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Polarised dust foregrounds from Planck

- Planck (HFI 100-353 & 30 GHz LFI) , WMAP polarisation cross-spectra 
- 6 sky regions: from fsky 24% to 72% (LR24 to LR71)
- CMB subtracted using Planck-2015 LCDM model
- Uncertainties from end-to-end E2E simulations (noise and residuals systematics)
- Multipole range extended to lowest multipoles

Methodology

‣ Data analysis performed in harmonics space, within multipole bins, using cross spectra 
of polarization Planck (HFI & 30 GHz LFI) and WMAP (23 & 33 GHz) data. Spectra at a 
given frequency are computed from independent data subsets. 

‣ CMB subtracted in power spectra using the Planck-2015 ΛCDM model   

‣ Uncertainties from end-to-end (E2E) simulations include data noise and residual 
systematics 

Planck Coll., Planck Intermediate Results (PIR) LIV, sub. to A&A 2018:
Latest (PR3-2017) Planck maps (not public yet),  follow up of PIR XXX , PIR L 

* dust angular power spectra
* Spectral energy distribution
* frequency correlation of dust polarisation maps  

Anna Mangilli - KISS Workshop - Caltech, 19/03/2018



Planck Collaboration: Dust polarized foregrounds

Fig. 2. Power spectra, as in Fig. 3, but for the northern and south-
ern parts of the LR42, LR52, LR62, and LR71 regions.

Planck Collaboration IV (2018). Instead, the CMB contribution
is subtracted from the power spectra using the Planck 2015
⇤CDM model (Planck Collaboration XIII 2016). The power
spectra shown in the figures and tables below are in terms of
D`XY ⌘ `(` + 1)CXY

` /(2⇡), where X 2 {T, E, B}, Y 2 {E, B},
and C

XY

` is the XY angular power spectrum. The error bars are
derived from the simulations described in Appendix A; they in-
clude the cosmic variance of the CMB computed for each sky
region, because the CMB is subtracted using the Planck 2015
⇤CDM model.

We examine six nested regions at high Galactic latitude, with
an e↵ective sky fraction f

e↵
sky ranging from 24 to 71 %. These

regions are defined using the same set of criteria as in PXXX,
meant to minimize dust polarization power for a given sky frac-
tion, and with the same apodization (see Fig. 1). The regions

di↵er only in the masking of point sources; we mask a smaller
number of sources that are polarized. We keep the same “LRnm”
nomenclature, where “nm” is f

e↵
sky as a percentage. Table C.1 lists

other properties of the regions, including the mean specific inten-
sity at 353 GHz, hI353i in MJy sr�1, and the mean Hi column den-
sity, NH in units of 1020 cm�2, inferred as in PL from the Planck

dust opacity map in Planck Collaboration Int. XLVIII (2016).
The EE and BB spectra are tabulated in Table C.1 and pre-

sented in Fig. 3 for each of our six sky regions. For the lowest
multipole bin (` = 2–3), we report a value for only the largest
sky region LR71, over which it is best measured. In Fig. 2, we
present spectra computed on the northern and southern parts of
the LR42, LR52, LR62, and LR71 regions.

3.2. Power-law fits

We performed a �2 fit to the power spectra over the multipole
range 40  `  600, as in PXXX, using the equation:

D`XY ⌘ A

XY (`/80)↵XY

+2, (1)
where XY 2 {EE, BB,T E}. The power-law fits are displayed
with dashed-lines in Fig. 3 for the six sky regions and in Fig. 2
for the northern and southern parts of the LR42, LR52, LR62,
and LR71 regions. The amplitudes A

EE and exponents ↵
XY

are
listed in Table 1 for the six sky regions. The exponents are also
printed in each panel of Figs. 3 and 2. The error bars on A

EE

include a 3 % factor from the 1.5 % uncertainty on the 353 GHz
polarization e�ciency.

The power laws match the fitted data points well, but not per-
fectly. Indeed, for many regions, including the largest ones with
the highest signal-to-noise ratios, the �2 values in Table 1 are
larger than the number of degrees of freedom, Ndof = 24. Note
that these �2 values are calculated for exponents fixed at a com-
mon value of �2.44. There is evidence for statistically significant
variations of the exponents over sky regions. Furthermore, there
is a di↵erence between the values for the EE and BB spectra,
which for the largest sky region are ↵

EE

= �2.42 ± 0.02 and
↵

BB

= �2.54 ± 0.02, respectively.
Figures 3 and 2 also show the extrapolation of the power laws

to low multipoles, which may be compared to the data points at
` < 40 not used in the fit. The extrapolation is close to these data
points in some cases, but not always.

Dust polarization angular power spectra, like the spectra of
synchrotron emission, are related physically to the power spec-
trum of interstellar magnetic fields. Within the phenomenolog-
ical models of Ghosh et al. (2017) and Vansyngel et al. (2017),
the exponent of the dust power spectrum is found to be close to
that of the Gaussian random field used to simulate the turbulent
component of the magnetic field. The spectra are expected to
flatten towards low multipoles, when the analysis is of an emit-
ting volume sampling physical scales larger than the injection
scale of turbulence (Cho & Lazarian 2002). We do not observe
such a flattening, but it might well be hidden by systematic vari-
ations of the magnetic field orientation over the solar neighbour-
hood. It will be necessary to extend the work of Vansyngel et al.
(2017) to low multipoles in order to assess whether our new re-
sults may be accounted for by statistical variance within their
model framework.

3.3. Scaling of B-mode power with total intensity of dust
emission

In Fig. 3, we plot the amplitude A

BB(` = 80) versus the mean
dust total intensity at 353 GHz, hI353i. The amplitudes are well
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caption[]CMB-corrected EE (red diamonds), BB (blue squares), and T E (black circles) power spectra at 353 GHz, for each of the six sky regions
that we analyse. The dashed lines represent power-law fits to the data points from ` = 40 to 600. The exponents of these fits, ↵TE, ↵EE, and ↵BB,
appear on each panel.

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

LR24 LR33 LR42 LR52 LR62 LR71

f

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

↵
T E

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

EE

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

BB

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

�2
T E

(↵
T E

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

EE

(↵
EE

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

BB

(↵
BB

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

A

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

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

4
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- slightly different exponent for EE and BB
- spectra are not well fitted by a single power law for the whole multipole range : model 

required to understand the results at lowest multiple
- EE/BB power asymmetry in agreement with PIPXXX, also at low multipoles (but with 

large variations over sky regions)

Power-law fits

‣We find slightly different exponents for EE and BB  

‣ No systematic reduction of the EE/BB power asymmetry at very low multipoles  

‣ Large variations in the EE/BB ratio on the lowest ell-bin 

‣ Spectra are not well fitted by a single power-law over the full multipole-range   

➡A model is required to interpret these results, in particular to model spectra and 
cosmic variance of dust polarization down to low multipoles.  

➡We are working on an update of the Vansyngel+2017 model

Anna Mangilli - KISS Workshop - Caltech, 19/03/2018
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Fig. 7. Posterior distribution for each of the parameters of the
spectral model in Eq. (2), as obtained through the MCMC fit-
ting algorithm for BB data points. The MCMC results illustrated
here are for the LR62 region and the multipole bin ` = 40–
59, one of the two cases shown in Fig. 6. The diagonal shows
the probability distribution of each parameter. Median values are
As = 0.6±0.1, Ad = 137±2, �s = �3.15±0.17, �d = 1.50±0.02,
and ⇢ = 0.17 ± 0.04.

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

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

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

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

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

BB

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

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

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

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

4.3. Foregrounds versus CMB polarization

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

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

To prepare Figs. 10 and 11, we use the results of our spec-
tral fitting to compute the dust and synchrotron E- and B-mode
power at frequencies 95 and 150 GHz, which correspond to the
two microwave atmospheric windows providing the best signal-

10

SED analysis 

- Multi-frequency analysis: spectral model for polarisation (Choi & Page 2015):

Planck Collaboration: Dust polarized foregrounds

Fig. 5. Power spectra of T B (red diamonds) and EB (blue squares) at 353 GHz for the six sky regions. The error bars are derived
from the E2E simulations. A power-law fit to the T B data (solid red line) reveals an overall positive T B signal, not seen in the E2E
simulations. The EB power (solid blue line fit) is consistent with zero.

Planck Collaboration Int. XXII 2015; Planck Collaboration X
2016). We use the following spectral model, introduced by
Choi & Page (2015):

DXX

` (⌫1 ⇥ ⌫2) = A

XX

s

✓⌫1⌫2
302

◆�s

+ A

XX

d

✓ ⌫1⌫2
3532

◆�d�2
B⌫1 (Td)
B353(Td)

B⌫2 (Td)
B353(Td)

+ ⇢XX(AXX

s A

XX

d )0.5
"

✓ ⌫1
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◆�s
✓ ⌫2
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+
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30

◆�s
✓ ⌫1
353

◆�d�2
B⌫1 (Td)
B353(Td)

#

, (2)

where X 2 {E, B} and DXX

` (⌫1 ⇥ ⌫2) is the amplitude of the
XX cross-spectrum between frequencies ⌫1 and ⌫2 (expressed
in GHz) within a given multipole bin `, expressed in terms
of brightness temperature squared. The Planck function B⌫(Td)
is computed for a fixed dust temperature Td = 19.6 K, de-
rived from the fit of the SED of dust total intensity at high
Galactic latitude in Planck Collaboration Int. XXII (2015). We
use a fixed temperature because, over microwave frequencies,
the dust SED depends mainly on the dust spectral index of the

modified blackbody (or MBB) emission law and the temper-
ature cannot be determined independently of the spectral in-
dex. As discussed in Planck Collaboration Int. XXII (2015) and
Choi & Page (2015), the cross-correlation between dust and syn-
chrotron polarization might arise from the magnetic field struc-
ture but might also include a contribution from variations of the
synchrotron spectral index and anomalous microwave emission
if it is polarized (Hoang & Lazarian 2016b; Draine & Hensley
2016; Génova-Santos et al. 2017).

