
Latest Constraints on Polarized 
Dust and Synchrotron from 
Planck and S-PASS

Nicoletta KrachmalnicoffCosmos Foreground Workshop - SISSA
April 19th, 2018



High Frequency
• Planck 353 GHz (Full sky)
• Planck 217 GHz (Full sky)

Low Frequency

• Planck 30/44 GHz (Full sky)
• WMAP - K/Ka/Q 23-41 GHz (Full sky)

• S-PASS 2.3 GHz (South Hemisphere)
• C-BASS 5 GHz  (North & South Hemisphere)
• QUIJOTE 11/13/17/19 GHz (North Hemisphere)
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Planck Collaboration: Dust polarized foregrounds

We focus on presenting results of direct relevance
to component separation, leaving the astrophysical mod-
elling of the results to follow-up studies. A second paper
(Planck Collaboration XII 2018) presents a complementary per-
spective on dust polarization from an astrophysics perspective,
focusing on the statistics of the polarization fraction and angle
derived from the 353-GHz Planck maps.

The paper is organized as follows. In Sect. 2, we present the
Planck sky maps and their validation. Results from the power-
spectrum analysis of the dust polarization maps at 353 GHz are
described in Sect. 3. In Sect. 4, the Planck HFI maps in the
frequency range 100 to 353 GHz are combined with lower fre-
quency maps from the Planck Low Frequency Instrument (LFI;
Planck Collaboration II 2018) and WMAP (Bennett et al. 2013)
to characterize polarized foregrounds across microwave frequen-
cies and multipoles, including the correlation between dust and
synchrotron polarization. We compare the microwave SEDs of
dust polarized emission and total intensity in Sect. 5. We quan-
tify the correlation between Planck-HFI polarized dust maps
in Sect. 6. Section 7 summarizes the main results of the pa-
per. The paper also has three appendices. Data simulations used
to estimate uncertainties in our data analysis are presented in
Appendix A. In Appendix B, we revisit the correlation analy-
sis of the 217- and 353-GHz Planck polarization maps investi-
gated previously in PL, using the PR3-2017 data and E2E simu-
lations. Large tables, to be published electronically, are gathered
in Appendix C.

2. The Planck PR3-2017 polarization maps

Planck observed the sky in seven frequency bands from 30
to 353 GHz for polarization, and in two additional bands at
545 and 857 GHz for intensity, with an angular resolution from
310 to 50 (Planck Collaboration I 2014). The in-flight perfor-
mance of the two focal-plane instruments, HFI and LFI, are
described in Planck HFI Core Team (2011) and Mennella et al.
(2011), respectively. For this study, we use the new Planck

PR3-2017 maps. The processing of the HFI data is described
in Planck Collaboration III (2018) and that of LFI data in
Planck Collaboration II (2018).

The 100-, 143-, and 217-GHz HFI maps are made us-
ing data from all bolometers, while the 353-GHz maps are
constructed using only data from the polarization-sensitive
bolometers (PSBs), as recommended in Planck Collaboration III
(2018). To characterize the data noise and to compute power
spectra at one given frequency that are unbiased by noise, we use
maps built from data subsets, specifically the two half-mission
and the two odd-even survey maps (Planck Collaboration III
2018).3 In this paper, we focus on results obtained using half-
mission maps, but have checked that conclusions would not be
changed if we had used odd-even surveys instead. The Planck-
HFI data noise and systematics are quantified and discussed in
Planck Collaboration III (2018) using the E2E simulations of
Planck observations introduced there. The related methodology
that we follow to estimate uncertainties from detector noise and
residual systematic e↵ects, and to propagate them to the results
of our data analysis, is presented in Appendix A.

CMB data analysis (Planck Collaboration IV 2018;
Planck Collaboration V 2018) yields small modifications to the
HFI polarization e�ciencies adopted in Planck Collaboration III
(2018) to produce the HFI polarization maps. Accordingly, we

3The “odd-even” split means the odd-numbered surveys versus the
even-numbered surveys, where a “survey” is roughly 6 months of data.

multiply the PR3-2017 HFI polarization maps at 100, 143, and
217 GHz by 1.005, 0.98, and 1.015, respectively; uncertainties
in these factors are a few times 0.001. For 353 GHz, no such
factor has been determined but we expect it to have the same
magnitude as at the other HFI frequencies. Thus, we consider
that there is a 1.5 % photometric uncertainty on the 353 GHz
polarized emission.

In addition, in Sect. 4 we use polarization maps from LFI
at 30 GHz, and the K and K a WMAP channels (Bennett et al.
2013) to separate dust and synchrotron polarized emission and
quantify the correlation between the two sources of emission.
Because E2E simulations are not available for these data, we
compute maps of uncertainties from Gaussian realizations of the
data noise. Power spectra of the data noise are derived from the
half-di↵erence of half-mission Planck-LFI maps and the di↵er-
ence of year maps for WMAP. We note that it is easy to produce
a large number (1000 or more) of data realizations with Gaussian
data noise, while only 300 E2E realizations are available for HFI.

Key improvements in the correction of data systematics al-
low us to extend earlier work on dust polarization (power spectra
and SED) to the lowest multipoles.

3. Angular power spectra of dust polarization

In this section, we derive angular power spectra of dust polariza-
tion from the PR3-2017 maps at 353 GHz.
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Fig. 1. All-sky map showing the sky regions used to measure
power spectra, indicated with colours varying from yellow to or-
ange and dark-red. The white region represents the area where
the CO line brightness is larger than 0.4 K km s�1, which is ex-
cluded from all the sky regions in our analysis. The blue dots
represent the areas masked around point sources.

3.1. Planck angular power spectra at 353 GHz

The power-spectrum analysis of Planck dust polarization in
PXXX was limited to multipoles ` > 40, due to residual sys-
tematics in the available maps. The improvements made in cor-
recting Planck systematics for the new data release allow us to
extend the range of scales over which we can characterize dust
polarization.

The EE, BB, T E, T B, and EB power spectra are com-
puted with the XPol code (Tristram et al. 2005). Following
the approach in PXXX and PL, to avoid a bias arising from
the noise, we compute all of the Planck power spectra using
cross-correlations of maps with independent noise, specifically
the half-mission maps. To present a characterization of fore-
grounds that is independent of component-separation methods,
we chose not to use the CMB polarization maps described in
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caption[]CMB-corrected EE (red diamonds), BB (blue squares), and T E (black circles) power spectra at 353 GHz, for each of the six sky regions
that we analyse. The dashed lines represent power-law fits to the data points from ` = 40 to 600. The exponents of these fits, ↵TE, ↵EE, and ↵BB,
appear on each panel.

Table 1. Parameters and �2 of the power-law fits (Eq. (1)) to EE and BB dust power spectra over the multipole range 40  `  600.

