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We  need good FG models 
to get prepared for next 
generation of CMB 
experiments 
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Figure 1: (Top) Planned sky coverage of the Small Aperture Telescopes (SATs, left) and Large Aperture
Telescope (LAT, right, targeting maximal overlap with LSST and DESI), in Equatorial coordinates. (Bottom)
CMB temperature and polarization angular power spectra, showing projected SO-Nominal errors compared
to current data from Planck [10] and the BICEP/Keck array [11], and projected errors for the LiteBIRD
0.4 m satellite. Other current ground-based data are in Fig. 18 of [10]. SO will increase angular resolution
compared to Planck, and will improve the sensitivity of the divergence-like E-mode and curl-like B-mode
polarization signals. Other key SO statistics include the TE primary spectrum, the CMB lensing power
spectrum, the bispectrum, the kinematic Sunyaev-Zel’dovich (kSZ) effect, and the number of clusters seen
via the thermal Sunyaev-Zel’dovich (tSZ) effect.

in those channels. These measurement requirements are described in [1]. The anticipated sky
coverage and CMB power spectra uncertainties are shown in Fig. 1. In the following we quote
projections for baseline noise levels, with goal noise in braces {}.
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Polarized Galactic dust + synchrotron 90% ➞ 1% of the sky 
@ 150 GHz

modified from SO Astro2020 white paper

Galactic FG contamination



Basic whishlist for FG modeling

i. Large scale signal amplitude and morphology 
ii. Small scale signal amplitude and statistics 
iii. Global SED model  
iv. SED spatial variation 



‣ Thermal dust template maps in polarization come from the 
Commander products at 353 GHz, smoothed at 1°

Current models (PySM) 


‣ Baseline models used for making forcasts, implement and 
test the component separation pipeline for next generation of 
CMB experiments are based on Planck and WMAP data

‣ Synchrotron templates are the WMAP Q and U maps 
smoothed at 3° angular resolution

Thorne et al. 2017



Basic whishlist for FG modeling

i. Large scale signal amplitude and morphology 
ii. Small scale signal amplitude and statistics 
iii. Global SED model  
iv. SED spatial variation 
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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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Thermal Dust SED

Synchrotron    power law:      
Thermal dust    mod blackbody:      
Correlation         

→ As, βs
→ Ad, βd

→ ρ

• Fit in harmonic space WMAP + Planck data 
• 5 parameters model:

• Six sky masks     
• Nine multipole bins    

fsky : 0.24 − 0.71
4 < ℓ < 160
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Fig. 7. Posterior distribution for each of the parameters of the
spectral model in Eq. (2), as obtained through the MCMC fit-
ting algorithm for BB data points. The MCMC results illustrated
here are for the LR62 region and the multipole bin ` = 40–
59, one of the two cases shown in Fig. 6. The diagonal shows
the probability distribution of each parameter. Median values are
As = 0.6±0.1, Ad = 137±2, �s = �3.15±0.17, �d = 1.50±0.02,
and ⇢ = 0.17 ± 0.04.

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

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

` in Table C.1. In Fig. 8,
Ad and As for EE and BB are plotted versus multipole for the
six sky regions. As in the spectra for each region in Fig. 3, Ad
has a power-law dependence on ` and a systematic increase with
f e↵
sky (see e.g., Fig 3) that applies down to lower multipoles be-

yond ` = 40. On the other hand, for the multipole bin 4–11
the B-mode synchrotron amplitude 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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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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�d = 1.53± 0.02
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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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• Global synchrotron SED can be constrain with Planck and WMAP data:  

• Additional information can come from low frequency ground based surveys 
• S-PASS: 2.3 GHZ, 9 arcmin angular resolution, 50% sky coverage (Carretti et al. 2019)

βs = − 3.13 ± 0.13
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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. 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 =
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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
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ization of white noise, for Q and U, at the frequency ⌫i. These
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• 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 (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 