The spectral model has five parameters: the two amplitudes
As and Ad and the two spectral indices �s and �d, characterizing
the synchrotron and dust SEDs, respectively; and the correlation
factor ⇢ quantifying the spatial correlation between synchrotron
and dust polarized emission. In Eq. (2), the synchrotron and
MBB emission are expressed in terms of brightness temperature,
whereas the data are in thermodynamic units. The conversion be-
tween the two is accomplished by two factors. The first, U, is a
unit conversion from the thermodynamic units to brightness tem-
perature units for some adopted reference spectral dependence,
performing the appropriate integrations over the bandpass. The
second, C, is a colour correction from the actual spectrum of
the model to the adopted reference spectral dependence, again
with bandpass integrations. Accordingly, the spectrum is con-
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Fig. 5. Power spectra of T B (red diamonds) and EB (blue squares) at 353 GHz for the six sky regions. The error bars are derived
from the E2E simulations. A power-law fit to the T B data (solid red line) reveals an overall positive T B signal, not seen in the E2E
simulations. The EB power (solid blue line fit) is consistent with zero.
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Fig. 5. Power spectra of T B (red diamonds) and EB (blue squares) at 353 GHz for the six sky regions. The error bars are derived
from the E2E simulations. A power-law fit to the T B data (solid red line) reveals an overall positive T B signal, not seen in the E2E
simulations. The EB power (solid blue line fit) is consistent with zero.
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2016). We use the following spectral model, introduced by
Choi & Page (2015):
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where X 2 {E, B} and DXX

` (⌫1 ⇥ ⌫2) is the amplitude of the
XX cross-spectrum between frequencies ⌫1 and ⌫2 (expressed
in GHz) within a given multipole bin `, expressed in terms
of brightness temperature squared. The Planck function B⌫(Td)
is computed for a fixed dust temperature Td = 19.6 K, de-
rived from the fit of the SED of dust total intensity at high
Galactic latitude in Planck Collaboration Int. XXII (2015). We
use a fixed temperature because, over microwave frequencies,
the dust SED depends mainly on the dust spectral index of the

modified blackbody (or MBB) emission law and the temper-
ature cannot be determined independently of the spectral in-
dex. As discussed in Planck Collaboration Int. XXII (2015) and
Choi & Page (2015), the cross-correlation between dust and syn-
chrotron polarization might arise from the magnetic field struc-
ture but might also include a contribution from variations of the
synchrotron spectral index and anomalous microwave emission
if it is polarized (Hoang & Lazarian 2016b; Draine & Hensley
2016; Génova-Santos et al. 2017).

The spectral model has five parameters: the two amplitudes
As and Ad and the two spectral indices �s and �d, characterizing
the synchrotron and dust SEDs, respectively; and the correlation
factor ⇢ quantifying the spatial correlation between synchrotron
and dust polarized emission. In Eq. (2), the synchrotron and
MBB emission are expressed in terms of brightness temperature,
whereas the data are in thermodynamic units. The conversion be-
tween the two is accomplished by two factors. The first, U, is a
unit conversion from the thermodynamic units to brightness tem-
perature units for some adopted reference spectral dependence,
performing the appropriate integrations over the bandpass. The
second, C, is a colour correction from the actual spectrum of
the model to the adopted reference spectral dependence, again
with bandpass integrations. Accordingly, the spectrum is con-
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at 353 GHz while the other has no contribution at 30 GHz. The
latter corresponds to the dust foreground.

The SMICA component separation was performed over the
LR71 sky region for comparison with our data analysis. The re-
sulting dust SEDs for E- and B-mode polarization are presented
in Fig. 13. These SEDs, coming from blind component sepa-
ration, are remarkably close to a single-temperature MBB over
the full range of Planck polarization observations, despite the
fact that an MBB spectral shape was not a prior assumption.
Performing MBB fits after the fact to the SMICA dust spectral
data in Fig. 13 (again with Td = 19.6 K), we find a mean spec-
tral index of �P

d = 1.53 ± 0.02, taking into account the 1.5 %
uncertainty on the polarization e�ciency at 353 GHz. This is in
excellent agreement with our determination in Sect. 5.1. This
agreement is perhaps not that surprising because our approach
to the data analysis is in some aspects quite similar to that used
by SMICA. In both cases, the foreground SEDs are determined
by fitting cross-spectra. Both methods allow for correlation be-
tween the two foreground components. However, the two meth-
ods di↵er in their simplifying assumptions. We constrain the dust
and synchrotron SEDs to be the MBB and power-law parametric
models, while SMICA assumes that the SEDs are scale invariant.
The agreement of the SEDs is reassuring and a cross-validation
of the assumptions, as well as of the technical implementation.

The BB/EE power ratio from SMICA is 0.60, whereas we
find BB/EE = 0.53±0.01 (Table 1). The slightly higher BB/EE

power ratio could result from the fact that the BB/EE power
ratios in our analysis are determined at ` � 40, while SMICA
includes lower multipoles. When further constrained to a multi-
pole range approximating ours, the ratio is 0.57.

5.3. Difference between spectral indices for polarization and
total intensity

The spectral model in Eq. (2) cannot be applied to the TT spec-
tra because in addition to synchrotron and dust thermal emis-
sion there are two other Galactic components, namely anoma-
lous microwave emission (AME) and free-free emission, that
contribute to the total intensity of the Galactic signal (Gold et al.
2011; Planck Collaboration X 2016; Planck Collaboration XXV
2016). To compare the SEDs of dust polarization and to-
tal intensity, we follow a method similar to that used in
Planck Collaboration Int. XXII (2015) correlating emission in
the 217- and 353-GHz HFI channels. We work in harmonic
space to assess any SED dependence on multipole and to be able
to compare these results to those from the SED fitting. In do-
ing this, we implicitly assume that AME and free-free may be
neglected at these two frequencies.

We compute the colour ratio,

↵XX

` (217, 353) ⌘
CXX

` (217 ⇥ 353)
CXX

` (353 ⇥ 353)
, (3)

for the TT , EE, and BB spectra. The ratios are colour-corrected,
as described in Sect. 4.2. We derive the corresponding spec-
tral indices for a dust temperature of 19.6 K. To compute ↵TT

` ,
we subtract CMB anisotropies using the map produced with
the SMICA component-separation method. The 353-GHz power
spectra are computed using half-mission data subsets.

The spectral indices are listed for each sky region and multi-
pole bin in Table C.4 for the Planck PR3-2017 data. The results
are also presented in Fig. 14. The sky emission model that we
use for simulating the total intensity maps includes anisotropies
of the cosmic infrared background (Planck Collaboration XXX

2014). For the simulations, we retrieve the dust spectral indices
adopted as input (1.50 for the total intensity and 1.59 for polar-
ized intensity) with no bias.

Fig. 14. Comparison of spectral indices of dust polarized emis-
sion and total intensity. The spectral indices are derived from the
353-to-217 GHz colour ratio. Plots to the left show the results
obtained from our simulated maps, and the ones to the right
are from the Planck data. Distinct symbols are used to repre-
sent each of the six sky regions, as in Fig. 9. For the simula-
tions, the dashed lines represent the input dust spectral indices
(�TT

d = 1.5, �EE

d = �BB

d = 1.59). For the data, the dashed lines
represent the mean measured dust spectral indices (�TT

d = 1.48,
�EE

d = �
BB

d = 1.53).

For the Planck maps, the dust spectral index for polarized in-
tensity averaged over all regions and all ` bins is �P

d ⌘ 0.5 (�EE

d +

�BB

d ) = 1.53 ± 0.03, taking into account the 1.5 % uncertainty
on the polarization e�ciency at 353 GHz. This value agrees well
with that inferred from the multi-frequency spectral analysis in
Sects. 5.1 and 5.2 above. The corresponding value for total in-
tensity is �I

d ⌘ �TT

d = 1.48, with much smaller uncertainty.
The spectral indices for polarization and total intensity di↵er
by 0.05 ± 0.03. This di↵erence is smaller than that reported in
Planck Collaboration Int. XXII (2015) analysing earlier Planck

data.

5.4. Impact on dust modelling

These results from the spectral fitting of the polarized dust SED
provide an additional constraint for dust modelling. Reviewing
the spectral fit in Sect. 4, for `  100 all of the �2 values of
the spectral fit (listed in Tables C.2 and C.3) are lower than the
number of degrees of freedom. Therefore, to the sensitivity of
the Planck data, a single temperature MBB emission law is a sat-
isfactory model of the polarized dust emission. This same con-
clusion is supported by the further analyses in the subsections
above. There is no evidence for a flattening or steepening of the
dust SED, which could in principle result from a variation of
spectral index with frequency as reported from laboratory stud-
ies of silicate grains (Demyk et al. 2017), or from a significant
contribution from magnetic dipolar emission from ferromagnetic
inclusions within silicate grains (Draine & Hensley 2013).
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which scales linearly with the tensor-to-scalar ratio r. The E-
and B-mode reionization bumps at low multipoles are computed
here for a Thompson scattering optical depth ⌧ = 0.055 from
Planck Collaboration Int. XLVI (2016).

Figure 11 shows that the synchrotron power decreases more
steeply than the dust power with increasing `, as well as more
steeply for the LR24 region than for LR71. Consequently, polar-
ized synchrotron is a more significant foreground for the reion-
ization peak than for the recombination peak.