LR24 LR33 LR42 LR52 LR62 LR71

f

e↵
sky [%] . . . . . . . . . . . . . . . . . . 24 33 42 52 62 71
hI353i [MJy sr�1] . . . . . . . . . . . . 0.066 0.083 0.104 0.130 0.164 0.217
NH [1020 cm�2] . . . . . . . . . . . . . 1.73 2.18 2.74 3.48 4.40 5.85

↵
T E

. . . . . . . . . . . . . . . . . . . . . �2.41 ± 0.13 �2.52 ± 0.09 �2.50 ± 0.05 �2.40 ± 0.04 �2.52 ± 0.03 �2.50 ± 0.02
↵

EE

. . . . . . . . . . . . . . . . . . . . . �2.28 ± 0.08 �2.29 ± 0.06 �2.28 ± 0.04 �2.35 ± 0.03 �2.41 ± 0.02 �2.42 ± 0.02
↵

BB

. . . . . . . . . . . . . . . . . . . . . �2.16 ± 0.11 �2.29 ± 0.09 �2.48 ± 0.06 �2.50 ± 0.04 �2.52 ± 0.03 �2.54 ± 0.02

�2
T E

(↵
T E

= �2.44,Ndof = 24) . . . 16.0 21.8 29.0 35.0 57.7 61.8
�2

EE

(↵
EE

= �2.44,Ndof = 24) . . . 18.8 25.2 37.5 37.1 30.4 53.8
�2

BB

(↵
BB

= �2.44,Ndof = 24) . . . 19.6 14.5 15.9 17.8 23.7 67.4

A

EE(` = 80) . . . . . . . . . . . . . . . 34.3 ± 1.9 47.3 ± 2.2 74.7 ± 2.9 120.1 ± 4.2 190.7 ± 6.2 315.4 ± 9.9

hABB/AEEi . . . . . . . . . . . . . . . . 0.48 ± 0.04 0.45 ± 0.03 0.50 ± 0.02 0.53 ± 0.01 0.53 ± 0.01 0.53 ± 0.01
hAT E/AEEi . . . . . . . . . . . . . . . . 2.60 ± 0.27 2.68 ± 0.20 2.83 ± 0.13 2.68 ± 0.09 2.78 ± 0.07 2.77 ± 0.05
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Frequency scaling

Model with 5 parameters:

Planck Int. 2018 LIV, Choi & Page 2016

✦ Synchrotron power law 

As,�s
<latexit sha1_base64="gUQ/9dABCKrwyI6yFIBwXZJ5dR0=">AAAB/nicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2RdAyYiPYRDAPyC7L3clNHDL7YOauEJZAfoWtVnZi61+x8L+4eRSaeKrDOXe4d74gUdKQbX9ZhZXVtfWN4mZpa3tnd6+8f9A0caoFNkSsYt0OwKCSETZIksJ2ohHCQGErGNxM+tYTaiPj6IGGCXoh9CPZkwIoj9xr35xxN0AC3/jlil21p+LLxpmbCpur7pe/3W4s0hAjEgqM6Th2Ql4GmqRQOCq5qcEExAD62MltBCEaL5vePOInqQGKeYKaS8WnIf5+kUFozDAM8skQ6NEsdpPwv66TUu/Ky2SUpISRmCwiqXC6yAgtcxjIu1IjEUwuRy4jLkADEWrJQYg8THM6pZyHs/j7ZdM8rzp21bm/qNTuxjMyRXbEjtkpc9glq7FbVmcNJljCntkLe7XG1pv1bn3MRgvWnOYh+yPr8wccN5Yp</latexit><latexit sha1_base64="gUQ/9dABCKrwyI6yFIBwXZJ5dR0=">AAAB/nicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2RdAyYiPYRDAPyC7L3clNHDL7YOauEJZAfoWtVnZi61+x8L+4eRSaeKrDOXe4d74gUdKQbX9ZhZXVtfWN4mZpa3tnd6+8f9A0caoFNkSsYt0OwKCSETZIksJ2ohHCQGErGNxM+tYTaiPj6IGGCXoh9CPZkwIoj9xr35xxN0AC3/jlil21p+LLxpmbCpur7pe/3W4s0hAjEgqM6Th2Ql4GmqRQOCq5qcEExAD62MltBCEaL5vePOInqQGKeYKaS8WnIf5+kUFozDAM8skQ6NEsdpPwv66TUu/Ky2SUpISRmCwiqXC6yAgtcxjIu1IjEUwuRy4jLkADEWrJQYg8THM6pZyHs/j7ZdM8rzp21bm/qNTuxjMyRXbEjtkpc9glq7FbVmcNJljCntkLe7XG1pv1bn3MRgvWnOYh+yPr8wccN5Yp</latexit><latexit sha1_base64="gUQ/9dABCKrwyI6yFIBwXZJ5dR0=">AAAB/nicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2RdAyYiPYRDAPyC7L3clNHDL7YOauEJZAfoWtVnZi61+x8L+4eRSaeKrDOXe4d74gUdKQbX9ZhZXVtfWN4mZpa3tnd6+8f9A0caoFNkSsYt0OwKCSETZIksJ2ohHCQGErGNxM+tYTaiPj6IGGCXoh9CPZkwIoj9xr35xxN0AC3/jlil21p+LLxpmbCpur7pe/3W4s0hAjEgqM6Th2Ql4GmqRQOCq5qcEExAD62MltBCEaL5vePOInqQGKeYKaS8WnIf5+kUFozDAM8skQ6NEsdpPwv66TUu/Ky2SUpISRmCwiqXC6yAgtcxjIu1IjEUwuRy4jLkADEWrJQYg8THM6pZyHs/j7ZdM8rzp21bm/qNTuxjMyRXbEjtkpc9glq7FbVmcNJljCntkLe7XG1pv1bn3MRgvWnOYh+yPr8wccN5Yp</latexit><latexit sha1_base64="gUQ/9dABCKrwyI6yFIBwXZJ5dR0=">AAAB/nicbZA7SwNBFIVn4yvGV9TSZjAIFhJ2RdAyYiPYRDAPyC7L3clNHDL7YOauEJZAfoWtVnZi61+x8L+4eRSaeKrDOXe4d74gUdKQbX9ZhZXVtfWN4mZpa3tnd6+8f9A0caoFNkSsYt0OwKCSETZIksJ2ohHCQGErGNxM+tYTaiPj6IGGCXoh9CPZkwIoj9xr35xxN0AC3/jlil21p+LLxpmbCpur7pe/3W4s0hAjEgqM6Th2Ql4GmqRQOCq5qcEExAD62MltBCEaL5vePOInqQGKeYKaS8WnIf5+kUFozDAM8skQ6NEsdpPwv66TUu/Ky2SUpISRmCwiqXC6yAgtcxjIu1IjEUwuRy4jLkADEWrJQYg8THM6pZyHs/j7ZdM8rzp21bm/qNTuxjMyRXbEjtkpc9glq7FbVmcNJljCntkLe7XG1pv1bn3MRgvWnOYh+yPr8wccN5Yp</latexit>

✦ Thermal dust modified black body

Ad,�d
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✦ Correlation synch X dust
⇢
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+

+

5

Planck Collaboration: Dust polarized foregrounds

Table 2. Unit conversion factors and colour-corrections

Experiments . . . . . . . . . . . . . . . . . . WMAP LFI WMAP HFI HFI HFI HFI
Reference frequencies [GHz] . . . . . . 23 28.4 33 100 143 217 353

U . . . . . . . . . . . . . . . . . . . . . . . . . . 0.986 0.949 0.972 0.794 0.592 0.334 0.075
C . . . . . . . . . . . . . . . . . . . . . . . . . . 1.073 1.000 1.027 1.088 1.017 1.120 1.098

10
�

2
10

�
1

10
0

10
1

10
2

10
3

D
�

[µ
K

2
]

20 50 100 200 400

Frequency [GHz]

-2
-1
0
1
2

R
es

(�
)