�̂s ' �3.20
<latexit sha1_base64="XztLpEk1jBDE2x3JlvHwh1rxhD4=">AAACDXicdVDLSgNBEJyN7/iKehIvg0Hw4rKbBNSb6MVjBPOAbAi9k44OmX040yuEJfgJfoVXPXkTr36DB//FTYzgs05FVTfdVX6spCHHebVyU9Mzs3PzC/nFpeWV1cLaet1EiRZYE5GKdNMHg0qGWCNJCpuxRgh8hQ2/fzLyG9eojYzCcxrE2A7gIpQ9KYAyqVPY9C6BUs9HgmHHeEYGeMX3ynbJ6RSKjl1xyoelEv9NXNsZo8gmqHYKb143EkmAIQkFxrRcJ6Z2CpqkUDjMe4nBGEQfLrCV0RACNO10HGHIdxIDFPEYNZeKj0X8upFCYMwg8LPJAOjS/PRG4l9eK6HeQTuVYZwQhmJ0iKTC8SEjtMy6Qd6VGolg9DlyGXIBGohQSw5CZGKSlZXP+vgMzf8n9ZLtOrZ7VikeHU+amWdbbJvtMpftsyN2yqqsxgS7YXfsnj1Yt9aj9WQ9f4zmrMnOBvsG6+UdboabTA==</latexit><latexit sha1_base64="XztLpEk1jBDE2x3JlvHwh1rxhD4=">AAACDXicdVDLSgNBEJyN7/iKehIvg0Hw4rKbBNSb6MVjBPOAbAi9k44OmX040yuEJfgJfoVXPXkTr36DB//FTYzgs05FVTfdVX6spCHHebVyU9Mzs3PzC/nFpeWV1cLaet1EiRZYE5GKdNMHg0qGWCNJCpuxRgh8hQ2/fzLyG9eojYzCcxrE2A7gIpQ9KYAyqVPY9C6BUs9HgmHHeEYGeMX3ynbJ6RSKjl1xyoelEv9NXNsZo8gmqHYKb143EkmAIQkFxrRcJ6Z2CpqkUDjMe4nBGEQfLrCV0RACNO10HGHIdxIDFPEYNZeKj0X8upFCYMwg8LPJAOjS/PRG4l9eK6HeQTuVYZwQhmJ0iKTC8SEjtMy6Qd6VGolg9DlyGXIBGohQSw5CZGKSlZXP+vgMzf8n9ZLtOrZ7VikeHU+amWdbbJvtMpftsyN2yqqsxgS7YXfsnj1Yt9aj9WQ9f4zmrMnOBvsG6+UdboabTA==</latexit><latexit sha1_base64="XztLpEk1jBDE2x3JlvHwh1rxhD4=">AAACDXicdVDLSgNBEJyN7/iKehIvg0Hw4rKbBNSb6MVjBPOAbAi9k44OmX040yuEJfgJfoVXPXkTr36DB//FTYzgs05FVTfdVX6spCHHebVyU9Mzs3PzC/nFpeWV1cLaet1EiRZYE5GKdNMHg0qGWCNJCpuxRgh8hQ2/fzLyG9eojYzCcxrE2A7gIpQ9KYAyqVPY9C6BUs9HgmHHeEYGeMX3ynbJ6RSKjl1xyoelEv9NXNsZo8gmqHYKb143EkmAIQkFxrRcJ6Z2CpqkUDjMe4nBGEQfLrCV0RACNO10HGHIdxIDFPEYNZeKj0X8upFCYMwg8LPJAOjS/PRG4l9eK6HeQTuVYZwQhmJ0iKTC8SEjtMy6Qd6VGolg9DlyGXIBGohQSw5CZGKSlZXP+vgMzf8n9ZLtOrZ7VikeHU+amWdbbJvtMpftsyN2yqqsxgS7YXfsnj1Yt9aj9WQ9f4zmrMnOBvsG6+UdboabTA==</latexit><latexit sha1_base64="XztLpEk1jBDE2x3JlvHwh1rxhD4=">AAACDXicdVDLSgNBEJyN7/iKehIvg0Hw4rKbBNSb6MVjBPOAbAi9k44OmX040yuEJfgJfoVXPXkTr36DB//FTYzgs05FVTfdVX6spCHHebVyU9Mzs3PzC/nFpeWV1cLaet1EiRZYE5GKdNMHg0qGWCNJCpuxRgh8hQ2/fzLyG9eojYzCcxrE2A7gIpQ9KYAyqVPY9C6BUs9HgmHHeEYGeMX3ynbJ6RSKjl1xyoelEv9NXNsZo8gmqHYKb143EkmAIQkFxrRcJ6Z2CpqkUDjMe4nBGEQfLrCV0RACNO10HGHIdxIDFPEYNZeKj0X8upFCYMwg8LPJAOjS/PRG4l9eK6HeQTuVYZwQhmJ0iKTC8SEjtMy6Qd6VGolg9DlyGXIBGohQSw5CZGKSlZXP+vgMzf8n9ZLtOrZ7VikeHU+amWdbbJvtMpftsyN2yqqsxgS7YXfsnj1Yt9aj9WQ9f4zmrMnOBvsG6+UdboabTA==</latexit>