In Fig. 12, the dust and synchrotron BB power is plotted ver-
sus frequency for two multipole bins ` = 4–11 (top plot) and
60–79 (bottom plot), which roughly correspond to the reioniza-
tion and recombination peaks of the primordial B-mode CMB
signal, respectively. The two polarized foregrounds have com-
parable amplitudes at a frequency that depends on the multipole
and the sky region. For average `bin = 7.5 (top plot) the ampli-
tudes are equal at 90 and 70 GHz for the LR24 and LR71 regions,
respectively, whereas for `bin = 69.5 (bottom) they are equal at
50 and 60 GHz for the LR24 and LR71 regions, respectively. For
higher frequencies, dust quickly dominates synchrotron. For ex-
ample, for LR24 and `bin = 69.5, the BB dust and synchrotron
signals are equal at 50 GHz, while at 90 GHz the dust and syn-
chrotron powers di↵er by two orders of magnitude, correspond-
ing to the equivalent of r = 0.1 and r = 10�3, respectively.

Our analysis stresses the accuracy with which dust and CMB
B modes must be separated to search confidently for primor-
dial B modes down to r = 10�2. At this sensitivity level, syn-
chrotron polarization is not a significant foreground for sub-
orbital experiments targeting the recombination peak at 95 and
150 GHz, e.g., the BICEP/Keck Array ground-based experiment
(BICEP2 and Keck Array Collaborations 2016) and the Spider
balloon-borne experiment (Fraisse et al. 2013), over sky areas at
high Galactic latitude included in our LR24 region.

5. Microwave SED of polarized dust emission

This section focusses on the microwave SED of dust emission
that is of interest for component separation and as a constraint
on dust emission models.

5.1. Spectral index of dust polarized emission

Within the approximation of an MBB emission law and given
a dust temperature, the microwave SED of dust emission is de-
termined by the value of the dust spectral index, �d. This index
parameterizes the separation of the dust and CMB components
and the Planck data constrain it better than ground-based data
thanks to Planck’s 353-GHz channel.

We compute the mean values �EE

d and �BB

d for E- and B-mode
polarization from the results of the spectral fitting from Sect. 4 in
Tables C.2 and C.3. The uncertainty-weighted average of the dif-
ferences between �BB

d and �EE

d , computed over all multipole bins
and sky regions, is < �BB

d ��EE

d >= 0.0150±0.0053. We consider
the significance of this di↵erence to be marginal because the sta-
tistical error-bar assumes that the measurements for the di↵erent
sky regions are independent. Averaging di↵erences for the LR71
region alone, we find < �BB

d � �EE

d >LR71 = 0.0180 ± 0.0069.
The di↵erence between �EE

d and �BB

d is small and so we av-
eraged them. Specifically, the uncertainty-weighted average of
the fit results for all multipole bins and sky regions is �P

d ⌘
0.5 (�EE

d + �
BB

d ) = 1.53 ± 0.02, where the error bar includes the
uncertainty from the polarization e�ciencies of HFI (Sect. 2)
and the uncertainty from the CMB subtraction, which a↵ects the

determination of �EE

d . This is the uncertainty of the mean; the
weighted dispersions of individual measurements are 0.046 and
0.034 for E and B modes, respectively. This value of �P

d is lower
than the mean polarization index 1.59 ± 0.02 derived from the
analysis of earlier Planck data (Planck Collaboration Int. XXII
2015).

Fig. 13. Dust SEDs for E- and B-mode polarization de-
rived from the SMICA component-separation procedure
(Planck Collaboration IV 2018). The two grey lines repre-
sent MBB fits to the E- (red diamonds) and B-mode (blue
squares) data points with a temperature of 19.6 K. The polariza-
tion spectral index derived from the fits is �P

d = 1.53± 0.02. The
residuals to each fit, normalized to the 1� data uncertainty, are
plotted in the lower part of each panel.

5.2. Dust polarization SED from blind component separation

The dust SEDs for E- and B-mode polarization were deter-
mined jointly with the corresponding synchrotron SEDs us-
ing the SMICA (Spectral Matching Independent Component
Analysis) method of blind component separation described
in Planck Collaboration IX (2016) and Planck Collaboration IV
(2018). In brief, the method consists of fitting all of the auto-
and cross-spectra from 30 GHz to 353 GHz to a model consist-
ing of a superposition of the CMB, two foreground emission
components, and noise. The fit is performed under very mild
constraints, the free parameters being the angular spectrum of
the CMB, the SED of each foreground emission component (as-
sumed independent of angular scale), the angular spectra of each
foreground emission component and their cross-spectrum, and
the noise spectrum at each frequency. Note that no prior spectral
models of the SEDs are assumed, e.g., that the dust SED is an
MBB or that the synchrotron SED is a power law.

Fitting such a model determines, at the spectral level, a
unique global foreground contribution that corresponds to two
underlying templates. However, because the model allows for
an arbitrary angular correlation between those two templates, as
well as an arbitrary SED for each of them, the templates are
linearly degenerate, meaning that each can be an arbitrary lin-
ear combination of synchrotron and dust emission. We choose
to resolve this degeneracy by selecting the (essentially unique)
linear combinations, such that one template has no contribution
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which scales linearly with the tensor-to-scalar ratio r. The E-
and B-mode reionization bumps at low multipoles are computed
here for a Thompson scattering optical depth ⌧ = 0.055 from
Planck Collaboration Int. XLVI (2016).

Figure 11 shows that the synchrotron power decreases more
steeply than the dust power with increasing `, as well as more
steeply for the LR24 region than for LR71. Consequently, polar-
ized synchrotron is a more significant foreground for the reion-
ization peak than for the recombination peak.

In Fig. 12, the dust and synchrotron BB power is plotted ver-
sus frequency for two multipole bins ` = 4–11 (top plot) and
60–79 (bottom plot), which roughly correspond to the reioniza-
tion and recombination peaks of the primordial B-mode CMB
signal, respectively. The two polarized foregrounds have com-
parable amplitudes at a frequency that depends on the multipole
and the sky region. For average `bin = 7.5 (top plot) the ampli-
tudes are equal at 90 and 70 GHz for the LR24 and LR71 regions,
respectively, whereas for `bin = 69.5 (bottom) they are equal at
50 and 60 GHz for the LR24 and LR71 regions, respectively. For
higher frequencies, dust quickly dominates synchrotron. For ex-
ample, for LR24 and `bin = 69.5, the BB dust and synchrotron
signals are equal at 50 GHz, while at 90 GHz the dust and syn-
chrotron powers di↵er by two orders of magnitude, correspond-
ing to the equivalent of r = 0.1 and r = 10�3, respectively.

Our analysis stresses the accuracy with which dust and CMB
B modes must be separated to search confidently for primor-
dial B modes down to r = 10�2. At this sensitivity level, syn-
chrotron polarization is not a significant foreground for sub-
orbital experiments targeting the recombination peak at 95 and
150 GHz, e.g., the BICEP/Keck Array ground-based experiment
(BICEP2 and Keck Array Collaborations 2016) and the Spider
balloon-borne experiment (Fraisse et al. 2013), over sky areas at
high Galactic latitude included in our LR24 region.

5. Microwave SED of polarized dust emission

This section focusses on the microwave SED of dust emission
that is of interest for component separation and as a constraint
on dust emission models.

5.1. Spectral index of dust polarized emission

Within the approximation of an MBB emission law and given
a dust temperature, the microwave SED of dust emission is de-
termined by the value of the dust spectral index, �d. This index
parameterizes the separation of the dust and CMB components
and the Planck data constrain it better than ground-based data
thanks to Planck’s 353-GHz channel.

We compute the mean values �EE

d and �BB

d for E- and B-mode
polarization from the results of the spectral fitting from Sect. 4 in
Tables C.2 and C.3. The uncertainty-weighted average of the dif-
ferences between �BB

d and �EE

d , computed over all multipole bins
and sky regions, is < �BB

d ��EE

d >= 0.0150±0.0053. We consider
the significance of this di↵erence to be marginal because the sta-
tistical error-bar assumes that the measurements for the di↵erent
sky regions are independent. Averaging di↵erences for the LR71
region alone, we find < �BB

d � �EE

d >LR71 = 0.0180 ± 0.0069.
The di↵erence between �EE

d and �BB

d is small and so we av-
eraged them. Specifically, the uncertainty-weighted average of
the fit results for all multipole bins and sky regions is �P

d ⌘
0.5 (�EE

d + �
BB

d ) = 1.53 ± 0.02, where the error bar includes the
uncertainty from the polarization e�ciencies of HFI (Sect. 2)
and the uncertainty from the CMB subtraction, which a↵ects the

determination of �EE

d . This is the uncertainty of the mean; the
weighted dispersions of individual measurements are 0.046 and
0.034 for E and B modes, respectively. This value of �P

d is lower
than the mean polarization index 1.59 ± 0.02 derived from the
analysis of earlier Planck data (Planck Collaboration Int. XXII
2015).

Fig. 13. Dust SEDs for E- and B-mode polarization de-
rived from the SMICA component-separation procedure
(Planck Collaboration IV 2018). The two grey lines repre-
sent MBB fits to the E- (red diamonds) and B-mode (blue
squares) data points with a temperature of 19.6 K. The polariza-
tion spectral index derived from the fits is �P

d = 1.53± 0.02. The
residuals to each fit, normalized to the 1� data uncertainty, are
plotted in the lower part of each panel.

5.2. Dust polarization SED from blind component separation

The dust SEDs for E- and B-mode polarization were deter-
mined jointly with the corresponding synchrotron SEDs us-
ing the SMICA (Spectral Matching Independent Component
Analysis) method of blind component separation described
in Planck Collaboration IX (2016) and Planck Collaboration IV
(2018). In brief, the method consists of fitting all of the auto-
and cross-spectra from 30 GHz to 353 GHz to a model consist-
ing of a superposition of the CMB, two foreground emission
components, and noise. The fit is performed under very mild
constraints, the free parameters being the angular spectrum of
the CMB, the SED of each foreground emission component (as-
sumed independent of angular scale), the angular spectra of each
foreground emission component and their cross-spectrum, and
the noise spectrum at each frequency. Note that no prior spectral
models of the SEDs are assumed, e.g., that the dust SED is an
MBB or that the synchrotron SED is a power law.

