 0.008 = 0.024 | 0.010 £ 0.022 | 0.005 £ 0.018 | -0.011 £ 0.021 | 0.004 £ 0.022 | 0.002 & 0.024

X35 (21 dof) 30.4 34.5 27.8 37.1 41.1 32.2

Table 1. Planck results. Best-fit parameters with 1o errors and x? of the power-law in equation 4.1
for EE and BB, and of the constant baseline in 4.2 for EB. Spectra are computed cross-correlating
the Planck 30 GHz half-ring maps, for each of the six sky masks described in section 3.

4.2 WMAP

We compute the EE, BB and EB power spectra for the WMAP K-band cross-correlating
the co-added year maps from 1 to 4 with the co-added year maps from 5 to 9. Covariance
matrices are estimated from 300 simulations per year-split”. We fit the model in equation
4.1 separately for E and B-modes, and for EB we fit the model of equation 4.2. The power
spectra and the corresponding fits are showed in Figure 4 while the best-fits parameters are
given in Table 2.

As for Planck, EE and BB spectra show both a steep decay of the synchrotron amplitude
as a function of scale. For the reference mask (fs, = 50%), we find app = —2.92 £+ 0.07
and app = —2.84 + 0.29, very compatible between them. This kind of consistency holds
for most of the mask set, supporting the hypothesis that the two synchrotron polarization
components decay as a function of multipoles with the same ratio. The estimated B-to-E
ratio ranges from 0.23 £ 0.03 (for the 50 and 94% masks) to 0.17 £ 0.03 (when considering
40% of the sky). This amplitude ratio between the two polarization components suggests an
even stronger asymmetry than the one found for the Planck 30 GHz channel.

The EB cross-correlation is compatible with zero at 1o in the reference mask and within
20 for the whole mask set. This is a further confirmation of the hypothesis of null cross-
component in the diffuse synchrotron polarization. The EB/EE ratio evaluated at the pivot
multipole £ = 80 , provides an upper limit to the EB amplitude Agpp < 0.044 Agp at 20.

The model of the synchrotron polarization spectra derived from WMAP, for most of the
masks, is consistent with the power law model with null EB cross-correlation that we obtained
for Planck, as showed in Figure 5, as well as with the Commander and SMICA models [8].
However, WMAP data suggests a slightly smaller B-to-E ratio, where the E-component is
about 4.3 times larger than the B-component. This is again also different from the S-PASS
results [36], but, as previously mentioned, this could be explained by the different frequency
and, to a lesser extent, by the different regions observed by both experiments.

9Note that in the case of Planck half-ring maps, the number of simulations were limited to 100, as provided
by the Planck collaboration. For WMAP, we tested the robustness of the results versus the number of
simulations. We found that results were stable with 300 simulations, improving in particular the error in agg
with respect to the use of a lower number of simulations.
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Figure 4. WMAP results. Top: EE (red diamonds), BB (blue squares) pseudo-spectra, bottom:
EB (purple squares) pseudo-spectra, at the nominal frequency 23 GHz. Spectra are computed cross-
correlating the co-added WMAP K-band year maps, for each of the six sky masks, identified by the
unmasked sky fraction. The dashed lines are the best fits to the data points. The indices « (top) are
the exponent of the fitted power law 4.1 and the amplitudes Agp (bottom) are the constant fitted in

equation 4.2.
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Fsky 94% 70% 60% 50% 40% 30%
QEE -2.91 + 0.07 | -2.86 £ 0.07 | -2.88 4+ 0.07 | -2.92 + 0.07 | -2.89 + 0.08 | -2.95 + 0.08
app -3.07+0.24 | -3.16+£0.27 | -3.254+0.30 | -2.84 +0.29 | -3.36 £ 0.37 | -2.93 4+ 0.40
AFE [1073uK] | 21.83+0.83 | 30.31 £1.02 | 3487 +£1.15 | 38.75+£1.29 | 4545+ 1.70 | 52.38 + 1.99
ABB [1073uK] | 4.93 4+ 0.66 6.03 + 0.89 7.00 £+ 1.09 8.73 + 1.20 7.60 +£ 1.43 | 10.16 + 1.75
ABB JAEE 0.23 + 0.03 0.20 + 0.03 0.20 + 0.03 0.23 + 0.03 0.17 + 0.03 0.19 + 0.03
x4 g (20 dof) 21.4 16.3 17.4 17.1 15.8 16.0
%5 (20 dof) 23.0 23.0 24.8 22.9 28.7 29.4
AEB [1073uK] | 0.72 £ 0.46 0.78 + 0.61 0.79 + 0.89 0.37 + 0.83 1.11 + 0.87 0.66 + 1.17
AFB JAEE 0.033 + 0.021 | 0.026 4 0.020 | 0.023 + 0.026 | 0.010 £ 0.022 | 0.024 + 0.019 | 0.013 + 0.022
X% g (21 dof) 23.0 24.6 35.6 27.3 22.9 31.3

Table 2. WMAP results. Best-fit parameters with 1o errors and x? of the power-law in equation 4.1
to EE and BB, and of the constant baseline in 4.2 to EB. Spectra are computed cross-correlating the
co-added WMAP K-band years maps, for each of the six sky masks described in section 3.
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Figure 5. Comparison between the best-fit parameters found for Planck 30 GHz (filled squares)
and WMAP K-band (blank diamonds) to the models of equations 4.1 and 4.2. 1o and 20 errors are
showed with thick and thin lines, respectively. To allow for a better visualization, WMAP values are
slightly shifted in the x-axis.

