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Figure 1. Recovered posterior distribution P (r) of the tensor-to-scalar ratio and impact of incorrect dust modelling. The theoretical
input tensor-to-scalar value (vertical solid black line) is r = 0 in the left-hand panels and r = 0.05 in the right-hand panels. Top panels:
no foregrounds (left : Model 0a, right : Model 0b). Middle panels: correct foreground modelling (left : Model 2a, right : Model 1a). Bottom
panels: incorrect spectral modelling of thermal dust (left : Model 2b, right : Model 1b). Recovered tensor-to-scalar distributions: COrE
(solid yellow), COrE+ Light (solid light-blue), COrE+ Extended (solid blue), LiteBIRD (dotted red), PIXIE (dashed green), EPIC-LC-
TES (long-dashed yellow), EPIC-CS (long-dashed purple), EPIC-IM-4K (long-dashed orange), PRISM (dash three-dot black). The top
left panel compares the overall sensitivity of the di↵erent satellites in the absence of foregrounds by showing for Model 0a (r = 0, no
foregrounds) the r.m.s of the residual noise B-mode map after component separation.

from pure instrumental noise residuals after component sep-
aration provides the overall sensitivity to B-modes for each
CMB experiment. This exercise is interesting as a pure
test of sensitivity because in the absence of CMB B-modes
the error is no longer dominated by cosmic variance. The
overall sensitivity to B-modes for all CMB satellite con-
cepts is shown in the top left panel of Fig. 1. The exper-
iments PRISM, EPIC-IM, and COrE+ Extended show the

best instrumental sensitivity to B-modes while PIXIE and
EPIC-CS show the largest r.m.s. noise in terms of B-mode
polarization. It is interesting to note that, in the absence of
any foreground and any lensing contamination, COrE and
LiteBIRD have similar sensitivity to B-modes. This of course
must be reconsidered in presence of foreground contamina-
tion (see hereafter) and/or lensing contamination; having
more frequency channels than LiteBIRD, COrE is better
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Topical questions

• What experimental design for optimal cleaning? 

• What level of B-modes can we actually reach? 

• How to quantify the confidence in the cleaning?
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Topical questions



Usual ISM dust model
At the map level 
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Toward realistic dust simulations

One dust grain 
produced in laboratory

Why is dust emission polarised? 

• Dust grains are heated by star light 
• They radiate thermal emission 

(microwave domain) 
• grains are not spherical and 

aligned with the ambient galactic 
magnetic field
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STEP 2: Stokes parameters
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U/IOne random realisation 
of the magnetic field
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Is it realistic enough?



One-point statistics of the model

Planck Collaboration: The local structure of the Galactic magnetic field

Fig. 11. Same as in Fig. 9 but with the modelled histograms now
corresponding to model C with fM = 0.9, N = 7, and p0 = 26%
(dashed-vertical line) (see text for the definition of the parame-
ters).

encoded in the depolarization of p

2. Hence, in order not to over-
estimate the ordered component of the field with respect to the
turbulent component (i.e., fM = 0.4), we need to simultaneously
model the distributions of p

2 and  ROT.
Model C is an extension of models A and B, where multiple

uncorrelated polarization layers along the LOS can be consid-
ered, representing a discretization of the fluctuations of Bt along
the LOS. Figure 10 summarizes model C with a simple cartoon.
In order to account for the LOS integration that characterizes
the polarization data, we produce N distinct qB and uB, with the
same fM (model B) and ordered-magnetic-field direction (model
A). The only di↵erence between each layer is the Gaussian real-
ization used for adding isotropic turbulence related to projection
e↵ects. Essentially, all layers have the same B0 but an uncorre-
lated Bt in Eq. (8). Thus, we model the LOS e↵ects in the Stokes
parameters by averaging over the N layers as follows

qC =

P
N

i=1 qB,i

N

uC =

P
N

i=1 uB,i

N

. (15)

Fig. 12. Modelled histograms of p

2 (normalized to unity with p0)
obtained around the south-Galactic pole from model C, where
fM = 0.9, and the value of N varies as follows: 1 (dark blue),
2 (light blue), 7 (turquoise), 30 (yellow), 60 (orange), 100 (dark
red). In these models noise is not added.

