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The CMB
• Matter-Radiation Decoupling:

★ z=1000: electrons captured by nuclei
★ Universe becomes transparent
★ photons last scatter on electrons

• Uniform background of photons
★ Very uniform black-body (10-5 primordial 

perturbations)
★ 3000 K at z=1000
★ 3 K today
★ From all directions in the sky

• Picture of the Universe at 
z=1000
★ Temperature fluctuations ~ 10-5

- denser = warmer
- less dense = colder

★ Partially polarized linearly (~10 %)
- Described with Stokes Parameters maps: I, Q and U
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by the primordial Universe
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General philosophy: rather simple…

One observes the CMB

The CMB is affected
by the primordial Universe

One gets informations on
 the primordial Universe
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Relating maps to cosmology
• Spherical Harmonics Expansion

• Angular power spectrum

•     is the inverse of an angle�
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Angular power 

spectrum Cl
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Structures amplitude as a function of their angular size
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Transfer function: Baryonic Acoustic Oscillations

• (try to) think in Fourier space

★ A structure collapses under its own gravity 
when larger than Hubble radius

★ Temperature increases inducing more 
radiation pressure

★ The structure re-expands

★ Oscillations occur at each scale with a phase 
correlated to the scale

★ Oscillations are frozen at matter-radiation 
decoupling

 9

[Eisenstein et al., 2005]

Structures of increasing scale (Fourier modes)Early Universe

Matter-Radiation
Decoupling
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150 Mpc @ z=1000
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Density Field Transfer Function
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Early Universe
Primordial Density

Fluctuations

Fourier mode k

P(k)

P (k) � kns�1
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Density Field Transfer Function

 11

Early Universe
Primordial Density

Fluctuations

• Perturbations evolve from end of inflation to decoupling due to 
matter-radiation oscillations. 

• The transfert function depends upon « simple physics » 
and cosmological parameters

• Allows to fit both cosmology and primordial spectra (including 
inflationary physics)
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B-modes and Tensors: the holy grail for Inflation

• Why is there CMB polarization ?
• E, B, Q, U, tensors and scalars ?
• Link with inflation ?
• B-modes are the Holy Grail !

 12
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Origin of CMB Polarization

 13

Thomson Scattering on the 
last scattering surface (at 

CMB emission)

W. Hu
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Anisotropic fluxes on the LSS: E and B modes

 14 Credit:	Bicep2	collaboration
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CMB	Polarization
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Temperature 
Pattern Seen  
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Credit: BICEP Collaboration

(Scalar Perturbations)
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Observables are Q and U
• Stokes Parameters (linear pol.)

• Spin 2 Spherical Harmonics Expansion

• Scalar E and B fields

 15
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Scalar and tensor modes - E & B polarization

• Scalar perturbations:
• Density fluctuations

• Temperature
• E polarization
• No B polarization

• Tensor perturbations:
• Specific prediction from inflation!

= Primordial gravitational waves
• Temperature
• E polarization
• B Polarization

 16

Ps(k) = As

(

k

k0

)

ns−1

Pr(k) = At

(

k

k0

)nt

r =
Pt(k0)

Ps(k0)
~ ratio between 
E and B modes

V
1/4

= 1.06 × 10
16

GeV

(

rCMB

0.01

)1/4

⇒ detect B-modes is :

‣ Direct detection of tensor modes
‣ «smoking gun» for inflation (see M. Zaldarriaga’s talk)

‣ Measurement of its energy scale

mailto:hamilton@apc.in2p3.fr


CMB Polarization Experiments
J.-Ch. Hamilton

hamilton@apc.in2p3.fr

LAPIS 2018
Cosmology in the era of large surveys
Apr. 23-27 2018, La Plata, Argentina

B-modes spectra

 17

NB: No lensing nor dust shown here…

B-modes level depends on r
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Tensors: window on Inflation Physics
Four important quantities : 
★ As : known
★ ns : known
★ At or r : unknown
★ nt :unknown, requires exquisite B-modes measurement