4.3 WMAP-Planck cross spectra

From the previous WMAP and Planck individual analysis, we can conclude that our char-
acterization of the synchrotron polarization power spectra, provided the Galactic centre and
bright point sources are properly masked, holds reasonably well in the frequency range 23-
30 GHz and is supported by two independent experiments. Therefore, we can improve the
estimation of the model parameters by cross-correlating the data of the two experiments,
increasing the signal-to-noise while reducing the effect of possible systematic errors. Differ-
ently from the previous analyses, we use the full-mission Planck 30 GHz and the co-added 9
years WMAP K-band maps instead of data splits. Since we are cross-correlating two inde-
pendent experiments, instrumental noise will cancel and possible systematics will be reduced
even when using the full data maps. In addition, we can benefit of the larger number of
simulations available, that yields to smaller errors on the estimated parameters.
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We generated 600 spectra cross-correlating Planck and WMAP simulations to estimate
the covariance matrices. Being the Planck noise simulations limited to 300, we used each
of these noise simulations twice!?. Even if the simulations are not completely independent
because of the limited number of the Planck noise simulations, the other two components
(CMB and WMAP noise) are still fully independent, giving a better statistics which improves
the estimation of the covariance matrix. Although for the sake of brevity we omit the results
for the Planck-WMAP cross-spectra derived from the split data, they are fully compatible
with the results presented in this section. Fig. 7 shows the EE, BB and EB power spectra and
the best fits obtained from the WMAP-Planck cross-correlation analysis, Table 3 provides
the best-fit parameters and the y? values.

For our reference mask (fsy = 50%), the EE and BB power spectra of the diffuse
synchrotron emission show a steep decay as a function of multipoles with consistent power
spectrum indices agpp = —2.95 + 0.04 and app = —2.85 + 0.14. The goodness of the fits
supports the validity of the power law model and the hypothesis of compatibility between the
steepness of the two polarization components. Considering the results for the full set of masks
shown in Figure 7, agg is very stable and compatible with the nearly-full sky case (94%).
Instead, the BB power law shows a slight tendency to steeper values when including high
latitudes. The B-to-E ratio for the reference mask is found to be 0.22 + 0.02 and it ranges
from 0.20 in the 94% mask to 0.25 for the 30% mask, which shows again how the foreground
E-component dominates the polarization emission over the B-component at low frequency.
We find that the difference between the two polarization components, both in amplitude and
steepness, is larger when considering the nearly full-sky case, whereas it tends to decrease
when considering mainly regions closer to the Galactic plane (where the signal-to-noise is
higher). In any case, the results computed for the complete set of masks are consistent at 20,
except for the 94% mask (where consistency holds at 2.50). A more precise characterization
of the EE and BB power spectra with latitude would require maps with better sensitivity in
polarization.

The EB cross-spectra is consistent with zero at 1o for the whole mask set, therefore, the

hypothesis of null EB cross-correlation holds for the diffuse synchrotron emission even when
considering the nearly full-sky case. The spectra provided by the cross-correlation of Planck
and WMAP gives the most stringent upper limit to the EB amplitude, found to be < 1.2%
(20) of the EE amplitude, computed at multipole £ = 80.
As anticipated in section 4.1, we point out that the covariance matrices used in the fit for EB
could be underestimated because of the limited number of simulations, leading to some larger
x? values. We tested the dependency of x? on the number of simulations using samples of
different sizes, finding that a larger number of simulations lead to more stable results and to
lower values of y2.

These results point out that the two most important polarised foregrounds, thermal dust
and synchrotron, present some differences at spectra level. At high frequency the thermal
dust emission shows a power law decay with power spectrum index oy ~ -2.5 [13], less
steep than the power spectrum index a; =~ -2.9 that we find for synchrotron. Moreover, the
B/E asymmetry for the synchrotron emission, around 0.22, is stronger than the asymmetry
found for dust, around 0.5. The observed EB/EE power ratio, for both thermal dust and
synchrotron, is smaller than about 0.03.

