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Large scale polarization science

1. Reionization history 

• Planck is able to measure reionization optical depth accurately  
(or zre given a simple model) 

• but also go beyond and give constraints on ionization fraction evolution models  

2. Tensor modes 

• Planck is able to give constraints on tensor modes in BB spectrum both  

– at the reionization bump (ℓ =2-30) 

– at the recombination bump (ℓ =50-150) 

• sensitivity is not at the level of ground-based measurements 

3. Foregrounds 

• essential for large scale measurements 

– at low frequency : Synchrotron 

– at high frequency : Dust
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Planck provides full sky measurements of the polarized sky 
in 7 bands from 30 to 353GHz

[Planck intermediate results. XLVII (2016)]

[Planck 2015 results. XIII (2016)]

TO BE PUBLISHED IN 2017 !

[Planck 2015 results. X. (2016)]  
[Planck 2015 results. XXV. (2016)] 

[Planck Intermediate results. XXX (2016)] 
…



CosPA2016, Sydney, Nov. 2016 

Status of PLANCK polarization data

• Planck detectors are sensitive to one polarization direction 

• Planck scanning strategy do not allow for polarization reconstruction for each 
detector independently  

➡need to combine detectors with different polarization orientation 

• Any flux mismatch between detectors will create spurious polarization signal 
through well known I-to-P leakage. 
In particular : ADC non-linearity, bandpass mismatch, calibration mismatch, … 

• We performed a lot of consistency checks in order to assess the impact on 
cosmological parameters 

– the radiometer from LFI have shown negligible residuals with respect to noise 

– the bolometer from HFI are more sensitive but show some residuals at the 
level of the noise
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this is the major systematic we have to face in polarization 
at large scales



• results on E2E Monte-Carlo simulations 
including systematics (ADC-NL) 

➡ no bias on cross-spectra  

➡ increase error bars by a factor ~2 

• likelihood analysis based on cross-spectra between frequency maps 
(lollipop)  
Hamimeche&Lewis approximation modified for cross-spectra 

➡ propagates systematic uncertainties
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[Mangilli et al. (2015)]
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reionization
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The Epoch of Reionization (EoR) describes the period during 
which the cosmic gas went from neutral to ionized at the onset 
of the first emitting sources. 

!e is the ionization fraction as a 

function of the redshift

⌧ =

Z ⌘0

0
ane�T d⌘

reionization optical depth is defined as?
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effect on CMB polarisation at low-ℓ
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reionization optical depth (history)

1. WMAP 9yr 

• " = 0.089 ± 0.014  

2. Planck 2013 

• " = 0.089 ± 0.014 (TT with WMAP Polar) 

• " = 0.075 ± 0.013 (TT with WP&Planck dust) 

3. Planck 2015 

• " = 0.078 ± 0.019 (TT + lowP) 

• " = 0.066 ± 0.016 (TT + lowP + lensing) 

• " = 0.067 ± 0.016 (TT + lensing + BAO) 

4. Planck HFI EE low-ℓ 

• decreasing trend continues…
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[Planck Collaboration XIII, Planck 2015 results]

From CMB data:
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reionization optical depth
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Planck Collaboration: Planck constraints on reionization history

�z = 0.5), for the various data combinations are:

⌧ = 0.053+0.014
�0.016 , lollipop

5 ; (4)

⌧ = 0.058+0.012
�0.012 , lollipop+PlanckTT ; (5)

⌧ = 0.058+0.011
�0.012 , lollipop+PlanckTT+lensing ; (6)

⌧ = 0.054+0.012
�0.013 , lollipop+PlanckTT+VHL . (7)

We can see an improvement of the posterior width when adding
temperature anisotropy data to the lollipop likelihood. This
comes from the fact that the temperature anisotropies help to fix
other ⇤CDM parameters, in particular the normalization of the
initial power spectrum As, and its spectral index, ns. CMB lens-
ing also helps to reduce the degeneracy with As, while getting
rid of the tension with the phenomenological lensing parameter
AL when using PlanckTT only (see Planck Collaboration XIII
2016), even if the impact on the error bars is small. Comparing
the posteriors in Fig. 6 with the constraints from PlanckTT alone
(see figure 45 in Planck Collaboration XI 2016) shows that in-
deed, the polarization likelihood is su�ciently powerful that it
breaks the degeneracy between ns and ⌧. The impact on other
⇤CDM parameters is small, typically below 0.3� (as shown
more explicitly in Appendix B). The largest changes are for
⌧ and As, where the lollipop likelihood dominates the con-
straint. The parameter �8 shifts towards slightly smaller val-
ues by about 1�. This is in the right direction to help resolve
some of the tension with cluster abundances and weak galaxy
lensing measurements, discussed in Planck Collaboration XX
(2014) and Planck Collaboration XIII (2016); however, some
tension still remains.

