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Available data 

• Characterization of foreground emission relies mostly on Planck and WMAP full sky 
maps + ancillary data (HI, low frequency observations, …) 

• Great datasets, but not enough to characterize FGs at the level needed to avoid 
surprises in the analysis of the next generation of CMB experiments
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Power spectra of thermal dust emission 
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Fig. 2. 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.

3.1. Planck angular power spectra at 353 GHz

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

The EE, BB, T E, T B, and EB power spectra are com-
puted with the XPol code (Tristram et al. 2005). Following
the approach in PXXX and PL, to avoid a bias arising from
the noise, we compute all of the Planck power spectra using
cross-correlations of maps with independent noise, specifically
the half-mission maps. To present a characterization of fore-
grounds that is independent of component-separation methods,
we chose not to use the CMB polarization maps described in
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 CXY

` 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. 2 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. 3, we
present spectra computed on the northern and southern parts of
the LR42, LR52, LR62, and LR71 regions.
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lar with exponent about �2.4 in the extended SGC34 region
defined by the latter (a 3500 deg2 region comprising 34 % of
the southern Galactic cap with f e↵

sky = 0.085). As quantified by
the modeling in Ghosh et al. (2017), this is in agreement with
the idea that the T E correlation, and the E/B asymmetry, at
` > 40 are related to the statistical alignment of the magnetic
field with filamentary structure in the cold medium (Clark et al.
2015; Planck Collaboration Int. XXXVIII 2016; Kalberla et al.
2016).
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Fig. 5. T E correlation ratio rT E
` versus multipole. The data points

are plotted using distinct symbols and colours (see legend at the
top) for each of the six sky regions. The error bars are derived
from the E2E simulations.

Table 1 gives values of the ratio of the amplitudes of the T E
and EE power spectra. The weighted mean value of the T E/EE
ratios is 2.76 ± 0.05. We also combine the dust T E, EE, and
TT spectra at 353 GHz to compute the dimensionless correlation
ratio rT E

` = DT E
` /(DTT

` ⇥ DEE
` )0.5 discussed by Caldwell et al.

(2017) and introduced in the context of the CMB in appendix E3
of Planck Collaboration XI (2016). The ratio is plotted versus
multipole in Fig. 5 for the six regions. The weighted mean
of all measurements for all sky regions and multipole bins is
rT E
` = 0.357 ± 0.003. The data show significant scatter, but no

systematic dependence on multipole down to the lowest ` bins
or on the sky region.

3.6. T B and EB power spectra

The T B and EB angular power spectra are presented in Fig. 6.
We find a positive T B signal. A similar result was reported using
earlier Planck data in PXXX. On the largest sky regions pro-
viding the best signal-to-noise ratio, the power ratio T B/T E
is about 0.1 from a power-law fit (exponent fixed at �2.44)
over the ` = 40–600 multipole range. The correlation ratio
rT B
` = DT B

` /(DTT
` ⇥DBB

` )0.5, about 0.05, is also much lower than
rT E
` . The EB signal is consistent with zero. The EB/EE power

ratio is smaller than about 0.03.
The E2E simulations in this paper allow us to check that

the T B power does not arise from a known systematic error.
For example, a systematic error in the orientation of the Planck
bolometers at 353 GHz would induce leakage of the T E power to
T B and from the EE and BB power to EB (Abitbol et al. 2016).

To account for a ratio T B/T E = 0.1, the error would need to
be 3�, a value that is one order of magnitude larger than the un-
certainties on the orientation of the HFI PSBs determined from
CMB data analysis for the 100, 143, and 217 GHz channels (see
section A.6 in Planck Collaboration Int. XLVI 2016).

We do not see any systematic e↵ects that could produce the
T B signal. If it is indeed real, this indicates that the dust polar-
ization maps do not satisfy parity invariance. Although there is
no reason for Galactic emission to preserve mirror symmetry, to
our knowledge there is no straightforward interpretation of this
observed asymmetry. The T B signal, at low multipoles, might
arise from the structure of the mean magnetic field in the solar
neighborhood. It might also be related to reference quantities of
magnetohydrodynamic turbulence that are not parity invariant,
such as the magnetic helicity (the volume integral of the scalar
product between the vector potential and the magnetic field; see
e.g. Blackman 2015) and/or the cross-helicity (the integral of the
scalar product between the gas velocity and the magnetic field;
see e.g. Yokoi 2013). These possible links will need to be ex-
plored in further studies.

Within the context of CMB experiments, as discussed in
Abitbol et al. (2016) a non-zero dust T B signal can limit the ac-
curacy to which T B and EB spectra at microwave frequencies
may be used to check the orientation of the polarimeter.

4. Dust and synchrotron polarized emission at

microwave frequencies

We now calculate cross-power spectra, build models for them,
and compare the foreground signals to the CMB. Specifically,
in Sect. 4.1 using cross-spectra we characterize Galactic polar-
ized emission, including the correlation between dust and syn-
chrotron polarization, as a function of frequency and multipole.
In Sect. 4.2, we fit these data with a spectral model and present
the parameters determined. Galactic polarized foregrounds as
quantified here are compared to the CMB primordial E- and
B-mode signals as a function of frequency and multipole in
Sect. 4.3.

4.1. Cross-power spectra

For this study, we consider single and inter-frequency cross-
spectra among the four polarized channels of Planck-HFI, at
100, 143, 217, and 353 GHz, as well as the lowest frequency
channel of Planck-LFI at 30 GHz, and the two lowest frequen-
cies of WMAP at 23 and 33 GHz. The three channels of LFI and
WMAP provide the highest signal-to-noise ratio on synchrotron
polarization; we use them to estimate the synchrotron contribu-
tion to the lowest HFI frequencies and characterize the spatial
correlation between polarized dust and synchrotron sources of
emission.

Single frequency cross-spectra are computed using maps
with independent statistical noise made with data subsets, to
avoid noise bias. For Planck-HFI, we use the half-mission maps.
For Planck-LFI, we separate data from even and odd years. For
WMAP, we combine the first four years on the one hand and
the subsequent five years on the other hand. For inter-frequency
cross-spectra, we consider all the possible combinations among
the frequency channels being used. In total, we obtain 21 cross-
spectra that combine observations at two distinct frequencies and
7 cross-spectra at a single frequency. The uncertainties on power
spectra are again computed from E2E simulations, as described
in Appendix A.
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Fig. 5: Ratio of the amplitudes of the DBB
` and DEE

` dust
power spectra at 353 GHz for the di↵erent LR regions defined
in Sect. 3.3.1, distinguished here with fsky. The mean value⌦
ABB/AEE↵ = 0.52 is plotted as a dashed line.

rived from these fits are listed in Table 1 (the ABB amplitudes
can be retrieved from the ABB/AEE ratio), and plotted as a func-
tion of hI353i in Fig. 4, after normalization by the maximum
value found for the largest region (LR72). We fit the empiri-
cal dependence of these amplitudes on hI353i as a power law
of the form AXX(hI353i) = KXXhI353i✏XX where X 2 {E, B}. The
two fitted exponents are quite similar, ✏EE = 1.88 ± 0.02 and
✏BB = 1.90 ± 0.02. The exponent that we find for polarization
is close to the one observed in the di↵use interstellar medium
for the dust intensity, consistent with ATT

⌫ / hI⌫i2, where hI⌫i is
the mean value of the dust specific intensity (Miville-Deschênes
et al. 2007). Values close to 2 are expected, because we compute
angular power spectra, which deal with squared quantities.

Although the data points roughly follow this hI353i1.9 depen-
dence, the empirical law fails to fully describe individual dust
amplitudes (e.g., the estimate is o↵ by about 20 % for DBB

` on
LR33). The scaling can help to asses the order of magnitude of
the dust polarization level on a specific region, but is not a sub-
stitute for actually characterizing the polarized angular power
spectra.

4.4. Amplitude of DBB
` relative to DEE

`

We examine the ratio of the amplitudes of the fitted power laws
found in Sect. 4.3. The ABB/AEE ratios are listed in Table 1,
and plotted for di↵erent values of fsky in Fig. 5. For all of the
LR regions, we observe more power in the DEE

` dust spec-
trum than in DBB

` . All ratios are consistent with a value of
ABB/AEE = 0.52 ± 0.03, significantly di↵erent from unity, over
various large fractions of the intermediate latitude sky.

This result is not taken into account in existing models of
polarized microwave dust emission that have been developed
to test component separation methods. . For example, we have
computed the DEE

` and DBB
` spectra over the LR regions for the

Planck Sky Model (Delabrouille et al. 2013) and the model of
O’Dea et al. (2012); for both models and all LR regions we find
a ratio ABB/AEE close to 1. However, these two models are based
on a very simplified picture of the Galactic magnetic field geom-
etry and assumptions on how the polarized emission depends on
it. Further insight into the structure of the dust polarization sky
is required to account for the observed ratio.

Fig. 6: Frequency dependence of the amplitudes AEE,BB of the
angular power spectra, relative to 353 GHz (see details in
Sect. 4.5). Results for DEE

` (red squares) and DBB
` (blue cir-

cles) for the smallest region, LR24. These include evaluations
from cross-spectra involving polarization data at two frequen-
cies, plotted at the geometric mean frequency. The square of
the adopted relative SED for dust polarization, which is a mod-
ified blackbody spectrum with �d = 1.59 and Td = 19.6 K,
is displayed as a black dashed line. The ±1� uncertainty area
from the expected dispersion of �d, 0.03 for the size of LR24
as inferred from Planck Collaboration Int. XXII (2014) (see
Sect. 2.2.1), is displayed in grey.