• Energy scale:

• Generic prediction of inflation : 

• Direct inflaton potential reconstruction (Taylor expansion):

★ As related to V’
★ ns related to V’’
★ running of ns related to V’’’ 
★ At related to V

 18

inflaton potential shape recovery !
Need accuracy on r

Within reach in the next few 
years !

coherence test 
of inflationr = −8nt

V (φ) ≃ V |φCMB
+ V ′|φCMB

(φ − φCMB) +
1

2
V ′′|φCMB

(φ − φCMB)2 +
1

3!
V ′|φCMB

(φ − φCMB)3

V
1/4

= 1.06 × 10
16

GeV

(

rCMB

0.01

)1/4
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Primordial Fluctuations Origin ?

• Flatness, Homogeneity

• Nature of the perturbations:
★ TT peaks at same scales as EE troughs
➡ Adiabatic perturbations

• Spectral index
★ Planck TT + WMAP Pol + High l + BAO

➡ Almost scale invariant spectrum

• Gaussianity
★ No hint for non-Gaussianity (despite impressive efforts)

• Tensor perturbations of the metric

 19

P (k) ∝ k
ns−1

✔

✔

✔

?

Inflation Predictions

✔

ns = 0.9608± 0.0054 (7.2� from 1)
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Take home message:

 20

Inflation

B-modes
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Take home message:

 20

Inflation

B-modesHoly Grail
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Difficulties in the Quest

• Lensing signal (but LSS and ν !)
• Weakness of Primordial B-modes
• Instrumental Systematics
• Foregrounds

 21
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CMB Lensing by large scale structure
Lensing of the CMB

• O(50) deflections by 100 Mpc scale lenses 
- Peak efficiency around z=2
- Predicts 2.5 arcmin r.m.s. deflections coherent over several 
degrees

2.5 arcmin RMS 
deflections

Lensing has peak 
efficiency at z~2• Deflection field:

★ Gradient of redshift-integral of LSS

• Lensing adds information 
★ lifts geometric CMB degeneracies

- Curvature, sub-eV neutrino masses, Dark Energy…

• Effect on Stokes parameters

- Smoothes the CMB spectra
- Adds power at arc minutes scales on TT, TE and EE
- Generates « lensing B-modes » from E-modes…

 22

T̃ (�x) = T (�x + ���)

(Q̃± iŨ)(�x) = (Q̃± iŨ)(�x + ���)
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B(n̂) (±2.5µK)

T(n̂) (±350µK)

E(n̂) (±25µK)

Duncan Hanson
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B(n̂) (±2.5µK)

T(n̂) (±350µK)

E(n̂) (±25µK)

Duncan Hanson
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Lensing likely to be the best way of constraining 
neutrino masses 

 25

[From Ch. Reichardt @ WIN2017]
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Lensing likely to be the best way of constraining 
neutrino masses 
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[From Ch. Reichardt @ WIN2017]
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Resulting Spectrum

 27
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Resulting Spectrum

 27

Granted signal:
• needs to be removed (delensing)
• or work on large scales only
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Delensing
• Difficulty:

★ E->B lensing kernel is wide: mixes 
together small and large scales

• Needs:
★ High resolution E maps
★ A lensing model:

- Internal CMB lensing analysis
- Large Scale Structure maps (eg. CIB maps)

★ A tough analysis…

• Results:
★ promising but not yet there…

 28

6 A. Manzotti, K. T. Story, W. L. K. Wu, et al.
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Fig. 2.— Maps used for delensing the data. The filtered E-mode map Ē150 (left) is combined with a tracer of the CMB lensing potential

obtained from filtering the CIB �̂CIB (center) in Fourier space to obtain a template of the lensing B modes B̂lens (right). This template is
then subtracted from the B-mode data.

simulations. The amplitude of the nominal bandpowers
is denoted Alens; the amplitude of the residual delensed
bandpowers is denoted Ares

lens
.