Combining with VHL data gives compatible results, with
consistent error bars. The slight shift toward lower ⌧ value (by
0.3�) is related to the fact that the PlanckTT likelihood alone
pushes towards higher ⌧ values (see Planck Collaboration XIII
2016), while the addition of VHL data helps to some extent in
reducing the tension on ⌧ between high-` and low-` polarization.

Fig. 5. Posterior distribution for ⌧ from the various combinations
of Planck data. The grey band shows the lower limit on ⌧ from
the Gunn-Peterson e↵ect.

As mentioned earlier, astrophysics constraints from mea-
surements of the Gunn-Peterson e↵ect provide strong evidence

5In this case only, other⇤CDM parameters are held fixed, including
As exp (�2⌧).

Fig. 6. Constraints on ⌧, As, ns, and �8 for the ⇤CDM cosmol-
ogy from PlanckTT, showing the impact of replacing the lowP
likelihood from Planck 2015 release with the new lollipop
likelihood. The top panels show results without lensing, while
the bottom panels are with lensing.

that the IGM was highly ionized by a redshift of z ' 6. This
places a lower limit on the optical depth (using Eq. 1), which
in the case of instantaneous reionization in the standard ⇤CDM
cosmology corresponds to ⌧ = 0.038.

4.2. Kinetic Sunyaev-Zeldovich effect

The Thomson scattering of CMB photons o↵ ionized elec-
trons induces secondary anisotropies at di↵erent stages of the
reionization process. In particular, we are interested here in
the e↵ect of photons scattering o↵ electrons moving with bulk
velocity, which is called the “kinetic Sunyaev Zeldovich” or
kSZ e↵ect. It is common to distinguish between the “homoge-
neous” kSZ e↵ect, arising when the reionization is complete
(e.g., Ostriker & Vishniac 1986), and “patchy” (or inhomoge-
neous) reionization (e.g., Aghanim et al. 1996), which arises
during the process of reionization, from the proper motion of
ionized bubbles around emitting sources. These two compo-
nents can be described by their power spectra, which can be
computed analytically or derived from numerical simulations. In
Planck Collaboration XI (2016), we used a kSZ template based
on homogeneous simulations, as described in Trac et al. (2011).

In the following, we assume that the kSZ power spectrum is
given by

DkSZ
` = Dh�kSZ

` +Dp�kSZ
` , (8)

whereD` = `(` + 1)C`/2⇡ and the superscripts “h-kSZ” and “p-
kSZ” stand for “homogeneous” and “patchy” reionization, re-
spectively. For the homogeneous reionization, we use the kSZ
template power spectrum given by Shaw et al. (2012) calibrated
with a simulation that includes the e↵ects of cooling and star-
formation (which we label “CSF”). For the patchy reionization
kSZ e↵ect we use the fiducial model of Battaglia et al. (2013).

In the range ` = 1000–7000, the shape of the kSZ power
spectrum is relatively flat and does not vary much with the de-
tailed reionization history. The relative contributions (specifi-
cally “CSF” and “patchy”) to the kSZ power spectrum are shown
in Fig 7 and compared to the “homogeneous” template used in
Planck Collaboration XI (2016), rescaled to unity at ` = 3000.

7

“Planck constraints on reionization history” 
[Planck intermediate results. XLVII (2016)]

" =0.058 ± 0.012 (         )± 0.009 (stat) 
± 0.008 (sys)

now use Planck-HFI EE low-ℓ 
(lollipop)
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same " value
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reionization models
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optical depth & redshift

• integrated optical depth for an instantaneous reionization model 

• models from Bouwens et al. (2015), Robertson et al. (2015), Ishigaki et al. 
(2015), using high redshift galaxy UV and IR flux and/or direct measurements.
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Bouwens et al. (2015) 

Robertson et al. (2015) 

Ishigaki et al. (2015)

[Planck intermediate results. XLVII (2016)]
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Planck contraints on reionization history

1. the lower value for " published by Planck is 

• consistent with a fully reionised Universe at z ∼ 6 
(Gunn-Peterson effect showing Universe is mostly ionized up to z ~ 6 [Fan et al.]) 