4.5. Amplitude dependence on frequency

Finally, we explore the frequency dependence of the amplitude
of the angular power spectra. We compute the DEE

` and DBB
`

angular power spectra from the Q and U DetSet maps at 100,
143, 217, and 353 GHz (see Sect. 3.2). From these four sets of
polarization maps, we compute ten power spectra: 100 ⇥ 100;
100⇥143; 100⇥217; 100⇥353; 143⇥143; 143⇥217; 143⇥353;
217 ⇥ 217; 217 ⇥ 353; and 353 ⇥ 353.

The ten angular cross-power spectra are consistent with a
power law in `, with the exponent ↵EE,BB = �2.42 measured at
353 GHz (Sect. 4.2). Therefore, to each of these spectra we fit
the amplitudes of a power-law function that has a fixed exponent
↵EE,BB = �2.42, in the range 40 < ` < 500, for DEE

` and DBB
` .

As an illustration of the quality of the fit, for the smallest region
(LR24, fsky = 0.3) the averages and dispersions of the �2 (21
degrees of freedom) of the fits are �2

EE = 13.4 ± 8.2 and �2
BB =

12.8 ± 6.9 for the ten cross-frequency spectra.
To compare the frequency dependence of the results of the

fits to that expected from the SED for dust polarization from
Planck Collaboration Int. XXII (2014), we converted the fitted
amplitudes AEE,BB from µK2

CMB to units of (MJy sr�1)2, taking
into account the Planck colour corrections.11 For all regions, we
examined the frequency dependence by plotting the amplitudes
normalized to unity at 353 GHz, versus the e↵ective frequency.12

A representative example is shown in Fig. 6 for the smallest re-
gion, LR24 ( fsky = 0.3).

11 Conversion factors were computed as described in Sect. 2.1, here
using colour corrections corresponding to a dust modified blackbody
spectrum with �d = 1.59 and Td = 19.6 K.

12 For a cross-spectrum between data at frequency ⌫1 and frequency ⌫2
the e↵ective frequency is taken for convenience as the geometric mean,
⌫e↵ ⌘

p
⌫1⌫2.
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• Planck HFI 353GHz data allows to measure power spectra on large portions of the sky, up 
to sub-degree scales 

• Positive TE correlation + E/B asymmetry: possibly due to alignment of dust filaments with 
Galactic magnetic field

Planck 2018 results XI, Planck Intermediate results XXX 2015
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Fig. 6. 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.

All 28 spectra are computed for each of the six sky regions
described in Sect. 3.1, within nine multipole bins in the range
4  `  159. The specific multipole bins are top-hat (flat) in
the following ranges: 4–11; 12–19; 20–39; 40–59; 60–79; 80–
99; 100–119; 120–139; and 140–159. Low signal-to-noise ratios
prevent us from deriving meaningful SED parameters at higher
multipoles. Fig. 7 presents an example for B modes in the LR62
region for two multipole bins, ` = 4–11 and 40–59.

4.2. Spectral model

Our SED analysis includes polarized synchrotron
emission spatially correlated with polarized thermal
dust emission (Kogut et al. 2007; Page et al. 2007;
Planck Collaboration Int. XXII 2015; Planck Collaboration X
2016). We use the following spectral model, introduced by

Choi & Page (2015):

DXX
` (⌫1 ⇥ ⌫2) = AXX

s

✓⌫1⌫2
302

◆�s

+ AXX
d

✓ ⌫1⌫2
3532

◆�d�2 B⌫1 (Td)
B353(Td)

B⌫2 (Td)
B353(Td)

+ ⇢XX(AXX
s AXX

d )0.5
" ✓ ⌫1

30

◆�s
✓ ⌫2
353

◆�d�2 B⌫2 (Td)
B353(Td)

+
✓ ⌫2
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, derived from
the fit of the SED of dust total intensity at high Galactic lati-
tude 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 black-
body (or MBB) emission law and the temperature cannot be de-
termined independently of the spectral index. As discussed in
Planck Collaboration Int. XXII (2015) and Choi & Page (2015),
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Figure 1. TB correlations (orange) computed with T total intensity maps, left to right: NPIPE 353 GHz (T353), NPIPE 857
GHz (T857), neutral hydrogen intensity (THi). B353 is computed from the NPIPE 353 GHz A/B splits. Leftmost panel also shows
E353B353 computed from NPIPE A/B splits (purple). Black line in leftmost panel shows the fit to T353B353 calculated for PR3
data in Planck Collaboration XI (2020).

UHi maps are integrated over �90 < vlsr < 90 km/s.
We also make use of THi, the Hi total intensity over this
same velocity range.

2.3. Sky masks

The primary results presented in this work are for
cross-power spectra computed on the Planck 70% sky
fraction Galactic plane mask (Planck Collaboration Int.
XIX 2015). We apodize this mask with a 600 cosine taper
such that our final mask has fsky = 1

N

PN
i w2

i ⇠ 0.69,
where N is the number of map pixels and wi is the frac-
tional weight of each pixel.

The results demonstrating the origin of TB and EB
in Galactic dust emission (e.g., Sections 4.2 and 4.3)
are qualitatively unchanged for a simple sky mask de-
fined by |b| > 30�, and are similarly insensitive to the
additional application of the Planck 353 GHz polariza-
tion point source mask (Planck Collaboration IX 2014).
However, one of the important results of our work is
that parity-odd quantities in dust polarization di↵er de-
pending on the sky area considered. We note that our
fiducial fsky ⇠ 0.69 sky mask is very di↵erent from the
sky masks considered in MK20. The ramifications of
this di↵erence are discussed in Section 5.

3. TB, OR NOT TB? EVIDENCE FOR A
GLOBALLY NONZERO GALACTIC TB SIGNAL

We examine the TB signal over the high Galactic lat-
itude sky, defined by the mask described in Section 2.3.
The Planck TB analysis is based on the 353 GHz data for
both total intensity and polarization (Planck Collabora-
tion XI 2020). While 353 GHz is the Planck frequency
channel most sensitive to dust emission in polarization,
it is less sensitive than the 545 and 857GHz channels to
dust total intensity. We can thus compute the cross-

power spectra between a total intensity map at one
frequency and the polarization maps at another, e.g.,
T857B353. We compute these cross-correlations from the
NPIPE data splits described in Section 2. Whenever ap-
plicable, we compute the estimator for T⌫1

B⌫2
as

T⌫1
B⌫2

=
1

2

�
TA
⌫1

BB
⌫2

+ TB
⌫1

BA
⌫2

�
, (1)

where the A and B superscripts denote the two data
splits (here assumed to have similar noise properties).
We compute the analogous estimator for other quanti-
ties. We analyze D` = `(`+ 1)C`/(2⇡), where C` is the
pseudo-C` estimator for purified E and B modes (Smith
2006) computed with Namaster (Alonso et al. 2019). All
results presented here are qualitatively insensitive to the
choice of E and B purification. We estimate C` in bins of
width �` = 19. The error bars shown in Figure 1 rep-
resent Gaussian variance only, including contributions
from both signal and noise. We also compute the corre-
lation ratio

rXY
` ⌘ CXY

`

(CXX
` CY Y

` )1/2
, (2)

where X and Y are any of T , E, or B.
For 100 . ` . 500 we find a robustly positive T353B353

signal over our fiducial sky mask, with
⌦
rTB
`

↵
⇠ 0.05.

The T353E353 signal is also robustly positive (
⌦
rTE
`

↵
⇠

0.23 over the same multipole range). A spurious TB
correlation could arise from the combination of the
real TE signal and imperfect Planck polarization an-
gle calibration (e.g., Abitbol et al. 2016). We esti-
mate the polarization angle miscalibration required in
order for the measured T353B353 to be entirely spuri-
ous, TBspurious = sin(2 miscal)T353E353 (e.g., Abitbol
et al. 2016). We find that the Planck polarimeter mis-

Power spectra of thermal dust emission 

• Robust detection of positive TB correlation 

with  

•  consistent with zero

rTB =
CTB

ℓ

CTT
ℓ × CBB

ℓ

∼ 0.05

CEB
ℓ
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Filament 
Magnetic Field

Figure 2. Hi⇥Hi cross-correlations as a function of a uni-
form rotation angle ( ) applied to QHI and UHI, described
in Section 4.1. The cross-correlation amplitude is measured
at ` = 140 for the TB (orange), TE (green), and EB (pur-
ple) signals. Top axis illustrates the conceptual meaning of
 . When  = 0, correlations are shown for the raw Clark &
Hensley (2019) Hi-based Stokes parameter maps, for which
filamentary Hi structures are perfectly aligned with the mag-
netic field by construction. Nonzero  represents a misalign-
ment between Hi structures and the magnetic field, and the
TB correlation peaks when  = ⇡/4.

a maximum. This is consistent with our expectation
that these Hi-based maps represent “perfect alignment”
between density structures and the magnetic field by
construction.

The introduction of nonzero  represents an artificial,
uniform misalignment between the Hi structures and the
magnetic field. When  = 0, THiBHi

0 is consistent with
0, and THiEHi

0 is at its maximum value. THiBHi
0 is at

a maximum when  = ⇡/4 and at a minimum when
 = �⇡/4. This is consistent with our intuitive expec-
tation that a 45� misalignment between a filament and
the magnetic field will generate the strongest B-mode
polarization signal.

This calculation also clearly demonstrates that if fila-
ment misalignment is generating nonzero TB, it neces-
sarily also generates nonzero EB (except for  = ±⇡/4,
but this would yield zero TE). Furthermore, in this sim-
plified misaligned filament model, the sign and magni-
tude of EB can be predicted by measuring TE and TB.
This carries important implications that we will return
to in Section 5. Here, we will test whether there is ev-
idence for a misaligned filament origin for the nonzero
TB353 in Planck data.

4.2. TB is related to �✓(Hi, 353)

We introduce a proxy for the degree of local filament
misalignment by quantifying the di↵erence between the

Figure 3. Map of �✓(Hi, 353), the signed angular di↵er-
ence between Planck ✓353 and ✓HI computed from the Clark
& Hensley (2019) maps. �✓(Hi, 353) is calculated at 16.20

resolution, the native resolution of Hi4PI. This map is in a
mollweide projection centered at (l, b) = (0, 0).