The results presented in this section for the cross-experiment analysis are, in general,

YA similar procedure has been followed to increase the number of simulations in [37].
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compatible with the single-experiment analysis of Planck and WMAP. Moreover, the steep-
ness of the power law model which describes the EE and BB power spectra are compatible
with the Planck component separation results presented in 2018 [8]. Nevertheless, the B-to-E
ratio we find in the nearly full sky case is slightly smaller than the ratio found by Planck in
the intermediate and high latitudes. As discussed in the previous sections, several differences
appear when comparing our results with the model found with S-PASS [36], mainly due to
the fact that they analyze maps at a lower frequency, that is 2.3 GHz, and only at high Galac-
tic latitudes. In particular, we find a less steep and compatible decay for both EE and BB
and a B-to-E ratio of about 0.22, where instead with S-PASS it is observed that at Galactic
latitudes |b| > 30° the mean value of the decay index is a ~ —3.15 and with a B-to-E ratio
~ 0.5 for |b| > 35°.

From our analysis and the comparison with the two mentioned works, we can conclude
that our characterization of the synchrotron polarization power spectra can be extended
to high Galactic latitude, thus to the full sky after removing the brightest regions, in the
frequency range 23-30 GHz. Instead, we cannot exclude that at different frequencies, in
particular smaller, the synchrotron polarization power spectra could deviate from our char-
acterization due to some physical effects.

In Appendix B some robustness tests are presented, which confirm the results obtained
in section 4. In particular, in section B.1 we repeat the same analysis cross-correlating the
A/B detector splits of the 2020 Planck NPIPE release (PR4). In section B.2, we test the same
power law model in a larger multipole range (10 < ¢ < 400). Finally, in Appendix C, we also
analyse and test the model independently in the Northern and Southern hemisphere, finding
consistency with the results presented in this section.

sy 94% 70% 60% 50% 40% 30%
apE -2.93 £0.05 | -2.884+0.05 | -2.91 £0.05 | -2.95+£0.04 | -2.94 £ 0.05 | -2.95 £ 0.07
QBB -3.26 £0.12 | -3.114£0.15 | -3.04 £0.15 | -285£0.14 | -2.97 £ 0.15 | -2.79 £ 0.15
APE [1073uK] | 10.26 £ 0.30 | 14.09 + 0.33 | 16.02 £ 0.40 | 17.88 £ 0.39 | 21.02 + 0.50 | 24.72 + 0.83
ABB1073uK] | 2024014 | 2924023 | 3554026 | 3.994+026 | 492+032 | 6.06=+ 0.38
ABBJAEE 0.20 £ 0.01 | 0.21£0.02 | 022+002 | 02240.02 | 023£0.02 | 0.25+0.02
X% (20 dof) 28.3 19.9 20.2 13.9 15.9 30.2
X% (20 dof) 12.7 17.7 18.5 14.5 16.2 15.1
AEB [1073uK] | 0.02+£0.06 | 0.0940.10 | 0.0540.11 | 0.08+0.11 | 0.08+0.12 | 0.04 £ 0.14
AEB [APE 0.002 + 0.005 | 0.006 + 0.007 | 0.003 + 0.007 | 0.005 & 0.006 | 0.004 & 0.005 | 0.002 % 0.006
X% 5 (21 dof) 23.0 37.1 36.4 29.5 24.6 23.6

Table 3. Planck- WMAP results. Best-fit parameters, 1o errors and x2 values for the power-law in
equation 4.1 for EE and BB, and for the constant baseline in 4.2 for EB. Power spectra are computed
by cross-correlating the co-added 9 year WMAP K-band maps and the full-mission Planck 30 GHz
maps, for each of the six sky masks described in section 3.

5 Spectral Index

In the previous section we focused our analysis on the characterization of the polarization
power spectra of Planck and WMAP at low frequency. However, since we have observations
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Figure 7. Planck-WMAP results. Best-fit parameters to the models of equations 4.1 and 4.2 com-
puted on the cross-spectra of WMAP K-band and Planck 30GHz. 1o and 20 errors are showed with
thick and thin lines, respectively.

at different frequencies, nominally at 23 and 30 GHz, we can also get insights of the behaviour
of the diffuse synchrotron polarization with frequency.

5.1 Methodology

The synchrotron spectral energy distribution (SED), both in temperature and polarization,
is generally described for each pixel by a power law'!

B
5 =5, <V”O>

where Sy is the foreground amplitude of a particular pixel at the pivot frequency vy and 3
is the energy spectral index that we assume spatially constant for simplicity. The modelling
of the synchrotron SED in polarization as well as the knowledge of the spectral index 3, are
essential to test and perform component separation in current and future CMB polarization
studies.