Fitting such a model determines, at the spectral level, a
unique global foreground contribution that corresponds to two
underlying templates. However, because the model allows for
an arbitrary angular correlation between those two templates, as
well as an arbitrary SED for each of them, the templates are
linearly degenerate, meaning that each can be an arbitrary lin-
ear combination of synchrotron and dust emission. We choose
to resolve this degeneracy by selecting the (essentially unique)
linear combinations, such that one template has no contribution
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which scales linearly with the tensor-to-scalar ratio r. The E-
and B-mode reionization bumps at low multipoles are computed
here for a Thompson scattering optical depth ⌧ = 0.055 from
Planck Collaboration Int. XLVI (2016).

Figure 11 shows that the synchrotron power decreases more
steeply than the dust power with increasing `, as well as more
steeply for the LR24 region than for LR71. Consequently, polar-
ized synchrotron is a more significant foreground for the reion-
ization peak than for the recombination peak.

In Fig. 12, the dust and synchrotron BB power is plotted ver-
sus frequency for two multipole bins ` = 4–11 (top plot) and
60–79 (bottom plot), which roughly correspond to the reioniza-
tion and recombination peaks of the primordial B-mode CMB
signal, respectively. The two polarized foregrounds have com-
parable amplitudes at a frequency that depends on the multipole
and the sky region. For average `bin = 7.5 (top plot) the ampli-
tudes are equal at 90 and 70 GHz for the LR24 and LR71 regions,
respectively, whereas for `bin = 69.5 (bottom) they are equal at
50 and 60 GHz for the LR24 and LR71 regions, respectively. For
higher frequencies, dust quickly dominates synchrotron. For ex-
ample, for LR24 and `bin = 69.5, the BB dust and synchrotron
signals are equal at 50 GHz, while at 90 GHz the dust and syn-
chrotron powers di↵er by two orders of magnitude, correspond-
ing to the equivalent of r = 0.1 and r = 10�3, respectively.

Our analysis stresses the accuracy with which dust and CMB
B modes must be separated to search confidently for primor-
dial B modes down to r = 10�2. At this sensitivity level, syn-
chrotron polarization is not a significant foreground for sub-
orbital experiments targeting the recombination peak at 95 and
150 GHz, e.g., the BICEP/Keck Array ground-based experiment
(BICEP2 and Keck Array Collaborations 2016) and the Spider
balloon-borne experiment (Fraisse et al. 2013), over sky areas at
high Galactic latitude included in our LR24 region.

5. Microwave SED of polarized dust emission

This section focusses on the microwave SED of dust emission
that is of interest for component separation and as a constraint
on dust emission models.

5.1. Spectral index of dust polarized emission

Within the approximation of an MBB emission law and given
a dust temperature, the microwave SED of dust emission is de-
termined by the value of the dust spectral index, �d. This index
parameterizes the separation of the dust and CMB components
and the Planck data constrain it better than ground-based data
thanks to Planck’s 353-GHz channel.

We compute the mean values �EE

d and �BB

d for E- and B-mode
polarization from the results of the spectral fitting from Sect. 4 in
Tables C.2 and C.3. The uncertainty-weighted average of the dif-
ferences between �BB

d and �EE

d , computed over all multipole bins
and sky regions, is < �BB

d ��EE

d >= 0.0150±0.0053. We consider
the significance of this di↵erence to be marginal because the sta-
tistical error-bar assumes that the measurements for the di↵erent
sky regions are independent. Averaging di↵erences for the LR71
region alone, we find < �BB

d � �EE

d >LR71 = 0.0180 ± 0.0069.
The di↵erence between �EE

d and �BB

d is small and so we av-
eraged them. Specifically, the uncertainty-weighted average of
the fit results for all multipole bins and sky regions is �P

d ⌘
0.5 (�EE

d + �
BB

d ) = 1.53 ± 0.02, where the error bar includes the
uncertainty from the polarization e�ciencies of HFI (Sect. 2)
and the uncertainty from the CMB subtraction, which a↵ects the

determination of �EE

d . This is the uncertainty of the mean; the
weighted dispersions of individual measurements are 0.046 and
0.034 for E and B modes, respectively. This value of �P

d is lower
than the mean polarization index 1.59 ± 0.02 derived from the
analysis of earlier Planck data (Planck Collaboration Int. XXII
2015).
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Fig. 13. Dust SEDs for E- and B-mode polarization de-
rived from the SMICA component-separation procedure
(Planck Collaboration IV 2018). The two grey lines repre-
sent MBB fits to the E- (red diamonds) and B-mode (blue
squares) data points with a temperature of 19.6 K. The polariza-
tion spectral index derived from the fits is �P

d = 1.53± 0.02. The
residuals to each fit, normalized to the 1� data uncertainty, are
plotted in the lower part of each panel.

5.2. Dust polarization SED from blind component separation

The dust SEDs for E- and B-mode polarization were deter-
mined jointly with the corresponding synchrotron SEDs us-
ing the SMICA (Spectral Matching Independent Component
Analysis) method of blind component separation described
in Planck Collaboration IX (2016) and Planck Collaboration IV
(2018). In brief, the method consists of fitting all of the auto-
and cross-spectra from 30 GHz to 353 GHz to a model consist-
ing of a superposition of the CMB, two foreground emission
components, and noise. The fit is performed under very mild
constraints, the free parameters being the angular spectrum of
the CMB, the SED of each foreground emission component (as-
sumed independent of angular scale), the angular spectra of each
foreground emission component and their cross-spectrum, and
the noise spectrum at each frequency. Note that no prior spectral
models of the SEDs are assumed, e.g., that the dust SED is an
MBB or that the synchrotron SED is a power law.

Fitting such a model determines, at the spectral level, a
unique global foreground contribution that corresponds to two
underlying templates. However, because the model allows for
an arbitrary angular correlation between those two templates, as
well as an arbitrary SED for each of them, the templates are
linearly degenerate, meaning that each can be an arbitrary lin-
ear combination of synchrotron and dust emission. We choose
to resolve this degeneracy by selecting the (essentially unique)
linear combinations, such that one template has no contribution
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which scales linearly with the tensor-to-scalar ratio r. The E-
and B-mode reionization bumps at low multipoles are computed
here for a Thompson scattering optical depth ⌧ = 0.055 from
Planck Collaboration Int. XLVI (2016).

Figure 11 shows that the synchrotron power decreases more
steeply than the dust power with increasing `, as well as more
steeply for the LR24 region than for LR71. Consequently, polar-
ized synchrotron is a more significant foreground for the reion-
ization peak than for the recombination peak.

In Fig. 12, the dust and synchrotron BB power is plotted ver-
sus frequency for two multipole bins ` = 4–11 (top plot) and
60–79 (bottom plot), which roughly correspond to the reioniza-
tion and recombination peaks of the primordial B-mode CMB
signal, respectively. The two polarized foregrounds have com-
parable amplitudes at a frequency that depends on the multipole
and the sky region. For average `bin = 7.5 (top plot) the ampli-
tudes are equal at 90 and 70 GHz for the LR24 and LR71 regions,
respectively, whereas for `bin = 69.5 (bottom) they are equal at
50 and 60 GHz for the LR24 and LR71 regions, respectively. For
higher frequencies, dust quickly dominates synchrotron. For ex-
ample, for LR24 and `bin = 69.5, the BB dust and synchrotron
signals are equal at 50 GHz, while at 90 GHz the dust and syn-
chrotron powers di↵er by two orders of magnitude, correspond-
ing to the equivalent of r = 0.1 and r = 10�3, respectively.

Our analysis stresses the accuracy with which dust and CMB
B modes must be separated to search confidently for primor-
dial B modes down to r = 10�2. At this sensitivity level, syn-
chrotron polarization is not a significant foreground for sub-
orbital experiments targeting the recombination peak at 95 and
150 GHz, e.g., the BICEP/Keck Array ground-based experiment
(BICEP2 and Keck Array Collaborations 2016) and the Spider
balloon-borne experiment (Fraisse et al. 2013), over sky areas at
high Galactic latitude included in our LR24 region.

5. Microwave SED of polarized dust emission

This section focusses on the microwave SED of dust emission
that is of interest for component separation and as a constraint
on dust emission models.

5.1. Spectral index of dust polarized emission

Within the approximation of an MBB emission law and given
a dust temperature, the microwave SED of dust emission is de-
termined by the value of the dust spectral index, �d. This index
parameterizes the separation of the dust and CMB components
and the Planck data constrain it better than ground-based data
thanks to Planck’s 353-GHz channel.

We compute the mean values �EE

d and �BB

d for E- and B-mode
polarization from the results of the spectral fitting from Sect. 4 in
Tables C.2 and C.3. The uncertainty-weighted average of the dif-
ferences between �BB

d and �EE

d , computed over all multipole bins
and sky regions, is < �BB

d ��EE

d >= 0.0150±0.0053. We consider
the significance of this di↵erence to be marginal because the sta-
tistical error-bar assumes that the measurements for the di↵erent
sky regions are independent. Averaging di↵erences for the LR71
region alone, we find < �BB

d � �EE

d >LR71 = 0.0180 ± 0.0069.
The di↵erence between �EE

d and �BB

d is small and so we av-
eraged them. Specifically, the uncertainty-weighted average of
the fit results for all multipole bins and sky regions is �P

d ⌘
0.5 (�EE

d + �
BB

d ) = 1.53 ± 0.02, where the error bar includes the
uncertainty from the polarization e�ciencies of HFI (Sect. 2)
and the uncertainty from the CMB subtraction, which a↵ects the

determination of �EE

d . This is the uncertainty of the mean; the
weighted dispersions of individual measurements are 0.046 and
0.034 for E and B modes, respectively. This value of �P

d is lower
than the mean polarization index 1.59 ± 0.02 derived from the
analysis of earlier Planck data (Planck Collaboration Int. XXII
2015).

