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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 
! CMB foregrounds 
! ... 
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WMAP-K  polarized intensity map
@23 GHz
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Overview of the analysis
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S-PASS auto power spectra


Synchrotron Spectral Energy Distribution (SED) 

Constraint on synchrotron curvature


Synchrotron spectral index map


Correlation between synchrotron and thermal dust emission


Contamination to CMB B-modes



C` = As`
↵ +Ap
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S-PASS auto power spectra
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N. Krachmalnico↵ et al.: The S-PASS view of polarized Galactic Synchrotron at 2.3 GHz

Fig. 2. EE (left panel) and BB (right panel) power spectra of the S-PASS polarization maps computed on the set of iso-latitude masks described
in Section 2.2 (colored curves). 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). Grey curves represent the polarization spectra computed on the whole sky region observed
by S-PASS where the signal is strongly contaminated by the Faraday rotation e↵ects on the Galactic plane.

EE and BB angular power spectra for the set of six masks are
plotted in Figure 2, showing D` = `(` + 1)C`/2⇡, where C` are
the two point correlation function coe�cients of the expansion
in Legendre polynomials. As expected, the amplitude depends
on the considered sky region, with spectra computed at higher
Galactic latitudes showing less power than the ones including
also regions closer to the Galactic plane, where the synchrotron
emission is stronger. At low multipoles, corresponding to large
angular scales, the sky emission is dominated by the di↵use syn-
chrotron radiation, characterized by a typical power law decay.
At ` & 200, the D` start rising due to the emission of extra-
Galactic compact sources in the radio band (hereafter, labeled as
point or radio sources).

3.1. Fitting

In order to describe the spectral behavior as a function of ` we
implement a fitting procedure considering the following model:

C` = A
XX

s

 
`

80

!↵XX

+ A
XX

p
, with XX = EE, BB. (1)

The model characterizes the di↵use Galactic synchrotron emis-
sion by means of a power law with index ↵ and amplitude As

evaluated on a pivot point, corresponding to ` = 80. This value
corresponds to the angular scale where, for CMB emission, the
maximum of the contribution from cosmological gravitational
waves is located, and therefore most important for measuring
the contamination to CMB from synchrotron. The emission from
point sources is assumed as Poisson noise on maps with a flat C`

power spectrum with amplitude Ap.
We fitted the model in Equation 1, separately for E and B-

modes and for the di↵erent masks, for the whole range of con-
sidered multipoles. In performing the fitting we weighted each
point with the corresponding signal variance.

The fitted power spectra are shown in Figure 2 with the re-
sulting best fit parameters reported in Table 2. Figure 3 shows
the recovered values for ↵ and Ap, together with the synchrotron
B-to-E ratio A

BB

s
/AEE

s
.

Results show a steep decay of the amplitude as a function
of multipoles for the di↵use component of the signal. For iso-
latitude cuts with |b| > 30� the values of ↵ stabilize around �3.15
(weighted mean) with a slightly steeper value for E than for B-

modes. On masks including also low Galactic latitudes the spec-
trum is flatter, exhibiting a similar behavior for the two polariza-
tion states. This is probably due to Faraday rotation of the polar-
ization angle of the signal at mid latitudes, whose e↵ect is to mix
E and B-modes and to cause excess power on the small angu-
lar scales (Baccigalupi et al. 2001). This consideration is sup-
ported also by the behavior of the polarization power spectra
computed on the whole sky region observed by S-PASS (with
the only exclusion of brightest extended sources as described
in Section 2.2). As a matter of fact, in this case, where the sig-
nal is dominated by Faraday rotation e↵ects on the Galactic
plane, spectra are almost flat in the whole considered multi-
pole range with similar amplitude for E and B-modes (grey
curves on Figure 2). Given the strong contamination, we do
not apply the fit in this case.

The EE spectra show more power than BB, especially at
high Galactic latitudes, with A

BB

s
/AEE

s
' 0.5 for |b| > 35�. A

similar asymmetry has been observed as a characterizing feature
of the thermal dust emission, on the basis of Planck observation
at 353 GHz (Planck Collaboration Int. XXX 2016; Planck Col-
laboration Int. LIV 2018). A physical explanation of this feature
has been proposed for thermal dust emission (Planck Collabo-
ration Int. XXXII 2016) in terms of filaments constituted by
dense structures aligned to the Galactic magnetic field. The
question whether this reasoning can explain in part or totally
the same asymmetry observed here for synchrotron is open.
As for the Ap parameter, representing the power of point sources
on the spectra, the resulting amplitude is pretty constant for the
considered sky regions.

It is worth noticing 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%. Nevertheless, this
is not unexpected: we are modeling the data using a simple
model (although being a typical one for this kind of stud-
ies, see for example Planck Collaboration Int. XXX (2016)),
in the high signal-to-noise ratio regime allowed by S-PASS.
Given the highly non-stationarity and non-Gaussianity of
foreground emissions, the spectra are not a perfect power
law in ` and vary in shape and amplitude from region to re-
gion. Therefore, the fit may result in a poor correspondence
between model and data. Gross statistical indicators, like
power law spectra fitting, are important to assess the over-
all contamination of foregrounds, but are far from constitut-
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N. Krachmalnico↵ et al.: The S-PASS view of polarized Galactic Synchrotron at 2.3 GHz

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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N. Krachmalnico↵ et al.: The S-PASS view of polarized Galactic Synchrotron at 2.3 GHz

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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Fig. 4. Best fit values for the synchrotron SED spectral index �s (upper panel) and PTE coe�cients (lower panel), obtained by fitting the model of
Equation (2) to S-PASS, WMAP and Planck data. Di↵erent point colors and shapes refer to the di↵erent sky regions. The black line and grey area
in the upper plot show the retrieved average value �s = �3.22 ± 0.08.