Fig. 6. BB cross-spectra D`(⌫1 ⇥ ⌫2) versus the e↵ective fre-
quency ⌫e↵ = (⌫1 ⇥ ⌫2)0.5, for the LR62 sky region and two
multipole bins: ` = 4-11 (top plot) and 40–59 (bottom). Yellow
and blue colours represent data values from single and inter-
frequency cross spectra, respectively. The bottom panel within
each plot shows the residuals from the fits normalized to the 1�
uncertainty of each data point. Lower frequency data (left) points
are dominated by the SED of synchrotron polarized emission,
while higher frequency (right) data characterize dust polarized
emission, and those at the centre characterize the correlation be-
tween the two sources of emission. Di↵erences between the two
plots illustrate that both the ratio between synchrotron and dust
power and the correlation between these two sources of polar-
ized emission decrease for increasing multipoles.

verted into units of the data by multiplication by C/U, and in the
application to the fit of the spectral model in Eq. (2) by multi-
plication by (C/U)1(C/U)2. These factors were computed as in
Planck Collaboration Int. XXII (2015), for Planck using the pro-
cedures hfi unit conversion and hfi colour correction
(for both HFI and LFI) and the instrument data files described
in the Planck Explanatory Supplement,4 and for WMAP the for-
mulae and tabulations in Jarosik et al. (2003). Here, for both HFI
and LFI the adopted reference spectral dependence is I⌫ / ⌫�1

(see discussion in Planck Collaboration IX 2014 and the Planck

Explanatory Supplement5), whereas for WMAP it is constant
Rayleigh-Jeans temperature. By construction, the ratio C/U
does not depend on the adopted choice. The conversion factors
used are listed in Table 2. These are very close to the factors in
Table 3 of Planck Collaboration Int. XXII (2015), though here at
353 GHz the evaluation is for the PSBs only. The values of C are
evaluated for the following SED. For the LFI and WMAP chan-
nels used, the synchrotron component dominates, for which we
assume �s = �3, while for the Planck HFI channels the polarized
dust MBB spectrum dominates, for which we assume �d = 1.5
and Td = 19.6 K.

We fit our spectral model to the EE and BB spectra sepa-
rately, for each sky region and for each multipole bin indepen-
dently. Before fitting, we subtract the amplitude of the CMB
power spectrum, estimated from the Planck 2015 ⇤CDM model
(Planck Collaboration XIII 2016), from each data point. The fit
is carried out in two steps. First, we fit the model of Eq. (2) using
the MPFIT code, which uses the Levenberg-Marquardt algorithm
to perform a least-squares fit. We then compute the weighted
mean and standard deviation of �s over the MPFIT results for all
sky regions and multipole bins, finding �s = �3.13 ± 0.13. This
value of �s is consistent with those obtained using all frequency
channels of WMAP by Fuskeland et al. (2014) and Choi & Page
(2015). We use it as a Gaussian prior for a second fit of the
same data with the same model. This second fit is performed
with a Monte Carlo Markov chain (MCMC) algorithm. In both
fits we assume that the data points are independent. We checked
on the E2E realizations that this is true for the B-mode data.
For E-mode, the CMB variance introduces a slight correlation
that we neglect. We adopt this two-step procedure because when
attempting to fit �d without a prior on �s we found spurious re-
sults for a few combinations of `bin and sky regions, when the
signal-to-noise ratio in the low-frequency channels is too low to
constrain the synchrotron SED adequately.

An example is given in Fig. 6, also showing the residuals
from the fit. The �2 values for all fits are listed in Tables C.2 and
C.3 for the EE and BB spectra, respectively. The results obtained
on the simulated maps (Fig. A.4) show that the fit parameters
match the input values without any bias.

Continuing the example, Fig. 7 shows the posterior distribu-
tion of the model parameters obtained through the MCMC al-

4
http://wiki.cosmos.esa.int/planckpla2015/index.

php/Unit_conversion_and_Color_correction

5
https://wiki.cosmos.esa.int/planckpla2015/index.

php/UC_CC_Tables
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Fig. 7. Posterior distribution for each of the parameters of the
spectral model in Eq. (2), as obtained through the MCMC fit-
ting algorithm for BB data points. The MCMC results illustrated
here are for the LR62 region and the multipole bin ` = 40–
59, one of the two cases shown in Fig. 6. The diagonal shows
the probability distribution of each parameter. Median values are
As = 0.6±0.1, Ad = 137±2, �s = �3.15±0.17, �d = 1.50±0.02,
and ⇢ = 0.17 ± 0.04.

gorithm, for BB data, the LR62 region, and the ` = 40–59 bin.
Best-fit parameters are computed as the median value of the pos-
terior distributions, while errors are obtained from the 16th and
84th percentiles (68 % confidence interval). For all regions and
multipole ranges, values for �d, �s, and ⇢ are listed in Tables C.2
(EE) and C.3 (BB).

We do not list the amplitudes Ad and As of the dust and syn-
chrotron emission but note that as expected values of Ad are close
to the values of the amplitudes DEE,BB

` in Table C.1. In Fig. 8,
Ad and As for EE and BB are plotted versus multipole for the
six sky regions. As in the spectra for each region in Fig. 3, Ad
has a power-law dependence on ` and a systematic increase with
f

e↵
sky (see e.g., Fig 3) that applies down to lower multipoles be-

yond ` = 40. On the other hand, for the multipole bin 4–11
the B-mode synchrotron amplitude A

BB

s is roughly constant over
the six sky regions. As a corollary, for this multipole bin the ra-
tio between dust and synchrotron B-mode polarization increases
by about one order of magnitude from the smallest sky region,
LR24, to the largest one, LR71. We point out that this result is
specific to our set of sky regions, which are defined using the
dust total intensity map to minimize dust power for a given sky
fraction.

Figure 9 plots the two parameters ⇢ and �d (not �s because
of the prior applied) for EE and BB. The top panels show that
⇢, which quantifies the correlation between dust and synchrotron
polarization, decreases with increasing multipole and is detected
with high confidence only for ` . 40. The correlation might
extend to higher multipoles, but the decreasing signal-to-noise
ratio of the synchrotron polarized emission precludes detect-
ing it. These results are consistent with the analysis done by

Fig. 8. The amplitudes of EE and BB power spectra for dust and
synchrotron emission at 353 and 30 GHz, respectively, shown
for each sky region and each multipole bin. The As and Ad pa-
rameters of our spectral model from Eq. (2) are converted from
brightness to thermodynamic (CMB) temperature and expressed
in µK2. Where the synchrotron amplitude is compatible with
zero at the 1� level, we report an upper limit on As (68 % confi-
dence limit).
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Fig. 9. Fit parameters ⇢ and �d for E- and B-mode polarization
versus multipole. Note the linear scale. Open symbols for ⇢ rep-
resent the cases where the synchrotron amplitude is compatible
with zero, making it di�cult to measure the correlation.

Choi & Page (2015) using all frequency channels of WMAP.
The bottom panels show that the spectral index �d has no sys-
tematic dependence on multipole or sky region, except for the
lowest multipole bin. The dust spectral indices are further dis-
cussed in Sect. 5.

4.3. Foregrounds versus CMB polarization

Next, Galactic foregrounds are compared to CMB E- and B-
mode polarization to quantify the challenge of component sep-
aration for measuring the low-multipole E-mode CMB signal
from reionization (Fig. 10), and also for detecting primordial B

modes (Figs. 11 and 12). The results of our spectral analysis al-
low us to update earlier studies (see e.g., Dunkley et al. 2009;
Krachmalnico↵ et al. 2016; Planck Collaboration X 2016).

