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Planck observations of CMB polarisation

cosmology

• questions : 

- How old is the Universe ? 

- What's its composition ? 

- How could we describe its evolution ? 

• that leads to more questions : 

- What is dark matter ? 

- What is Dark Energy ? 

- … 

• informations : 

- study matter distribution at different 
time during Univers evolution

13.7 billions years ago

today
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Big-Bang model
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Planck observations of CMB polarisation

CMB anisotropiesLa cosmologie
Planck

Résultats

le CMB vu de près

zoom 10� 10�

� v.a gaussienne corrélée dans
l’espace (degré)

� dé-corrélé en Fourier
(-sphère).
c(�) = ⇥T (n̂)�T (n̂+ �)⇤ =�

� C�(2⇥+ 1)P�(cos �)

� contient la physique de
l’univers primordial

S. Plaszczynski, LAL Premiers résultats de Planck en cosmologie

• Gaussian variable correlated 
in real space 

• decorrelated in Fourier 
domain 

• encodes information on the 
primordial fluctuations

c(�) = �T (n̂) � T (n̂ + �)�
=

�

�

C�(2⇥ + 1)P�(cos�)

match the matter distribution in the Universe at 
very early times
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Planck observations of CMB polarisation

angular power spectrum

• causal physics 

• auto-correlation 

• on the sphere

La cosmologie
Planck

Résultats

Spectre de puissance : un toy-model

� une physique causale à
�H ⇧ 1.2�

� auto-corrélation

c(�) =

�
(� � �H)2 � < �H
0 � > �H

� ⇤ l2C� ⇧
(1� sin(l�H)

l�H
)⇥ sphere

� ⇧ = 220 ⌅ � ⇧ 1.2�

S. Plaszczynski, LAL Premiers résultats de Planck en cosmologie

�H � 1.2�

c(�) =
�

(� � �H)2 � < �H

0 � > �H

⇥(⇥ + 1)C� � (1� sin ⇥�H

⇥�H
)� sphere

⇥ = 220� � � 1.2�

toy-model
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Planck observations of CMB polarisation

CMB polarisation
Planck Parameter estimation (High-`) likelihood ⇤CDMresults Neutrino results

CMB polarisation

Thompson scattering on electrons
at recombination:
quadrupolar anisotropy
) linear polarisation

U and Q Stokes parameters

E,B modes
all-sky formalism

CTE
` , CEE

` , CBB
`

TE and EE from scalar
perturbation

primordial B (tensor)
still to be measured

4 / 40

• Thomson scattering on electrons at 
recombination 

- quadrupolar anisotropy ⇒ linear polarisation 

- no circular polarisation 

• Q and U Stokes parameters maps 

• E,B modes in harmonic domain 

- analogy with Electro-Magnetic fields



scalar perturbations tensor perturbations
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Planck observations of CMB polarisation

Cosmological model



Planck Optics 2006

6.12.2006
Matthieu Tristram (LAL)Archeops

353 GHz (6 = 3 OMT pairs)

100 mK A B

A

A

A

B B

B

Polarized bolometers OMT
original design for Planck-HFI polarized measurements (before PSB)
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Planck observations of CMB polarisation

Planck polarised detectors

• optical device  

• Bolometers

mt = I(~n) + ⇢

h
Q(~n).cos(2 ) + U(~n).sin(2 )

i
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Planck observations of CMB polarisation

Polarisation measurement

• we need different angles to measure I,Q,U 

• Planck scanning strategy is such that we have  

- one orientation of the focal plane / sky pixel / survey 

- 2 pairs of identical surveys 

• we combine detectors at 90deg 

- need to have very precise inter-calibration to avoid I,Q,U mixing 

- Intensity signal is ~100 to 1000 times larger than polarisation

mt = I(~n) + ⇢

h
Q(~n).cos(2 ) + U(~n).sin(2 )

i



COST, Sept. 2015

Planck is a 
project of the 

European Space 
Agency, with 
instruments 

provided by two 
scientific 

Consortia funded 
by ESA member 

states (in 
particular the 

lead countries: 
France and Italy) 

with 
contributions 
from NASA 
(USA), and 
telescope 
reflectors 

provided in a 
collaboration 

between ESA and 
a scientific 

Consortium led 
and funded by 

Denmark. 