From equation 5.1, we can get the relationship between the amplitudes of the power spectra
of the WMAP K-band and the Planck 30 GHz maps for the two polarization components E
and B

(5.1)

(5.2)

XX\WMAP xxyPlanck (VM A
_ anc
G sy
with yWMAP — 93 GHgz, pFlanck — 98 4 GHz and XX = FE, BB.
Combining equations 5.2 and 4.1, we get a system of equations that relate the energy spectral

index 8 and the power spectrum index « for each of the polarization components

(Cg(X)Planck — (AXX)Planck ( ¢ )O‘XX

80
axx [,wMap\2Bxx (5.3)
(CXXYWMAP _ (4XX)Planck (L) (uPl k)
80 yPlanc

"More complex models are also considered in the literature, such as the one including a curvature parameter.
However, given the sensitivity of Planck and WMAP data, we restrict our analysis to the simple power law
case. Future low frequency data, such as QUIJOTE, would help to discriminate between these two types of
models.
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with XX = FE, BB, and (AXX)Planck refers to the polarization power spectrum amplitude
at ¢ = 80 for the Planck lowest channel, centered at 28.4 GHz. Before performing the fit, in
order to account for the effect introduced by the instrumental bandpasses, we corrected the
amplitudes in equations 5.3 multiplying them by the colour correction coefficients, following
the same procedure and using the same coefficients as those given in [13]. We perform a >
fit to the system of equations 5.3 for the EE and BB auto-spectra with 41 degrees of freedom,
keeping the amplitude A, the power spectrum index « and the energy spectral index 3 as
free parameters. The first two parameters have been widely tested in the previous section,
providing a robust test to validate the results presented in this section. In particular, for the
analysis, we use the EE and BB power spectra obtained in section 4.1 for Planck and section
4.2 for WMAP.

5.2 Results

Results are reported in Table 4. For our reference mask (50%), the spectral indices Sgg
and Bpp are very consistent, with values of -3.00+£0.10 and -3.054+0.36 respectively. These
values are consistent with the spectral index found for intensity by previous Planck/ WMAP
analyses [38, 39|, supporting the model of a steep decay due to radiative losses, which cause
spectral ageing [40]. Moreover, our values are consistent with results found by S-PASS [36]
in polarization and by the Planck component separation methods [8]. We note, however,
that several x? values corresponding to the B component exceed the expected values for the
considered degrees of freedom. As already discussed in section 4, this seems to be related to
the limited number of Planck simulations, having probably a larger impact on BB due to the
smaller signal-to-noise.

Figure 8 shows the best-fit parameters for each of the considered masks for both the E-
and B-mode components. It is interesting to point out that the power spectral indices tend
to move towards steeper values when considering larger sky fractions, i.e., when including
higher Galactic latitudes in the analysis. In particular, Spg ranges from -2.98 to -3.22 while
Bpp expands a wider range, from -2.39 to -3.48, but with larger uncertainties. This kind
of steepening has been observed in other previous works [17, 36|, showing that the spectral
index gradually steepens from § ~ -2.8 to 8 ~ -3.3 when including higher Galactic latitudes.

We also note that the power spectrum indices agg, app and the B-to-E ratio are com-
patible with the results presented in section 4.3, supporting the robustness of the analysis
presented in this section.

6 Conclusions

We have analyzed the sky emission at 23 and 30 GHz with the WMAP K-band and the
Planck lowest frequency channel data. The main target of our analysis has been the study
of the angular and spectral distribution of the diffuse Galactic polarized synchrotron. We
have constructed a set of six masks, five of them increasing from low to intermediate Galactic
latitude (from 30 to 70 per cent of sky coverage), and a 94% mask which allows almost the full
sky except for the Galactic center and some bright point sources. We have estimated EE, BB
and EB power spectra from Planck and WMA P independently, as well as by cross-correlating
the two experimental data. We have fitted the power law CfE’BB x (*EE BB independently
for the EE and BB power spectra and the constant CfB = AFB for the EB cross-spectrum,
in the multipole range 30 < ¢ < 300 for each of the considered cases.
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Figure 8. Best fit parameters to the system of equations of 5.3 computed from the WMAP K-band
and Planck 30 GHz data. 1o and 20 errors are showed with thick and thin lines, respectively. AX¥X
refers to the polarization power spectrum amplitude at ¢ = 80 for the Planck lowest channel.

fky 94% 70% 60% 50% 40% 30%
apE -3.00 £ 0.06 | -2.87 & 0.06 | -2.89 4+ 0.06 | -2.94 + 0.07 | -2.86 + 0.07 | -2.9 + 0.07
aBp -3.02 £ 0.23 | -2.85 &+ 0.20 | -2.75 &+ 0.22 | -2.65 + 0.20 | -2.90 + 0.31 | -2.51 + 0.23
BEE -3.22 £ 0.09 | -3.14 £+ 0.11 | -3.13 &+ 0.10 | -3.00 + 0.10 | -3.01 &+ 0.11 | -2.98 £ 0.10
BB -3.48 £ 0.41 | -3.15 & 0.41 | -2.85 & 0.38 | -3.05 + 0.36 | -2.66 + 0.55 | -2.39 + 0.39
AFE1073uK] | 455 +0.18 | 6.79 £ 0.30 | 7.82 + 0.33 | 9.18 & 0.40 | 10.88 + 0.47 | 12.84 + 0.50
ABB [1073uK] | 0.98 £0.20 | 1.47 £ 0.25 | 2.04 + 0.31 | 2.21 £ 0.32 | 2.26 + 0.50 | 3.67 + 0.51
ABB JAFE 0.22 +0.04 | 0.22 +0.04 | 0.26 +0.04 | 0.24 + 0.04 | 0.21 £0.05 | 0.29 & 0.04
X% (41 dof) 44.3 44.1 50.3 49.7 44.8 38.7
X% (41 dof) 79.7 51.5 64.1 45.9 82.6 68.5

Table 4. Planck- WMAP results. Best-fit parameters (with 1o errors) for the model given in equation
5.3 for the EE and BB power spectra, and their corresponding x2 values. Planck spectra are computed
cross-correlating the half-ring maps, WMAP spectra are computed cross-correlating the co-added
WMAP K-band years maps. The sky fractions are the ones retained by the six sky masks described
in section 3.