To prepare Figs. 10 and 11, we use the results of our spec-
tral fitting to compute the dust and synchrotron E- and B-mode
power at frequencies 95 and 150 GHz, which correspond to the
two microwave atmospheric windows providing the best signal-
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tematic dependence on multipole or sky region, except for the
lowest multipole bin. The dust spectral indices are further dis-
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4.3. Foregrounds versus CMB polarization

Next, Galactic foregrounds are compared to CMB E- and B-
mode polarization to quantify the challenge of component sep-
aration for measuring the low-multipole E-mode CMB signal
from reionization (Fig. 10), and also for detecting primordial B

modes (Figs. 11 and 12). The results of our spectral analysis al-
low us to update earlier studies (see e.g., Dunkley et al. 2009;
Krachmalnico↵ et al. 2016; Planck Collaboration X 2016).

To prepare Figs. 10 and 11, we use the results of our spec-
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5 parameters model fit for E and B-modes, 6 sky masks and 9 multipole bins (from ell=2 to ell=160)
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PARKES radio telescope: 64 m 
Frequency: 2.3 GHz (224 MHz BW)
Sky coverage ~ 50% (South hemisphere)
Angular resolution ~ 9 arcmin

S-PASS science:
! Galactic Magnetic field
! Fermi Bubbles and Galactic structure
! ISM turbulence
! Gum Nebula
! ICM of galaxy clusters 
! Extragalactic source properties
! Synchrotron Cosmic Web
! RM catalogue 
! CMB foregrounds
! ...
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Fig. 2. EE (left panel) and BB (right panel) spectra of the S-PASS polarization maps computed on the set of iso-latitude masks described in Section
2.2. Error bars represent the signal variance in each multipole bin. Solid lines show the best fit curve obtained by fitting the model in Equation 1
to the data (note that in this figure the amplitude of D` = `(` + 1)C`/2⇡) is plotted).

mix E and B-modes and to cause excess power on the small an-
gular scales (?). Moreover, in all the considered sky masks, the
EE spectra show more power than BB, with ABB

s /A
EE
s ' 0.5 at

the highest Galactic latitudes. A similar asymmetry has been ob-
served as a characterizing feature of the thermal dust emission,
too, on the basis of Planck observation at 353 GHz (Planck Col-
laboration et al. 2016d). A physical explanation of this feature
has been proposed for thermal dust emission (Planck Collab-
oration et al. 2017) and it is currently under investigation for
synchrotron. As for the Ap parameter, representing the power
of point sources on the spectra, the resulting amplitude is pretty
constant for the sky regions with |b| > 30�, setting again this lati-
tude as the transition where e↵ects coming from Faraday rotation
become negligible.

Is it important to notice that in all the considered cases,
where we fit the model of Equation 1 to the data, we get high
�2 values, with Probability to Exceed (PTE) below 5%. Never-
theless, this is not unexpected: we are mapping the data onto a
simple model (although being a typical one for this kind of stud-
ies Planck Collaboration et al. (2016d,b)), while we are working
in a high signal-to-noise regime. We are therefore sensitive to the
complicated features of the foreground emission which are not
traced by our model. This fact, together with the dispersion of
the best fit parameters around the mean values, confirms, once
again, that foreground emissions are complex, with structures
that depend on the observed region of the sky. Any attempt to
simplify the modeling and describe the emission in a statistical
way, although important to give guidelines useful to CMB stud-
ies, represent a strong and non-negligible approximation of the
signal.

4. Synchrotron spectral energy distribution

In this Section we describe the results obtained from the analysis
of the S-PASS polarization data in combination with other pub-
licly available polarization maps at higher frequencies coming
from the WMAP and Planck surveys. The goal of this analysis is
to estimate the Synchrotron Spectral Energy Distribution (SED)
on a large interval of frequencies, from 2.3 GHz to 33 GHz. In
this Section we summarize the results obtained by analyzing data
in the harmonic space, through computation of angular power
spectra of the di↵erent frequency maps, while in Section 5 we
report the results obtained from a pixel based study.

4.1. WMAP and Planck-LFI data

The angular power spectra of the S-PASS data and WMAP/Planck
low frequency polarization maps are evaluated using the set of
six iso-latitude masks described previously (Section 2.2).

We include in our analysis the two lowest frequencies of the
WMAP dataset, namely the K and Ka bands, centered at 23 and 33
GHz, respectively. In order to calculate the cross spectra among
di↵erent frequency maps, we use the full 9-years WMAP Stokes Q
and U maps 5 degraded at the pixel resolution corresponding to
Nside = 256. To compute single frequency cross spectra we use
splits of the datasets, for avoiding noise bias. In particular, we
split WMAP data by co-adding the single year maps from 1 to 4 on
one side, and from 5 to 9 on the other.

We also include the Planck polarizations maps at the fre-
quency of 30 GHz (central frequency 28.4 GHz) obtained from
the Low Frequency Instrument (LFI) observations. Again,
for cross frequency spectra we use the full mission maps, while
for the case of single frequency we use the splits coming from
the co-addition of odd and even years maps6.

Therefore, our dataset includes four frequencies (2.3, 23,
28.4 and 33 GHz) from which we obtain in total ten power spec-
tra, four computed at a single frequency (corresponding to the
frequency of each single map) and six from the cross correlation
among di↵erent channels.

4.1.1. Signal and noise simulations

In order to estimate error bars on our set of power spectra we use
simulations. In particular, we generated a hundred realizations
of signal plus noise maps, as described in the scheme below.

– First, we define the simulated polarized synchrotron and
CMB radiation included in the simulations. For synchrotron,
we use the Planck Full Focal Plane version 8 (FFP8) map
(?) for the LFI 30 GHz channel and we extrapolate it in fre-
quency, considering a simple power law SED with � = �3.1,
at the S-PASS and WMAP K and Ka frequencies. The obtained
polarization maps are smoothed with a Gaussian beam for
reproducing the angular resolution of the instrument maps,

5 lambda.gsfc.nasa.gov/product/map/dr5/m_products.cfm
6 We use the publicly available maps downloaded from the Planck
Legacy Archive (PLA) website (pla.esac.esa.int).
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Table 1. Best fit results obtained from fitting the model of Equation 1 to the S-PASS polarization angular power spectra.

|b| > 20� |b| > 25� |b| > 30� |b| > 35� |b| > 40� |b| > 50�

fsky 0.30 0.26 0.22 0.19 0.16 0.10

↵EE -2.56±0.01 -2.81±0.02 -3.18±0.03 -3.32±0.03 -3.31±0.07 -3.45±0.09
↵BB -2.61±0.02 -2.82±0.02 -3.01±0.02 -3.1±0.07 -3.12±0.04 -3.01±0.07

AEE
p [µK2] 4.14±4.09 32.07±3.7 57.91±1.94 56.32±1.58 54.42±2.12 61.82±2.19

ABB
p [µK2] 35.89±6.02 47.56±3.01 51.41±1.74 52.37±2.43 49.76±1.26 56.07±1.65

ABB
s /A

EE
s 0.86±0.02 0.77±0.02 0.66±0.02 0.53±0.03 0.54±0.03 0.45±0.03

Fig. 3. Best fit parameters obtained by fitting the model in Equation 1
to S-PASS polarization spectra. The color of di↵erent points refers to
the di↵erent sky masks described in the text, following the same color
scheme as in Figure 2.

i.e 8.9 arcminutes for S-PASS, 52.8 and 39.6 arcminutes for
WMAP K and Ka, respectively, and 33.1 arcminutes for LFI-
30. Finally we degraded the maps at Nside = 256.