Fig. 5. Retrieved �s parameter obtained by fitting synchrotron SED model on simulated spectra. Point colors and shapes follows the same scheme
of Figure 4.

We fit the model of Equation 2 to the mean value of the spec-
tra obtained from the simulations. We stress that the synchrotron
signal in our simulations is rigidly rescaled at the di↵erent fre-
quencies considering a constant spectral index �s = �3.1, and
any possible cause of de-correlation among frequencies (other
than noise) is excluded. Therefore, di↵erently to what we have
described previously for data, we fit the SED model on simula-
tions, considering the full set of ten frequencies, including there-
fore also the cross spectra among S-PASS and WMAP/Planck.

Results of the fit are shown in Figure 5. We are able to re-
cover the input value of the �s parameter in all the considered
cases.

4.3. Correlation between S-PASS and WMAP/Planck
polarization maps

In the upper panel of Figure 6 we show the amplitude of EE

and BB spectra we get from data, for all the multipole bins and
sky masks, together with the best fit curves. The lower panel
of the same figure shows the residuals of each fit. In all these

plots the points inside the grey shaded area come from the cross
correlation between the S-PASS polarization maps and the other
three maps at higher frequencies from WMAP and Planck data.

As described in the previous Section, we did not consider
these points while performing the fit. The reason of excluding
them appears clear while looking at the residuals: the majority of
them show a lack of power with respect to the best synchrotron
SED model. In particular, residuals can be more than 4� away
from the best fit curve for the largest masks. On the other hand,
at high latitudes deviations are generally within 2�, and there-
fore not statistically significant. This indicates that S-PASS and
WMAP/Planck maps do not properly correlate in the sky regions
close to the Galactic plane and that, here, some kind of mecha-
nism causing de-correlation is present.

In general, de-correlation may originate either from in-
strumental e↵ects or physical motivations. In our case, sys-
tematics e↵ects can not be the primary source since they
would cause stronger de-correlation where the signal is
weaker, i.e. at high Galactic latitudes, which is opposite to
what we find. For WMAP and Planck, residual intensity-
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�s = �3.22± 0.08
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✦ Constant along the multipole range and for E and B-modes 
✦ In agreement with constraints coming from WMAP and Planck 
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Fig. 7. Constraint on the srun parameter describing the curvature of the synchrotron spectral index in polarization.

Fig. 8. Posterior distribution of the parameters obtained by fitting
the model in 3 to BB power spectra of S-PASS, Planck and WMAP
in the multiple bin at ` ' 50 and for the iso-latitude mask with
|b| > 35�. The fit has been computed by applying a Gaussian prior
on the synchrotron spectral index with �s = �3.13 ± 0.13.

In performing the fit we apply a Gaussian prior on the �s

parameter with �s = �3.13 ± 0.13. This prior is the same
adopted in Planck Collaboration Int. LIV (2018) and has
been obtained as the mean value of the �s computed from
Planck and WAMP data in sky regions with fsky ranging from
24% to 71% and multipole bins from ` = 4 to ` = 160. The
reason for applying this prior is that the �s and srun param-
eters are highly degenerate. Moreover, the constraint on �s

from WMAP and Planck data, on our sky masks, is too weak
for allowing the fit of both parameters simultaneously, with-
out any prior. Since the prior on the �s comes from WMAP and
Planck data, in this case we fix the pivot frequency ⌫0 at 23
GHz.

Figure 7 and Table 3 report the resulting constraints on
the srun parameter, in each multipole bin and sky maps. In all
the cases the srun parameter is compatible with zero at 1.5�
at most, with error bars ranging from 0.07 to 0.14. In Figure
8 we show the posterior distribution from the MCMC fit, in
the particular case at ` ' 50, iso-latitude mask with |b| > 35�
and BB spectrum.

5. Polarized synchrotron spectral index map

In the previous section we describe how we used S-PASS, WMAP
and Planck data to estimate the synchrotron spectral index in the
harmonic domain. In this Section we estimate �s by performing
a pixel based analysis for deriving the corresponding map.

5.1. Procedure

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

In the pre-processing, we smooth all the maps at the same an-
gular resolution of 2�. We fit for �s in each pixel, after degrading
the input maps at Nside = 256.

We perform the fit on the polarized intensity maps P (with
P =

p
Q2 + U2), in order to avoid e↵ects coming from possible

rotation in the polarization angle with frequency. Nevertheless,
total 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 for WMAP and
Planck, which have lower signal to noise. If not properly taken
into account, the noise bias can therefore cause a shift of the re-
covered spectral index �s towards higher values (flatter spectra).