Making use of qC and uC, we replace qB and uB in Eq. (13), and
Q353 and U353 in Eq. (10), to get modelled distributions around
the south-Galactic pole of p

2 and  ROT, given a magnetic-field
structure composed of an ordered field and LOS and POS tur-
bulent components. We stress that, thanks to model C, pe↵ in
Eq. (13) is now replaced by p0. The modelled distributions de-
pend on three parameters: p0, fM, and N. We fit the data with
model C exploring the parameter space of p0 between 15% and
40%, of fM between 0.2 and 1.8, and of N between 1 and 17.
For each triad of parameters we perform a �2-minimization of
the combined reduced �2 distributions of the p

2-fit and  ROT-fit,
as follows

�2
tot = �

2
p

2 + �
2
 ROT
. (16)

Fitting the distribution of  ROT between �40� and 40� (where
most of the data points are), we obtain a best fit for a minimum
�2

tot of 3, which corresponds to p0 = 26%, fM = 0.9, and N = 7.
As in Fig. 9, the histograms of p

2 and  ROT for the best-fit triad
are shown in the bottom and top panels of Fig. 11 respectively.

The top panel of the figure shows that considering multiple
(N = 7) uncorrelated polarization layers along the LOS provides
us with an estimate of the ratio between turbulent and ordered
components of the magnetic field which is much closer to the
equipartition case than previously (see Sect. 4.1). A value of
fM = 0.9 with N = 1 would generate a much broader distri-
bution than  ROT. Model C confirms that only accounting for the
dispersion of polarization angles of a limited-sky region cannot
give robust conclusions on fM.

On the other hand, the bottom panel of Fig. 11 represents
the most important result of model C. The combination of few
uncorrelated polarization layers along the LOS is needed to suf-
ficiently depolarize the high value of p0 (dashed line in the fig-
ure), matching the data. This polarization fraction, corrected for
the magnetic-field structure, is now in agreement with the maxi-
mum value reported in Planck Collaboration Int. XIX (2015).
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Planck Collaboration: The local structure of the Galactic magnetic field

Fig. 9. Top: histogram of  ROT about the south Galactic pole
(black dots), the polarization angle inferred from the Stokes pa-
rameters rotated with respect to the best-fit uniform direction
of the magnetic field (QR

353 and U

R

353). The error bars represent
the Poisson noise within each bin of the histogram. The green
line represents the mean model B for fM = 0.4 over 20 dif-
ferent realizations. The green shades correspond to the 1 � �
(light green) and 2�� (dark green) variations of the model. The
dashed vertical line indicates no dispersion about the uniform di-
rection. Bottom: histogram of p

2 obtained combining the Year-
maps (black dots) as described in the text for the same pixels of
the top panel. The error bars represent the Poisson noise within
each bin of the histogram. Model B is now in blue and it has
the same characteristics described in the top panel. The dashed
vertical line corresponds to an e↵ective polarization fraction of
pe↵ = 11.89%.

fM = 0.4. In doing so we now produce the two variables in
Eq. (6) where the turbulent component is considered (hereafter
these two variables are qB and uB). We then make four realiza-
tions of the Planck statistical noise (n

Qi

and n

Ui

, with i = 1, 2),
and, as in Eq. (7), we produce two pairs of independent samples
of modelled Stokes Q and U as follows

Q

Mi

= pe↵qBD353 + n

Qi

U

Mi

= pe↵uBD353 + n

Ui

, (13)

Fig. 10. Cartoon showing the integration along the line of sight
of a modelled qC with four distinct polarization layers having a
same value of fM and a same ordered-field direction.

in which i = 1, 2 and pe↵ = 11.89%. Thus, the modelled p

2

results from
p

2
M

=
Q

M1Q

M2 + U

M1U

M2

(D353)2 . (14)

In the bottom panel of Fig. 9 we show the comparison between
the histograms of p

2 of the data (black dots) and of the model. In
particular, we present the average over 20 realizations of model
B (blue line) and the corresponding 1 � � (bright blue shade)
and 2 � � (dark blue shade) variations. The dashed vertical line
refers to the value of pe↵ = 11.89%. We notice that modelling p

2

allows us to nicely control the level of noise in the data. Indeed,
we manage to recover all the negative p

2 values, which are only
caused by noise in the combination of the Year-maps.