For the cross-correlation analysis and a mask that allows 50 per cent of the sky, we
have found a steep decay for E and B-modes, with indices apgp = —2.95 £ 0.04 and app =
—2.85 4+ 0.14, consistent between both components, and an asymmetry between the two
amplitude modes with a B-to-E ratio equal to 0.2240.02, at the pivot multipole £ = 80. The
compatibility between the two polarization components is better, in general, when considering
mainly regions with high signal-to-noise. For the cross-correlation analysis, we have also found
that the EB cross-spectra is consistent with zero at 1o for all the considered sky fractions,
imposing a constraint on the EB amplitude to be < 1.2% (20) that of the EE amplitude for the
50% mask. We have also obtained, in general, consistent results from the Planck and WMAP
independent analysis with respect to the ones found for the cross-correlation case. However,
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some small differences are present in the case of the best-fit parameters estimated only from
the Planck 30 GHz map. In particular, we find a less steep BB spectra (app around 2.24)
and a slightly larger B/F ratio (around 0.27), even if consistency with the cross-correlation
results holds at 2¢ in both cases.

We have done some robustness tests which have confirmed the validity of our results.
In particular, we have fitted our model to the frequency maps of the 2020 Planck NPIPE
release (PR4), and in a larger multipole range (10 < ¢ < 400). Moreover, we have estimated
spectra independently for the two hemispheres finding a larger emission in the North in the
case of the E mode. Apart from that, there are not significant differences in the model of the
polarization power spectra between the two hemispheres and with the full sky.

We have fitted a simple power law to the synchrotron spectral energy distribution in-
dependently for the EE and BB spectra, considering both Planck and WMAP data. The
recovered spectral indices Sggp and Bgp, with respective values -3.00£0.10 and -3.05%+0.36
for the 50 per cent mask, are compatible. The results indicate a trend of the spectral indices
towards steeper values when higher Galactic latitudes are included in the analysis.
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A Mask Selection

In this section, we present the procedure used to construct a reliable set of masks by imposing
different threshold levels in polarization, such that the selected regions correlate well with
those where the synchrotron emission has a higher signal-to-noise ratio. For this task, we

2http: / /www.esa.int /Planck
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consider two types of simulations: (i) only-foregrounds simulation at frequency 30 GHz,
computed with the PySM model ("d1","s1"), (ii) simulation of Planck data, as described in
section 2, adding the PySM foreground map, a CMB realization and a Planck noise simulation.
From both simulated maps, once smoothed to 5° resolution and after excluding the emission
from the Galactic center and from point sources (as described in section 3.3), we mask the
total polarized intensity map below successively higher thresholds of P, selecting eight regions
with fogy from 0.9 to 0.2 in steps of 0.1. We repeat the procedure with 5 different noise and
CMB realizations.

By comparing the masks constructed in this way from the only-foregrounds (that would

provide the ideal mask) and the complete simulations, we can see when the presence of other
components is starting to affect the constructed mask and, therefore, at which threshold the
selected regions do not correlate so well with the synchrotron amplitude. For each realiza-
tion we compute the cross-correlation coefficient p between the only-foregrounds mask and
the full-components mask. Moreover, we compute the foregrounds signal-to-noise ratio as
the dispersion of the PySM foreground maps over the one of the CMB plus noise map, at
scale of 1°, when the full-components mask is applied. The average values over the different
realizations are reported in Table 5.
Comparing the regions allowed from the two mask sets shown in Figure 9, we see that the
masks constructed from the full simulated data start to be quite affected by noise for large
sky fractions, deviating significantly from the masks constructed from the only-foregrounds
simulation. The discrepancy is quantified by the cross-correlation and S/N values which, as
expected, decrease with the sky fraction.

From this insight, we decided not to consider in the analysis those masks with an average
signal-to-noise ratio smaller than 2.5, to prevent the inclusion of too noisy regions. Moreover,
we do not consider masks that retain a too small sky fraction, in order to limit the effect of
the mask in the spectra estimation. Therefore, we pick the most reliable mask set as the one
which retain a sky fraction ranging from 0.7 to 0.3. We select the mask with fg,, = 50%
as the reference case for our main results, because it represents the best compromise of sky
fraction, signal-to-noise ratio and cross-correlation between the ideal and realistic mask.