Fig. 13. Dust SEDs for E- and B-mode polarization de-
rived from the SMICA component-separation procedure
(Planck Collaboration IV 2018). The two grey lines repre-
sent MBB fits to the E- (red diamonds) and B-mode (blue
squares) data points with a temperature of 19.6 K. The polariza-
tion spectral index derived from the fits is �P

d = 1.53± 0.02. The
residuals to each fit, normalized to the 1� data uncertainty, are
plotted in the lower part of each panel.

5.2. Dust polarization SED from blind component separation

The dust SEDs for E- and B-mode polarization were deter-
mined jointly with the corresponding synchrotron SEDs us-
ing the SMICA (Spectral Matching Independent Component
Analysis) method of blind component separation described
in Planck Collaboration IX (2016) and Planck Collaboration IV
(2018). In brief, the method consists of fitting all of the auto-
and cross-spectra from 30 GHz to 353 GHz to a model consist-
ing of a superposition of the CMB, two foreground emission
components, and noise. The fit is performed under very mild
constraints, the free parameters being the angular spectrum of
the CMB, the SED of each foreground emission component (as-
sumed independent of angular scale), the angular spectra of each
foreground emission component and their cross-spectrum, and
the noise spectrum at each frequency. Note that no prior spectral
models of the SEDs are assumed, e.g., that the dust SED is an
MBB or that the synchrotron SED is a power law.

Fitting such a model determines, at the spectral level, a
unique global foreground contribution that corresponds to two
underlying templates. However, because the model allows for
an arbitrary angular correlation between those two templates, as
well as an arbitrary SED for each of them, the templates are
linearly degenerate, meaning that each can be an arbitrary lin-
ear combination of synchrotron and dust emission. We choose
to resolve this degeneracy by selecting the (essentially unique)
linear combinations, such that one template has no contribution
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which scales linearly with the tensor-to-scalar ratio r. The E-
and B-mode reionization bumps at low multipoles are computed
here for a Thompson scattering optical depth ⌧ = 0.055 from
Planck Collaboration Int. XLVI (2016).
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ferences between �BB
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d , computed over all multipole bins
and sky regions, is < �BB
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d >= 0.0150±0.0053. We consider
the significance of this di↵erence to be marginal because the sta-
tistical error-bar assumes that the measurements for the di↵erent
sky regions are independent. Averaging di↵erences for the LR71
region alone, we find < �BB
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d >LR71 = 0.0180 ± 0.0069.
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eraged them. Specifically, the uncertainty-weighted average of
the fit results for all multipole bins and sky regions is �P
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d ) = 1.53 ± 0.02, where the error bar includes the
uncertainty from the polarization e�ciencies of HFI (Sect. 2)
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determination of �EE

d . This is the uncertainty of the mean; the
weighted dispersions of individual measurements are 0.046 and
0.034 for E and B modes, respectively. This value of �P

d is lower
than the mean polarization index 1.59 ± 0.02 derived from the
analysis of earlier Planck data (Planck Collaboration Int. XXII
2015).

Fig. 13. Dust SEDs for E- and B-mode polarization de-
rived from the SMICA component-separation procedure
(Planck Collaboration IV 2018). The two grey lines repre-
sent MBB fits to the E- (red diamonds) and B-mode (blue
squares) data points with a temperature of 19.6 K. The polariza-
tion spectral index derived from the fits is �P

d = 1.53± 0.02. The
residuals to each fit, normalized to the 1� data uncertainty, are
plotted in the lower part of each panel.

5.2. Dust polarization SED from blind component separation

The dust SEDs for E- and B-mode polarization were deter-
mined jointly with the corresponding synchrotron SEDs us-
ing the SMICA (Spectral Matching Independent Component
Analysis) method of blind component separation described
in Planck Collaboration IX (2016) and Planck Collaboration IV
(2018). In brief, the method consists of fitting all of the auto-
and cross-spectra from 30 GHz to 353 GHz to a model consist-
ing of a superposition of the CMB, two foreground emission
components, and noise. The fit is performed under very mild
constraints, the free parameters being the angular spectrum of
the CMB, the SED of each foreground emission component (as-
sumed independent of angular scale), the angular spectra of each
foreground emission component and their cross-spectrum, and
the noise spectrum at each frequency. Note that no prior spectral
models of the SEDs are assumed, e.g., that the dust SED is an
MBB or that the synchrotron SED is a power law.

Fitting such a model determines, at the spectral level, a
unique global foreground contribution that corresponds to two
underlying templates. However, because the model allows for
an arbitrary angular correlation between those two templates, as
well as an arbitrary SED for each of them, the templates are
linearly degenerate, meaning that each can be an arbitrary lin-
ear combination of synchrotron and dust emission. We choose
to resolve this degeneracy by selecting the (essentially unique)
linear combinations, such that one template has no contribution
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A di↵erence between �P

d and �I

d might be evidence for two
or more dust emission components that have distinct spectral in-
dices and polarization properties, e.g., silicate and carbon grains
in the models of Draine & Fraisse (2009) and Guillet et al.
(2017). However, the di↵erence that we have found is small
and not of high statistical significance. This result suggests
that the emission from a single grain type dominates the long-
wavelength emission in both polarization and total intensity. It
constrains the set of dust models considered by Hensley & Bull
(2017), in particular the potential contribution from magnetic
dipole emission (Draine & Hensley 2013).

6. Correlation of dust polarized emission across
microwave frequencies

Interstellar processes couple the emission properties of dust and
grain alignment with the density structure of matter and that
of magnetic fields (Hoang & Lazarian 2016a; Fanciullo et al.
2017). Likewise, the cosmic-ray energy spectrum, and thereby
the synchrotron emission spectrum, depend on the magnetic field
structure (Strong et al. 2011). These physical couplings break
the simplest assumption for component separation, by which the
spectral frequency dependence of the Galactic polarization and
its angular structure on the sky are separable (Tassis & Pavlidou
2015; Poh & Dodelson 2017). The couplings make polarized
foregrounds intrinsically complex, in ways that have yet to be
characterized statistically for optimizing the component separa-
tion and taking into account Galactic residuals in the CMB like-
lihood function. This is a critical issue for the analysis of CMB
polarization because spatial variations of the spectral behaviour
of polarized dust emission can mistakenly be interpreted as a
(false) detection of primordial CMB B modes.

PL analysed the correlation between the HFI dust polariza-
tion maps at 217 and 353 GHz. In Appendix B, using the new
Planck maps, we update and extend the PL analysis (Sect. B.1).
Uncorrected systematics and correlated noise in the data limit
how tightly the decorrelation can be constrained. However, these
e↵ects change with frequency and so can potentially be mit-
igated by analysis across many frequencies. In Sect. 6.1, we
present such a multi-frequency correlation analysis, making use
of the four polarized HFI channels from 100 to 353 GHz. The
implications of this new analysis of the Planck data for on-going
and future CMB B-mode experiments are discussed in Sect. 6.2.

6.1. Multi-frequency correlation analysis of dust polarization

The spectral model introduced in Sect. 4.2 assumes that the dust
and synchrotron polarized emission signals are each perfectly
correlated across microwave frequencies. To test this hypothesis,
we repeat the spectral fitting with a model modified to allow for
a loss of correlation for dust polarization. The dust contribution
to the amplitude of BB cross-spectra between frequencies ⌫1 and
⌫2 is

DBBd
` (⌫1 ⇥ ⌫2) = Ad
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where the frequencies ⌫1 and ⌫2 are expressed in GHz and the
adopted function fd from appendix B of Vansyngel et al. (2017)
is

fd(�d, ⌫1, ⌫2) = exp
n
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h

ln (⌫1/⌫2)
i2o
. (5)

The loss of correlation introduced by the parameter �d in-
creases with the frequency ratio ⌫1/⌫2. From �d we also re-
express the decorrelation in terms of the spectral correlation
ratio RBB

` (217, 353) (see Eq. (B.1)) for comparison with the
two-frequency results presented in PL and in Sheehy & Slosar
(2017), and for the PR3-2017 data in Appendix B.

We fit this model over the four HFI polarized Planck fre-
quencies 100, 143, 217, and 353 GHz, for the six sky regions
LR24 to LR71. Synchrotron polarization is ignored because it is
negligible in this frequency range (Sect. 4.3). We carry out this
analysis for the BB cross-spectra computed from the Planck data
and the E2E simulations, for the multipole range ` = 50–160,
relevant to the search for primordial B modes at the recombina-
tion peak.

Fig. 15. Posterior distribution for each of the parameters of the
spectral model with decorrelation given in Eq. (5), as obtained
through the MCMC fitting algorithm for BB data points. The
MCMC results illustrated here are for the LR62 region and the
multipole range 50–160. Median values are Ad = 97.1 ± 1.2,
�d = 1.54 ± 0.02, and RBB

` (217, 353) = 0.984 ± 0.008.