– We simulate the polarized CMB signal using the synfast code
inside the healpy python package within Healpix. We simu-
late 100 di↵erent maps of the CMB signal, as gaussian real-
ization of the best Planck 2015 ⇤CDM model (?). Maps are
generated at Nside = 256 and convolved with gaussian beam
corresponding to the angular resolution of each considered
frequency channel.

– Next, we generate realizations of WMAP and Planck noise
maps, estimating the noise level directly from the data. In
particular, we compute the di↵erence maps of the WMAP and
Planck splits described previously. These maps, after be-
ing properly rescaled with a multiplication factor (1/2 for the
case of LFI splits which both include two years of obser-
vations, and 20/81 for WMAP splits which include 4 years on
one map and 5 on the other), are a good representation of
the noise on the full mission maps. We apply masks using
the iso-latitude ones with |b| > 20� and multiply them with
the square root of the corresponding full mission map of hits
counts.
We then compute polarization power spectra of these noise
maps and we fit them with a simple C` = A/` + B model,
which in addition to the flat white noise component also
takes into account the contribution / 1/`. The fit is done
in the multiple interval ranging from ` = 10 to 200 which
includes the angular scales of interest for this analysis.
We generate 100 independent maps of noise at Nside = 256
(for each considered WMAP and Planck frequency, full mis-
sion and split maps) as Gaussian realizations of the obtained
fitted spectra. We divide by the square root of the hits in
each pixel, in order to normalize properly the noise level.
For S-PASS we compute noise maps as random realizations
of the variance (degraded at Nside = 256) which we assume
to be the same for both Q and U. The final signal+noise maps
are obtained as the simple sum of the single synchrotron map
at each frequency plus the 100 realizations of CMB and noise
maps described previously.

– Last, once we have our set of simulated maps, we compute
cross spectra on them on our six sky masks. We therefore
get 100 realizations of our set of 10 spectra. Error bars on
spectra coming from data are then calculated as the standard
deviation of these 100 realizations in each considered multi-
ple bin. Since we consider a hundred di↵erent realization of
the CMB, the final error bars include also cosmic variance.

– For S-PASS data, we also include in the error budget the cal-
ibration uncertainty. In particular we consider a 10% photo-
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Fig. 3. Best fit parameters obtained by fitting the model in Equation 1
to S-PASS polarization spectra. The color of di↵erent points refers to
the di↵erent sky masks described in the text, following the same color
scheme as in Figure 2.

i.e 8.9 arcminutes for S-PASS, 52.8 and 39.6 arcminutes for
WMAP K and Ka, respectively, and 33.1 arcminutes for LFI-
30. Finally we degraded the maps at Nside = 256.

– We simulate the polarized CMB signal using the synfast code
inside the healpy python package within Healpix. We simu-
late 100 di↵erent maps of the CMB signal, as gaussian real-
ization of the best Planck 2015 ⇤CDM model (?). Maps are
generated at Nside = 256 and convolved with gaussian beam
corresponding to the angular resolution of each considered
frequency channel.

– Next, we generate realizations of WMAP and Planck noise
maps, estimating the noise level directly from the data. In
particular, we compute the di↵erence maps of the WMAP and
Planck splits described previously. These maps, after be-
ing properly rescaled with a multiplication factor (1/2 for the
case of LFI splits which both include two years of obser-
vations, and 20/81 for WMAP splits which include 4 years on
one map and 5 on the other), are a good representation of
the noise on the full mission maps. We apply masks using
the iso-latitude ones with |b| > 20� and multiply them with
the square root of the corresponding full mission map of hits
counts.
We then compute polarization power spectra of these noise
maps and we fit them with a simple C` = A/` + B model,
which in addition to the flat white noise component also
takes into account the contribution / 1/`. The fit is done
in the multiple interval ranging from ` = 10 to 200 which
includes the angular scales of interest for this analysis.
We generate 100 independent maps of noise at Nside = 256
(for each considered WMAP and Planck frequency, full mis-
sion and split maps) as Gaussian realizations of the obtained
fitted spectra. We divide by the square root of the hits in
each pixel, in order to normalize properly the noise level.
For S-PASS we compute noise maps as random realizations
of the variance (degraded at Nside = 256) which we assume
to be the same for both Q and U. The final signal+noise maps
are obtained as the simple sum of the single synchrotron map
at each frequency plus the 100 realizations of CMB and noise
maps described previously.

– Last, once we have our set of simulated maps, we compute
cross spectra on them on our six sky masks. We therefore
get 100 realizations of our set of 10 spectra. Error bars on
spectra coming from data are then calculated as the standard
deviation of these 100 realizations in each considered multi-
ple bin. Since we consider a hundred di↵erent realization of
the CMB, the final error bars include also cosmic variance.

– For S-PASS data, we also include in the error budget the cal-
ibration uncertainty. In particular we consider a 10% photo-
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A&A proofs: manuscript no. spass_paper_v2

Fig. 6. Upper panel: amplitude of computed power spectra on data for di↵erent multipole bins and sky masks (the color scheme is the same of
Figure 4) as a function of the e↵ective frequency. Filled points refers to EE spectra, empty ones to BB. Curves represent the best model we obtain
when fitting Equation (2) to data (solid and dashed lines for E and B-modes respectively). Lower panel: residuals of the fits normalized to the 1�
error. In both upper and lower panel the points inside the grey shaded area come from the correlation of S-PASS with WMAP/Planck data which,
as described in the text, are not considered in the fitting.
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✦ First βs map computed only from polarization data
✦ Power law fit S-PASS, WMAP-K/Ka, Planck-30
✦ Fit in each pixel in total polarization taking into 

account the noise bias
✦ Angular resolution of 2°
✦ Sky coverage ~ 30% 
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Preliminary

Spectral index map: simulations
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Fig. 9. Correlation coe�cient for thermal dust and synchrotron emission computed as in Equation 4, using S-PASS and Planck 353 GHz polar-
ization maps.

the level of contamination. This approach has been already pur-
sued in ? to estimate the contamination coming from Galactic
thermal dust emission. Moreover, the analysis we present here
represents an update of the work described in ??, where the syn-
chrotron and thermal dust signals at the degree scales were esti-
mated using Planck and WMAP data.

7.1. Synchrotron contamination to primordial B-modes

As first step we analyze S-PASS data alone, with the goal of ob-
taining a map of the level of contamination coming only from
synchrotron radiation to primordial B-modes. As mentioned, for
this part of our work, we focus on small regions of the sky lo-
cated at intermediate and high Galactic latitudes (|b| > 20�). We
construct a set of 184 circular masks, each of which covers a
fraction of the sky of about 1.2%7. The procedure we use to gen-
erate these masks is described in Section 2.2.

On each considered mask we compute the B-mode auto an-
gular power spectrum of S-PASS maps, using again the Xpol
algorithm. Spectra are computed for multipoles ranging from
` = 40 to ` = 140, considering 5 bins with �` = 20.

Once we have our set of 184 B-mode spectra, we fit each of
them considering a power law to describe the power spectrum
behavior, i.e. C` = As

`=80`
↵. We use the value ↵ = �3.0, which

represents the average of the values we find by performing the
fit on S-PASS power spectra on the set of iso-latitude masks (see
Section 3.1 and Table 2). With this procedure we obtain the am-
plitude of As

`=80 of synchrotron B-mode spectrum at 2.3 GHz and
at ` = 80, in each region. In Table 13 in Appendix 13 all the re-
covered values together with the errors on them (which take into
account both the error coming from the power law fit and the
uncertainty on S-PASS photometric calibration that we conser-
vatively consider to be at 10% level on maps) are reported.