We define the “delensing e�ciency” from this ampli-
tude as the percent of lensing power removed with the
delensing procedure:

↵ =
Alens � Ares

lens

Alens

. (11)

The e�ciency will approach one for perfect delensing and
zero for no delensing.

Finally, it is useful to consider the di↵erence between
the nominal and delensed bandpowers. This “spectrum
di↵erence” is defined as

�CBB
` ⌘ CBB

` � CBB,del
` (12)

and is the amount of power removed by delensing.

5. SIMULATIONS

This analysis and its interpretation depends critically
on an accurate and realistic suite of simulations. Sim-
ulated skies are formed from lensed CMB and fore-
ground emission components. These skies are then
passed through a “mock-observing” pipeline to simulate
the e↵ects of SPTpol observations and data processing.
This gives us an accurate and realistic suite of simula-
tions.

In Section 7 we use simulations to quantify the signif-
icance of our results and to test their robustness against
possible systematics in the data. These simulations are
used in Section 8 to separate out di↵erent factors af-
fecting delensing e�ciency and to understand where im-
provements in e�ciency can be expected in the future.

In this section, we first describe how the simulated
CMB and CIB skies are generated. We then discuss sev-
eral di↵erent simulated B-mode templates that will be
used to understand the delensing e�ciency.

5.1. Pipeline

We generate realizations of un-lensed CMB
anisotropies (T,Q,U) and the lensing potential from
the fiducial cosmological model. Our fiducial cos-
mology is the ⇤CDM model that best fits the 2015
plikHM TT lowTEB lensing dataset (Planck Col-
laboration et al. 2016a). The CMB skies are then lensed
using realizations of the lensing potential using Lenspix

(Challinor & Lewis 2005).
At this step, the lensed CMB skies and lensing poten-

tial maps are projected directly into the format of the
100d SPTpol map. The resulting “truth” maps are re-
ferred to as Etrue, Btrue, and �true.

We next add a Gaussian realization of our foreground
model to each simulated CMB sky. The components of
this model are taken from measured values where known,
and upper limits otherwise. In the temperature skies we
add several components: the thermal Sunyaev-Zel’dovich
(tSZ), the clustered and unclustered components of the
CIB (dusty sources), and radio point sources (AGN). The
tSZ component is modeled by a tSZ power spectrum tem-
plate taken from Shaw et al. (2010) rescaled by AtSZ. We
use AtSZ = 4 µK2 for 150GHz and AtSZ = 12 µK2 for
95GHz (George et al. 2015). The other three sources are
modeled by power-laws in angular multipole ` space with
the form:

Di
`,source = Ai

source

✓
`

3000

◆p

,

where i 2 {150GHz, 95GHz} and D` = `(`+1)

(2⇡) C`. For

the clustered CIB term, we use p = 0.8 and A95GHz

CIB
=

0.56 µK2 and A150GHz

CIB
= 3.46 µK2 (George et al. 2015).

We neglect the correlation between these CIB compo-
nents at 150 and 95 GHz and the simulated CIB map at
500µm. Power from unclustered point sources is by def-
inition flat in C`, so p = 2 for unclustered sources. With
the adopted threshold for point source masking of 50 mJy

9
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Fig. 5.— This figure shows the spectrally-combined B-mode bandpowers before (•) and after delensing (�). The error bars represent the
variance of realistic, noisy simulations. To guide the eye, the solid line shows the theory spectrum (lensed B modes) and the orange dashed
line denotes the expectation value of the delensed spectrum from 100 simulations. In order to match the data multipole range used in this
work, we only plot the simulation results for multipoles ` > 300. We find that delensing reduces the amplitude of the B-mode spectrum by
28%.

with B̂true. Thus noise in the B-mode templates adds
a negligible amount of noise bias to the delensed spec-
tra compared to our statistical error bars. The delensing
e�ciency of these templates is discussed further in Sec-
tion 8.