353 GHz polarization angle and the Hi-based polariza-
tion angle. We define

�✓(1, 2) =
1

2
arctan

✓
sin(2✓1) cos(2✓2) � cos(2✓1) sin(2✓2)

cos(2✓1) cos(2✓2) + sin(2✓1) sin(2✓2)

◆
,

(4)
the signed di↵erence between angles ✓1 and ✓2. We apply
Equation 4 to ✓HI and ✓353 calculated from the NPIPE full
maps to compute �✓(Hi, 353), the signed angular dif-
ference between the Hi-based polarization angle and the
353 GHz polarization angle. We compute �✓(Hi, 353) at
the 16.20 resolution of the Hi4PI data (Figure 3).

If the observed nonzero TB is related to a misalign-
ment between ISM density structures and the mag-
netic field, the observed TB signal should be related
to �✓(Hi, 353), our proxy for the angular di↵erence be-
tween the orientation of dusty filaments and the local
magnetic field. In particular, we expect the sign of
�✓(Hi, 353) to be correlated with the sign of TB.

We test a series of modifications to the Planck 353
GHz polarization data to test the hypothesis that the
Galactic TB signal is related to �✓(Hi, 353). For each
test we modify Q353 and U353 by applying a rotation by
an angle  to each pixel based on some criterion. We
compute

"
Q0

353

U 0
353

#
=

"
cos(2 ) �sin(2 )

sin(2 ) cos(2 )

#"
Q353

U353

#
(5)

where  is determined based on the sign of �✓(Hi, 353),
i.e.,  is one of

 + =

8
<

:
R, if �✓(Hi, 353) > 0

0, otherwise
(6)

• Possible physical 
explanation related to 
filament-magnetic field  
(mis-)alignment

• Under this hypothesis it is possible to 
predict the amplitude of EB correlation: 

< DEB
ℓ > ≲ 2.5 μK2

CMB

• Implications for Cosmic birefringence?
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Fig. 10. Fit parameters ⇢ and �d for E- and B-mode polarization
versus multipole. Open symbols for ⇢ represent the cases where
the synchrotron amplitude is compatible with zero, making it
di�cult to measure the correlation.

Figure 10 plots the two parameters ⇢ and �d (not �s be-
cause of the prior applied) for EE and BB. The top panels show
that ⇢, which quantifies the correlation between dust and syn-
chrotron polarization, decreases with increasing multipole and
is detected with high confidence only for ` . 40. The correlation
might extend to higher multipoles, but the decreasing signal-
to-noise ratio of the synchrotron polarized emission precludes
detecting it. These results are consistent with the analysis done
by Choi & Page (2015) using all frequency channels of WMAP.
The bottom panels show that the spectral index �d has no sys-
tematic dependence on multipole or sky region, except for the
lowest multipole bin. The dust spectral indices are further dis-
cussed in Sect. 5.

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. 11), and also for detecting primordial B
modes (Figs. 12 and 13). 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. 11 and 12, 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-
to-noise on the CMB for ground-based observations. In both
figures, the dust power is represented by a coloured band that
spans the signal range from the smallest (LR24) to the largest
(LR71) sky regions in our analysis; the lower and upper edges
of the band represent power-law fits of the values of Ad listed

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

Fig. 12. Dust and synchrotron B-mode power versus multipole.
The dust power at 95 and 150 GHz, and that of synchrotron
at 95 GHz are compared with CMB B modes from primordial
gravitational waves (grey lines) for three values of the tensor-to-
scalar ratio, r = 0.1, 0.01, and 0.001, and from lensing (blue line)
for the Planck 2015 ⇤CDM model (Planck Collaboration XIII
2016). The coloured bands show the range of power measured
from the smallest (LR24) to the largest (LR71) sky regions in
our analysis. The lower limit of the synchrotron band is derived
from the S-PASS data analysis in Krachmalnico↵ et al. (2018).
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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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�d = 1.53± 0.02
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Thermal dust SED: spatial variation 

0

•Spatial variation of dust spectral parameters still uncertain

Planck intermediate results XLVIII, 2016 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Thermal dust SED: frequency de-correlation 
• If multiple dust clouds are present along the line-of-sight with different SED and orientation de-

correlation is expected, as Q and U have different frequency scaling 

• Evidence of detection in Planck 353 GHz map
Pelgrims et al.: LOS frequency decorrelation of dust polarization in Planck
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Fig. 2. Cartoon illustration of the pixel selection described in Sect. 4.1. Left panel: Hi intensity spectrum of a representative pixel from our control
group. The control sample targets sightlines defined by a single Hi cloud, parameterized by Nc = 1. Right panel: Hi intensity spectrum of a
representative pixel that is included in both target1 and target2. Pixels in the target samples are selected to have multiple Hi clouds along the
line of sight, as parameterized by either Nc � 1.5 (target1) or F21 � 1/3 (target2). Hi orientations are determined for two clouds along each
target line of sight by summing the Clark & Hensley (2019) Hi-based Stokes parameters over the indicated velocity ranges, and we require that
the angles in these clouds di↵er by at least 60�. Cloud orientations in the target1 sample are determined from predefined IVC and LVC velocity
ranges. Cloud orientations in the target2 sample are determined from the 1� velocity range around the two most prominent Hi clouds identified
in Panopoulou & Lenz (2020).

3.4. CMB polarization maps

We make use of the CMB polarization maps obtained from the
four component-separation algorithms used by the Planck Col-
laboration, and applied to the third release of the Planck data:
commander, nilc, sevem, and smica (Planck Collaboration XII
2014, Planck Collaboration IX 2016, Planck Collaboration IV
2020, and references therein). We downloaded the CMB maps
from the PLA and smoothed them so that they all have an e↵ec-
tive resolution corresponding to a Gaussian beam with FWHM
of 300, just as we do with the single-frequency maps used in this
work.

4. Analysis Framework

4.1. Sample selection

In order to determine statistically if LOS frequency decorrela-
tion is present and measurable in the Planck high-frequency po-
larization data, we construct astrophysically-selected samples of
pixels on the sky based only on Hi data.

We distinguish between our samples using the labels all (all
the pixels in the high Galactic latitude LOS cloud decomposition
of Panopoulou & Lenz 2020); control (pixels that should not
exhibit LOS frequency decorrelation); and target (pixels that
are likely to exhibit large LOS frequency decorrelation). Accord-
ing to Tassis & Pavlidou (2015), the degree of LOS decorrelation

between two frequencies depends on (a) how the ratio of polar-
ized intensities contributed by distinct components along a LOS
changes between frequencies; and (b) the degree of magnetic
field misalignment between these contributing components. The
first factor above depends non-trivially on both the temperature
di↵erence between components, and on the amount of emitting
dust (column density) in each. Our physical understanding of
these dependencies motivates our definition of control and
target samples from Hi data:

- control: If the dust emission is strongly dominated by a sin-
gle component (cloud), no LOS frequency decorrelation is
expected, regardless of the other criteria above. For this rea-
son, we construct our control sample using Hi data to select
pixels where a single component dominates the Hi emission
(proxy for the emitting dust).

- target: For LOS frequency decorrelation to be significant,
there must be (a) more than one contributing component, and
(b) a significant misalignment (& 60�) between the orienta-
tions of plane-of-sky magnetic field that permeate the com-
ponents. Both criteria are required for a pixel to be included
in the target sample. We do not attempt to use the Hi data
to make predictions about the shape of the dust SED.

The nature of the control sample allows for a simple selec-
tion criterion: requiring that pixels contain a single cloud along
the LOS. We therefore select those pixels that have a column-
density-weighted number of clouds (see Sect. 3) equal to unity
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Fig. 2. Cartoon illustration of the pixel selection described in Sect. 4.1. Left panel: Hi intensity spectrum of a representative pixel from our control
group. The control sample targets sightlines defined by a single Hi cloud, parameterized by Nc = 1. Right panel: Hi intensity spectrum of a
representative pixel that is included in both target1 and target2. Pixels in the target samples are selected to have multiple Hi clouds along the
line of sight, as parameterized by either Nc � 1.5 (target1) or F21 � 1/3 (target2). Hi orientations are determined for two clouds along each
target line of sight by summing the Clark & Hensley (2019) Hi-based Stokes parameters over the indicated velocity ranges, and we require that
the angles in these clouds di↵er by at least 60�. Cloud orientations in the target1 sample are determined from predefined IVC and LVC velocity
ranges. Cloud orientations in the target2 sample are determined from the 1� velocity range around the two most prominent Hi clouds identified
in Panopoulou & Lenz (2020).

3.4. CMB polarization maps

We make use of the CMB polarization maps obtained from the
four component-separation algorithms used by the Planck Col-
laboration, and applied to the third release of the Planck data:
commander, nilc, sevem, and smica (Planck Collaboration XII
2014, Planck Collaboration IX 2016, Planck Collaboration IV
2020, and references therein). We downloaded the CMB maps
from the PLA and smoothed them so that they all have an e↵ec-
tive resolution corresponding to a Gaussian beam with FWHM
of 300, just as we do with the single-frequency maps used in this
work.

4. Analysis Framework

4.1. Sample selection

In order to determine statistically if LOS frequency decorrela-
tion is present and measurable in the Planck high-frequency po-
larization data, we construct astrophysically-selected samples of
pixels on the sky based only on Hi data.