�(�̂s) ' 0.15
<latexit sha1_base64="HfGHwRRQ3518UGtHrV3rcIY5WP0=">AAACFHicdVA9SwNBEN3z2/gVtbRZDII24S4qaifaWCoYE8iFMLdOksXdu3N3TpAjrT/BX2GrlZ3Y2lv4X9zECH6+6vHeDDPvRamSlnz/1RsZHRufmJyaLszMzs0vFBeXzmySGYFVkajE1COwqGSMVZKksJ4aBB0prEUXh32/doXGyiQ+pesUmxo6sWxLAeSkVpGHVnY0rIddoDyMkKDXshtO1HjJ/XKw3SqW/PKWv7lXqfDfJCj7A5TYEMet4lt4nohMY0xCgbWNwE+pmYMhKRT2CmFmMQVxAR1sOBqDRtvMB0l6fC2zQAlP0XCp+EDErxs5aGuvdeQmNVDX/vT64l9eI6P2bjOXcZoRxqJ/iKTCwSErjHQVIT+XBomg/zlyGXMBBojQSA5CODFznRVcH5+h+f/krFIOXHsnW6X9g2EzU2yFrbJ1FrAdts+O2DGrMsFu2B27Zw/erffoPXnPH6Mj3nBnmX2D9/IOvK2eJA==</latexit><latexit sha1_base64="HfGHwRRQ3518UGtHrV3rcIY5WP0=">AAACFHicdVA9SwNBEN3z2/gVtbRZDII24S4qaifaWCoYE8iFMLdOksXdu3N3TpAjrT/BX2GrlZ3Y2lv4X9zECH6+6vHeDDPvRamSlnz/1RsZHRufmJyaLszMzs0vFBeXzmySGYFVkajE1COwqGSMVZKksJ4aBB0prEUXh32/doXGyiQ+pesUmxo6sWxLAeSkVpGHVnY0rIddoDyMkKDXshtO1HjJ/XKw3SqW/PKWv7lXqfDfJCj7A5TYEMet4lt4nohMY0xCgbWNwE+pmYMhKRT2CmFmMQVxAR1sOBqDRtvMB0l6fC2zQAlP0XCp+EDErxs5aGuvdeQmNVDX/vT64l9eI6P2bjOXcZoRxqJ/iKTCwSErjHQVIT+XBomg/zlyGXMBBojQSA5CODFznRVcH5+h+f/krFIOXHsnW6X9g2EzU2yFrbJ1FrAdts+O2DGrMsFu2B27Zw/erffoPXnPH6Mj3nBnmX2D9/IOvK2eJA==</latexit><latexit sha1_base64="HfGHwRRQ3518UGtHrV3rcIY5WP0=">AAACFHicdVA9SwNBEN3z2/gVtbRZDII24S4qaifaWCoYE8iFMLdOksXdu3N3TpAjrT/BX2GrlZ3Y2lv4X9zECH6+6vHeDDPvRamSlnz/1RsZHRufmJyaLszMzs0vFBeXzmySGYFVkajE1COwqGSMVZKksJ4aBB0prEUXh32/doXGyiQ+pesUmxo6sWxLAeSkVpGHVnY0rIddoDyMkKDXshtO1HjJ/XKw3SqW/PKWv7lXqfDfJCj7A5TYEMet4lt4nohMY0xCgbWNwE+pmYMhKRT2CmFmMQVxAR1sOBqDRtvMB0l6fC2zQAlP0XCp+EDErxs5aGuvdeQmNVDX/vT64l9eI6P2bjOXcZoRxqJ/iKTCwSErjHQVIT+XBomg/zlyGXMBBojQSA5CODFznRVcH5+h+f/krFIOXHsnW6X9g2EzU2yFrbJ1FrAdts+O2DGrMsFu2B27Zw/erffoPXnPH6Mj3nBnmX2D9/IOvK2eJA==</latexit><latexit sha1_base64="HfGHwRRQ3518UGtHrV3rcIY5WP0=">AAACFHicdVA9SwNBEN3z2/gVtbRZDII24S4qaifaWCoYE8iFMLdOksXdu3N3TpAjrT/BX2GrlZ3Y2lv4X9zECH6+6vHeDDPvRamSlnz/1RsZHRufmJyaLszMzs0vFBeXzmySGYFVkajE1COwqGSMVZKksJ4aBB0prEUXh32/doXGyiQ+pesUmxo6sWxLAeSkVpGHVnY0rIddoDyMkKDXshtO1HjJ/XKw3SqW/PKWv7lXqfDfJCj7A5TYEMet4lt4nohMY0xCgbWNwE+pmYMhKRT2CmFmMQVxAR1sOBqDRtvMB0l6fC2zQAlP0XCp+EDErxs5aGuvdeQmNVDX/vT64l9eI6P2bjOXcZoRxqJ/iKTCwSErjHQVIT+XBomg/zlyGXMBBojQSA5CODFznRVcH5+h+f/krFIOXHsnW6X9g2EzU2yFrbJ1FrAdts+O2DGrMsFu2B27Zw/erffoPXnPH6Mj3nBnmX2D9/IOvK2eJA==</latexit>