6. RESULTS

This section presents the main results of the paper,
starting with the expected delensing e�ciency from sim-
ulations and ending with the delensed SPTpol B-mode
power spectrum.

6.1. Expectation from Simulations

Before looking at the data, we calculate the expected
level of delensing using the simulations described in Sec-
tion 5. The “realistic template” B̂Ē,�CIB

is used to delens
the corresponding noisy simulated B maps. The mean
delensed spectrum from 100 simulations is shown in Fig-
ure 5 by the orange dashed line. This is the expectation
value of the delensed power spectrum.

Using these simulations, we calculate the bandpowers
and fit the mean bandpowers from the 100 simulations to
an Alens-scaled BB spectrum for both the nominal and
the delensed case. We find that delensing is expected to
reduce the best-fit amplitude from Alens = 1.09± 0.29 to
Ares

lens
= 0.87 ± 0.28. The expected delensing e�ciency,

calculated as the value of ↵ averaged over these simula-
tions, is h↵i = 0.23 ± 0.10.

In the limit of the B-mode measurement having zero
noise, the fractional reduction in lensing B-mode power
through delensing corresponds to the fractional reduction

in lensing B-mode sample variance. In this work, since
the variance of the B-mode measurement is dominated
by the instrument noise, we do not expect a significant
reduction in the variance of the delensed B-mode band-
powers. This can be seen already from the marginally
reduced uncertainty of Ares

lens
compared to Alens in simu-

lations.

6.2. Data

The SPTpol B-mode maps described in Section 4.2 are
delensed using the B-mode template described in Sec-
tion 4.3. The nominal and delensed B-mode bandpowers
are shown in Figure 5. It is clear by eye that the delens-
ing process removes some of the B-mode power; that is,
delensing is at least partially successful.

To highlight the power removed by delensing, the spec-
trum di↵erence for the data, as defined in Eq. (12), is
shown in Figure 6 for the spectrally-combined bandpow-
ers as well as the individual frequency band auto- and
cross-spectra. The error bars in this plot show the vari-
ance of the spectrum di↵erence for the realistic simula-
tions and the dashed line corresponds to the mean spec-
trum di↵erence from simulations. Note that the spec-
trum di↵erence from the data is consistent with the ex-
pectation from simulations.

To quantify the power removed by the delensing pro-
cess, first the nominal bandpowers are fit to a lensed
B-mode spectrum yielding an amplitude of

Alens = 1.06 ± 0.29 . (13)

After delensing, the bandpowers are re-fit to the lensed

Ex: delensing SPTPol data with Herschel CIB
[Manzotti et al., 2017]

~28% removed
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Delensing
• Difficulty:

★ E->B lensing kernel is wide: mixes 
together small and large scales

• Needs:
★ High resolution E maps
★ A lensing model:

- Internal CMB lensing analysis
- Large Scale Structure maps (eg. CIB maps)

★ A tough analysis…

• Results:
★ promising but not yet there…
★ Should improve significantly with 

future satellite and high-resolution 
ground based instruments

 29

Forecasts with future satellite missions
[From a presentation by A. Challinor -Florence 2016]

~28% removed

Impact of delensing
CBB,delens

l

CBB,lens
l

⇡
X

L

@ lnCBB,lens
l

@ lnC��
L

�
1� ⇢2L

�

Integral under curve 
gives residual lensing 
power as fraction of 
original

LiteCOrE-120: 1/2.1
COrE+ (M4): 1/2.5

High S/N 
reconstruction 
on these scales
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Tensors are small

 30

[BICEP]
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Only B modes allow to «directly observe» tensor modes

r=1 r=0.1 r=0.01

Tensor

Scalar

Total

Lensing
(E modes lensed into B modes)
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Polarization mixing
• Polarization is the difference between Ex and Ey

★ So if instrument converts Ex in Ey or does not transmit them equally, there 
is polarization mixing