We perform an MCMC fit to the Planck data and to the mean
of the E2E simulations computed over the 300 E2E realizations.
The uncertainties are in both cases inferred from the dispersion
of spectra computed with the E2E simulations. In Fig. 15, we
show for the LR62 region the posterior probability distribution
of the model parameters Ad, �d, and the correlation ratio RBB

`
inferred from �d. The values of the model parameters are listed
in Table 3 for the data and the mean of the simulations for all
six regions. The dust sky model used in the simulations has a
perfect correlation across frequencies (Appendix A.2), i.e., for
this dust model, �d = 0 and RBB

` = 1. The values of RBB

` in
Table 3, inferred from the best-fit value of �d for the mean of the
300 E2E realizations, are consistent with 1 within a fraction of
the 1� error bars, for all sky regions. This result shows that there
is no bias introduced by neglecting the synchrotron contribution
at 100 GHz, even though it is present in the FFP10 sky model
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d might be evidence for two
or more dust emission components that have distinct spectral in-
dices and polarization properties, e.g., silicate and carbon grains
in the models of Draine & Fraisse (2009) and Guillet et al.
(2017). However, the di↵erence that we have found is small
and not of high statistical significance. This result suggests
that the emission from a single grain type dominates the long-
wavelength emission in both polarization and total intensity. It
constrains the set of dust models considered by Hensley & Bull
(2017), in particular the potential contribution from magnetic
dipole emission (Draine & Hensley 2013).

6. Correlation of dust polarized emission across
microwave frequencies

Interstellar processes couple the emission properties of dust and
grain alignment with the density structure of matter and that
of magnetic fields (Hoang & Lazarian 2016a; Fanciullo et al.
2017). Likewise, the cosmic-ray energy spectrum, and thereby
the synchrotron emission spectrum, depend on the magnetic field
structure (Strong et al. 2011). These physical couplings break
the simplest assumption for component separation, by which the
spectral frequency dependence of the Galactic polarization and
its angular structure on the sky are separable (Tassis & Pavlidou
2015; Poh & Dodelson 2017). The couplings make polarized
foregrounds intrinsically complex, in ways that have yet to be
characterized statistically for optimizing the component separa-
tion and taking into account Galactic residuals in the CMB like-
lihood function. This is a critical issue for the analysis of CMB
polarization because spatial variations of the spectral behaviour
of polarized dust emission can mistakenly be interpreted as a
(false) detection of primordial CMB B modes.

PL analysed the correlation between the HFI dust polariza-
tion maps at 217 and 353 GHz. In Appendix B, using the new
Planck maps, we update and extend the PL analysis (Sect. B.1).
Uncorrected systematics and correlated noise in the data limit
how tightly the decorrelation can be constrained. However, these
e↵ects change with frequency and so can potentially be mit-
igated by analysis across many frequencies. In Sect. 6.1, we
present such a multi-frequency correlation analysis, making use
of the four polarized HFI channels from 100 to 353 GHz. The
implications of this new analysis of the Planck data for on-going
and future CMB B-mode experiments are discussed in Sect. 6.2.

6.1. Multi-frequency correlation analysis of dust polarization

The spectral model introduced in Sect. 4.2 assumes that the dust
and synchrotron polarized emission signals are each perfectly
correlated across microwave frequencies. To test this hypothesis,
we repeat the spectral fitting with a model modified to allow for
a loss of correlation for dust polarization. The dust contribution
to the amplitude of BB cross-spectra between frequencies ⌫1 and
⌫2 is

DBBd
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The loss of correlation introduced by the parameter �d in-
creases with the frequency ratio ⌫1/⌫2. From �d we also re-
express the decorrelation in terms of the spectral correlation
ratio RBB

` (217, 353) (see Eq. (B.1)) for comparison with the
two-frequency results presented in PL and in Sheehy & Slosar
(2017), and for the PR3-2017 data in Appendix B.

We fit this model over the four HFI polarized Planck fre-
quencies 100, 143, 217, and 353 GHz, for the six sky regions
LR24 to LR71. Synchrotron polarization is ignored because it is
negligible in this frequency range (Sect. 4.3). We carry out this
analysis for the BB cross-spectra computed from the Planck data
and the E2E simulations, for the multipole range ` = 50–160,
relevant to the search for primordial B modes at the recombina-
tion peak.

Fig. 15. Posterior distribution for each of the parameters of the
spectral model with decorrelation given in Eq. (5), as obtained
through the MCMC fitting algorithm for BB data points. The
MCMC results illustrated here are for the LR62 region and the
multipole range 50–160. Median values are Ad = 97.1 ± 1.2,
�d = 1.54 ± 0.02, and RBB

` (217, 353) = 0.984 ± 0.008.

We perform an MCMC fit to the Planck data and to the mean
of the E2E simulations computed over the 300 E2E realizations.
The uncertainties are in both cases inferred from the dispersion
of spectra computed with the E2E simulations. In Fig. 15, we
show for the LR62 region the posterior probability distribution
of the model parameters Ad, �d, and the correlation ratio RBB

`
inferred from �d. The values of the model parameters are listed
in Table 3 for the data and the mean of the simulations for all
six regions. The dust sky model used in the simulations has a
perfect correlation across frequencies (Appendix A.2), i.e., for
this dust model, �d = 0 and RBB

` = 1. The values of RBB

` in
Table 3, inferred from the best-fit value of �d for the mean of the
300 E2E realizations, are consistent with 1 within a fraction of
the 1� error bars, for all sky regions. This result shows that there
is no bias introduced by neglecting the synchrotron contribution
at 100 GHz, even though it is present in the FFP10 sky model
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dices and polarization properties, e.g., silicate and carbon grains
in the models of Draine & Fraisse (2009) and Guillet et al.
(2017). However, the di↵erence that we have found is small
and not of high statistical significance. This result suggests
that the emission from a single grain type dominates the long-
wavelength emission in both polarization and total intensity. It
constrains the set of dust models considered by Hensley & Bull
(2017), in particular the potential contribution from magnetic
dipole emission (Draine & Hensley 2013).

6. Correlation of dust polarized emission across
microwave frequencies

Interstellar processes couple the emission properties of dust and
grain alignment with the density structure of matter and that
of magnetic fields (Hoang & Lazarian 2016a; Fanciullo et al.
2017). Likewise, the cosmic-ray energy spectrum, and thereby
the synchrotron emission spectrum, depend on the magnetic field
structure (Strong et al. 2011). These physical couplings break
the simplest assumption for component separation, by which the
spectral frequency dependence of the Galactic polarization and
its angular structure on the sky are separable (Tassis & Pavlidou
2015; Poh & Dodelson 2017). The couplings make polarized
foregrounds intrinsically complex, in ways that have yet to be
characterized statistically for optimizing the component separa-
tion and taking into account Galactic residuals in the CMB like-
lihood function. This is a critical issue for the analysis of CMB
polarization because spatial variations of the spectral behaviour
of polarized dust emission can mistakenly be interpreted as a
(false) detection of primordial CMB B modes.

PL analysed the correlation between the HFI dust polariza-
tion maps at 217 and 353 GHz. In Appendix B, using the new
Planck maps, we update and extend the PL analysis (Sect. B.1).
Uncorrected systematics and correlated noise in the data limit
how tightly the decorrelation can be constrained. However, these
e↵ects change with frequency and so can potentially be mit-
igated by analysis across many frequencies. In Sect. 6.1, we
present such a multi-frequency correlation analysis, making use
of the four polarized HFI channels from 100 to 353 GHz. The
implications of this new analysis of the Planck data for on-going
and future CMB B-mode experiments are discussed in Sect. 6.2.

6.1. Multi-frequency correlation analysis of dust polarization

The spectral model introduced in Sect. 4.2 assumes that the dust
and synchrotron polarized emission signals are each perfectly
correlated across microwave frequencies. To test this hypothesis,
we repeat the spectral fitting with a model modified to allow for
a loss of correlation for dust polarization. The dust contribution
to the amplitude of BB cross-spectra between frequencies ⌫1 and
⌫2 is
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express the decorrelation in terms of the spectral correlation
ratio RBB

` (217, 353) (see Eq. (B.1)) for comparison with the
two-frequency results presented in PL and in Sheehy & Slosar
(2017), and for the PR3-2017 data in Appendix B.

We fit this model over the four HFI polarized Planck fre-
quencies 100, 143, 217, and 353 GHz, for the six sky regions
LR24 to LR71. Synchrotron polarization is ignored because it is
negligible in this frequency range (Sect. 4.3). We carry out this
analysis for the BB cross-spectra computed from the Planck data
and the E2E simulations, for the multipole range ` = 50–160,
relevant to the search for primordial B modes at the recombina-
tion peak.

Fig. 15. Posterior distribution for each of the parameters of the
spectral model with decorrelation given in Eq. (5), as obtained
through the MCMC fitting algorithm for BB data points. The
MCMC results illustrated here are for the LR62 region and the
multipole range 50–160. Median values are Ad = 97.1 ± 1.2,
�d = 1.54 ± 0.02, and RBB

` (217, 353) = 0.984 ± 0.008.

We perform an MCMC fit to the Planck data and to the mean
of the E2E simulations computed over the 300 E2E realizations.
The uncertainties are in both cases inferred from the dispersion
of spectra computed with the E2E simulations. In Fig. 15, we
show for the LR62 region the posterior probability distribution
of the model parameters Ad, �d, and the correlation ratio RBB

`
inferred from �d. The values of the model parameters are listed
in Table 3 for the data and the mean of the simulations for all
six regions. The dust sky model used in the simulations has a
perfect correlation across frequencies (Appendix A.2), i.e., for
this dust model, �d = 0 and RBB

` = 1. The values of RBB

` in
Table 3, inferred from the best-fit value of �d for the mean of the
300 E2E realizations, are consistent with 1 within a fraction of
the 1� error bars, for all sky regions. This result shows that there
is no bias introduced by neglecting the synchrotron contribution
at 100 GHz, even though it is present in the FFP10 sky model
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Table 3. Spectral correlation ratio RBB

` (217, 353) from multi-frequency MCMC fit for the multipole range 50–160.