We assess the level of contamination coming from syn-
chrotron to CMB B-modes at 90 GHz, which represents a typi-
cal frequency at which CMB experiments observe the sky, and,
therefore, we extrapolate the recovered amplitudes As

`=80 at this
frequency. In order to do so, we consider the usual power law
SED for synchrotron radiation, considering a spectral index �s =

7 note that given the geometry of the portion of the sky observed by
the S-PASS survey, and the latitude cut we consider, some of the sky
patches may not be circular and cover a smaller sky fraction. Never-
theless, all the 184 regions we include in the analysis have fsky > 1%
(before applying apodization)

�3.22±0.08 which represents the average value we get from our
synchrotron SED analysis (see Section 4.2.1). We then divide the
synchrotron amplitudes at 90 GHz, expressed in thermodynamic
µK2, by the amplitude of CMB B-modes at ` = 80, considering
a tensor-to-scalar ratio r = 1 (ACMB

`=80 = 7.54 ⇥ 10�2 µK2, con-
sidering the best Planck 2015 ⇤CDM model). In this way we
obtain an estimate of the parameter rsynch whose value describes
the contamination to primordial CMB B-modes in term of equiv-
alent tensor-to-scalar ratio.

Figure 10 reports the obtained map (together with the corre-
sponding histogram), showing the value of rsynch in the pixels of
a map at Nside = 8 on which each of the considered circular sky
region is centered.

7.2. Foreground minimum

8. Discussion and conclusion

All sky, linear polarization radio surveys are becoming on-
line for the investigation of a variety of astrophysical subjects,
and also particularly relevant for studyng the di↵use Galac-
tic emission as a contaminant of the B-modes of the Cosmic
Microwave Background (CMB) polarization anisotropies. The
latter are sourced in particular by cosmological Gravitational
Waves (GWs), producing anisotropies on the degree angular
scales. In the recent years, observational evidence from oper-
ating experiment indicates that there is no frequency or location
in the sky where the di↵use emission in polarization from our
own Galaxy can be considered negligible with respect to the one
induced by cosmologically interesting levels of GWs.

We have analyzed the southern sky linear polarization at 2.3
GHz as observed by the S-band Polarization All Sky Survey
(SPASS). A companion paper describes in detail the data re-
duction and production of sky maps, which represent the start-
ing point of the present analysis. The analysis represents a most
important complement to the observations by the Wilkinson
Microwave Anisotropy Probe (WMAP) and Planck satellites, at
higher and more interesting frequencies for CMB purposes, but
with poorer resolution, and lower signal to noise ratio (S/N).
Our main target has been the study the properties of the di↵use
Galactic polarized synchrotron. We have measured the angular
distrubution of the SPASS signal at increasingly high Galactic
latitudes by means of the angular auto and cross power spec-
tra with the satellite data from Planck and the Wilkinson Mi-
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5.2. Errors on �s maps

To evaluate the uncertainties on the �s maps we use again simu-
lations. We take into account two among the seven angular res-
olutions we used in the analysis, i.e. 10� (the coarsest one) and
2� (the smallest one at which we have no evidence of strong bias
e↵ects). We evaluate errors using the following procedure:

– we start again from the S-PASS Stokes Q and U maps, that,
for the considerations reported in the previous Section, we
consider to be noiseless.

– We smooth the S-PASSmaps at the considered angular reso-
lution (either 10� or 2�).

– We extrapolate the S-PASS maps at WMAP and Planck fre-
quencies using as template for synchrotron spectral index the
�s map obtained from data, at the corresponding angular res-
olution.

– We add to the rescaled maps at WMAP and Planck frequen-
cies a hundred realizations of noise, computed as described
in Section 4.1.1, and properly taking into account the corre-
lation e↵ects coming from the smoothing.

– We perform the pixel based fit on our set of simulated maps,
obtaining therefore a set of one hundred spectral index maps
for the two considered angular resolutions.

– We evaluate the error on the data �s maps as the standard
deviation of the one hundred �s maps obtained from simula-
tions.

Figure 5 shows the recovered �s maps together with the uncer-
tainty and the signal-to-noise ratio. The latter is computed with
respect to the median value of the corresponding �s map (�̄s =
�3.19 at 2� and �3.20 at 10�, see Table 3): S/N = |�s��̄s|/�(�s).
It therefore describes how significant are the spatial variations
of the spectral index that we observe. We can notice that, at
FWHM = 2�, most of the fluctuations we see on the �s map
are caused by noise, with only few small regions where the S/N
is coherently above 3. At FWHM = 10� the portion of the sky
where S/N > 3 corresponds to about 50% of the analyzed sky
(⇠ 10% of the total sky).

We stress here that, although the recovered �s maps do not
have high signal-to-noise ratio everywhere, they represent the
first synchrotron spectral index maps computed using only po-
larized data.

6. Spatial correlation with thermal dust emission

As we mention in Section 1, polarized Galactic synchrotron ra-
diation and thermal dust emission are expected to have some de-
gree of correlation, due to the same underling Galactic magnetic
field.

This correlation has already been measured on the larger an-
gular scales (` . 100) through the computation of cross angu-
lar power spectra between WMAP and Planck low and high fre-
quency frequency maps (see ). In these works, the reported val-
ues for the correlation coe�cient ⇢ show a decay as a function
of multipoles, with ⇢ ' 0.5 at ` ' 10 and approaching values
compatible zero at the degree angular scales.

In this Section we summarize the results we obtain by com-
puting the cross correlation between the S-PASS observations
and the Planck maps at 353 GHz.

6.1. S-PASS/Planck-353 GHz cross power spectra

The Planck-HFI (High Frequency Instrument) observa-
tions of the full sky at 353 GHz represent the best measurement

of the polarized thermal dust emission currently available. They
have been intensively used to study this kind of emission as con-
taminant to CMB primordial B-modes (see ?), and several ex-
periments are currently rely on them to perform component sep-
aration and isolate the CMB signal (see for example ).

Therefore, to estimate the ⇢ coe�cient, describing the cor-
relation between synchrotron and thermal dust radiation, we use
the Planck 353 GHz polarization maps, and we compute cross
angular power spectra among them and the S-PASS observa-
tions.

In particular, the value of ⇢ is obtained as follows:

⇢` =
D`(2.3 ⇥ 353)p
D`(2.3) D`(353)

, (4)

where the numerator reports the amplitude in a given multipole
bin of the cross spectrum between S-PASS and Planck-353 po-
larization maps divided by the amplitude of the single frequency
spectra (at 2.3 and 353 GHz). In particular, as done before, the
value of D`(2.3) is obtained from the auto spectra of the S-PASS
maps (given the low level of noise at the angular scale of inter-
est). On the contrary, we estimate D`(353) by computing cross
spectra of independent splits obtained from the Planck dataset
at 353 GHz, in order to avoid the presence of noise bias on the
spectra. The used Planck maps are the publicly available ones
downloaded from the PLA. As independent splits we consider
the two half-mission maps.

We evaluate ⇢` by computing the E and B-mode spectra on
the set of six iso-latitude masks described previously (Section
2.2), in the same multipole bins we use in the analysis if the syn-
chrotron SED, ranging from ` = 20 to ` ' 140 (see Section 4.2),
and considering maps degraded at the Nside = 256 pixelization.