★ According to the definition of the Stokes Parameters

★ we get mixing of I, Q and U

 32
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Polarization mixing
• If J is Identity, fine… no effect

• In the general case:

• If                                      then (at 1st order)

• Remember that I >> E >> B
★ Important to avoid leakage of I into Q and U to have ~0 in I↝Q,U terms
★ Mixing between Q and U induces leakage of E into B… and so needs to be 

minimized

 33

J =
�

� + 1 �
�� � + 1

�

�

�
I
Q
U

�

�
�

=

�

�
a b c
d e f
g h i

�

� ·

�

�
I
Q
U

�

�

�

�
I
Q
U

�

�
�

=

�

�
2� + 1 0 0

0 2� + 1 2�
0 �2� 2� + 1

�

� ·

�

�
I
Q
U

�

�

mailto:hamilton@apc.in2p3.fr


CMB Polarization Experiments
J.-Ch. Hamilton

hamilton@apc.in2p3.fr

LAPIS 2018
Cosmology in the era of large surveys
Apr. 23-27 2018, La Plata, Argentina

Polarization mixing
• Now let’s focus on Q and U

• At the level of E, B spectra:

★ Therefore mixing ε needs to be controlled exquisitely to allow 
for B-mode clean measurement.

★ Typically 
- if r=0.1 need better than 5% on cross-polarization
- if r=0.01 need better than 1.5%
- if r=0.001 need better than 0.5% 
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Solutions:
• Care in Instrument Design
• Care in Instrument Fabrication
• Polarization modulation (HWP, …)
• Self-Calibration in Data Analysis
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Foregrounds
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30 GHz 44 GHz

30 GHz 44 GHz

100 GHz70 GHz

143 GHz 217 GHz

353 GHz

545 GHz 857 GHz

Temperature Maps 
from Planck
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Foregrounds
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[WMAP]

Dust grains

Galactic foregrounds (FG)

Nicoletta Krachmalnicoff

• Highly polarized especially at intermediate and 
high Galactic latitudes (up to 20%)

• Signal with complicated morphology, highly non 
stationary

• Lack of high sensitivity data, relying on Planck 
multifrequency observations 

from Planck 2015 results X

Greybody
>150 GHz

Blackbody
~100 GHz

Power law
<70 GHz

4
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Foregrounds
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[WMAP]

Dust grains

Galactic foregrounds (FG)

Nicoletta Krachmalnicoff

• Highly polarized especially at intermediate and 
high Galactic latitudes (up to 20%)

• Signal with complicated morphology, highly non 
stationary

• Lack of high sensitivity data, relying on Planck 
multifrequency observations 

from Planck 2015 results X

Greybody
>150 GHz

Blackbody
~100 GHz

Power law
<70 GHz

4

Synchrotron

Galactic foregrounds (FG)

Nicoletta Krachmalnicoff

• Highly polarized especially at intermediate and 
high Galactic latitudes (up to 20%)

• Signal with complicated morphology, highly non 
stationary

• Lack of high sensitivity data, relying on Planck 
multifrequency observations 

from Planck 2015 results X

Greybody
>150 GHz

Blackbody
~100 GHz

Power law
<70 GHz

4
[Courtesy N. Krachmalnicoff]
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Dust is heavily polarized :-(
• The BICEP2 saga…

★ March 2014:
- BICEP2 publishes a 5σ detection of 

primordial B-modes (r~0.2)
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PLANCK 2015 results

BICEP2: act 1

• March 2014
BICEP2 claimed 5σ detection of primordial B-modes with r=0.2  

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)]

[Courtesy M. Tristram]
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Dust is heavily polarized :-(
• The BICEP2 saga…

★ March 2014:
- BICEP2 publishes a 5σ detection of 

primordial B-modes (r~0.2)