We distinguish between our samples using the labels all (all
the pixels in the high Galactic latitude LOS cloud decomposition
of Panopoulou & Lenz 2020); control (pixels that should not
exhibit LOS frequency decorrelation); and target (pixels that
are likely to exhibit large LOS frequency decorrelation). Accord-
ing to Tassis & Pavlidou (2015), the degree of LOS decorrelation

between two frequencies depends on (a) how the ratio of polar-
ized intensities contributed by distinct components along a LOS
changes between frequencies; and (b) the degree of magnetic
field misalignment between these contributing components. The
first factor above depends non-trivially on both the temperature
di↵erence between components, and on the amount of emitting
dust (column density) in each. Our physical understanding of
these dependencies motivates our definition of control and
target samples from Hi data:

- control: If the dust emission is strongly dominated by a sin-
gle component (cloud), no LOS frequency decorrelation is
expected, regardless of the other criteria above. For this rea-
son, we construct our control sample using Hi data to select
pixels where a single component dominates the Hi emission
(proxy for the emitting dust).

- target: For LOS frequency decorrelation to be significant,
there must be (a) more than one contributing component, and
(b) a significant misalignment (& 60�) between the orienta-
tions of plane-of-sky magnetic field that permeate the com-
ponents. Both criteria are required for a pixel to be included
in the target sample. We do not attempt to use the Hi data
to make predictions about the shape of the dust SED.

The nature of the control sample allows for a simple selec-
tion criterion: requiring that pixels contain a single cloud along
the LOS. We therefore select those pixels that have a column-
density-weighted number of clouds (see Sect. 3) equal to unity
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Fig. 2. Cartoon illustration of the pixel selection described in Sect. 4.1. Left panel: Hi intensity spectrum of a representative pixel from our control
group. The control sample targets sightlines defined by a single Hi cloud, parameterized by Nc = 1. Right panel: Hi intensity spectrum of a
representative pixel that is included in both target1 and target2. Pixels in the target samples are selected to have multiple Hi clouds along the
line of sight, as parameterized by either Nc � 1.5 (target1) or F21 � 1/3 (target2). Hi orientations are determined for two clouds along each
target line of sight by summing the Clark & Hensley (2019) Hi-based Stokes parameters over the indicated velocity ranges, and we require that
the angles in these clouds di↵er by at least 60�. Cloud orientations in the target1 sample are determined from predefined IVC and LVC velocity
ranges. Cloud orientations in the target2 sample are determined from the 1� velocity range around the two most prominent Hi clouds identified
in Panopoulou & Lenz (2020).

3.4. CMB polarization maps

We make use of the CMB polarization maps obtained from the
four component-separation algorithms used by the Planck Col-
laboration, and applied to the third release of the Planck data:
commander, nilc, sevem, and smica (Planck Collaboration XII
2014, Planck Collaboration IX 2016, Planck Collaboration IV
2020, and references therein). We downloaded the CMB maps
from the PLA and smoothed them so that they all have an e↵ec-
tive resolution corresponding to a Gaussian beam with FWHM
of 300, just as we do with the single-frequency maps used in this
work.

4. Analysis Framework

4.1. Sample selection

In order to determine statistically if LOS frequency decorrela-
tion is present and measurable in the Planck high-frequency po-
larization data, we construct astrophysically-selected samples of
pixels on the sky based only on Hi data.

We distinguish between our samples using the labels all (all
the pixels in the high Galactic latitude LOS cloud decomposition
of Panopoulou & Lenz 2020); control (pixels that should not
exhibit LOS frequency decorrelation); and target (pixels that
are likely to exhibit large LOS frequency decorrelation). Accord-
ing to Tassis & Pavlidou (2015), the degree of LOS decorrelation

between two frequencies depends on (a) how the ratio of polar-
ized intensities contributed by distinct components along a LOS
changes between frequencies; and (b) the degree of magnetic
field misalignment between these contributing components. The
first factor above depends non-trivially on both the temperature
di↵erence between components, and on the amount of emitting
dust (column density) in each. Our physical understanding of
these dependencies motivates our definition of control and
target samples from Hi data:

- control: If the dust emission is strongly dominated by a sin-
gle component (cloud), no LOS frequency decorrelation is
expected, regardless of the other criteria above. For this rea-
son, we construct our control sample using Hi data to select
pixels where a single component dominates the Hi emission
(proxy for the emitting dust).

- target: For LOS frequency decorrelation to be significant,
there must be (a) more than one contributing component, and
(b) a significant misalignment (& 60�) between the orienta-
tions of plane-of-sky magnetic field that permeate the com-
ponents. Both criteria are required for a pixel to be included
in the target sample. We do not attempt to use the Hi data
to make predictions about the shape of the dust SED.

The nature of the control sample allows for a simple selec-
tion criterion: requiring that pixels contain a single cloud along
the LOS. We therefore select those pixels that have a column-
density-weighted number of clouds (see Sect. 3) equal to unity

Article number, page 5 of 17

Pelgrims et al.: LOS frequency decorrelation of dust polarization in Planck

Single cloud

Velocity [km/s] 

Nc = 1

Misaligned clouds

Velocity [km/s] 

1 2

IVC LVC

F21 ≥ 1/3

Nc ≥ 1.5

H
I i

nt
en

sit
y

H
I i

nt
en

sit
y

H
I i

nt
en

sit
y

Target 1

Control

Target 2

Fig. 2. Cartoon illustration of the pixel selection described in Sect. 4.1. Left panel: Hi intensity spectrum of a representative pixel from our control
group. The control sample targets sightlines defined by a single Hi cloud, parameterized by Nc = 1. Right panel: Hi intensity spectrum of a
representative pixel that is included in both target1 and target2. Pixels in the target samples are selected to have multiple Hi clouds along the
line of sight, as parameterized by either Nc � 1.5 (target1) or F21 � 1/3 (target2). Hi orientations are determined for two clouds along each
target line of sight by summing the Clark & Hensley (2019) Hi-based Stokes parameters over the indicated velocity ranges, and we require that
the angles in these clouds di↵er by at least 60�. Cloud orientations in the target1 sample are determined from predefined IVC and LVC velocity
ranges. Cloud orientations in the target2 sample are determined from the 1� velocity range around the two most prominent Hi clouds identified
in Panopoulou & Lenz (2020).

3.4. CMB polarization maps

We make use of the CMB polarization maps obtained from the
four component-separation algorithms used by the Planck Col-
laboration, and applied to the third release of the Planck data:
commander, nilc, sevem, and smica (Planck Collaboration XII
2014, Planck Collaboration IX 2016, Planck Collaboration IV
2020, and references therein). We downloaded the CMB maps
from the PLA and smoothed them so that they all have an e↵ec-
tive resolution corresponding to a Gaussian beam with FWHM
of 300, just as we do with the single-frequency maps used in this
work.

4. Analysis Framework

4.1. Sample selection

In order to determine statistically if LOS frequency decorrela-
tion is present and measurable in the Planck high-frequency po-
larization data, we construct astrophysically-selected samples of
pixels on the sky based only on Hi data.

We distinguish between our samples using the labels all (all
the pixels in the high Galactic latitude LOS cloud decomposition
of Panopoulou & Lenz 2020); control (pixels that should not
exhibit LOS frequency decorrelation); and target (pixels that
are likely to exhibit large LOS frequency decorrelation). Accord-
ing to Tassis & Pavlidou (2015), the degree of LOS decorrelation

between two frequencies depends on (a) how the ratio of polar-
ized intensities contributed by distinct components along a LOS
changes between frequencies; and (b) the degree of magnetic
field misalignment between these contributing components. The
first factor above depends non-trivially on both the temperature
di↵erence between components, and on the amount of emitting
dust (column density) in each. Our physical understanding of
these dependencies motivates our definition of control and
target samples from Hi data:

- control: If the dust emission is strongly dominated by a sin-
gle component (cloud), no LOS frequency decorrelation is
expected, regardless of the other criteria above. For this rea-
son, we construct our control sample using Hi data to select
pixels where a single component dominates the Hi emission
(proxy for the emitting dust).

- target: For LOS frequency decorrelation to be significant,
there must be (a) more than one contributing component, and
(b) a significant misalignment (& 60�) between the orienta-
tions of plane-of-sky magnetic field that permeate the com-
ponents. Both criteria are required for a pixel to be included
in the target sample. We do not attempt to use the Hi data
to make predictions about the shape of the dust SED.

The nature of the control sample allows for a simple selec-
tion criterion: requiring that pixels contain a single cloud along
the LOS. We therefore select those pixels that have a column-
density-weighted number of clouds (see Sect. 3) equal to unity
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Fig. 5. Two-dimensional normalized histograms of the uncertainties in
EVPA di↵erences (��s

i) and debiased polarized intensity at 353 GHz
(P̂353) for the control sample (top) and the target1 sample (bottom),
using PR3 maps, with no CMB subtraction. Both histograms are nor-
malized and bounded to the same color scale. The two quantities are
correlated: target1 has noisier EVPA di↵erences than control, be-
cause of the lower polarized intensities in its pixels.
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Fig. 6. Histograms of polarization fraction at 353 GHz (left) and per-
pixel inter-frequency uncertainty (��s

i, Eq. 10) (right), for all (black),
control (blue) and target1 (orange). Histograms correspond to PR3
polarization maps with no CMB subtraction. The target1 sample is
distinctly less polarized (left) and noisier (right) than all and control.
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Fig. 7. E↵ectiveness of weighted resampling in producing
target-like MC draws from control with noise properties
matched to target: means and standard deviations per bin of nor-
malized histograms of ��s

i for target1-like MC samples (blue),
overplotted on the distribution of those uncertainties for the observed
target1 sample (orange). The shaded blue area marks the plus and
minus one standard deviation around the mean calculated in each bin
from 10,000 target1-like MC draws obtained through weighted
bootstrap resampling of control. They correspond to sampling
uncertainties. The continuous blue line marks the mean in each bin.
Very similar results are obtained for the target2 sample and for all
combinations of set of polarization maps and CMB estimates.

both implementations of target, both sets of Planck polariza-
tion maps, and all CMB estimates from the four component sep-
aration algorithms. We also calculate uncertainties ofD through
unweighted bootstrapping for each of these cases. The left panel
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Fig. 8. Normalized histograms of �s( 353, 217) for the all, control
and target1 samples in black, blue and orange, respectively. CMB
has been subtracted from the PR3 maps using smica. The shaded area
results from the propagation of observational uncertainties in Q⌫ and
U⌫ down to the computation of �s( 353, 217). The shaded areas mark
the plus and minus one standard deviation around the means obtained
in each bins of width 2� through the MC simulations. Continuous lines
show the means of the three samples.
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Synchrotron from WMAP and Planck 

Figure 6. Planck -WMAP results. Top: EE (red diamonds), BB (blue squares) pseudo-spectra,
bottom: EB (purple squares) pseudo-spectra. Spectra are computed cross-correlating the co-added 9
year WMAP K-band maps and the full-mission Planck 30GHz maps, for each of the six sky masks,
identified by the unmasked sky fraction. The dashed lines are the best fits to the data points. The
indices ↵ (top) are the exponent of the fitted power law 4.1 and the amplitudes AEB (bottom) are
the constant fitted in equation 4.2.