The values for ⇢ obtained in the di↵erent masks and multi-
pole bins for E and B-modes are shown in Figure 9. On this plots
error bars are again obtained through simulations. In particular,
we generate a set of one hundred signal+noise simulations at 2.3
and 353 GHz, where the signal includes synchrotron and thermal
dust emissions (obtained from the Planck FFP8 sky maps), and
CMB realizations (from the best Planck 2015 ⇤CDM model).
We get the S-PASS noise as random realizations from the vari-
ance map. For the Planck-353 channel we obtain the noise from
data, following the procedure described in Section 4.1.1, and
using the half-mission maps as splits. We compute the cross-
frequency and single-frequency spectra from this set of simula-
tions, calculate the value of ⇢ through Equation 4, and obtain the
error bars as the standard deviations of these simulated values.

Our results show that we also recover a general trend of de-
cay in synchrotron-dust correlation coe�cient as a function of
the multipoles. We find values of ⇢ reaching up to about 40%
for the larger angular scales, and approaching zero for the de-
gree scales. These results are in agreement with what previously
found by and , showing that the correlation between the two kind
of emission, especially at low multipoles, persists also when we
compare maps at very distant frequencies, such as for S-PASS
and Planck-353 channels.

7. Contamination to CMB polarization

As final steps of our analysis, we use the S-PASS and Planck
data to estimate the level of contamination from foregrounds to
the observation of primordial CMB B-modes. In performing this
analysis we focus on the degree angular scales, around ` ⇠ 80,
where the recombination bump of the CMB B-modes peaks.

We estimate the amplitude of foreground radiation on small
sky regions, with fsky ⇠ 1%, with the goal of obtaining a map of
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✦ Correlation between synchrotron and dust observable over the huge 
frequency range 2.3-353 GHz

19



Contamination to B-modes

• 184 circular regions with fsky 
~ 1%

• Computation of S-PASS auto 
spectra and Planck-353

• Fit of B-modes spectra with 
power law for 40<𝓵<140

• Extrapolation in frequency of 
synchrotron and dust amplitudes
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Fig. 11.

The signal drops below an equivalent foreground induced ten-
sor power rFG of about 10�2 at frequencies larger than 95 GHz
and varies substantially across the sky, confirming the neces-
sity of including synchrotron monitoring channels monitoring
the low frequencies in order to achieve an e�cient subtraction
for constraining the cosmological contribution to the observed
B-modes.

Our findings confirm, for the first time at the angular resolu-
tion and S/N reached by SPASS, the complexity of synchrotron
emission as a contaminant to CMB observations. More obser-
vations of this kind, either in the radio band (from e.g. the C
Band All Sky Survey at 5 GHz), or at higher frequencies, are
needed to measure the de-correlation synchrotron properties, and
the behavior of the spectral index, in order to achieve a model-
ing which can be considered satisfactory for subtraction in CMB
B-mode experimental setups. Forthcoming possibilities in this
sense are represented by the Q-U-I JOint TEnerife (QUIJOTE)
and the Large Scale Polarization Explorer (LSPE, also observing
higher frequencies from balloons), located in Tenerife and ob-
serving in the near future the linearly polarized northern hemi-
sphere. Radio surveys have reached the coverage of half of the
sky and will also be extendet to the whole sky in the forthcom-
ing years. Our work has also an immediate impact on the sim-
ulation activity concerning the control and removal of di↵use
foregrounds in CMB data analysis. The investigation of the ef-
fects found in the present paper onto the foreground residuals
in component separation tests are being evaluated. A most im-
portant piece of information is represented by the polarized syn-
chrotron spectral index map, covering a large portion of the sky
and obtained using, for the first time, polarization data only. This
ingredient represents a most important novely in the simulation

setup, and its e↵ect are being investigated and will be character-
ized soon.

8.1. Future prospectives

Acknowledgements. Grazie grazie
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Conclusions
✦ One of the legacy of the Planck mission is represented by the high frequency data 

essential to constrain thermal dust emission:
✦ characterization of polarization power spectra
✦ dust SED and correlation with synchrotron

✦ For low frequency Planck and WMAP data sensitivity is not enough to characterize 
synchrotron signal at high Galactic latitudes

✦ Very low frequency observations (< 20 GHz) can help
✦ S-PASS data at 2.3 GHz allowed characterization of synch with high signal-to-

noise:
✦ polarization power spectra
✦ synchrotron SED in range 2.3-33 GHz: βs= -3.22± 0.08 
✦ first  βs map based on polarization data 
✦ synch - dust correlation over the range 2.3-353 GHz
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Fig. 6. Upper panel: amplitude of computed power spectra on data for di↵erent multipole bins and sky masks (the color scheme is the same of
Figure 4) as a function of the e↵ective frequency. Filled points refers to EE spectra, empty ones to BB. Curves represent the best model we obtain
when fitting Equation (2) to data (solid and dashed lines for E and B-modes respectively). Lower panel: residuals of the fits normalized to the 1�
error. In both upper and lower panel the points inside the grey shaded area come from the correlation of S-PASS with WMAP/Planck data which,
as described in the text, are not considered in the fitting.
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Fig. 6. Upper panel: amplitude of computed power spectra on data for di↵erent multipole bins and sky masks (the color scheme is the same of
Figure 4) as a function of the e↵ective frequency. Filled points refers to EE spectra, empty ones to BB. Curves represent the best model we obtain
when fitting Equation (2) to data (solid and dashed lines for E and B-modes respectively). Lower panel: residuals of the fits normalized to the 1�
error. In both upper and lower panel the points inside the grey shaded area come from the correlation of S-PASS with WMAP/Planck data which,
as described in the text, are not considered in the fitting.
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ertheless, the lack of independent data estimating the level of
Faraday rotation does not allow a thorough characterization of
the e↵ect.

Lastly, it is important to notice that we are cross-correlating
maps at frequencies which are far away from each other, and that
we are fitting the data with a simple power-law model, having a
single spectral index �

s

. Any deviation from this approximated
model can cause large residuals, especially visible in the cross-
correlation of data at distant frequencies. The deviation can pos-
sibly be caused by frequency or spatial varying spectral index
that could cause de-correlation even at high Galactic latitudes.
The possibility that de-correlation is actually due to the variation
of the underlying physical properties of synchrotron would have
important implications for B-mode experiments targeting cos-
mological GWs. It would imply that these experiments need to
design focal planes monitoring synchrotron at frequencies close
to the minimum foreground contamination, for properly map-
ping the foreground contamination and subtract it out with low
residuals on the CMB signal.

A quantitative assessment of de-correlation and its physi-
cal properties, though, will have to wait for other independent
data at intermediate frequencies. Several observations are ongo-
ing in the northern (Génova-Santos et al. 2017; Aiola et al. 2012)
and southern (Pearson & C-BASS Collaboration 2016; Essinger-
Hileman et al. 2014) hemispheres which will allow to further
characterize this e↵ect.

5. Polarized synchrotron spectral index map

In the previous section we describe how we use S-PASS, WMAP
and Planck data to estimate the synchrotron spectral index, an-
alyzing the available data in the harmonic domain and fitting
the synchrotron SED to the power spectra amplitudes at di↵er-
ent frequencies. In this Section we estimate �

s

by performing a
pixel based analysis for deriving the corresponding map of syn-
chrotron spectral index.