LR24 LR33 LR42 LR52 LR62 LR71

HFI data . . . . . . . . . . . . . . . . . . . . . 0.935 ± 0.054 0.932 ± 0.039 0.970 ± 0.021 0.983 ± 0.013 0.984 ± 0.008 0.989 ± 0.005
Mean E2E simulationsa . . . . . . . . . . 0.976 ± 0.043 0.988 ± 0.026 0.993 ± 0.016 0.993 ± 0.011 0.995 ± 0.008 0.997 ± 0.005
E2E lower limitsb . . . . . . . . . . . . . . . 0.865 0.924 0.963 0.973 0.983 0.991
FFP10 dust modelc . . . . . . . . . . . . . . 0.987 0.992 0.994 0.996 0.997 0.998
Two-frequency analysis of datad . . . . 0.822 0.886 0.932 0.954 0.976 0.989
Two-frequency E2E lower limitse . . . 0.756 0.854 0.913 0.949 0.965 0.980

a Results from MCMC fit to the mean of the E2E simulations.
b E2E lower limits on RBB

` , corresponding to the 2.5th percentile of the MPFIT results on the 300 E2E realizations (Fig. 16).
c RBB

` values measured for the noise-free FFP10 dust polarization maps (Appendix A.1).
d For comparison, results from the two-frequency analysis of HFI data in Appendix B (see Table C.5 in Appendix C).
e For comparison, E2E lower limits from the two-frequency analysis (see Table B.1).

(Appendix A.1). In this model, the contribution of synchrotron
to the BB power at 100 GHz, in the multipole bin ` = 50–160,
rises from 4 to 19 % for decreasing fsky from LR71 to LR24.

We obtain histograms of parameter values, fitting the spec-
tral model in Eq. (5) to each of the 300 E2E realizations. To
do this, we use the least-squares MPFIT algorithm because the
MCMC fit is too computationally-intensive to be run 300 times.
We checked that the two methods provide consistent parameter
values for the Planck data and for the mean of the E2E sim-
ulations. The probability distributions of RBB

` inferred from �d
values measured on the E2E realizations for each sky region are
presented in Fig. 16. Lower limits on RBB

` from the E2E simu-
lations are listed in Table 3. These are based on the 95 % confi-
dence interval, thus on the 2.5th percentile of the histograms.

The limits from the multi-frequency analysis are tighter than
the corresponding ones in Table B.1, derived from the 217- and
353-GHz correlation alone (see Appendix B and for convenience
reproduced in Table 3). However, it is important to keep in mind
that the limits derived from our multi-frequency analysis depend
on an assumption of the applicability of the spectral model in
Eq. (5), while the two-frequency results are model independent.

The multi-frequency analysis shows no evidence for a loss
of correlation, within the limits provided by the analysis of
the E2E simulations. As discussed, these new limits are much
tighter than those obtained from the 217- and 353-GHz cor-
relation ratio in Appendix B. However, current limits are still
consistent with (i.e., still allow the presence of) significant
variations of the dust spectral index over the sky. To illus-
trate this statement quantitatively, we have computed RBB

` for
the noise-free FFP10 dust polarization maps (Appendix A.1),
built from 353-GHz polarization templates computed using the
Vansyngel et al. (2017) model. These 353-GHz templates were
scaled to other frequencies using maps of dust temperature and
spectral index that were derived from the analysis of dust total
intensity maps in Planck Collaboration Int. XLVIII (2016) and
Planck Collaboration XI (2014). The standard deviations of the
dust spectral index for our six sky regions, measured using the
217- to 353-GHz colour ratio of model maps smoothed to a 1�
resolution, are in the range �(�

d

) = 0.092±0.005. Nevertheless,
the values of RBB

` that we obtained, listed in Table 3, are within
the lower limits inferred from the E2E simulations.

Frequency decorrelation might result from variations of
the spectral index both across the sky and along the line of
sight. In the FFP10 maps, only the former is taken into ac-
count, and thus polarization angles do not vary with frequency
(Tassis & Pavlidou 2015, PL). We also note again that the results
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Fig. 16. Distribution of the correlation ratios RBB

` (217, 353) in-
ferred from �d on the six sky regions for the ` range 50–160. The
histograms are computed from the 300 E2E simulations using
half-mission data splits. The dashed lines represent the median
values on each sky region. This median value, µ, and the stan-
dard deviation, �, are printed in the upper right of each panel.
The lower limits on RBB

` in Table 3 are derived from the 2.5th
percentile of the distribution for each sky region.

of our multi-frequency analysis depend in detail on the adopted
spectral model (Eq. (4)).

We have also used the 300 E2E realizations to compute
the cross-correlation of RBB

` measured for our six sky re-
gions (Fig. 17). As found for the correlation analysis between
the 217- and 353-GHz data discussed in Appendix B and by
Sheehy & Slosar (2017), the results from the multi-frequency fit
are also correlated between sky regions, which makes sense, of
course, because they are nested.

6.2. Perspective for on-going and future CMB experiments

Here, we discuss the implications of our multi-frequency anal-
ysis of Planck dust polarization for on-going and future CMB
experiments that are designed to search for primordial B modes.
A somewhat comforting view concerning the complexity of dust
polarization as a CMB foreground is suggested by two of our re-
sults. First, the data show no departure from a one-parameter
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- Lower limits from E2E simulations

Spatial variations of the spectral behavior of polarized dust emission are a critical 
issue for the analysis of the CMB:  frequency decorrelation is expected at some level  

Planck Collaboration: Dust polarized foregrounds

Table 3. Spectral correlation ratio RBB

` (217, 353) from multi-frequency MCMC fit for the multipole range 50–160.

LR24 LR33 LR42 LR52 LR62 LR71

HFI data . . . . . . . . . . . . . . . . . . . . . 0.935 ± 0.054 0.932 ± 0.039 0.970 ± 0.021 0.983 ± 0.013 0.984 ± 0.008 0.989 ± 0.005
Mean E2E simulationsa . . . . . . . . . . 0.976 ± 0.043 0.988 ± 0.026 0.993 ± 0.016 0.993 ± 0.011 0.995 ± 0.008 0.997 ± 0.005
E2E lower limitsb . . . . . . . . . . . . . . . 0.865 0.924 0.963 0.973 0.983 0.991
FFP10 dust modelc . . . . . . . . . . . . . . 0.987 0.992 0.994 0.996 0.997 0.998
Two-frequency analysis of datad . . . . 0.822 0.886 0.932 0.954 0.976 0.989
Two-frequency E2E lower limitse . . . 0.756 0.854 0.913 0.949 0.965 0.980

a Results from MCMC fit to the mean of the E2E simulations.
b E2E lower limits on RBB

` , corresponding to the 2.5th percentile of the MPFIT results on the 300 E2E realizations (Fig. 16).
c RBB

` values measured for the noise-free FFP10 dust polarization maps (Appendix A.1).
d For comparison, results from the two-frequency analysis of HFI data in Appendix B (see Table C.5 in Appendix C).
e For comparison, E2E lower limits from the two-frequency analysis (see Table B.1).
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dard deviation, �, are printed in the upper right of each panel.
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` in Table 3 are derived from the 2.5th
percentile of the distribution for each sky region.

of our multi-frequency analysis depend in detail on the adopted
spectral model (Eq. (4)).

We have also used the 300 E2E realizations to compute
the cross-correlation of RBB

` measured for our six sky re-
gions (Fig. 17). As found for the correlation analysis between
the 217- and 353-GHz data discussed in Appendix B and by
Sheehy & Slosar (2017), the results from the multi-frequency fit
are also correlated between sky regions, which makes sense, of
course, because they are nested.

6.2. Perspective for on-going and future CMB experiments

Here, we discuss the implications of our multi-frequency anal-
ysis of Planck dust polarization for on-going and future CMB
experiments that are designed to search for primordial B modes.
A somewhat comforting view concerning the complexity of dust
polarization as a CMB foreground is suggested by two of our re-
sults. First, the data show no departure from a one-parameter
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Bottom line: no evidence, but current limits still allow the presence of significant 
variations of the dust spectral index over the sky  



Planck summary 

Anna Mangilli - KISS Workshop - Caltech, 19/03/2018

 no departure from one-parameter MBB emission law 

 Small difference between polarisation and intensity spectral index

 non-zero TE and TB correlation

The dust-synchrotron correlation dominates at low ells 

No evidence of frequency decorrelation  

- Spectral and frequency analysis of the latest Planck PR3 maps 

- multicomponent analysis to measure polarized foregrounds SED as a 

function of sky regions and multipoles

- Uncertainties based on E2E simulations that includes systematics 



The PILOT balloon experiment

Stratospheric balloon. Measurement of the polarized emission of 
the dust in the inter galactic medium at 1.2 THz (far infra-red)

Main scientific goals:
• Reveal the structure of the magnetic field in our 

Galaxy and nearby galaxies 

• Characterize the geometric and magnetic 
properties of the dust grains

• Understand polarized foregrounds

• Complete the Planck observations at a higher 
frequency where the dust polarization has never 
been observed over large sky regions

Planck Collaboration: The Planck mission

Fig. 15. Maximum posterior amplitude polarization maps derived from the Planck observations between 30 and 353 GHz
(Planck Collaboration X 2015). The left and right columns show the Stokes Q and U parameters, respectively. Rows show, from top
to bottom: CMB; synchrotron polarization at 30 GHz; and thermal dust polarization at 353 GHz. The CMB map has been highpass-
filtered with a cosine-apodized filter between ` = 20 and 40, and the Galactic plane (defined by the 17 % CPM83 mask) has been
replaced with a constrained Gaussian realization (Planck Collaboration IX 2015).
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Fig. 16. Brightness temperature rms as a function of frequency and astrophysical component for temperature (left) and polarization
(right). For temperature, each component is smoothed to an angular resolution of 1� FWHM, and the lower and upper edges of each
line are defined by masks covering 81 and 93 % of the sky, respectively. For polarization, the corresponding smoothing scale is 400,
and the sky fractions are 73 and 93 %.