In order to obtain an unbiased estimate, we include the pres-
ence of noise while preforming the fit. In particular, in each pixel
we minimize the following function:

f (�s) =
X

⌫i

(P̃⌫i � P⌫i )
2, (4)

where ⌫i 2 [23, 28.4, 33] GHz and P⌫i is the total polarization
amplitude observed on maps at frequency ⌫i. P̃⌫i is computed
starting from the S-PASS polarization maps as:

P̃⌫i =

vt2
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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 real-
ization of white noise, for Q and U, at the frequency ⌫i. These
random realizations are computed from the variance map of
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Fig. 7. Constraint on the srun parameter describing the curvature of the synchrotron spectral index in polarization.

Fig. 8. Posterior distribution of the parameters obtained by fitting
the model in 3 to BB power spectra of S-PASS, Planck and WMAP
in the multiple bin at ` ' 50 and for the iso-latitude mask with
|b| > 35�. The fit has been computed by applying a Gaussian prior
on the synchrotron spectral index with �s = �3.13 ± 0.13.

In performing the fit we apply a Gaussian prior on the �s

parameter with �s = �3.13 ± 0.13. This prior is the same
adopted in Planck Collaboration Int. LIV (2018) and has
been obtained as the mean value of the �s computed from
Planck and WAMP data in sky regions with fsky ranging from
24% to 71% and multipole bins from ` = 4 to ` = 160. The
reason for applying this prior is that the �s and srun param-
eters are highly degenerate. Moreover, the constraint on �s

from WMAP and Planck data, on our sky masks, is too weak
for allowing the fit of both parameters simultaneously, with-
out any prior. Since the prior on the �s comes from WMAP and
Planck data, in this case we fix the pivot frequency ⌫0 at 23
GHz.

Figure 7 and Table 3 report the resulting constraints on
the srun parameter, in each multipole bin and sky maps. In all
the cases the srun parameter is compatible with zero at 1.5�
at most, with error bars ranging from 0.07 to 0.14. In Figure
8 we show the posterior distribution from the MCMC fit, in
the particular case at ` ' 50, iso-latitude mask with |b| > 35�
and BB spectrum.

5. Polarized synchrotron spectral index map

In the previous section we describe how we used S-PASS, WMAP
and Planck data to estimate the synchrotron spectral index in the
harmonic domain. In this Section we estimate �s by performing
a pixel based analysis for deriving the corresponding map.

5.1. Procedure

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

In the pre-processing, we smooth all the maps at the same an-
gular resolution of 2�. We fit for �s in each pixel, after degrading
the input maps at Nside = 256.

We perform the fit on the polarized intensity maps P (with
P =

p
Q2 + U2), in order to avoid e↵ects coming from possible

rotation in the polarization angle with frequency. Nevertheless,
total 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 for WMAP and
Planck, which have lower signal to noise. If not properly taken
into account, the noise bias can therefore cause a shift of the re-
covered spectral index �s towards higher values (flatter spectra).

In order to obtain an unbiased estimate, we include the pres-
ence of noise while preforming the fit. In particular, in each pixel
we minimize the following function:

f (�s) =
X

⌫i

(P̃⌫i � P⌫i )
2, (4)

where ⌫i 2 [23, 28.4, 33] GHz and P⌫i is the total polarization
amplitude observed on maps at frequency ⌫i. P̃⌫i is computed
starting from the S-PASS polarization maps as:
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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 real-
ization of white noise, for Q and U, at the frequency ⌫i. These
random realizations are computed from the variance map of
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✦ Strong degeneracy between βs  and srun 
✦ Gaussian prior on spectral index from WMAP and Planck: βs = -3.13±0.13

✦ srun compatible with zero, with 1σ errors between 0.07 and 0.14 
✦ More data at intermediate frequencies are needed (C-BASS in south, QUIJOTE 

and C-BASS in north) 
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Fig. 9. 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 10). Note that colors are saturated for visualiza-
tion purposes. The complete range of values is: �4.4  �s  �2.5,
�1.6  log10[�(�s)]  0.03, �6  S/N  20

– we add a noise realization representative of WMAP/Planck
noise to the extrapolated maps;

– on this set of simulated maps we estimate the value of the
spectral index �⇤

s
with the procedure used for data;

– we compute the power spectrum of the �di f f = (�⇤
s
� �s)

map (thin grey lines on Figure 11);
– we repeat this procedure a hundred time changing the

noise realizations;
– we evaluate the noise bias as the mean of the obtained one

hundred spectra (black line on Figure 11);
– the unbiased �s spectrum is obtained by subtracting this

mean curve to the spectrum of �s;

Fig. 10. 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.

Fig. 11. Angular power spectrum of the S � PAS S �s map before
(cyan) and after (purple) correction for the contribution of noise.
For a complete description of the Figure see text in Section 5.3.

– error bars on the unbiased spectrum are obtained as the
standard deviation of the hundred noise spectra.