The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada.   

the sky as seen by Planck
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Planck observations of CMB polarisation

CMB data treatment

data 8 frequency maps components maps

…

…
…
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Planck observations of CMB polarisation

COBE

1993
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Planck observations of CMB polarisation

WMAP

2003
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Planck observations of CMB polarisation

Planck

2013
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Planck observations of CMB polarisation

Planck

2015

polarization
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Planck observations of CMB polarisation

temperature power spectrum

2015

[Planck Collaboration XIII, Planck 2015 results]
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Planck observations of CMB polarisation

polarized power spectrum

TE EE

[Planck Collaboration XIII, Planck 2015 results]



• 6 minimal parameters 

-2 for the primordial matter spectrum 

-1 expansion rate 

-2 parameters for densities 

- reionization optical depth

H0
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Planck observations of CMB polarisation

�bh2

Cosmological standard model (ΛCDM)

�ch2

PR(k) = As

�
k
k0

�ns�1

�



WMAP Planck 2013 Planck 2015

Ωb 0.0462 ± 0.0010 0.0487 ± 0.0006 0.04916 ± 0.0003

Ωc 0.2322 ± 0.0092 0.2647 ± 0.0059 0.2647 ± 0.0033

H0 70.0 ± 2.2 67.3 ± 1.2 67.27 ± 0.66

ns 0.972 ± 0.013 0.960 ± 0.007 0.964 ± 0.005

109 As 2.189 ± 0.090 2.196 ± 0.060 2.207 ± 0.074

τ 0.089 ± 0.014 0.089 ± 0.014 0.078 ± 0.019

ΩΛ 0.721 ± 0.025 0.685 ± 0.018 0.684 ± 0.009

Ωm 0.279 ± 0.023 0.315 ± 0.018 0.316 ± 0.009
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Planck observations of CMB polarisation

ΛCDM results

• almost factor 2 on error bars wrt WMAP 
• Planck very stable between 2013 and 2015 
• almost factor 2 in 2015 when adding polarization

[Planck Collaboration XIII, Planck 2015 results]



0.04 0.08 0.12 0.16

⌧

0.0200

0.0225

0.0250

0.0275

⌦
b
h2

0.10

0.11

0.12

0.13

⌦
c
h2

2.96

3.04

3.12

3.20

ln
(1

01
0
A

s)

0.93

0.96

0.99

1.02

n s

1.038 1.040 1.042

100✓MC

0.04

0.08

0.12

0.16

⌧

0.0200 0.0225 0.0250 0.0275

⌦bh2
0.10 0.11 0.12 0.13

⌦ch2
2.96 3.04 3.12 3.20

ln(1010As)
0.93 0.96 0.99 1.02

ns

Planck EE+lowP

Planck TE+lowP

Planck TT+lowP

Planck TT,TE,EE+lowP

COST, Sept. 2015

Planck is a 
project of the 

European Space 
Agency, with 
instruments 

provided by two 
scientific 

Consortia funded 
by ESA member 

states (in 
particular the 

lead countries: 
France and Italy) 

with 
contributions 
from NASA 
(USA), and 
telescope 
reflectors 

provided in a 
collaboration 

between ESA and 
a scientific 

Consortium led 
and funded by 

Denmark. 

The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada.   

Planck observations of CMB polarisation

CMB results

0.04 0.08 0.12 0.16

⌧

0.0200

0.0225

0.0250

0.0275

⌦
b
h2

0.10

0.11

0.12

0.13

⌦
c
h2

2.96

3.04

3.12

3.20

ln
(1

01
0
A

s)

0.93

0.96

0.99

1.02

n s

1.038 1.040 1.042

100✓MC

0.04

0.08

0.12

0.16

⌧

0.0200 0.0225 0.0250 0.0275

⌦bh2
0.10 0.11 0.12 0.13

⌦ch2
2.96 3.04 3.12 3.20

ln(1010As)
0.93 0.96 0.99 1.02

ns

Planck EE+lowP

Planck TE+lowP

Planck TT+lowP

Planck TT,TE,EE+lowP

polarization spectra are 
generally highly consistent 
with TT spectra
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Planck observations of CMB polarisation

reionisation optical depth

[Planck Collaboration XIII, Planck 2015 results]

From CMB data:
1. WMAP 9yr 

• τ = 0.089 ± 0.014  

2. Planck 2013 

• τ = 0.089 ± 0.014 (TT with WP) 

• τ = 0.075 ± 0.013 (TT with Planck dust) 