10. Planck 2015 cosmology results

Since their discovery, anisotropies in the CMB have contributed
significantly to defining our cosmological model and measuring
its key parameters. The standard model of cosmology is based
upon a spatially flat, expanding Universe whose dynamics are
governed by General Relativity and dominated by cold dark mat-
ter and a cosmological constant (⇤). The seeds of structure have
Gaussian statistics and form an almost scale-invariant spectrum
of adiabatic fluctuations. The 2015 Planck data remain in excel-

lent agreement with this paradigm, and continue to tighten the
constraints on deviations and reduce the uncertainty on the key
cosmological parameters.

The major methodological changes in the steps going
from sky maps to cosmological parameters are discussed
in Planck Collaboration XII (2015); Planck Collaboration XIII
(2015). These include the use of Planck polarization data in-
stead of WMAP, changes to the foreground masks to include
more sky and dramatically reduce the number of point source
“holes,” minor changes to the foreground models, improve-
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Planck

Observation targets:
• Star forming regions

• Nearby galaxies

• Galactic plane

• Diffuse regions (e.g. the BICEP2 field)

J.-Ph. Bernard, LLR, June 26 201750

No destriping
atmospheric subtraction

L30

Orion

rho-oph

LMC ridge

Flight#2 preliminary Intensity maps

Galactic Center

J.-Ph. Bernard, LLR, June 26 201750

No destriping
atmospheric subtraction

L30

Orion

rho-oph

LMC ridge

Flight#2 preliminary Intensity maps

Galactic Center

PILOT flight2 data

Participations: IRAP, (Toulouse, PI: J-P. Bernard), IAS, CEA, CNES, Rome Univ., Cardiff Univ 

Anna Mangilli - KISS Workshop - Caltech, 19/03/2018



The instrument

09/10/2014 J.5Ph."Bernard"–"RQAV"PILOT

•"Masse"

•"ConsommaFon"

•"TM5TC

PILOT"Concept

29

Detectors

Polarizer
HWP

ICS 
Internal Calibration Source 
(calibrate the response of the 
detectors)

Cooled M2 
(background control)

rotatingH
WP

M2

Flat mirror

ICS

2nd 
lens

45° 
Polarizer

detector

•  Multiplexed bolometer arrays with a total of 2048 detectors at 240 μm

• Detectors cooled down to 300mK through closed-cycle He3 fridge

• NEP ~ 3×10-16 W/Hz1/2 

[The PILOT Collaboration, Bernard et al., Experimental Astronomy, 2016]

Observations at different HWP angles allow to reconstruct the 
Stokes parameters I, Q, U

Anna Mangilli - KISS Workshop - Caltech, 19/03/2018



J.-Ph. Bernard, LLR, June 26 2017

Flight#2: Alice Springs, Australia

Total time at ceiling: 29.0 h

Scientific data: 23.8 h

Total flight time: 33.5 h

Ceiling altitude: 32-40 km

40

April 16 2017

Perfect landing!

PILOT Flights

J.-Ph. Bernard, LLR, June 26 2017

Instrument was recovered ~836 km East of Alice Springs 
Desertic area.

The 
instrument 
looks ready to 
fly again !

Gondola, back to Alice Springs

landing area

41

Gondola retrieval

PILOT was recovered 836 Km east of Alice Spring in a desert area

Gondola back to Alice Springs: looks ready to fly again!

J.-Ph. Bernard, LLR, June 26 2017

Flight#2: Alice Springs, Australia

Total time at ceiling: 29.0 h

Scientific data: 23.8 h

Total flight time: 33.5 h

Ceiling altitude: 32-40 km

40

April 16 2017 FLIGHT2:
• Total flight time: 33.5 h
• Total time at ceiling: 29 h
• Ceiling altitude: 32-40 Km
• Scientific data: 23.8 h

21/09/2015 Timmins Ontario (Canada); 16/04/2017 Alice Springs (Australia)

The PILOT scientific team

Anna Mangilli - KISS Workshop - Caltech, 19/03/2018



 Flight2 observations

- Galactic plane: L0, L30 (1h30)
- Star forming regions: 

Orion, Rho-Oph. , Musca (10h)
- Large Magellanic Cloud (6h)
- Diffuse region: BICEP field (5h)
- Planets: Saturn & Jupiter (1h)

BICEP

LMC

Musca

Rho-Oph

Orion

L30
L0

Anna Mangilli - KISS Workshop - Caltech, 19/03/2018



Intensity maps
L0

L30

Orion rho-Ophiuchi

Preliminary PILOT Intensity maps obtained 
with Scanamorphos or simple map-making 

Polarisation results on galactic center (L0)

• 4 observations (~30min)
• Very bright (intensity): check data 

calibration, detector responses and inter-
calibration

• Weakly polarized (~2%)

PILOT in-flight performance 3

Table 1: Main optical characteristics of the PILOT instrument.

Telescope Type Gregorian
Equivalent focal length [mm] 1790
Numerical aperture F/2.5
FOV [o] 1.0⇥0.8
Ceiling altitude ⇠3 hPa
Pointing reconstruction translation= 100 , rotation= 600 , 1s
Gondola Mass ⇠1100 kg
Primary mirror type Off-axis parabolic
Primary mirror dimension [mm] 930 x 830
M1 used surface projeted diameter [mm] 730
Focal length [mm] 750
Detector type Multiplexed bolometer arrays
Number of Detectors 2048
Detector temperature [mK] 300
Sampling rate [Hz] 40
Sensitivity [0.98-6.28] MJy/sr at 240 mm
(3-s in 3.50 ) [0.33-2.13] MJy/sr at 550 mm
Photometric channels SW Band LW Band
l0 [ µm] 240 550
n0 [GHz] 1250 545
Dn/n 0.27 0.31
beam FWHM [0 ] 1.9 3.3
Minimum Strehl Ratio 0.95 0.98

Bidon
Fig. 1: Variations in altitude of the balloon during flight 1.

(see for instance [?]). The light polarization fraction p and
polarization direction y are then defined as:

p =

p
Q2 +U2

I
(3)

and

y = 0.5⇥ arctan(U,Q). (4)

3 The PILOT flights and observations

PILOT is carried to the stratosphere by a generic CNES gon-
dola suspended beneath an open stratospheric balloon oper-
ated by the French National Space Agency (CNES). PILOT
uses 803Z class balloons with a Helium gas volume of ⇠ 800
000 m3 at ceiling altitude. The instrument can be pointed to
a given direction using the gondola motion around the flight
chain and motion around an elevation axis (see [8]). Sci-
entific observations are organized in individual tiles (also

called scenes) where a given rectangular region of the sky
is scanned by combining the azimuth and elevation axis of
the instrument.

The flight plan is built taking into account the various
observational constraints such as the visibility of astronom-
ical sources, the minimum angular distance between the in-
strument optical axis and bright sources such as the sun or
the moon, elevation limits due to the presence of the Earth
at low elevations and the balloon at high elevations. The ex-
pected performance of the instrument are taken into account
when establishing the flight plan in order to distribute the
observing time according to the science objectives require-
ments, and to evenly distribute polarization analysis direc-
tions (angle q in Eq. 2) for any given astronomical target.

3.1 Flight#1

The first flight of the PILOT experiment took place the launch
base facility at the airport of Timmins, Ontario, Canada on

PILOT in-flight performance 3
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Preliminary!

Intensity maps

ROMA mapmaking [de Gasperis+ 2005]

• the orientation of the magnetic field along the galactic plane in agreement with expectations 
• Pilot analysis on the galactic center confirms a good control of gain inter-calibration



PILOT team & CNES involved in the IDS proposal to NASA
Anna Mangilli - KISS Workshop - Caltech, 19/03/2018

• 2 successful flights (2015, 2017). Flight 3 on the northern hemisphere foreseen for 2019
• first PILOT polarization maps on bright but weakly polarized source (L0)
• First and only high frequency (1.2 THz) observation of the BICEP field with expected SNR 

p of ~16
LESSON LEARNT SO FAR 

• Instrumental background is polarized 
- Could be a problem for future experiments, if variable 

   - Can change bolometer response 
• Internal calibration source highly beneficial
• Detector inter-calibration possible on un-polarized residual atmospheric signal

PILOT & CNES LEGACY 
• High success rate of balloon launching campaigns
• 1-2 days flights from mid-latitude, ~40 km altitude, 1 ton
• NOSYCA telemetry system (high rate, 500 km per portable antenna) 
• Pointed gondolas
• Day/night pointing system (ESTADIUS), accuracy of a few arc-seconds  while scanning 

at a few °/sec 

[The PILOT Collaboration, Foenard, Mangilli et al., ‘In-flight performances’,sub. Exp. Astr. 01/2018] 



CONCLUSIONS

• Latest Planck analysis (PIR-LIV, 2018, PR3 polarised maps):
-  no departure from one-parameter MBB emission law
-  frequency decorrelation and synchrotron should not be an issue for r=0.01

HOWEVER  

• A level of decorrelation is expected (and not excluded by Planck data) and can be 
a serious issue for lower r 

• Decorrelation might not be homogeneous over the sky
• Synchrotron-dust correlation at low-l increase the complexity of the CMB B-

modes measurement at the reionization bump 
Develop increasingly realistic models for the polarized foregrounds is a critical 

and urgent issue

Anna Mangilli - KISS Workshop - Caltech, 19/03/2018

Understanding the polarised galactic foregrounds is the main issue for current and future 
CMB B-modes measurements at the reionization and the recombination bumps

Work in progress
A. Mangilli, J. Aumont, L. Montier, F. Boulanger, T. Gosh in prep. 
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