The fsry = 0.94 mask that we use in the analysis, but not directly considered in this
test, has the lowest signal-to-noise ratio and in some regions can be even dominated by noise,
therefore, some considerations can be less reliable than for the other mask cases. However, we
decided to show results also for the fg, = 0.94 mask in order to check if the characterization
of the diffuse synchrotron features can be extended to the full sky, when the Galactic plane
and bright point sources are properly masked.

B Robustness test

In order to test the robustness of our results we have carried out the following analyses.
First, following a similar procedure presented in section 4.2, we test the power-law model
cross-correlating the A/B detector splits of the new 2020 Planck NPIPE release (PR4) maps
at 30 GHz, in order to check the robustness of the results versus the considered 2018 Planck
release, which uses a different pipeline. Second, we fit the model to the same data set as in
section 4.3, but to a larger multipole range 10 < £ < 400, in order to check if the model holds
when smaller and larger scales are included.
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fowy %] p | S/N

90 0.82 | 2.37
80 0.83 | 2.48
70 0.88 | 2.60
60 091 | 2.74
50 0.92 | 2.88
40 0.93 | 3.06
30 0.93 | 3.27
20 0.95 | 3.61

Table 5. Cross-correlation and signal-to-noise values, corresponding to the different masks, estimated
averaging over five only-foregrounds and all-components simulations (see text for details). The S/N
value reported is the average between the Q and U signal-to-noise ratio. Note that differently to
the masks used in the spectra estimation (see section 3.3), these masks were not apodized and their
boundaries were not regularized.

Figure 9. Left: All-sky map showing the sky regions computed with the successive thresholds
applied to the PySM foregrounds simulation. Right: same regions for one simulation including the
PySM foregrounds, CMB and noise. The unmasked regions by the eight masks are showed from
the smallest sky fraction mask (20%) in dark-red, and by adding the regions in red, orange, yellow,
green, turquoise, light-blue and blue, up to the one allowing the largest sky fraction (94%) which
leaves unmasked the full sky except for the grey region. This excluded region corresponds to the
combination of the Galactic center mask and the point source mask.

B.1 Planck Release 4

In 2020 the Planck Collaboration has released new frequency maps in temperature and po-
larization using the NPIPE processing pipeline [18]. NPIPE introduces several improvements
which lead to lower systematics as well as lower levels of noise, being the changes more sig-
nificant for polarization data and for HFI channels. Nevertheless, low frequency channels are
also affected by the new pipeline and, therefore, it is worth checking the consistency of the
results between the PR3 and PR4 releases.

The PR4 provides full-mission and A /B splits for data maps and simulations (for details see
[18]). In particular, for the 30 GHz channel, the A subset is obtained combining maps of the
years 1 and 3 and the B subset combining years 2, 4 and start of 5. In this section, we present
the analysis performed cross-correlating the A /B splits of the NPIPE 30 GHz maps, degraded
at the pixel resolution corresponding to Ng;qe = 512.

We estimate the covariance matrices cross-correlating 300 A-split simulations with 300
B-split simulations provided by the Planck Legacy Archive!® (PLA). Table 6 shows the best-
fit parameters and the x? values for this case. These results are consistent within the errors
with those found in section 4.1 using Planck release 3, as shown in Figure 10 (left panel) for

13pla.esac.esa.int
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the reference mask. As for PR3, spectra estimated from PR4 shows in general a less steep
decay for both components, most notably for the B-mode, compared to the result found in
4.3 with the cross-analysis. However, the spectral indices agg and apgp are, in general, more
consistent between them for PR4 than for PR3. The EB cross-term is also consistent with
zero at 1o for the whole mask set. It is interesting to point out that the values found for the
x? tend to be smaller when using PR4 data with respect to PR3, which is especially notable
for the EB fit. This improvement is likely due to the larger number of simulations used in
the PR4 analysis.

foky 94% 70% 60% 50% 40% 30%
aBE -2.86+0.11 | -2.824+0.12 | -2.81 +0.11 | -2.84 £+ 0.11 -2.87+0.12 | -2.96 £+ 0.13
aBB 2414023 | -2614+0.19 | -25240.17 | -2.53 + 0.24 2247+ 0.28 | -2.44 £+ 0.35
AFF [1073uK] | 5.63 £ 0.31 8.0 + 0.42 0.14 + 0.47 | 10.34 £ 054 | 11.74 £ 0.62 | 14.37 + 0.84
ABB [1073uK] | 1.74 £ 0.22 2.16 4 0.2 2.36 &+ 0.19 2.52 £+ 0.27 2944039 | 3.55+ 0.54
ABB JAFE 0.31 + 0.04 0.27 + 0.03 0.26 + 0.02 0.24 + 0.03 0.25 + 0.04 0.25 + 0.04
X% g (20 dof) 23.8 22.2 21.9 25.7 21.6 20.7
x%5 (20 dof) 24.6 18.3 19.0 20.4 19.3 22.7
AEB [1073uK] | 0.04 + 0.08 -0.02 £ 0.10 0.01 + 0.11 -0.05 + 0.1 -0.01 + 0.12 0.0 £ 0.15
AEB JAEE 0.007 £ 0.014 | -0.002 & 0.012 | 0.001 + 0.012 | -0.005 £ 0.009 | -0.001 & 0.010 | 0.0 + 0.010
x%p (21 dof) 25.2 20.5 20.4 23.9 25.3 24.8