A&A proofs: manuscript no. L04_di↵use_compsep_full

�4.0 �3.5 �3.0 �2.5 �2.0
Synchrotron spectral index, �s

0
10

00
20

00
30

00
40

00
50

00

N
um

b
er

of
pi

xe
ls

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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Basic whishlist for FG modeling

i. Large scale signal amplitude and morphology 
ii. Small scale signal amplitude and statistics 
iii. Global SED model  
iv. SED spatial variation 
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Figure 1: (Top) Planned sky coverage of the Small Aperture Telescopes (SATs, left) and Large Aperture
Telescope (LAT, right, targeting maximal overlap with LSST and DESI), in Equatorial coordinates. (Bottom)
CMB temperature and polarization angular power spectra, showing projected SO-Nominal errors compared
to current data from Planck [10] and the BICEP/Keck array [11], and projected errors for the LiteBIRD
0.4 m satellite. Other current ground-based data are in Fig. 18 of [10]. SO will increase angular resolution
compared to Planck, and will improve the sensitivity of the divergence-like E-mode and curl-like B-mode
polarization signals. Other key SO statistics include the TE primary spectrum, the CMB lensing power
spectrum, the bispectrum, the kinematic Sunyaev-Zel’dovich (kSZ) effect, and the number of clusters seen
via the thermal Sunyaev-Zel’dovich (tSZ) effect.

in those channels. These measurement requirements are described in [1]. The anticipated sky
coverage and CMB power spectra uncertainties are shown in Fig. 1. In the following we quote
projections for baseline noise levels, with goal noise in braces {}.

2

Polarized Galactic dust + synchrotron 90% ➞ 1% of the sky 
@ 150 GHz

modified from SO Astro2020 white paper

• Small scales (< 1°) are added as Gaussian realizations of 
power law spectra 

• We expect FGs to be highly non-Gaussian also at small scales, 
and we must understand their impact on lensing recontruction 

• Few data are available and MHD simulations are not ready to 
be plugged in our models yet

Data driven

Extrapolation

FG small scales



Can we use Neural Networks to add realistic 
non-Gaussian small scales to current Galactic 

models?

ForSE
(“Maybe” in Italian)

Foreground Scale Extender

In collaboration with Cosmology x Data Science group at CCA and Giuseppe Puglisi



20° x 20° patch  
5° resolution

20° x 20° patch  
1° resolution

STEP 1

The idea
• Use Neural Networks to learn the statistics of FGs at the degree scale (where we still 

have data) and reproduce it at smaller ones 

• Assumption that FGs are scale invariant 

4° x 4° patch  
1° resolution

STEP 2

4° x 4° patch  
12’ resolution

Training Application



Generative adversarial Networks (GANs)

HFI 1°

HFI 5° NN 1°

Modified DCGAN (Radford et al. 2015)

Generator
Discriminator

Real/Fake
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Training on data
HFI 5° - input HFI 1° NN 1° - output



Application to sims

Inputs at 1° Outputs at 12’

combined output at 12’

Oversampling and apodization to 
minimize border effects



inputs at 1° combined output at 12’
current sims at 12’ 

with gaussian small scales
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Application to sims
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Preliminary validation of results



‣ The current models of Galctic Polarized emission are based on full sky Planck 
and WMAP maps 

‣ Large scale amplitude, morphology and global SED are OK (at the first order) 

‣ Spatial variation of SEDs are contaminated by noise 

‣ For synchrotron we can rely on ground based low frequency surveys 

‣ Neural Networks could be a useful tool to extend our models, combine 
different datasets or combine data with numerical sims

Take home messages