• in good agreement with recent constraints on reionisation in the direction 
of particular objects (in particular distant GRB and Ly-# emitters) 

2. constraints on the reionisation history with such a low optical depth disfavor large 
abundances of star-forming galaxies beyond z = 15 

3. maintaining a UV-luminosity density at the maximum level allowed by the luminosity 
density constraints at redshifts z < 9 and considering only the currently observed 
galaxy population at MUV < −17 seems to be sufficient to comply with all the 
observational constraints without the need for high redshift (z = 10 to 15) 
galaxies. 
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" =0.058 ± 0.012
“Planck constraints on reionization history” 

[Planck intermediate results. XLVII (2016)]
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Galactic polarized foregrounds
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Planck Collaboration: Di↵use component separation: Foreground maps
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Fig. 38. Planck polarization amplitude maps, P =
p

Q2 + U2. The top panel shows synchrotron emission at 30 GHz, smoothed to
an angular resolution of 400, and the bottom panel shows thermal dust emission at 353 GHz, smoothed to an angular resolution of
100.
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FIG. 10. Likelihoods for r and Ad, using BICEP2/Keck
and Planck, as plotted in Fig. 6, overplotted on constraints
obtained from realizations of a lensed-⇤CDM+noise+dust
model with dust power similar to that favored by the real
data (Ad = 3.6µK2). Half of the r curves peak at zero as
expected.
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FIG. 11. Constraints obtained when adding dust realizations
from the Planck Sky Model version 1.7.8 to the base lensed-
⇤CDM+noise simulations. (Curves for 139 regions with peak
Ad < 20µK2 are plotted). We see that the results for r
are unbiased in the presence of dust realizations which do
not necessarily follow the `�0.42 power law or have Gaussian
fluctuations about it.

as the level of Ad increases, and we should therefore not
be surprised if the fraction of realizations peaking at a
value higher than the real data is increased compared to
the simulations with mean Ad = 3.6µK2. However we
still expect that on average 50% will peak above zero and
approximately 8% will have an L0/Lpeak ratio less than
the 0.38 observed in the real data. In fact we find 57%
and 7%, respectively, consistent with the expected val-
ues. There is one realization which has a nominal (false)
detection of non-zero r of 3.3�, although this turns out to
also have one of the lowest L0/Lpeak ratios in the Gaus-
sian simulations shown in Fig. 10 (with which it shares
the CMB and noise components), so this is apparently
just a relatively unlikely fluctuation.
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FIG. 12. Upper: BB spectrum of the BICEP2/Keck maps
before and after subtraction of the dust contribution, esti-
mated from the cross-spectrum with Planck 353GHz. The
error bars are the standard deviations of simulations, which,
in the latter case, have been scaled and combined in the same
way. The inner error bars are from lensed-⇤CDM+noise sim-
ulations as in the previous plots, while the outer error bars
are from the lensed-⇤CDM+noise+dust simulations. Lower:
constraint on r derived from the cleaned spectrum compared
to the fiducial analysis shown in Fig. 6.

B. Subtraction of scaled spectra

As previously mentioned, the modified blackbody
model predicts that dust emission is 4% as bright in the
BICEP2 band as it is in the Planck 353GHz band. There-
fore, taking the auto- and cross-spectra of the combined
BICEP2/Keck maps and the Planck 353GHz maps, as
shown in the bottom row of Fig. 2, and evaluating
(BK⇥BK�↵BK⇥P)/(1�↵), at ↵ = ↵fid cleans out the
dust contribution (where ↵fid = 0.04). The upper panel
of Fig. 12 shows the result.

As an alternative to the full likelihood analysis pre-
sented in Sec. III B, we can instead work with the dif-
ferenced spectra from above, a method we denote the
“cleaning” approach. If ↵fid were the true value, the ex-

1. BICEP2 claimed 5σ detection of primordial B-modes with r=0.2  

2. Planck showed that BICEP2 results are compatible with dust. 
➡ polarized dust emission cannot be neglected 

3. joint analysis Planck-BICEP2/Keck shows no primordial signal

CosPA2016, Sydney, Nov. 2016 
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[BICEP2/Keck - Planck collaborations, PRL 114, 101301 (2015)]

Mar. 2014 

Sep. 2014 

Jan. 2015

[BICEP2/Keck (2016)] 

r < 0.09 (95% CL)
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Dust angular power spectra
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CℓEE

CℓBB

• 353 GHz EE and BB angular power spectra 

• First detection of the dust polarized 
angular power spectra at ℓ>10 

• Even on 30% of the sky, the dust 
polarized emission dominates the CMB, at 
all scales 

1. spectra behave like power-law 
2.amplitudes scales like column density 
3.difference in BB/EE amplitudes 
4.polarized SED

[Planck Intermediate XXX A&A 586, A133 (2016)]
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Planck large scales polarization

1.Reionization 

• " =0.058 ± 0.012 

• disfavor large abundances of star-forming galaxies beyond z = 15 

• no need for high redshift (z = 10 to 15) galaxies.  

2.B-modes 
• cosmic variance limited constraint based on large scales temperature data  

(r<0.10 95% CL) 

• polarization constraints based on BB to be published in 2017 

3.Foregrounds 
• essential for large scale CMB cleaning 

• lots of information already available (see Planck papers) 

• work on polarized Galactic emissions (Synchrotron and dust) still continue…
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[Planck intermediate results. XLVII (2016)]

PLANCK is the only experiment that can provide such 
large scales information for the next 10 years !
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