5.1. Procedure

As for the analysis in the harmonic space, we evaluate the syn-
chrotron spectral index considering a simple power law model
and fitting the data in the pixel domain. We consider again the
S-PASS, WMAP K, Ka and Planck-LFI 30 GHz polarization
maps. Contrary to what we do with power spectra, we fix the
amplitude of synchrotron at the value measured at 2.3 GHz in
the S-PASS data and fit only for the spectral index �

s

consider-
ing the four available frequencies: 2.3, 23, 28.4 and 33 GHz.

In the pre-processing, we smooth all the maps at the same
angular resolution, considering a Gaussian beam with a FWHM
(Full Width Half Maximum) of 2�. We fit for �

s

in each pixel,
after degrading the input maps at N

side

= 256.
We perform the fit in total polarization P (with P =p

Q

2 + U

2), in order to avoid e↵ects coming from possible ro-
tation in the polarization angle with frequency. Nevertheless, to-
tal polarization maps are positively biased, due to the presence
of noise. This bias is negligible for S-PASS which, at the angu-
lar resolution of 2�, has S/N > 5 everywhere on both stokes Q

and U maps. On the contrary, the bias is important on WMAP and
Planck total polarization data, which have lower signal to noise.
Therefore, if not properly taken into account, the noise bias can
cause a shift of the recovered spectral index �

s

towards higher
values (flatter spectra).

Fig. 7. Upper panels: synchrotron spectral index map derived as de-
scribed in the text. Middle panels: 1� uncertainty on �

s

. Lower panels:
significance of the spectral index variation with respect to �

s

= �3.2,
corresponding to the value at which the distribution of the �

s

on map
peaks (see Figure 8). Note that colors are saturated for visualization
purposes. The complete range of values is: �4.4  �

s

 �2.5, �1.6 
log10[�(�

s

)]  0.03, �6  S/N  20

In order to obtain an unbiased estimate for the spectral index,
we thus include the presence of noise while preforming the fit.
In each pixel we minimize the following function:

X

⌫
i

(P̃⌫
i

� P⌫
i

)2, (3)

where ⌫
i

2 [23, 28.4, 33] GHz and P is the total polarization
amplitude in the considered pixel. P̃⌫

i

is computed starting from
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Fig. 8. Comparison of the normalized histograms of the synchrotron
spectral index map obtained from data (indigo) and simulation (cyan
line). The dashed line is at �

s

= �3.2, where the �
s

distribution peaks
and also represents the reference value of the simulated case.

the S-PASS polarization maps as:

P̃⌫
i

=

vt2
66664Q2.3

 
2.3
⌫

i

!�
s

+ n

Q

⌫
i

3
77775

2

+

2
66664U2.3

 
2.3
⌫

i

!�
s

+ n

U

⌫
i

3
77775

2

, (4)

where Q2.3 and U2.3 represent the amplitude of S-PASS Stokes Q

and U maps respectively, while n

Q

⌫
i

and n

U

⌫
i

are a random realiza-
tion of white noise, for Q and U, respectively, at the frequency
⌫

i

. The random realizations of noise at the di↵erent frequencies
⌫

i

are computed as described in Section 4.1.1, after properly tak-
ing into account the correlation e↵ects coming from the angular
smoothing of the maps. P̃⌫

i

represents, therefore, our model of
the total polarization amplitude at the frequency ⌫

i

, and includes
also the bias coming from noise. We stress again that, given our
model, the only free parameter in performing the minimization
of the function in Equation 3 is the spectral index �

s

while the
synchrotron amplitude is fixed at the value we observe in S-PASS
maps (that we consider to be noiseless). Obviously, in order to
take into account properly the e↵ect of noise, we have to perform
the fit multiple times, randomizing on the noise realizations n

Q

⌫
i

and n

U

⌫
i

. In particular, for each pixel, we compute the fit a hun-
dred times, and we get the final value and the statistical error
on �

s

as the mean and standard deviation, respectively, of these
estimated values.

5.2. �
s

map and errors

Figure 7 reports the recovered spectral index map and corre-
sponding errors (upper and middle panel, respectively). In the
error budget we include both the statistical error (obtained as de-
scribed in the previous section) and the error coming from the
uncertainty in the S-PASS calibration, which is at 5% on map.
The two kinds of uncertainty are added together in quadrature to
obtain the final value of �(�

s

) in each pixel. In the maps, val-
ues of the spectral index vary in the range �4.4  �

s

 �2.5,
with 0.02  �(�

s

)  1.06. In about 46% of the analyzed sky the

spectral index value is recovered with a total uncertainty below
0.1.

Figure 8 shows the histogram of the recovered �
s

on map.
This distribution peaks around �

s

' �3.2, with an average value
�

s

= �3.25 ± 0.15. These numbers are in agreement with the
value we find fitting for the synchrotron SED in harmonic space
(see Section 4.2.1), and are also consistent with the result ob-
tained by Carretti et al. (2010) who, using polarization maps
at 1.4 and 23 GHz found a spectral slope at high Galactic lat-
itudes peaked around -3.2. We compare the distribution of the
�

s

with the one obtained from simulations. In particular, in the
simulated case, we extrapolate the S-PASS polarization maps at
WMAP and Planck frequencies, considering a fixed spectral index
�S IM

s

= �3.2. After properly adding noise on maps at the di↵er-
ent frequencies, and smoothing them at the angular resolution of
2�, we perform the fit with the procedure described in Section
5.1. The histogram of the recovered values of the spectral index
on map is also shown in Figure 8. We first observe that, also in
this simulated case, the histogram peaks at �

s

' �3.2, showing
that our fitting procedure recovers a spectral index map which
is unbiased. Moreover, we notice that the �

s

distribution for the
simulated case appears to be narrower when compared to the one
from data. This indicates that the spread of �

s

we find is a real
feature of the sky emission and not only due to the data noise.

In the lower panel of Figure 7 we also show an estimate of the
significance of the recovered variation of the spectral index with
respect to the reference value �

s

= �3.2 in each pixel, computed
as S = (�

s

+3.2)/�(�
s

). We find that |S | > 2 in about 12% of the
analyzed sky.

We stress here that the synchrotron spectral index map ob-
tained in this work is the first available one computed using only
polarized data, and therefore will represent an important tool to
generate realistic simulations of the polarized synchrotron sky7.

6. Spatial correlation with thermal dust emission

Polarized Galactic synchrotron and thermal dust signals are ex-
pected to have some degree of correlation, due to the same un-
derlying Galactic magnetic field.

This correlation has already been measured on the larger an-
gular scales (` . 100) through the computation of cross angu-
lar power spectra between WMAP and Planck low and high fre-
quency channels (see Choi & Page (2015); Planck Collaboration
Int. LIV (2018)). In those works, the reported values for the cor-
relation coe�cient ⇢ show a progressive decay for increasing
multipoles, with ⇢ ' 0.5 at ` ' 10 and approaching values com-
patible with zero at the degree angular scales.

In this Section we summarize the results we obtain by com-
puting the cross correlation between the S-PASS and Planck
maps at 353 GHz.

6.1. S-PASS⇥Planck-353 GHz cross power spectra

The Planck-HFI (High Frequency Instrument) observa-
tions of the full sky at 353 GHz represent the best measurement
of the polarized thermal dust emission currently available. They
have been intensively used to study the properties of the signal
and its contamination to CMB primordial B-modes, and several
experiments are currently relying on them to perform compo-
nent separation and isolate the CMB signal (BICEP2/Keck and
Planck Collaborations 2015) or put upper limits on foreground
7 The spectral index map is available upon request to be sent to Nico-
letta Krachmalnico↵ (nkrach@sissa.it)
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