– 16 –

Figure 7. Planck -WMAP results. Best-fit parameters to the models of equations 4.1 and 4.2 com-
puted on the cross-spectra of WMAP K-band and Planck 30GHz. 1� and 2� errors are showed with
thick and thin lines, respectively.

at different frequencies, nominally at 23 and 30 GHz, we can also get insights of the behaviour
of the diffuse synchrotron polarization with frequency.

5.1 Methodology

The synchrotron spectral energy distribution (SED), both in temperature and polarization,
is generally described for each pixel by a power law11

S = S0

✓
⌫

⌫0

◆�

(5.1)

where S0 is the foreground amplitude of a particular pixel at the pivot frequency ⌫0 and �
is the energy spectral index that we assume spatially constant for simplicity. The modelling
of the synchrotron SED in polarization as well as the knowledge of the spectral index �, are
essential to test and perform component separation in current and future CMB polarization
studies.
From equation 5.1, we can get the relationship between the amplitudes of the power spectra
of the WMAP K-band and the Planck 30 GHz maps for the two polarization components E
and B

(AXX)WMAP = (AXX)P lanck

✓
⌫WMAP

⌫P lanck

◆2�XX

(5.2)

with ⌫WMAP = 23 GHz, ⌫P lanck = 28.4 GHz and XX = EE, BB.
Combining equations 5.2 and 4.1, we get a system of equations that relate the energy spectral
index � and the power spectrum index ↵ for each of the polarization components
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11
More complex models are also considered in the literature, such as the one including a curvature parameter.

However, given the sensitivity of Planck and WMAP data, we restrict our analysis to the simple power law

case. Future low frequency data, such as QUIJOTE, would help to discriminate between these two types of

models.
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WMAP 23GHz x Planck 30GHz

• Synchrotron power spectra show steeper decay in  wrt thermal dust 
(constraints up to  on large portions of the sky) 

• Large E-to-B asymmetry with  

• No detection of EB correlation

ℓ
ℓ ∼ 200

ABB/AEE ≲ 0.25

Martire et al. 2022



Planck Collaboration: Di↵use component separation

Fig. 9. Synchrotron spectral index as a function of Gibbs iteration binned using the final BeyondPlanck analysis configuration with four disjoint
regions and a prior of �s = �3.3 ± 0.1. Dotted lines indicate regions that are sampled exclusively from the prior distribution, while solid lines
indicate regions that are sampled from the full posterior distribution.

Fig. 10. Posterior mean (left panel) and standard deviation (right panel) maps of the spectral index of polarized synchrotron emission. Note that a
prior of �s = �3.3 ± 0.1 is applied to all four regions, but only the Galactic Spur and Galactic Plane regions are constrained with data through the
likelihood; see Sect. 5.3.2 for further discussion.

posterior by �� . 0.1. For a more realistic possible prior shift of
�p� = 0.2, the final posterior shifts will be �� . 0.03, which is
small compared to the overall variations seen in Fig. 9. In short,
the Spur and Galactic plane regions are signal-dominated, and
the prior is of limited importance.

Figure 12 compares the posterior distributions for these two
regions. For these, we find posterior mean and standard devia-
tions of �Spur

s = �3.17 ± 0.06 and �Plane
s = �3.03 ± 0.07. Both of

these values are consistent with earlier constraints in the litera-
ture, that suggests a steepening of the spectral index from low
to high latitudes (e.g., Fuskeland et al. 2021; Krachmalnico↵
et al. 2018). Similarly, Dunkley et al. (2009) reports a variation
of ��s = 0.08 between low and high Galactic latitudes using the
WMAP data, while we find a variation of ��s = 0.14 between
the Galactic plane and the Spur using both WMAP and LFI data.

The steepening is however only statistically significant at the 2�
level as determined in the current analysis.

Next, to illustrate the importance of marginalization over
TOD parameters, Fig. 13 compares the full marginal posterior
distribution (thick blue histogram) with a similar posterior distri-
bution that fixes the TOD parameters at one arbitrary Gibbs sam-
ple (thin blue histogram). Thus, the former marginalizes over the
full BeyondPlanck data model, while the latter only marginal-
izes over foreground parameters and white noise. The relative
widths of the two distributions clearly demonstrates the impor-
tance of accounting uncertainties in the full parameter sets, and
correspondingly also the advantage of joint global parameter es-
timation.

As an additional validation of these results, we replace the
three BeyondPlanck-processed LFI frequency map samples with
the corresponding preprocessed Planck DR4 maps (Planck Col-
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Fig. 11. Normalized histogram of synchrotron spectral index (�s) for
the Spur region using two di↵erent priors. The solid lines show the
marginal distribution of spectral index values without TOD sampling
using a prior (dotted lines) of �s = �2.8 (red), and �s = �3.3 (blue).

Fig. 12. Normalized histogram of synchrotron spectral index (�s) for
the Spur and Plane regions over the 500 ensemble Gibbs samples, with
corresponding prior, P(�s).

laboration Int. LVII 2020). In this case, we find spectral indices
of �Spur

s = �3.20 ± 0.06 and �Plane
s = �3.06 ± 0.06, respectively,

which are individually statistically consistent with the Beyond-
Planck results at the 0.5� level.

5.3.3. Thermal dust spectral index

For polarized thermal dust emission, we fit only one power-law
index, �d, across the full sky, while fixing the dust temperature on
the latest Planck estimate (Planck Collaboration Int. LVII 2020).
This is exclusively due to a limited signal-to-noise ratio, and not
a statement regarding the complexity of the true sky. In this case,
we adopt a prior of �d = 1.56 ± 0.10, motivated by the most
recent Planck HFI results (Planck Collaboration IV 2018; Planck
Collaboration Int. LVII 2020).

The resulting posterior distribution is shown in Fig. 14,
which may be reasonably approximated as a Gaussian with
�d = 1.62 ± 0.04. This mean value is thus slightly steeper than
expected based on HFI, with a statistical significance of about
1.5�. Furthermore, the uncertainty is significantly smaller than

Fig. 13. Normalized histogram of synchrotron spectral index (�s) for
the Spur region using a prior of �s = �3.3. The bold line shows the
full BeyondPlanck posterior distribution including TOD sampling, and
the thin line shows the corresponding posterior distribution when con-
ditioning on TOD parameters.

Fig. 14. Normalized histogram of thermal dust spectral index (�d) over
the 500 ensemble Gibbs samples, with corresponding prior.

the prior width, which suggests that the result is indeed data-
driven, even when marginalizing over the full BeyondPlanck in-
strument model.

While we caution against over-interpreting the significance
of this result, we do note that a possible spectral steepening in
the thermal dust SED around 100 GHz would have dramatic con-
sequences for future high-sensitivity B-mode experiments. Thus,
understanding whether this result is due to a statistical fluke, or
instrumental modeling errors (for instance, because of an overly
simplistic bandpass correction model), or actual astrophysics is
an important goal for future analysis. Including Planck HFI fre-
quencies between 100 and 217 GHz in a future analysis will
clearly be informative in this respect.

6. Summary and conclusions

The two main goals of this paper are to introduce a Bayesian
sampling algorithm for polarized CMB foreground models as
embedded within the end-to-end BeyondPlanck framework, and
to present the first results from this pipeline as applied to the
Planck LFI data set. This is the first time a joint global paramet-
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Fig. 7. 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.

the cross-correlation between dust and synchrotron polarization
might arise from the magnetic field structure but might also in-
clude a contribution from variations of the synchrotron spec-
tral index and anomalous microwave emission (AME) 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-
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) us-
ing the MPFIT code, which uses the Levenberg-Marquardt al-
gorithm 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
by Fuskeland et al. (2014) and Choi & Page (2015) using all fre-
quency channels of WMAP, as well as that, �3.22 ± 0.08, re-
ported by Krachmalnico↵ et al. (2018) for the frequency range
2.3� 33 GHz, combining data from the S-band Polarization All-
Sky Survey (S-PASS) at 2.3 GHz, WMAP, and Planck. 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 real-
izations 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 results 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. 7, 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

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

5https://wiki.cosmos.esa.int/planckpla2015/index.
php/UC_CC_Tables
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• Planck x WMAP data allow to constrain synchrotron 
spectral index from power spectra, resulting in 

 at intermediate and high Galactic 
latitudes


• Signal-to-noise level too low to properly measure spatial 
variation

βs = − 3.13 ± 0.13

BeyondPlanck XV, 2022



Synchrotron with low frequency data 

• S-PASS survey @ 2.3GHz, 9 arcmin angular resolution, 50% sky coverage (Carretti et al. 2019)


• Analysis in harmonic space with WMAP+Planck-LFI: 
βs = − 3.22 ± 0.08

S-PASS @ 2.3 GHz WMAP @ 23 GHz

Krachmalnicoff et al. 2018



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

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%  

• Flat prior Krachmalnicoff et al. 2018
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Figure 12. Color-coded map showing where the three separate anal-
yses presented in Sections 3 and 4 contribute to the final composite
� pol map. Pixels from the high SNR region analysis using WMAP

23 and 33 GHz bands are shown in red Those from the higher latitude
[1.4, 23, 33] are in blue, and pixels from the [2.3,23,33] region are
in cyan. Regions in gray are not included in the final map.