Table 6. Planck PR4 results. Best-fit parameters, 1o errors and x? values for the power-law in
equation 4.1 for EE and BB, and for the constant baseline in 4.2 for EB. Power spectra are computed
by cross-correlating A /B detector split of the Planck NPIPE (PR4) 30 GHz maps, for each of the six
sky masks described in section 3.

B.2 Large Multipole Range

In the main analysis we have considered the multipole range 30 < ¢ < 300. The upper limit
is chosen because at higher multipoles both noise and possible emission of extra-Galactic
compact sources can be important and then can strongly contaminate the foreground emission.
The lower limit is chosen because pseudo-spectra methods (as NaMaster) are expected to be
less reliable at small multipoles for masked sky regions. However, it makes sense to wonder
if our results are robust when considering a larger range. Therefore, in this section we show
the best parameters we find fitting equations 4.1-4.2 in the multipole range 10 < ¢ < 400 to
the pseudo-Cy computed cross-correlating the co-added 9 year WMAP K-band maps and the
full-mission Planck (PR3) 30 GHz data, with exactly the same procedure described in section
4.3. The fit parameters and y? values are reported in table 7.

When working with the larger multipole range, we find in general slightly flatter values
for both EE and BB for the different considered sky fractions, although this is not the case
for the reference mask (see Fig. 10, right panel) where app is actually slightly steeper. Nev-
ertheless, for the whole mask set the results are still quite compatible with those found in the
main analysis. This indicates that the model is also valid at the larger scale range considered
in this extended analysis.
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fsky 94% 70% 60% 50% 40% 30%
apE -2.81 4+ 0.04 | -2.76 £0.04 | -2.78 £0.05 | -2.84 + 0.04 | -2.85 + 0.05 | -2.82 & 0.06
aBB -3.12 4 0.07 | -3.05 £ 0.09 | -2.96 £ 0.09 | -2.96 + 0.09 | -2.85 4+ 0.11 | -2.87 4 0.12
AFE [1073uK] | 10.39 £0.32 | 14.15+£0.38 | 16.05 £ 0.49 | 17.79 £ 0.5 | 20.78 £ 0.6 | 24.52 + 0.87
ABB[1073uK] | 2134013 | 2974019 | 3.61+022 | 3944024 | 492+033 | 595+ 0.39
ABB JAFE 0.20 & 0.01 0.21 & 0.01 0.23 4 0.02 0.22 & 0.02 0.24 & 0.02 0.24 4+ 0.02
X% (27 dof) 44.9 31.7 38.1 34.3 31.2 48.1
X% (27 dof) 19.1 18.7 20.0 17.4 23.6 21.2
AEB [1073uK] | 0.01 +0.07 0.12 £ 0.10 0.03 £ 0.10 0.02 + 0.12 0.04 £ 0.11 0.01 +0.13
AEB JAFE 0.001 4+ 0.007 | 0.008 £ 0.007 | 0.002 + 0.006 | 0.001 + 0.007 | 0.002 &+ 0.005 | 0.001 + 0.005
x%p (28 dof) 60.1 70.6 52.5 53.9 37.1 30.4

Table 7. Planck- WMAP results. Best-fit parameters, 1o errors and x? values for the power-law in
equation 4.1 for EE and BB, and for the constant baseline in 4.2 for EB. Power spectra is computed
by cross-correlating the co-added 9 year WMAP K-band maps and the full-mission Planck 30 GHz
maps, for each of the six sky masks described in section 3. Fits are performed on the multipole range
10 < ¢ < 400.
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Figure 10. Best fit (dashed line) to the EE (red diamonds) and BB (blue squares) pseudo-spectra
for the reference mask (fsky = 50%). Left: spectra are computed cross-correlating A/B splits of the
Planck NPIPE (PR4) 30 GHz maps. The fit with PR3 data presented in section 4.1 (black dash-
dotted line) is given for comparison. Right: spectra are computed cross-correlating WMAP K-band
and the Planck (PR3) 30 GHz maps and the fit is performed considering the large multipole range
10 < £ < 400. The best cross-analysis fit presented in section 4.3 (black dash-dotted line) is given for
comparison.

C Hemisphere analysis

In this appendix, we repeat the same analysis as in section 4.3 but independently for the
Northern and Southern hemispheres. The mask set is the one presented in section 3, where
we simply separate regions from the two celestial hemispheres. We do not include the two
most stringent masks in the analysis because they retain too small sky fractions which can
negatively affect the spectra computation at low multipoles, where the diffuse synchrotron
signal is important. We still keep the same multipole range (30 < ¢ < 300) and binning of
the main analysis. Table 8 shows the best-fit parameters (with 1o errors) and x? values for
both hemispheres while Figure 11 shows the power spectra and best-fit models for each case.
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For comparison, the best-fit model (black dot-dashed line) obtained from the full analysis
is also shown, which tends to fall between the two hemisphere fits, showing a good level of
consistency.

