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Fig. 32. EE (top) and BB (bottom) power spectra for synchrotron and
thermal dust as computed from the Commander, SMICA, and 353-GHz
frequency maps; see Planck Collaboration XI (2018) for algorithmic de-
tails. All spectra are evaluated outside the common polarization mask,
over 78 % of the sky. Dashed lines indicate the best-fit power-law fits
for the Commander case, as reported in Table 5. Error bars indicate 3�
uncertainties. All spectra have been colour corrected to monochromatic
reference frequencies of 30 GHz for synchrotron and 353 GHz for ther-
mal dust emission, respectively.

respectively. Due to its lower resolution, the SMICA analysis is
somewhat more sensitive to high-multipole systematics than the
Commander and 353 GHz analyses.

We also observe excellent agreement between the
Commander and SMICA maps in terms of polarized syn-
chrotron emission. In addition, we note that the BB/EE ratio
measured from the Planck 2018 data is 0.34, which is very
similar to the corresponding value of 0.36 estimated from the
Planck 2015 data.

Based on the best-fit power spectrum and SED parameters
reported above, Fig. 33 summarizes the foreground-to-CMB ra-
tio in terms of the quantity f (`, ⌫) = [Cfg

` (⌫)/CCMB
` ]1/2 as a func-

tion of both frequency and angular scale. As expected, the over-
all picture is very similar to that presented from the Planck 2015
data in Planck Collaboration X (2016), with one small but no-
table exception: Because the best-fit value of the optical depth

Table 5. Best-fit power-law parameters to the angular power spectra of
synchrotron (30 GHz) and thermal dust emission (353 GHz), evaluated
with the XPol power spectrum estimator (Tristram et al. 2005) as de-
tailed in Planck Collaboration XI (2018). Frequency cross-correlation
results are derived using precisely the same methodology as in Planck
Collaboration XI (2018), while Commander and SMICA results are de-
rived using the same power spectrum estimation tools, but applied to the
half-mission maps presented in this paper. Note that all uncertainties are
statistical, and do not account for systematic or modelling uncertainties.
Power spectrum amplitudes refer to monochromatic reference frequen-
cies of 30 and 353 GHz for synchrotron and thermal dust emission, re-
spectively.

q [µK2
CMB] ↵

Thermal dust, fsky = 0.42, ` = 40–600

Commander

EE . . . . . . . . . 60 ± 2 �0.39 ± 0.03
BB . . . . . . . . . 32 ± 1 �0.49 ± 0.05
BB/EE . . . . . . 0.52
SMICA

EE . . . . . . . . . 62 ± 2 �0.18 ± 0.04
BB . . . . . . . . . 32 ± 1 �0.45 ± 0.05
BB/EE . . . . . . 0.48

Frequency map cross-correlation
EE . . . . . . . . . 59 ± 2 �0.28 ± 0.04
BB . . . . . . . . . 32 ± 1 �0.48 ± 0.06
BB/EE . . . . . . 0.50

Thermal dust, fsky = 0.78, ` = 40–600

Commander

EE . . . . . . . . . 323 ± 4 �0.40 ± 0.01
BB . . . . . . . . . 199 ± 3 �0.50 ± 0.02
BB/EE . . . . . . 0.57
SMICA

EE . . . . . . . . . 318 ± 4 �0.34 ± 0.01
BB . . . . . . . . . 205 ± 3 �0.55 ± 0.02
BB/EE . . . . . . 0.54

Frequency map cross-correlation
EE . . . . . . . . . 313 ± 4 �0.41 ± 0.01
BB . . . . . . . . . 187 ± 3 �0.50 ± 0.02
BB/EE . . . . . . 0.57

Synchrotron, fsky = 0.78, ` = 4–140

Commander

EE . . . . . . . . . 2.3 ± 0.1 �0.84 ± 0.05
BB . . . . . . . . . 0.8 ± 0.1 �0.76 ± 0.09
BB/EE . . . . . . 0.34
SMICA

EE . . . . . . . . . 2.4 ± 0.2 �0.88 ± 0.04
BB . . . . . . . . . 0.9 ± 0.2 �0.75 ± 0.07
BB/EE . . . . . . 0.34

of reionization is lower in the Planck 2018 ⇤CDM model than
in the corresponding 2015 model, the relative foregrounds-to-
CMB ratio is higher at low EE multipoles, further emphasizing
the importance of accurate foreground modelling for large-scale
polarization CMB analysis.
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Fig. 32. EE (top) and BB (bottom) power spectra for synchrotron and
thermal dust as computed from the Commander, SMICA, and 353-GHz
frequency maps; see Planck Collaboration XI (2018) for algorithmic de-
tails. All spectra are evaluated outside the common polarization mask,
over 78 % of the sky. Dashed lines indicate the best-fit power-law fits
for the Commander case, as reported in Table 5. Error bars indicate 3�
uncertainties. All spectra have been colour corrected to monochromatic
reference frequencies of 30 GHz for synchrotron and 353 GHz for ther-
mal dust emission, respectively.

respectively. Due to its lower resolution, the SMICA analysis is
somewhat more sensitive to high-multipole systematics than the
Commander and 353 GHz analyses.