Fits to the [1.4,23,33] and [2.3,23,33] frequency combi-
nations are performed as described in Section 4.2 for the
data, separately for the 1000 baseline simulations that do not
include the loss imbalance signature, and for the 1000 simula-
tions that include the effect. The spectral index map recovered
from the simulations that include the loss imbalance term has
a large-scale systematic difference from that recovered from
the baseline simulations. From the mean of the difference
between � pol maps recovered from these two simulation sets,
we derive a map of the expected morphology that would be
introduced in � pol if a loss imbalance signature were present.
Recovered � pol maps are then fit with the linear model AT + c,
where A scales the template T , and c is a constant.

For the baseline simulations, the expected value is A =
0.0. For the simulations including loss imbalance, we expect
to recover A = 1. However, this expectation only holds if
the spectral index is constant over the whole sky, and the
linear model is a good description of the data. In the case
of a spatially varying � pol , the recovered value of A will be
biased because of chance correlations with the spectral index
morphology, and the partial sky coverage. For simulations
in which the input � pol is the same as that we derive for the
data (see Section 5), we recover A = 1.43±0.21 for the loss
imbalance set, and A = 0.47±0.21 for the null baseline set.
When we employ the same fitting procedure to the data, we
obtain A = 0.25±0.07.

The relatively low value of A obtained for the data implies
a low contribution from the WMAP loss imbalance uncer-
tainty �� . 0.01, or alternatively that the fitting template
obtained from simulations does not adequately match the data
signature. In either case, we do not have sufficient evidence
of a systematic bias in � pol resulting from loss imbalance
uncertainty, and do not include it in the estimated uncertain-
ties. Residual quantification of the level of loss-imbalance
signatures in WMAP bands will benefit from acquisition of
additional independent data.

As described in Section 4.2, we have performed the
[1.4,23,33] and [2.3,23,33] model fitting on a per-pixel ba-

Figure 13. Composite map of polarized synchrotron spectral index
(top) and associated uncertainty (bottom) based on analyses of 1.4,
2.3, 23 and 33 GHz maps. Pixels in gray are not analyzed. Section 5
describes the process by which the composite maps are created, and
Figure 12 diagrams which set of frequencies produced the result in
each pixel.

sis, and ignored pixel-pixel covariances in the uncertainty
estimation. Our simulations, which include the pixel-pixel
correlations, confirm that we are not underestimating fitting
uncertainties or biasing results because of this.

5. COMPOSITE SYNCHROTRON �POL MAP
We create a composite � pol map at Nside = 16 resolution

by selectively populating pixels using the analysis results in
Sections 3 and 4. The selection process follows a hierarchy:
(1) fill all available pixels from the [2.3, 23, 33] GHz analysis,
(2) next fill remaining unpopulated pixels from the [1.4, 23,
33] GHz analysis, and (3) fill any remaining unpopulated
pixels from those in the [23, 33] GHz analysis. In the case
of the [23, 33] analysis, which was performed at Nside = 8,
we replicated the value of each of the lower resolution pixels
to fill the four corresponding pixels at the one step higher
pixel resolution. A color-coded map showing which of the
three analyses was used to populate each pixel is shown in

Synchrotron SED with low frequency data 

Rescaled PySM template
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data, separately for the 1000 baseline simulations that do not
include the loss imbalance signature, and for the 1000 simula-
tions that include the effect. The spectral index map recovered
from the simulations that include the loss imbalance term has
a large-scale systematic difference from that recovered from
the baseline simulations. From the mean of the difference
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the spectral index is constant over the whole sky, and the
linear model is a good description of the data. In the case
of a spatially varying � pol , the recovered value of A will be
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morphology, and the partial sky coverage. For simulations
in which the input � pol is the same as that we derive for the
data (see Section 5), we recover A = 1.43±0.21 for the loss
imbalance set, and A = 0.47±0.21 for the null baseline set.
When we employ the same fitting procedure to the data, we
obtain A = 0.25±0.07.

The relatively low value of A obtained for the data implies
a low contribution from the WMAP loss imbalance uncer-
tainty �� . 0.01, or alternatively that the fitting template
obtained from simulations does not adequately match the data
signature. In either case, we do not have sufficient evidence
of a systematic bias in � pol resulting from loss imbalance
uncertainty, and do not include it in the estimated uncertain-
ties. Residual quantification of the level of loss-imbalance
signatures in WMAP bands will benefit from acquisition of
additional independent data.

As described in Section 4.2, we have performed the
[1.4,23,33] and [2.3,23,33] model fitting on a per-pixel ba-

Figure 13. Composite map of polarized synchrotron spectral index
(top) and associated uncertainty (bottom) based on analyses of 1.4,
2.3, 23 and 33 GHz maps. Pixels in gray are not analyzed. Section 5
describes the process by which the composite maps are created, and
Figure 12 diagrams which set of frequencies produced the result in
each pixel.

sis, and ignored pixel-pixel covariances in the uncertainty
estimation. Our simulations, which include the pixel-pixel
correlations, confirm that we are not underestimating fitting
uncertainties or biasing results because of this.

5. COMPOSITE SYNCHROTRON �POL MAP
We create a composite � pol map at Nside = 16 resolution

by selectively populating pixels using the analysis results in
Sections 3 and 4. The selection process follows a hierarchy:
(1) fill all available pixels from the [2.3, 23, 33] GHz analysis,
(2) next fill remaining unpopulated pixels from the [1.4, 23,
33] GHz analysis, and (3) fill any remaining unpopulated
pixels from those in the [23, 33] GHz analysis. In the case
of the [23, 33] analysis, which was performed at Nside = 8,
we replicated the value of each of the lower resolution pixels
to fill the four corresponding pixels at the one step higher
pixel resolution. A color-coded map showing which of the
three analyses was used to populate each pixel is shown in
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[1.4, 23, 33] GHz
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data, separately for the 1000 baseline simulations that do not
include the loss imbalance signature, and for the 1000 simula-
tions that include the effect. The spectral index map recovered
from the simulations that include the loss imbalance term has
a large-scale systematic difference from that recovered from
the baseline simulations. From the mean of the difference
between � pol maps recovered from these two simulation sets,
we derive a map of the expected morphology that would be
introduced in � pol if a loss imbalance signature were present.
Recovered � pol maps are then fit with the linear model AT + c,
where A scales the template T , and c is a constant.

For the baseline simulations, the expected value is A =
0.0. For the simulations including loss imbalance, we expect
to recover A = 1. However, this expectation only holds if
the spectral index is constant over the whole sky, and the
linear model is a good description of the data. In the case
of a spatially varying � pol , the recovered value of A will be
biased because of chance correlations with the spectral index
morphology, and the partial sky coverage. For simulations
in which the input � pol is the same as that we derive for the
data (see Section 5), we recover A = 1.43±0.21 for the loss
imbalance set, and A = 0.47±0.21 for the null baseline set.
When we employ the same fitting procedure to the data, we
obtain A = 0.25±0.07.

The relatively low value of A obtained for the data implies
a low contribution from the WMAP loss imbalance uncer-
tainty �� . 0.01, or alternatively that the fitting template
obtained from simulations does not adequately match the data
signature. In either case, we do not have sufficient evidence
of a systematic bias in � pol resulting from loss imbalance
uncertainty, and do not include it in the estimated uncertain-
ties. Residual quantification of the level of loss-imbalance
signatures in WMAP bands will benefit from acquisition of
additional independent data.
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Figure 13. Composite map of polarized synchrotron spectral index
(top) and associated uncertainty (bottom) based on analyses of 1.4,
2.3, 23 and 33 GHz maps. Pixels in gray are not analyzed. Section 5
describes the process by which the composite maps are created, and
Figure 12 diagrams which set of frequencies produced the result in
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sis, and ignored pixel-pixel covariances in the uncertainty
estimation. Our simulations, which include the pixel-pixel
correlations, confirm that we are not underestimating fitting
uncertainties or biasing results because of this.

5. COMPOSITE SYNCHROTRON �POL MAP
We create a composite � pol map at Nside = 16 resolution

by selectively populating pixels using the analysis results in
Sections 3 and 4. The selection process follows a hierarchy:
(1) fill all available pixels from the [2.3, 23, 33] GHz analysis,
(2) next fill remaining unpopulated pixels from the [1.4, 23,
33] GHz analysis, and (3) fill any remaining unpopulated
pixels from those in the [23, 33] GHz analysis. In the case
of the [23, 33] analysis, which was performed at Nside = 8,
we replicated the value of each of the lower resolution pixels
to fill the four corresponding pixels at the one step higher
pixel resolution. A color-coded map showing which of the
three analyses was used to populate each pixel is shown in

• Combination of available low frequency data 
allows to build a  map covering ~ 44% of the sky


• Filling gaps with total intensity data at lower 
frequency (i.e. 408 MHz) is tricky due to systematic 
differences between currently available 
observations


• Additional data in the [10 - 20] GHz window will be 
fundamental 


βs

Weiland et al. 2022
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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

Data driven

Extrapolation

Foregrounds at small scales 

• From available data we only have information of 
large scale polarized foregrounds (> 1deg)


• What’s the behavior at small scales?  
(    vs )


• Statistical properties?


• Impact on lensing, de-lensing, component 
separation?