The unbiased spectrum is shown in Figure 11 in purple,
for the four multiple bins not compatible with zero. In or-
der to extrapolate the amplitude of fluctuations at all angu-
lar scales we fit these points with a power law model with
C` / `�, finding a value of � = �2.6±0.2 (dashed purple line).
We also compare our results with the power spectrum of the
synchrotron spectral index map (computed on the same 30%
sky region of our analysis) currently used in the sky mod-
eling for many CMB experiments, i.e. the map included in
the PySM simulation package (Thorne et al. 2017)), shown
in orange on Figure 11. We stress that this map was obtained
combining the first WMAP polarization data with the Haslam
total intensity ones at 408 MHz (Haslam et al. 1981), consid-
ering a model for the Galactic magnetic field, and it includes
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Fig. 9. 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 10). Note that colors are saturated for visualiza-
tion purposes. The complete range of values is: �4.4  �s  �2.5,
�1.6  log10[�(�s)]  0.03, �6  S/N  20

– we add a noise realization representative of WMAP/Planck
noise to the extrapolated maps;

– on this set of simulated maps we estimate the value of the
spectral index �⇤

s
with the procedure used for data;

– we compute the power spectrum of the �di f f = (�⇤
s
� �s)

map (thin grey lines on Figure 11);
– we repeat this procedure a hundred time changing the

noise realizations;
– we evaluate the noise bias as the mean of the obtained one

hundred spectra (black line on Figure 11);
– the unbiased �s spectrum is obtained by subtracting this

mean curve to the spectrum of �s;

Fig. 10. 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.

Fig. 11. Angular power spectrum of the S � PAS S �s map before
(cyan) and after (purple) correction for the contribution of noise.
For a complete description of the Figure see text in Section 5.3.

– error bars on the unbiased spectrum are obtained as the
standard deviation of the hundred noise spectra.

The unbiased spectrum is shown in Figure 11 in purple,
for the four multiple bins not compatible with zero. In or-
der to extrapolate the amplitude of fluctuations at all angu-
lar scales we fit these points with a power law model with
C` / `�, finding a value of � = �2.6±0.2 (dashed purple line).
We also compare our results with the power spectrum of the
synchrotron spectral index map (computed on the same 30%
sky region of our analysis) currently used in the sky mod-
eling for many CMB experiments, i.e. the map included in
the PySM simulation package (Thorne et al. 2017)), shown
in orange on Figure 11. We stress that this map was obtained
combining the first WMAP polarization data with the Haslam
total intensity ones at 408 MHz (Haslam et al. 1981), consid-
ering a model for the Galactic magnetic field, and it includes
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✦ Power law fit in range 2.3 - 33 GHz  
✦ Fit in each pixel in total polarized intensity taking 

into account the noise bias 
✦ Angular resolution of 2°

✦ Sky coverage ~ 30%  
✦ No prior 
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Fig. 28. Distribution of spectral indices for polarized synchrotron (top
panel) and thermal dust (bottom panel) emission as estimated with
Commander without applying any informative Gaussian prior. The syn-
chrotron spectral index shown in this plot is estimated with a 5� FWHM
smoothing scale, and the thermal dust spectral index is estimated with a
3� FWHM smoothing scale. For the thermal dust case, results are shown
both with (green curve) and without (blue curve) applying polarization
e�ciency corrections at 100–217 GHz. The dashed lines in this case
indicate Gaussian fits to the central peak.

full-sky averages. Furthermore, these fits provide a statistically
su�cient model across the full frequency range, as indicated by
the residual spectra shown in the bottom panel of Fig. 31. All
residuals are within 2� of their statistical errors.

The SMICAmeasurements of the polarized thermal dust spec-
tral index are in excellent agreement with the corresponding re-
sults presented in Planck Collaboration XI (2018), based on both
frequency cross-correlation power spectra at high Galactic lati-
tudes and simple colour ratios between the 217- and 353-GHz
channels at low Galactic latitudes. At the same time, �d is lower
by 0.07 or 3� compared to the Commander results presented
above. To understand the origin of these di↵erences, it is instruc-
tive to take a closer look at the 217/353 colour ratio, which is the
fastest, simplest and most transparent estimator available.

The results from this estimator may be summarized as fol-
lows. We subtract one of the cleaned CMB maps from the Planck

Fig. 29. E↵ect on the spectral index of polarized thermal dust emission,
�d, when changing the polarization e�ciency correction at 353 GHz,
✏353. A shift of ✏353 by 1 % translates into a change in �d of 0.013.

Fig. 30. Spatial distribution of the spectral index of polarized thermal
dust emission, �d, as estimated with Commander adopting a smoothing
scale of 3� FWHM. In the top panel no Gaussian prior is applied. In the
bottom panel a Gaussian prior of �d = 1.60 ± 0.10 is applied. In both
cases, the spectral index of synchrotron emission is fixed to �s = �3.1.