3. Planck 2015 

• τ = 0.078 ± 0.019 (TT + lowP) 

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

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

4. Planck HFI polarisation EE low-l 

• decreasing trend continues…

EE
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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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Cleaning analysis

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-
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Planck observations of CMB polarisation

primordial gravitational waves

• March 2014 [PRL 112, 241101 (2014)]                                      
BICEP2 claimed 5σ detection of primordial B-modes with r=0.2   

• September 2014 [Planck Intermediate XXX, arXiv:1409.5738 (2014)]                                          
Planck showed that BICEP2 results are compatible with polarized dust emission 

• January 2015 [arXiv:1502.00612 (2015)]                                         
joint analysis Planck-BICEP2/Keck shows no primordial signal, give upper-limit

C. Internal consistency tests

We evaluate the consistency of the jackknife spectra with
their ΛCDM expectations by using a simple χ2 statistic,

χ2 ¼ ðd − hmiÞTD−1ðd − hmiÞ; ð7Þ

where d is the vector of observed band-power values, hmi
is the mean of the lensed-ΛCDMþ noise simulations
(except where alternative signal models are considered),
and D is the band-power covariance matrix as evaluated
from those simulations. (Because of differences in sky
coverage between the two halves of a jackknife split, in
conjunction with filtering, the expectation value of some of
the jackknifes is not quite zero—hence we always evaluate
χ2 versus the mean of the simulations. Because the BPWF
overlap slightly adjacent band powers are≲10% correlated.
We zero all but the main and first off-diagonal elements of
D as the other elements are not measured above noise given
the limited simulation statistics.) We also compute χ2 for
each of the simulations (recomputing D each time,

excluding that simulation) and take the probability to
exceed (PTE) the observed value versus the simulated
distribution. In addition to χ2 we compute the sum of
normalized deviations,

χ ¼
X

i

di − hmii
σmi

; ð8Þ

where the di are the observed band-power values and hmii
and σmi

are the mean and standard deviation of the lensed-
ΛCDMþ noise simulations. This statistic tests for sets of
band powers which are consistently all above or below the
expectation. Again we evaluate the PTE of the observed
value against the distribution of the simulations.
We evaluate these statistics both for the full set of nine

band powers (as in C10 and B14), and also for the lower
five of these corresponding to the multipole range of
greatest interest (20 < l < 200). Numerical values are
given in Table I and the distributions are plotted in
Fig. 4. Since we have 500 simulations the minimum
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FIG. 2 (color). BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The solid red
curves show the lensed-ΛCDM theory expectations while the dashed red curves show r ¼ 0.2 tensor spectra and the sum of both. The
error bars are the standard deviations of the lensed-ΛCDMþ noise simulations and hence contain no sample variance on tensors. The
probability to exceed (PTE) the observed value of a simple χ2 statistic is given (as evaluated against the simulations). Note the very
different y-axis scales for the jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum. (Note that the
calibration procedure uses EB to set the overall polarization angle so TB and EB as plotted above cannot be used to measure
astrophysical polarization rotation—see Sec. VIII B.)

PRL 112, 241101 (2014) P HY S I CA L R EV I EW LE T T ER S week ending
20 JUNE 2014

241101-10

[BICEP2 collaboration, PRL 112, 241101 (2014)] [BICEP2/Keck - Planck collaborations, arXiv:1502.00612 (2015)]

r < 0.12   95%CL



COST, Sept. 2015

Planck is a 
project of the 

European Space 
Agency, with 
instruments 

provided by two 
scientific 

Consortia funded 
by ESA member 

states (in 
particular the 

lead countries: 
France and Italy) 

with 
contributions 
from NASA 
(USA), and 
telescope 
reflectors 

provided in a 
collaboration 

between ESA and 
a scientific 

Consortium led 
and funded by 

Denmark. 

The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada.   

Planck observations of CMB polarisation

conclusions

• 2015 Planck constraints now include polarization. 

• As in 2013 ΛCDM model continues to be a good fit to the 
Planck data, including polarization. 

• No convincing evidence for any simple extensions. 

• Specific polarisation effect: 

- Reionization optical depth seems lower than expected which 
disfavor large abundances of star-forming galaxies beyond z=15 

- Planck constraints on gravitational waves 

– r<0.12 95% CL with BICEP2/Keck (direct measurement)
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• END

The End