Cdust,TT
ℓ ∝ ℓ−2.6 Cdust,P

ℓ ∝ ℓ−2.4



•Analysis of data over the past years has allowed a deeper 
understanding of foreground properties and their contamination to 
CMB


•This has triggered great development of component separation 
algorithms


•Are we safe? Probably NO! We need to keep working on our FG 
models and keep testing component separation!


•Many questions are still open: e.g. SED spatial variation? 
Frequency de-correlation? TB, EB? synchrotron curvature? small 
scales?


•New low frequency observations will be crucial (see talks/posters 
on C-BASS and Quijote)

Conclusions 
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Figure 1. Spectral distortion signals compared to the PIXIE sensitivity and foregrounds. The signals include the CMB blackbody (blue) as well as the
⇤CDM-predicted Compton-y (red), relativistic SZ (cyan), and µ (green) spectral distortions. The dashed and solid curves indicate negative and positive values,
respectively. The total foreground model, which dominates over all non-blackbody signals, is shown in dotted magenta. The black points represent the PIXIE
sensitivity for the nominal and extended mission, assuming fsky = 0.7 and 12 or 86.4 months of integration time, respectively. The horizontal error bars on
the noise curve points represent the width of the 15 GHz PIXIE frequency bins. For comparison, the COBE/FIRAS raw detector sensitivity is illustrated by the
blue dots.

T0 = 2.726 K; �Iy
⌫ is the y-type distortion; �Irel�tSZ

⌫ is the relativis-
tic temperature correction to the tSZ distortion; �Iµ⌫ is the µ-type
distortion; and �Ifg

⌫ represents the sum of all foreground contri-
butions. We describe our fiducial models for these signal compo-
nents below. The results are shown in Figure 1 in comparison to the
PIXIE (nominal/extended mission) sensitivity and the total fore-
ground level (described in Sect. 4).

Blackbody Component. The average CMB blackbody tempera-
ture must be determined in the analysis, as it is not currently known
at the necessary precision (e.g., see Chluba & Jeong 2014). We
work to first order in �T = (TCMB � T0)/T0, describing the temper-
ature shift spectrum as

�B⌫ ⇡ Io
x4ex

(ex � 1)2�T , (2)

with Io = (2h/c2) (kT0/h)3 ⇡ 270 MJy/sr and x = h⌫/kT0. For
illustration, we assume a fiducial value �T = 1.2 ⇥ 10�4, consistent
with current constraints (Fixsen 2009). The analysis is not a↵ected
significantly by this choice.

While simple estimates indicate that PIXIE is expected to
measure TCMB to the ' nK level (Chluba & Jeong 2014), an im-
provement over COBE/FIRAS does not immediately provide new
cosmological information simply because there is no cosmologi-
cal prediction for the average photon temperature. By comparing
the local ($ current) value of TCMB with measurements at earlier
times, e.g., at recombination (Planck Collaboration et al. 2015) or
during BBN (Steigman 2009), constraints on entropy production

can be deduced (Steigman 2009; Jeong et al. 2014); however, these
are not limited by the current ' mK uncertainty of TCMB.

Cumulative Thermal SZ (y) Distortion. We adopt the model for
the sky-averaged thermal SZ signal from Hill et al. (2015), includ-
ing both the standard non-relativistic (Compton-y) and relativistic
contributions.3 The Compton-y signal (tSZ) includes contributions
from the intracluster medium (ICM) of galaxy groups and clusters
(which dominate the overall signal), the intergalactic medium, and
reionization, yielding a total value of y = 1.77 ⇥ 10�6 (Hill et al.
2015). This is a conservative estimate as with increased AGN feed-
back larger values for y could be feasible (De Zotti et al. 2016).
Note that the actual monopole y value measured by PIXIE or other
experiments will also contain a primordial contribution in general,
but this is expected to be 2–3 orders of magnitude smaller than the
structure formation contributions (Chluba et al. 2012b). We further-
more assume that the average y-distortion caused by the CMB tem-
perature dipole, ysup = (2.525 ± 0.012) ⇥ 10�7 (Chluba & Sunyaev
2004; Chluba 2016), is subtracted. The non-relativistic tSZ signal
takes the standard Compton-y form (Zeldovich & Sunyaev 1969):

�Iy
⌫ = Io

x4ex

(ex � 1)2


x coth

✓ x
2

◆
� 4
�

y , (3)

with cross-over frequency ⌫ ' 218 GHz.
We model the sky-averaged relativistic corrections to the

3 PIXIE may also have su�cient sensitivity to constrain the sky-averaged
non-thermal SZ signal, but we do not investigate this possibility here.

c� 0000 RAS, MNRAS 000, 000–000
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Figure 2. Foreground spectral radiance relative to the CMB blackbody, �Ifg
⌫ , for the components in our model (as labeled in the figure). The black points with

horizontal error bars represent the PIXIE sensitivity and bin width for the nominal and extended mission duration, as in Figure 1. Galactic and extragalactic
dust emission dominates at high frequencies, but multiple components are important at low frequencies (⌫ . 100 GHz).

Table 1. Foreground model motivated by Planck data. All SEDs, �IX, are in units of Jy/sr. For each component, we also give the value of �IX(⌫r) at
⌫r = 100 GHz for reference.

Foreground Spectral Radiance [Jy/sr] Free Parameters and Values Additional Information

Thermal Dust
x = h⌫

kTD
AD = 1.36 ⇥ 106 Jy/sr �ID(⌫r) = 6, 608 Jy/sr

�ID(⌫) = AD x�D x3

ex�1 �D = 1.53

TD = 21 K

CIB
x = h⌫

kTCIB
ACIB = 3.46 ⇥ 105 Jy/sr �ICIB(⌫r) = 6, 117 Jy/sr

�ICIB(⌫) = ACIB x�CIB x3

ex�1 �CIB = 0.86

TCIB = 18.8 K

Synchrotron
AS = 288.0 Jy/sr �IS(⌫r) = 288 Jy/sr

�IS(⌫) = AS
⇣
⌫
⌫0

⌘↵S h
1 + 1

2!S ln2
⇣
⌫
⌫0

⌘ i
↵S = �0.82 10% prior assumed on AS and ↵S

!S = 0.2 ⌫0 = 100 GHz

Free-Free ⌫↵ = ⌫FF (Te/103 K)3/2 AFF = 300 Jy/sr �IFF(⌫r) = 972 Jy/sr

�IFF(⌫) = AFF

 
1 + ln

h
1 +

⇣
⌫↵
⌫

⌘p3/⇡ i
!

{Te, ⌫FF} = {7000 K, 255.33 GHz}

Integrated CO ⇥CO(⌫) = CO template(⌫) ACO = 1 �ICO(⌫r) = 1, 477 Jy/sr

�ICO(⌫) = ACO⇥CO(⌫) Template in Jy/sr

Spinning Dust ⇥SD(⌫) = SD template(⌫) ASD = 1 �ISD(⌫r) = 0.25 Jy/sr

�ISD(⌫) = ASD⇥SD(⌫) Template in Jy/sr

c� 0000 RAS, MNRAS 000, 000–000

FG contamination to CMB spectral distortions 

Abitbol et al. 2017
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Fig. 4. Minimum estimated foreground emissions (rFG,min) in units of the cosmological tensor-to-scalar ratio (top) and uncertainties on it (bottom).
On maps, colored pixels refer to detection, grey pixels to upper limits. Histograms are obtained from the retrieved values reported on maps, orange
bars for detection, grey bars for upper limits.

To achieve this goal, we extrapolate in frequency the BB maps
of Figure 3.

The frequency scaling is computed using the available in-
formation on the Spectral Energy Distribution (SED) of ther-
mal dust and synchrotron radiations in polarization. For thermal
dust, we adopt a modified blackbody with �d = 1.59 ± 0.17 at
Td = 19.6 (Planck Collaboration Int. XXII 2015; Planck Col-
laboration Int. XXX 2014). We rescale the synchrotron radiation
considering a power law with spectral index �s = �3.12 ± 0.04,
as reported in Fuskeland et al. (2014) for polarized emission
at intermediate and high Galactic latitudes. In extrapolating the
foreground contribution at the various frequencies we take into
account the Planck 353 and 30 GHz and WMAP-K band color
corrections to properly include the real frequency response of
the instruments (Planck Collaboration IX 2014; Planck Collabo-
ration V 2015).

We recall that, synchrotron and dust BB maps of Figure 3 re-
port the actual value of the spectra in the `80 bandpower, in those
pixels corresponding to regions where we have a signal detec-

tion above 3�, and the upper limit on it, in all the other pixels.
Nevertheless, we treat detections and upper limits in the same
way, by rigidly extrapolating in frequency the entire maps. To
distinguish among di↵erent cases, we divide the sky regions in
four classes, depending on whether we reach detections or upper
limits for synchrotron and dust, and, on the following figures,
we use di↵erent colors to distinguish them. Classes are defined
in Table 2.

Figure 4 shows the minimum foreground amplitude (sum of
synchrotron and dust contributions) recovered in each sky patch
after frequency extrapolation, together with the associated error.
Amplitudes are expressed in terms of rFG,min, computed divid-
ing the totalDBB

` minimum amplitude of foreground emission in
µK2 by the value of the CMB primordial B-modes power spec-
trum with tensor-to-scalar ratio r = 1 in the `80 bandpower,
which is equal to ⇠ 6.67 ⇥ 10�2 µK2. Therefore, for example,
a value of rFG,min = 0.1 means a foreground contribution at the
level of a CMB GWs signal with r = 0.1.