Article number, page 34 of 74

Planck IV, 2018



Nicoletta Krachmalnicoff

Power spectrum of spectral index map

β map auto spectrum

Noise
 re

ali
za

tio
ns

Unbiased 

spectrum Power law fitD` / `↵<latexit sha1_base64="Ox4qFvOUDMtMsaFEvgBV5rsLSOk=">AAACD3icdVC7TsNAEDzzDOEVoITiRIREZdkQlNBFQEEJEgGkOETrY4FTzvbpbo2ErDR8Al9BCxUVouUTKPgX7BAkQDDVaGZXuzOhVtKS5705I6Nj4xOTpany9Mzs3HxlYfHYJqkR2BKJSsxpCBaVjLFFkhSeaoMQhQpPwt5u4Z9co7EyiY/oRmMngstYXkgBlEvdyspeNwtQqX6gTaIpKfhZFoDSV9DvVqqeu+VtN7wa99yNeqO26eek/qn4rjdAlQ1x0K28B+eJSCOMSSiwtu17mjoZGJJCYb8cpBY1iB5cYjunMURoO9kgRZ+vpRYo4RoNl4oPRPy+kUFk7U0U5pMR0JX97RXiX147pYtGJ5OxTgljURwiqXBwyAoj83qQn0uDRFB8jlzGXIABIjSSgxC5mOZ9lfM+vkLz/0lrw912/cNatbkzLKbEltkqW2c+q7Mm22cHrMUEu2X37IE9OnfOk/PsvHyOjjjDnSX2A87rB5FNnfA=</latexit><latexit sha1_base64="Ox4qFvOUDMtMsaFEvgBV5rsLSOk=">AAACD3icdVC7TsNAEDzzDOEVoITiRIREZdkQlNBFQEEJEgGkOETrY4FTzvbpbo2ErDR8Al9BCxUVouUTKPgX7BAkQDDVaGZXuzOhVtKS5705I6Nj4xOTpany9Mzs3HxlYfHYJqkR2BKJSsxpCBaVjLFFkhSeaoMQhQpPwt5u4Z9co7EyiY/oRmMngstYXkgBlEvdyspeNwtQqX6gTaIpKfhZFoDSV9DvVqqeu+VtN7wa99yNeqO26eek/qn4rjdAlQ1x0K28B+eJSCOMSSiwtu17mjoZGJJCYb8cpBY1iB5cYjunMURoO9kgRZ+vpRYo4RoNl4oPRPy+kUFk7U0U5pMR0JX97RXiX147pYtGJ5OxTgljURwiqXBwyAoj83qQn0uDRFB8jlzGXIABIjSSgxC5mOZ9lfM+vkLz/0lrw912/cNatbkzLKbEltkqW2c+q7Mm22cHrMUEu2X37IE9OnfOk/PsvHyOjjjDnSX2A87rB5FNnfA=</latexit><latexit sha1_base64="Ox4qFvOUDMtMsaFEvgBV5rsLSOk=">AAACD3icdVC7TsNAEDzzDOEVoITiRIREZdkQlNBFQEEJEgGkOETrY4FTzvbpbo2ErDR8Al9BCxUVouUTKPgX7BAkQDDVaGZXuzOhVtKS5705I6Nj4xOTpany9Mzs3HxlYfHYJqkR2BKJSsxpCBaVjLFFkhSeaoMQhQpPwt5u4Z9co7EyiY/oRmMngstYXkgBlEvdyspeNwtQqX6gTaIpKfhZFoDSV9DvVqqeu+VtN7wa99yNeqO26eek/qn4rjdAlQ1x0K28B+eJSCOMSSiwtu17mjoZGJJCYb8cpBY1iB5cYjunMURoO9kgRZ+vpRYo4RoNl4oPRPy+kUFk7U0U5pMR0JX97RXiX147pYtGJ5OxTgljURwiqXBwyAoj83qQn0uDRFB8jlzGXIABIjSSgxC5mOZ9lfM+vkLz/0lrw912/cNatbkzLKbEltkqW2c+q7Mm22cHrMUEu2X37IE9OnfOk/PsvHyOjjjDnSX2A87rB5FNnfA=</latexit><latexit sha1_base64="Ox4qFvOUDMtMsaFEvgBV5rsLSOk=">AAACD3icdVC7TsNAEDzzDOEVoITiRIREZdkQlNBFQEEJEgGkOETrY4FTzvbpbo2ErDR8Al9BCxUVouUTKPgX7BAkQDDVaGZXuzOhVtKS5705I6Nj4xOTpany9Mzs3HxlYfHYJqkR2BKJSsxpCBaVjLFFkhSeaoMQhQpPwt5u4Z9co7EyiY/oRmMngstYXkgBlEvdyspeNwtQqX6gTaIpKfhZFoDSV9DvVqqeu+VtN7wa99yNeqO26eek/qn4rjdAlQ1x0K28B+eJSCOMSSiwtu17mjoZGJJCYb8cpBY1iB5cYjunMURoO9kgRZ+vpRYo4RoNl4oPRPy+kUFk7U0U5pMR0JX97RXiX147pYtGJ5OxTgljURwiqXBwyAoj83qQn0uDRFB8jlzGXIABIjSSgxC5mOZ9lfM+vkLz/0lrw912/cNatbkzLKbEltkqW2c+q7Mm22cHrMUEu2X37IE9OnfOk/PsvHyOjjjDnSX2A87rB5FNnfA=</latexit>↵ = �0.6± 0.2