★ September 2014:
- Planck shows that most of BICEP2 signal is 

compatible with amount of dust measured 
in 353 GHz polarized channel

 38

IPAG, Fev. 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 2015 results

BICEP2: act 2

• September 2014
Planck showed that polarized dust cannot be neglected. 
BICEP2 results: compatible with polarized dust emission 

[Planck Intermediate XXX, arXiv:1409.5738 (2014)]

[Courtesy M. Tristram]
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Dust is heavily polarized :-(
• The BICEP2 saga…

★ March 2014:
- BICEP2 publishes a 5σ detection of 

primordial B-modes (r~0.2)

★ September 2014:
- Planck shows that most of BICEP2 signal is 

compatible with amount of dust measured 
in 353 GHz polarized channel

★ January 2015:
- a joint analysis with Planck and BICEP2/

Keck data shows no primordial signal
- r < 0.12 @ 95% C.L.

★ Latest limit from BICEP/Planck
- r < 0.07 @ 95% C.L.
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• March 2014
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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.)
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PLANCK 2015 results

BICEP2: act 2

• September 2014
Planck showed that polarized dust cannot be neglected. 
BICEP2 results: compatible with polarized dust emission 

[Planck Intermediate XXX, arXiv:1409.5738 (2014)]
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PLANCK 2015 results

BICEP2: act 3

• January 2015
joint analysis Planck-BICEP2/Keck shows no primordial signal
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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-

[BICEP2/Keck - Planck collaborations, arXiv:1502.00612 (2015)]

[Courtesy M. Tristram]
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Dust is heavily polarized

 40

QUBIC as spectral-imager

Nicoletta Krachmalnicoff

Synch: 30-60 GHz   CMB: 100-150 GHz   Dust: 220-350 GHz

PROs

• Original idea, never implemented
• Multiple maps at frequencies close to each other:  

• Alternative way to reduce data that can be done in parallel 
to the “standard” map-making 

- accurate modeling and extrapolation of foreground emissions
- lower residual on CMB measurements

CONs

• Original idea, never implemented
• Noise covariance and systematics
• Computational expensive

Multipole ℓ

10

[Courtesy N. Krachmalnicoff]
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Dust is everywhere…

 41

Galactic foregrounds: past and present work

• Responsible of FG analysis in POLARBEAR measurements at small angular scales: The POLARBEAR collaboration 2017, 
ApJ  to be submitted

• In charge of the analysis of S-PASS data at 2.3 GHz to study diffuse synchrotron emission with unprecedented 
sensitivity: Krachmalnicoff at al. 2017, in prep.

• Measurement of thermal dust properties with updated Planck data: Planck 2017 results, in prep.

N. Krachmalnicoff PhD thesis
Planck Intermediate results XXX 2015, A&A 

BICEP2/Keck & Planck Collaborations 2015, PRL
• Part of the selected team analyzing 

Planck data in BICEP2 field to 
understand the level of FG 
contamination

BICEP2 field

N. Krachmalnicoff et al. 2016, A&A

• FG contamination to CMB B-modes in 350+ regions 

0.05 . rFG . 1.5
(reminder: current upper limit r<0.07 from BICEP2/Keck/Planck)

3! upper limitsdetections

Current work in the field

5

Dust foreground residual T/S ratio:
0.05 < rFG < 1.5

[Krachmalnicoff et al. 2016]

And the same applies for Synchrotron… 
[Krachmalnicoff et al. 2018]
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Foreground Separation

 42 [Planck]

�x� = �xCMB + �F� + �n�

�F� = A�
�F

�̂xCMB =
�

�

w��x�

Sky Model:

With

Solution: 

NB: this is simple I.LC., there are more complex algorithms
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small aperture 
telescope

large aperture 
telescope

Context: problematic to design CMB-S4

Recent results  !!
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[Courtesy J. Errard]
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4

polarizeddust + synchrotron @ 100GHz
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[Courtesy J. Errard]
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[Courtesy J. Errard]
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No primordial B-modes yet… Go back to work !

[Courtesy J. Errard]
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Gracias 
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