We also observe excellent agreement between the
Commander and SMICA maps in terms of polarized syn-
chrotron emission. In addition, we note that the BB/EE ratio
measured from the Planck 2018 data is 0.34, which is very
similar to the corresponding value of 0.36 estimated from the
Planck 2015 data.

Based on the best-fit power spectrum and SED parameters
reported above, Fig. 33 summarizes the foreground-to-CMB ra-
tio in terms of the quantity f (`, ⌫) = [Cfg

` (⌫)/CCMB
` ]1/2 as a func-

tion of both frequency and angular scale. As expected, the over-
all picture is very similar to that presented from the Planck 2015
data in Planck Collaboration X (2016), with one small but no-
table exception: Because the best-fit value of the optical depth

Table 5. Best-fit power-law parameters to the angular power spectra of
synchrotron (30 GHz) and thermal dust emission (353 GHz), evaluated
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results are derived using precisely the same methodology as in Planck
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half-mission maps presented in this paper. Note that all uncertainties are
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cies of 30 and 353 GHz for synchrotron and thermal dust emission, re-
spectively.
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in the corresponding 2015 model, the relative foregrounds-to-
CMB ratio is higher at low EE multipoles, further emphasizing
the importance of accurate foreground modelling for large-scale
polarization CMB analysis.
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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.
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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.
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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
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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-

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

5https://wiki.cosmos.esa.int/planckpla2015/index.
php/UC_CC_Tables
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Planck Collaboration: Dust polarized foregrounds

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 ABB

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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Planck results

�s = �3.13± 0.13
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Fit for synch and dust spectral indices and their 
correlation in 5 masks, 9 multipole bins for both E and 
B-modes

Planck XI, 2018

COSMOS workshop, Milano, March 2019



Foreground observations
• The majority of current and planned CMB experiments are focusing mostly on the 

high frequency obervations:

• BICEP/Keck: 95, 150, 220  GHz + 30 GHz being installed 
• POLARBEAR/Simons Array: 95, 150, 220, 270 GHz 
• ACTpol/advACT: 95, 145, 220 GHz + 28, 41 GHz being designed 
• LSPE: 43, 140, 220, 240 GHz 
• QUBIC: 90, 150 GHz 
• CLASS: 38, 93, 148, 217 GHz 
• Simons Observatory: 27, 39, 93, 145, 225, 280 GHz

COSMOS workshop, Milano, March 2019 Nicoletta Krachmalnicoff
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Low frequency observations
• To reach high sensitivity in synchrotron observations very low frequency (<30 GHz) 

observations are needed:

• QUIJOTE: 11, 13, 17, 19, 30, 40 GHz        North 
• C-BASS: 5 GHz                                   North & South  
• S-PASS: 2.3 GHz                                South

COSMOS workshop, Milano, March 2019 Nicoletta Krachmalnicoff



From José Alberto Rubiño-Martin 
slides (Tenerife, Oct. 2018)

COSMOS workshop, Milano, March 2019



From José Alberto Rubiño-Martin 
slides (Tenerife, Oct. 2018)QUIJOTE overview

First release of papers and 
data in 2019, will include:

• Synchrotron spectral index, curvature, 
correlation with dust 

• Component separation of polarized 
synch, combined with Planck+WMAP 

• Constrainints on AME in more than 40 
regions 

• Radiosources 
• Characterization of the North Polar Spur 

and FAN region



C-BASS overview From Angela Taylor 
slides (Tenerife, Oct. 2018)



C-BASS  polarized intensity map
@5 GHz

COSMOS workshop, Milano, March 2019 Nicoletta Krachmalnicoff

From Angela Taylor 
slides (Tenerife, Oct. 2018)



WMAP-K  polarized intensity map
@23 GHz

COSMOS workshop, Milano, March 2019 Nicoletta Krachmalnicoff



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 
! ... 

G. Bernardi 
E. Carretti (PI) 
B. Gaensler 
M. Haverkorn 
M. Kesteven 
S. Poppi 
L. Staveley-Smith 

S-PASS team:
S. Brown 
R. Crocker 
J. Farnes 
J. Malereki        
C. Purcell 
D. Schnitzeler 
X. Sun

The S-PASS survey

Nicoletta KrachmalnicoffCOSMOS workshop, Milano, March 2019



S-PASS  polarized intensity map

Nicoletta Krachmalnicoff

@2.3 GHz

COSMOS workshop, Milano, March 2019



WMAP-K  polarized intensity map
@23 GHz

Nicoletta KrachmalnicoffCOSMOS workshop, Milano, March 2019



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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Synchrotron SED A&A proofs: manuscript no. Krachmalnico↵_etal_2018

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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Constraints on curvature

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

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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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
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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 =
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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
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(P̃⌫i � P⌫i )
2, (4)
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where Q2.3 and U2.3 represent the amplitude of S-PASS Stokes
Q and U maps respectively, while n
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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.
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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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✦ 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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Conclusions and open questions

• In the recent years great progress in the analysis and characterization of 
synchrotron 

• Very low frequency (< 20 GHz) observations are needed 
• More data are coming soon 
• Open problems: 

•  Synchrotron spectral index variation: decorrelation, impact on component separation 
• Cuvature?