<latexit sha1_base64="uyTnTAQnub1OXKBK9j7/P2HHUqk=">AAACBnicdVA9SwNBEN3z2/gVtbRZDIKNx55GEwtBtLFUMCokIcytk7i4d7fszgkh+AP8FbZaWYmtf8PC/+ImRlDRV715b4aZebHRypEQb8HI6Nj4xOTUdGFmdm5+obi4dOay3EqsyUxn9iIGh1qlWCNFGi+MRUhijefx9WHfP79B61SWnlLXYDOBTqraSgJ5qVVcboA2V8D3+IYIdxomEeFmq1gS4bbYrYoy92WlWt6KPKl8KlEoBiixIY5bxffGZSbzBFOSGpyrR8JQsweWlNR4W2jkDg3Ia+hg3dMUEnTN3uD4W76WO6CMG7RcaT4Q8ftEDxLnuknsOxOgK/fb64t/efWc2tVmT6UmJ0xlfxEpjYNFTlrlU0F+qSwSQf9y5CrlEiwQoVUcpPRi7mMq+Dy+nub/k9pmuBtGJ+XS/sEwmCm2wlbZOotYhe2zI3bMakyyLrtnD+wxuAuegufg5bN1JBjOLLMfCF4/AF3pl3o=</latexit><latexit sha1_base64="uyTnTAQnub1OXKBK9j7/P2HHUqk=">AAACBnicdVA9SwNBEN3z2/gVtbRZDIKNx55GEwtBtLFUMCokIcytk7i4d7fszgkh+AP8FbZaWYmtf8PC/+ImRlDRV715b4aZebHRypEQb8HI6Nj4xOTUdGFmdm5+obi4dOay3EqsyUxn9iIGh1qlWCNFGi+MRUhijefx9WHfP79B61SWnlLXYDOBTqraSgJ5qVVcboA2V8D3+IYIdxomEeFmq1gS4bbYrYoy92WlWt6KPKl8KlEoBiixIY5bxffGZSbzBFOSGpyrR8JQsweWlNR4W2jkDg3Ia+hg3dMUEnTN3uD4W76WO6CMG7RcaT4Q8ftEDxLnuknsOxOgK/fb64t/efWc2tVmT6UmJ0xlfxEpjYNFTlrlU0F+qSwSQf9y5CrlEiwQoVUcpPRi7mMq+Dy+nub/k9pmuBtGJ+XS/sEwmCm2wlbZOotYhe2zI3bMakyyLrtnD+wxuAuegufg5bN1JBjOLLMfCF4/AF3pl3o=</latexit><latexit sha1_base64="uyTnTAQnub1OXKBK9j7/P2HHUqk=">AAACBnicdVA9SwNBEN3z2/gVtbRZDIKNx55GEwtBtLFUMCokIcytk7i4d7fszgkh+AP8FbZaWYmtf8PC/+ImRlDRV715b4aZebHRypEQb8HI6Nj4xOTUdGFmdm5+obi4dOay3EqsyUxn9iIGh1qlWCNFGi+MRUhijefx9WHfP79B61SWnlLXYDOBTqraSgJ5qVVcboA2V8D3+IYIdxomEeFmq1gS4bbYrYoy92WlWt6KPKl8KlEoBiixIY5bxffGZSbzBFOSGpyrR8JQsweWlNR4W2jkDg3Ia+hg3dMUEnTN3uD4W76WO6CMG7RcaT4Q8ftEDxLnuknsOxOgK/fb64t/efWc2tVmT6UmJ0xlfxEpjYNFTlrlU0F+qSwSQf9y5CrlEiwQoVUcpPRi7mMq+Dy+nub/k9pmuBtGJ+XS/sEwmCm2wlbZOotYhe2zI3bMakyyLrtnD+wxuAuegufg5bN1JBjOLLMfCF4/AF3pl3o=</latexit><latexit sha1_base64="uyTnTAQnub1OXKBK9j7/P2HHUqk=">AAACBnicdVA9SwNBEN3z2/gVtbRZDIKNx55GEwtBtLFUMCokIcytk7i4d7fszgkh+AP8FbZaWYmtf8PC/+ImRlDRV715b4aZebHRypEQb8HI6Nj4xOTUdGFmdm5+obi4dOay3EqsyUxn9iIGh1qlWCNFGi+MRUhijefx9WHfP79B61SWnlLXYDOBTqraSgJ5qVVcboA2V8D3+IYIdxomEeFmq1gS4bbYrYoy92WlWt6KPKl8KlEoBiixIY5bxffGZSbzBFOSGpyrR8JQsweWlNR4W2jkDg3Ia+hg3dMUEnTN3uD4W76WO6CMG7RcaT4Q8ftEDxLnuknsOxOgK/fb64t/efWc2tVmT6UmJ0xlfxEpjYNFTlrlU0F+qSwSQf9y5CrlEiwQoVUcpPRi7mMq+Dy+nub/k9pmuBtGJ+XS/sEwmCm2wlbZOotYhe2zI3bMakyyLrtnD+wxuAuegufg5bN1JBjOLLMfCF4/AF3pl3o=</latexit>