From the figure it is clear that our description of the
magnetic-field structure (using models A and B) does not sup-
ply a satisfying characterization of the distribution of p

2. The
data show a strong depolarization toward low p

2 values, which
is not seen in the model, where the distribution tends to peak at
the value of pe↵ . Moreover, the large variance in the data, also
found by Planck Collaboration Int. XIX (2015) at intermediate
Galactic latitudes, produces a significant tail in the distribution
toward high values of p

2 that is not reproduced by our model.

4.3. Model C: the importance of turbulence along the line of

sight

At this stage, it is important to keep in mind that the observed
depolarization also depends on several factors that we have not
considered in the modelling yet (see Eq. (2)), such as vari-
ations of dust properties, encoded in p0, and fluctuations of
the field structure along the LOS and within the Planck beam,
parametrized by F.

Being this work a specific study of the magnetic-field struc-
ture in the Planck polarization data at high-Galactic latitudes,
here we propose a phenomenological model (hereafter model
C), which does not account for variations of p0 across the south-
Galactic pole, and which only focuses on LOS geometric e↵ects.

The basic idea of model C is that the presence of turbulence
along the LOS cannot be entirely captured in the dispersion of
polarization angles, because washed-out by the LOS and beam
avaraging of the field (see also Myers & Goodman 1991; Jones
et al. 1992; Houde et al. 2009). Conversely, these LOS e↵ects are
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Is it realistic enough 
for cosmology?



Two-point statistics of the model
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STEP 5: introduce correct statistics

  

STEP 3
post-process to get realistic simulations

In particular: Include TE correlation and E-B asymmetry

dust intensity-polarisation
covariance at multipole (scale)    

cf. talk by Tuhin Ghosh 
  

STEP 3
post-process to get realistic simulations

In particular: Include TE correlation and E-B asymmetry

dust intensity-polarisation
covariance at multipole (scale)    

cf. talk by Tuhin Ghosh 

In particular: include E-B asymmetry and TE correlation

(I,Q,U)A such that: (I,Q,U)B such that:

linear transform 
at the alm level

8
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>:

bT`m = taT`m
bE`m = p0(aE`m + �aT`m)

bB`m = p0faB`m



Properties of the simulations

: Polarised galaxy simulations

Fig. 5. The ratios of the TT/EE, TE/EE and BB/EE of power
spectra of the simulations. The dashed line represents the input
value.

Fig. 6. Amplitude of polarisation spectra (A
EE

and A

BB

) as a
function of mean intensity hIi of the simulations. The dashed
line represents the empirical law derived from a linear fit. Need
to add error and empircal law from Planck
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The simulations are able 
to reproduce the data 

also at the power 
spectrum level
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mean intensity Vansyngel, Boulanger & Ghosh (in prep.)



PDF of power spectra
PDF of power at multipole ~110

0.006 0.012 0.018

Residuals of Gaussian fit

Distribution close to Gaussian



Toward full simulations 
of the microwave sky

• Improve complexity of one frequency: 
✦ introduce TE correlation at particular scales (filaments) 
✦ different intensity map for each layers 
✦ turbulence power spectrum 

(several injection scales, anisotropic, …) 
✦ … 

• Introduce frequency dependence 
✦ intensity and angle decorrelation 

• Simulate polarised synchrotron emission



Conclusion
• Too much foreground to avoid process of 

component separation 

• Need realistic simulations to test limits of 
component separation methods 

• New method to simulate dust polarisation: 
✦ draw many realisations rapidly 
✦ one frequency 
✦ reproduce observed 1-point statistics 
✦ reproduce observed 2-point statistics