Article number, page 6 of 10

FG contamination to B-modes from Planck x WMAP 
• Foreground contamination at  in 352 circular patches (fsky ~ 1%) at 

intermediate and high Galactic latitudes

• Dust from Planck-HFI 353 GHz

• Synchrotron from WMAP-K x Planck-LFI 30GHz

ℓ = 80

Detection of both dust and synchrotron Upper limits

Krachmalnicoff et al. 2016



Thermal dust SED: spatial variation 

0

•Spatial variation of dust spectral parameters still uncertain

Planck intermediate results XLVIII, 2016 



Planck Collaboration: Dust polarized foregrounds

Table 4. Spectral data constraining the decorrelation of dust po-
larization for the LR71 sky region

⌫1 ⇥ ⌫2 . . . . . . . . . . . . . . . . . . . . . . DBB
` (⌫1 ⇥ ⌫2)a

GHz . . . . . . . . . . . . . . . . . . . . . . . . µK2

100 ⇥ 100 . . . . . . . . . . . . . . . . . . . . 0.08 ± 0.02
100 ⇥ 143 . . . . . . . . . . . . . . . . . . . . 0.11 ± 0.01
100 ⇥ 217 . . . . . . . . . . . . . . . . . . . . 0.38 ± 0.02
100 ⇥ 353 . . . . . . . . . . . . . . . . . . . . 2.80 ± 0.13
143 ⇥ 143 . . . . . . . . . . . . . . . . . . . . 0.25 ± 0.02
143 ⇥ 217 . . . . . . . . . . . . . . . . . . . . 0.79 ± 0.02
143 ⇥ 353 . . . . . . . . . . . . . . . . . . . . 6.02 ± 0.11
217 ⇥ 217 . . . . . . . . . . . . . . . . . . . . 2.78 ± 0.05
217 ⇥ 353 . . . . . . . . . . . . . . . . . . . . 20.92 ± 0.18
353 ⇥ 353 . . . . . . . . . . . . . . . . . . . . 161.46 ± 1.48

a Amplitude of cross-spectra for the multipole range 50–160, not colour
corrected.

relevant to the search for primordial B modes at the recombina-
tion peak. To allow readers to fit an alternative spectral model,
we list the data values and uncertainties for the LR71 sky region
in Table 4. We also provide the corresponding values for the 300
E2E simulations as a FITS Table, which may be used to assess
the significance of such an alternative analysis.

Fig. 17. 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. 17, 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 5 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), that is for this
dust model, �d = 0 and RBB

` = 1. The values of RBB
` in Table 5,

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
(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. 18. Lower limits on RBB

` from the E2E simu-
lations are listed in Table 5. 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 5). 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.
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Fig. 18. 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 5 are derived from the 2.5th
percentile of the distribution for each sky region.

The multi-frequency analysis shows no evidence for a loss
of correlation, within the limits provided by the analysis of
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larized emission is derived from the Planck sky model, as in
Planck Collaboration XII (2016). The SED of the synchrotron
polarized emission is a power law with a spectral index of �3.0
for all sky pixels. Independent realizations of the CMB polar-
ization maps, computed from the Planck 2015 ⇤CDM model
(Planck Collaboration XIII 2016), are added to the Stokes maps
of the dust and synchrotron emission. By combining the un-
certainty maps from the E2E simulations (Appendix A.1) with
Galactic polarization maps and CMB realizations distinct from
those used in the simulations (we note that the Stokes I dust map
is unchanged), we erase potential correlations between data sys-
tematics and the polarized sky emission. Such correlations have
been shown to have negligible impact on the CMB data analysis
(Planck Collaboration Int. XLVI 2016; Planck Collaboration III
2018). We also checked that the correlation between dust polar-
ization and residual systematics is not a dominant uncertainty at
353 GHz.

A.3. Uncertainties propagated to power spectra in the data

analysis

Fig. A.4. Results of the spectral fit to simulated data with uncer-
tainties derived from the E2E simulated maps. Distinct symbols
and colours represent the di↵erent sky regions (see top row). The
dashed lines in plots of �s and �d are the input values of our sky
model. We retrieve these input values without any bias. The sky
model has a non-zero correlation between dust and synchrotron
polarization at low `, which is consistent with the value of ⇢
found by fitting the simulated data.

We compute EE and BB power spectra of a number of
E2E simulated maps, which combine the sky model (includ-
ing CMB polarization) with independent realizations of the sta-
tistical Gaussian noise for LFI and WMAP or the E2E un-
certainty maps for HFI. The spectra are computed with XPol

(Tristram et al. 2005) for the same multipole bins and sky re-
gions used for the data analysis. The CMB contribution is sub-
tracted from the power spectra using the Planck 2015 ⇤CDM
model (Planck Collaboration XIII 2016).

The dispersion of values computed over a set of 300 realiza-
tions define the statistical uncertainties that we adopt for the cor-
responding C` coe�cient measured on the data maps. Because
each set of Stokes I, Q, and U E2E simulated maps includes
a di↵erent realization of the CMB polarization, the uncertainties
include the cosmic variance of the CMB. These uncertainties are
used in the power-law fits in Sect. 3.2 and the fits to the spectral
model in Sect. 4.2.

The data simulations are also used to check for potential bi-
ases in the fit of the spectral model. For example, the results
presented in Fig. A.4 for the parameters of the spectral fit to the
E2E simulated HFI maps show that for all multipole bins we
recover the input spectral indices of dust and synchrotron po-
larized emission (�d and �s) of the sky model without any bias.
We point out that this validation has been done using the least-
squares MPFIT fitting routine and not the more computationally-
intensive MCMC code used in Sect. 4.2 to fit the data. We have
checked that the two methods produce consistent determinations
of the model parameters when applied to the same data.

Appendix B: Two-frequency analysis of the spectral

correlation ratio between 217 and 353 GHz

PL computed the spectral correlation ratio RBB
` , defined as

RBB
` ⌘

CBB
` (217 ⇥ 353)

q
CBB
` (353 ⇥ 353)CBB

` (217 ⇥ 217)
. (B.1)

If the B-mode emission is perfectly correlated between the two
frequencies, then RBB

` = 1, whereas a value lower than 1 is
indicative of a correlation that is only partial. PL interpreted
their results as evidence for decorrelation and spatial variations
of dust polarization between 217 and 353 GHz, over multipoles
relevant to the search for primordial B modes at the recombi-
nation peak. In the course of our analysis of the PR3 data we
found that this conclusion was compromized as described be-
low, so that the significance of the decorrelation was overstated.
Sheehy & Slosar (2018) discovered this independently.

In this Appendix, using the new Planck maps, we update and
extend the PL analysis (Sect. B.1). The E2E simulations are used
to assess the uncertainty of RBB

` and the statistical significance of
the results (Sect. B.2). We note that RBB

` does not depend on the
1.5 % uncertainty on the 353 GHz polarization e�ciency.

B.1. Measured ratios on PR3 polarizations maps

Here, we compute RBB
` using the PR3 Planck data for five broad

ranges of multipoles, namely ` = 4–11, 11–50, 50–160, 160–
320, and 320–500. The three last ` bins are common to the anal-
ysis reported by PL using the PR2 Planck data. The lowest two
` bins are new.

The values of RBB
` are listed for the six sky regions, LR24

to LR71, in Table C.5. In Fig. B.1, the ratios measured for the
first four ` bins are plotted versus the mean hydrogen column
density, NH. The bottom left panel, for the bin ` = 50–160, is
directly comparable to the corresponding plot from the PL anal-
ysis of the PR2 Planck data in their figure 3. For this common `
bin, we find results consistent with the earlier analysis in PL, that
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•Spatial variation of spectral 
parameter can lead to frequency 
de-correlation 

•No detection so far, given the 
noise level on Planck maps
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Fig. 4. Minimum estimated foreground emissions (rFG,min) in units of the cosmological tensor-to-scalar ratio (top) and uncertainties on it (bottom).
On maps, colored pixels refer to detection, grey pixels to upper limits. Histograms are obtained from the retrieved values reported on maps, orange
bars for detection, grey bars for upper limits.

To achieve this goal, we extrapolate in frequency the BB maps
of Figure 3.

The frequency scaling is computed using the available in-
formation on the Spectral Energy Distribution (SED) of ther-
mal dust and synchrotron radiations in polarization. For thermal
dust, we adopt a modified blackbody with �d = 1.59 ± 0.17 at
Td = 19.6 (Planck Collaboration Int. XXII 2015; Planck Col-
laboration Int. XXX 2014). We rescale the synchrotron radiation
considering a power law with spectral index �s = �3.12 ± 0.04,
as reported in Fuskeland et al. (2014) for polarized emission
at intermediate and high Galactic latitudes. In extrapolating the
foreground contribution at the various frequencies we take into
account the Planck 353 and 30 GHz and WMAP-K band color
corrections to properly include the real frequency response of
the instruments (Planck Collaboration IX 2014; Planck Collabo-
ration V 2015).

We recall that, synchrotron and dust BB maps of Figure 3 re-
port the actual value of the spectra in the `80 bandpower, in those
pixels corresponding to regions where we have a signal detec-

tion above 3�, and the upper limit on it, in all the other pixels.
Nevertheless, we treat detections and upper limits in the same
way, by rigidly extrapolating in frequency the entire maps. To
distinguish among di↵erent cases, we divide the sky regions in
four classes, depending on whether we reach detections or upper
limits for synchrotron and dust, and, on the following figures,
we use di↵erent colors to distinguish them. Classes are defined
in Table 2.

Figure 4 shows the minimum foreground amplitude (sum of
synchrotron and dust contributions) recovered in each sky patch
after frequency extrapolation, together with the associated error.
Amplitudes are expressed in terms of rFG,min, computed divid-
ing the totalDBB

` minimum amplitude of foreground emission in
µK2 by the value of the CMB primordial B-modes power spec-
trum with tensor-to-scalar ratio r = 1 in the `80 bandpower,
which is equal to ⇠ 6.67 ⇥ 10�2 µK2. Therefore, for example,
a value of rFG,min = 0.1 means a foreground contribution at the
level of a CMB GWs signal with r = 0.1.
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