PySM 

Noise realizations:
S-PASS maps @ 2.3 GHz

Estimate β*

Compute spectrum of (β*-β)

Extrapolate in frequency using β map at  
WMAP-K/Ka, LFI-30  frequencies

Add noise on extrapolated maps 

Tenerife, October 17th 2018
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N. Krachmalnico↵ et al.: The S-PASS view of polarized Galactic Synchrotron at 2.3 GHz

Fig. 12. Correlation coe�cient for thermal dust and synchrotron computed as in Equation (6), using S-PASS and Planck 353 GHz polarization
maps.

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` = A

s

`=80`
↵. We use the value ↵ = �3, which rep-

resents the average of the values we find by performing the fit on
S-PASS power spectra on the set of iso-latitude masks (see Sec-
tion 3.1 and Table 2), and fit only for the spectra amplitude. With
this procedure we obtain an estimate of the amplitude of A

s

`=80
of synchrotron B-mode spectrum at 2.3 GHz and at ` = 80, in
each region. The error on this amplitude takes into account both
the one coming from the power law fit as well as the uncertainty
on S-PASS photometric calibration that we consider to be at 5%
level on maps.

We assess the level of contamination coming from syn-
chrotron to CMB B-modes at 90 GHz, one of the typical chan-
nels at which CMB experiments observe the sky and close to
the minimum of foreground emission. To do so, we extrapo-
late the recovered amplitudes A

s

`=80, considering a power law
SED, with �s = �3.22 ± 0.08. We divide these amplitudes
extrapolated at 90 GHz, by the amplitude of CMB B-modes
at ` = 80, considering the best Planck 2015 ⇤CDM model
with tensor-to-scalar ratio r = 1 (ACMB

`=80 = 7.54 ⇥ 10�2 µK2).
In this way we obtain an estimate of the parameter, hereafter
called rsynch, whose value describes the contamination to primor-
dial CMB B-modes in term of equivalent tensor-to-scalar ratio.

Figure 13 reports the map, together with the corresponding
histogram, of the value of rsynch in the pixels of a map at Nside = 8
on which each of the considered circular sky regions is centered.
We also report the 1� upper and lower limits on the value of
rsynch, computed by taking into account both the error on A

s

`=80
and the uncertainty on �s. The Figure shows new remarkable fea-
tures with respect to what has been found in previous works con-
sidering satellite data (Krachmalnico↵ et al. 2016). There, only
peaks in the synchrotron emission were detectable above noise
threshold, while here the regions with lowest emission can also
be measured. Results show that, even in the cleanest region of the
sky, the synchrotron contamination is at the level of rsynch = 10�3

at 90 GHz.

7.2. Foreground minimum

Finally, we compare the S-PASS levels of synchrotron measured
in this work with those from dust, to assess the relevance and
location in frequency of the foreground minimum with respect
to cosmologically interesting values of r.

In Figure 14 we report the synchrotron B-mode power spec-
tra inferred in this work from S-PASS data, evaluated as de-
scribed in Section 7.1 on the 184 sky regions outlined above. For
the spectral shape we use the usual power law with �s = �3.22,
to extrapolate the synchrotron amplitude at the frequencies of
30, 40, 90 and 150 GHz. These spectra are compared with those
for the thermal dust emission, with amplitude evaluated by fitting
the B-modes power spectra. We compute these spectra by cross
correlating the Planck 353 GHz half-mission maps on the
same circular sky regions, with a power law with ↵d = �2.42
(Planck Collaboration Int. XXX 2016), on the multipole inter-
val 40  `  140. The extrapolation in frequency for thermal
dust emission is done considering a modified black body SED
with �d = 1.59 and Td = 19.6 K (Planck Collaboration Int. XXII
2015).

The amplitude of the two signals, in the di↵erent sky regions,
are compared, at di↵erent frequencies, with cosmologically in-
teresting levels of r as well as lensing, again as predicted by
the Planck 2015 best fit ⇤CDM cosmology. Results shows that
there is no region of the sky, nor frequency, where the foreground
level lies below the CMB power B-modes power spectrum with
r ' 10�3.

In Figure 15 we show the sky distribution of the minimum
of foreground emission. This is obtained by summing the am-
plitude of synchrotron and thermal dust B-modes at ` = 80 ex-
trapolated at the di↵erent frequencies, using the SEDs described
above, and looking for the frequency at which this sum reaches
its minimum. By computing the simple sum of the two kinds
of emission, here we are neglecting the correlation between the
two. Levels of the minimum emission show rFG ' 10�2 at high
latitudes, while approaching unity at the lowest latitudes consid-
ered. As in Figure 13, uncertainties take into account the con-
tribution of the noise and the extrapolation in frequencies. The
best location looks to be the south Galactic cap, which is thus the
most opportune place where to observe for experiments aiming
at the lowest possible r value.

In Figure 16, we show the sky distribution and histogram of
the frequency ⌫rFG corresponding to the rFG shown in Fig. 15. The
range of values is concentrated mostly between 60 and 90 GHz,
confirming what previously inferred with a much poorer statis-
tics (Krachmalnico↵ et al. 2016). The frequency distribution ap-
pears to be rather flat, when we consider all the analyzed sky
patches, while, if we restrict only to the cleanest regions (with
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Planck Collaboration: Dust polarized foregrounds

Fig. 9. 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) with triangles pointing down.