It is interesting to note that there are some differences between both hemispheres, as
shown in Figure 12, where the best-fit parameters for each hemisphere are compared. The
synchrotron polarized emission in the Northern hemisphere is brighter than in the Southern
hemisphere, with a factor around 1.4 larger for the amplitude of the EE spectra (slightly lower
factor for BB). We also find a steeper decay of the synchrotron amplitude in the Southern
hemisphere with respect to the Northern one. Nevertheless, the B-to-E ratio is quite con-
sistent for the two hemispheres. The EB cross-term is compatible with zero at the 20 level
for the whole mask set, even if the estimated EB/EE amplitude is smaller for the Southern
hemisphere. The goodness of the fits, in terms of the x? value, points out that the EE and BB
power-law model with null EB term describes better the synchrotron polarization emission in
the Southern hemisphere than in the Northern one. This discrepancy could be hinting that
the mask procedure might be working better in the Southern than in the Northern hemi-
sphere, where instead some complex structures, such as point sources or very bright Galactic
plane emission, may remain unmasked. Nevertheless, the simple model considered in this
analysis still seems to provide a reasonable good fit for both hemispheres.

ey 47% 36% 30% 26%
agp -2.87 +£0.10 | -2.83 +£0.09 | -2.87 +0.09 | -2.83 + 0.09
QBB -3.17 £0.20 | -3.04 £ 025 | -2.87 £0.22 | -2.67 £ 0.21
APE [1073uK] | 11.74 £0.52 | 16.01 £ 0.58 | 18.36 + 0.74 | 20.80 + 0.74
ABB[1073uK] | 2314023 | 3344034 | 3954037 | 4.70 4+ 0.40
ABBJARE 0.20 £0.02 | 02140.02 | 0.22£0.02 | 0.23+£0.02
X% (20 dof) 45.0 33.9 37.9 30.9
x%5 (20 dof) 18.0 23.1 19.8 20.9
AEB [1073uK] | 0.06 £0.10 | 0.20+0.14 | 0.224+0.14 | 0.16 £ 0.17
AEB JAEE 0.007 + 0.011 | 0.017 + 0.012 | 0.018 £ 0.011 | 0.012 £ 0.012
x%p (21 dof) 31.4 40.4 30.5 35.5
[ty 47% 35% 30% 25%
agpp -3.02 £ 0.08 -3.26+ 0.1 | -3.17 +0.11 | -3.06 + 0.11
QBB 355+ 032 | -3.17+£0.33 | -3.12+0.33 | -3.23 £ 0.33
AEE 1073uK] | 851 4 0.31 11.48 £ 0.52 | 12.55 £ 0.55 | 13.77 & 0.57
ABB [1073uK] | 1.57 £0.24 2.64 + 0.35 322+ 043 | 3.51 +0.51
ABB JAEE 0.18 4 0.03 0.23 4+ 0.03 0.26 +0.04 | 0.25 4 0.04
X% (20 dof) 14.7 19.1 17.8 16.3
x%p (20 dof) 16.0 21.4 21.0 185
AEB [1073uK] | -0.04 £0.08 | -0.10 £0.13 | 0.04 +0.13 | 0.08 +0.12
AEBJAEE -0.005 % 0.009 | -0.009 & 0.011 | 0.003 & 0.010 | 0.006 % 0.009
x%p (21 dof) 18.9 35.0 28.7 21.2

Table 8. Planck- WMAP results. Top: Northern hemisphere, bottom: Southern hemisphere. Best-fit
parameters with 1o errors and x? values of the power-law in equation 4.1 for EE and BB, and of
the constant baseline in 4.2 for EB, computed cross-correlating the co-added 9 year WMAP K-band
maps and the full-mission Planck 30 GHz maps. The masks used are constructed isolating Northern
and Southern regions for the four masks (from 0.94 to 0.5) described in section 3.
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Figure 11. Planck-WMAP results. Top: Northern EE (red squares), Southern EE (red diamonds),
Northern BB (blue squares) and Southern BB (blue diamonds) pseudo-spectra. Bottom: Northern
EB (purple squares) and Southern EB (purple diamonds) pseudo-spectra. Spectra are computed
cross-correlating the co-added 9 year WMAP K-band maps and the full-mission Planck PR3 30 GHz
maps, for the northern and southern parts of each of the four masks allowing the largest sky fractions.
The fﬁcy label of each panel indicates the area of the southern region allowed by the corresponding
mask. The dashed and dotted lines are, respectively, the Northern and Southern best fits to the
hemisphere spectra and the black dash-dotted line is the best fit presented in section 4.3.
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