Krachmalnico↵ et al. (2018) have characterized the syn-
chrotron polarized foreground emission analyzing maps of the
southern sky from S-PASS at 2.3 GHz. Comparison with our
synchrotron results in Fig. 9 is not immediate because power
spectra are not measured over the same sky regions. Further, the
signal to noise ratio of the S-PASS data for synchrotron emis-
sion is larger than that of WMAP and Planck, which is a critical
advantage in characterizing the faint polarization signal at high
Galactic latitude. However, contamination by Faraday rotation
is likely to be significant for their largest sky regions extending
down to Galactic latitude |b| = 20�.

Figure 10 plots the two parameters ⇢ and �d (not �s be-
cause of the prior applied) for EE and BB. The top panels show
that ⇢, which quantifies the correlation between dust and syn-
chrotron 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
detecting it. These results are consistent with the analysis done
by 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.
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Fig. 10. 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.

Fig. 11. Dust and synchrotron E-mode power versus multi-
pole. The dust power at 95 and 150 GHz and that of syn-
chrotron at 95 GHz are compared with the CMB E-mode sig-
nal (red-line) computed for the Planck 2015 ⇤CDM model
(Planck Collaboration XIII 2016) and a Thompson scattering
optical depth ⌧ = 0.055 from Planck Collaboration Int. XLVI
(2016). The coloured bands show the range of power measured
from the smallest (LR24) to the largest (LR71) sky regions in
our analysis. The lower limit of the synchrotron band is derived
from the S-PASS data analysis in Krachmalnico↵ et al. (2018).
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chrotron 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
detecting it. These results are consistent with the analysis done
by 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-
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from the smallest (LR24) to the largest (LR71) sky regions in
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✦ level of correlation between 2.3 and 353 GHz is 
compatible with what measured with WMAP and Planck 
channels  

⇢` =
C`(2.3⇥ 353)p
C`(2.3)C`(353)
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* extrapolated with βs = -3.2, BB/EE = 0.5  
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Synch contamination to CMB B-modes
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Synchrotron @ 90 GHz * + CMB B-modes 
(Total polarized intensity)2

r = 10-2
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* extrapolated with βs = -3.2, BB/EE = 0.5  
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• Foreground minumum as sum of 
synch and dust amplitudes at 𝓵=80 
neglecting correlation between the two

FG contamination to CMB B-modes
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Conclusions and prospective

Nicoletta Krachmalnicoff

S-PASS is an excellent dataset for investigating synchrotron emission 
in southern hemisphere at high Galactic latitudes (|b| >30°) 

High S/N power spectra: steep decay at small angular scales 

Synchrotron SED for E and B-modes as a function of multiple 

First constraints on synchrotron curvature in polarization  

First spectral index map in polarization allowing 
extrapolation of fluctuation at small angular scales 

Better characterization of contamination to CMB B-modes

➡  
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compatible with zero, more data at intermediate 
frequencies are needed (C-BASS South)

Important to optimize instrument sky scanning 
strategy

➡  

test on component separation ➡  

➡  

Tenerife, October 17th 2018
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Nicoletta Krachmalnicoff

N. Krachmalnico↵ et al.: The S-PASS view of polarized Galactic Synchrotron at 2.3 GHz

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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Synchrotron SED: residuals

Tenerife, October 17th 2018



N. Krachmalnico↵ et al.: The S-PASS view of polarized Galactic Synchrotron at 2.3 GHz

Fig. 9. Upper panel: synchrotron spectral index map derived as de-
scribed in the text. Middle panel: 1� uncertainty on �s. Lower panel:
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 10). Note that colors are saturated for visualiza-
tion purposes. The complete range of values is: �4.4  �s  �2.5,
�1.6  log10[�(�s)]  0.03, �6  S/N  20

– we start from the S-PASS total polarization map that we ex-
trapolate at WMAP/Planck frequencies using our �s map;

– we add a noise realization representative of WMAP/Planck
noise to the extrapolated maps (following the procedure de-
scribed in Section 4.1.1);

– on this set of simulated maps we estimate the value of the
spectral index �⇤

s
with the procedure used for data;

– we compute the power spectrum of the �di f f = (�⇤
s
� �s) map

(thin grey lines on Figure 11);
– we repeat this procedure a hundred times changing the noise

realizations;

Fig. 10. 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.

Fig. 11. Angular power spectrum of the S �PAS S �s map before (blue)
and after (purple) correction for the contribution of noise. For a com-
plete description of the Figure see text in Section 5.3.

– we evaluate the noise bias as the mean of the obtained one
hundred spectra (black line on Figure 11);

– the unbiased �s spectrum is obtained by subtracting this
mean curve to the spectrum of �s;

– error bars on the unbiased spectrum are obtained as the stan-
dard deviation of the hundred noise spectra.

The unbiased spectrum is shown in Figure 11 in purple, for
the four multiple bins not compatible with zero. In order to ex-
trapolate the amplitude of fluctuations at all angular scales we
fit these points with a power law model with C` / `�, finding a
value of � = �2.6 ± 0.2 (dashed purple line). We also compare
our results with the power spectrum of the synchrotron spectral
index map (computed on the same 30% sky region of our anal-
ysis) currently used in the sky modeling for many CMB exper-
iments, i.e. the map included in the PySM simulation package
(Thorne et al. 2017)), shown in orange on Figure 11. We stress
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Synchrotron spectral index map

total polarization data, which have lower signal to noise.
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where Q and U represent the amplitude of
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spectral index map


