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March 2014 – breaking news

The BICEP2 team claimed the 
first measure of: 

The B-mode of the cosmic 
microwave background (CMB) 
polarization

Measured at a spectacularly high 
level 

(r = 0.2 +0.07
-0.05

   )

This should be caused by 
gravitational waves presents at 
the time the CMB is last scattered 
(380'000 year after Big Bang)

Measured with the South Pole 
based, microwave sensitive 
telescope
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March 2014 – breaking news

What BICEP2 measured:
The statistical fluctuation of the CMB 
polarization

In particular, a component which 
presents a vortex pattern (B-modes)

In the early Universe, only 
Gravitational Waves could have 
created such pattern in the CMB 
polarization

A similar pattern can be generated 
by polarized emission of dust in our 
Galaxy

BICEP2 had no good data to 
constrain dust contamination 

Planck is now providing these data
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CMB polarization review 
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Plasma in the early Universe

Before 380'000 year after Big Bang, the Universe is filled with
Hydrogen (and Helium) plasma + Photons

Coupled by Thomson scattering

Oscillating by effect of gravity and (radiation) pressure

Recombination 
At 380'000 year, the plasma recombine and the photons mean free path become longer 
than the Universe scale: 

the Universe becomes transparent

Matter and radiation decouple 

The oscillations are imprinted into the CMB when primordial plasma recombine

Synchronized by the fact that all perturbations at a given scale (k) start oscillating at 
the same time

Oscillation starts when the perturbation with wavelength λ (=2π/k) enters the causal 
horizon (λ∼ct)

This process leave a 1degree characteristics scale in the CMB image  
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CMB temperature fluctuations

Planck 2013 map, after subtraction of:
Monopole (2.726 Kelvin)

Dipole (3.346 mK)

Milky Way emission
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Angular power spectrum

Decomposition in spherical harmonics

Variance of the spherical harmonic coefficients (assuming no preferred 
direction)
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Angular power spectrum

Comparing data and model, cosmologists measure parameters 

PLANCK 2013
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CMB polarization

Before 380'000 year after Big Bang, the Universe is filled with

Hydrogen and Helium plasma

Photons

Coupled by Thomson scattering
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CMB polarization

Thomson scattering 
can polarize radiation 
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CMB polarization

Thomson scattering 
can polarize radiation 

Incoming radiation must 
have quadrupolar 
asymmetry 

Line of sight
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CMB polarization

Thomson scattering 
can polarize radiation 

Incoming radiation must 
have quadrupolar 
asymmetry 

Line of sight
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CMB polarization

Plasma accelerated flows 
generate quadrupolar 
asymmetry via Doppler effect

Gravitational waves stretch 
space, causing red-shift and blue-
shift

e- e-

Electron frameRest frame
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Gravitational waves

From general relativity 

           distance between two points in space, first order approximation 

ζ(x,t) = curvature perturbation (scalar mode)

h(x,t) = gravitational wave (tensor mode)
anisotropic stretching of space, with conservation of area
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Intensity and polarization map

Intensity (color) 

Q, U Stokes parameters (rods) 
Q, U depend on the reference frame

Q, U are spin-2 quantities: 

Rotation by 180 deg = identity 
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CMB polarization

Q, U polarization pattern can be decomposed in two “modes” with 
different symmetry properties

E is generated by a polarization with vector properties (as the Electric field)

B is generated by a polarization with pseudo-vector properties (as the Magnetic field)

Sign flip under a reflection (x → -x)
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Polarization – E and B modes

E-modes

B-modes

Highly filtered BICEP2 data – BICEP2 PRL paper
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Polarization – E and B modes

Density (scalar) fluctuations, in linear regime, can't produce vorticity 

Gravitational Waves (tensorial fluctuations) produce vorticity, due 
their polarization

E-modes B-modes

Highly filtered BICEP2 data – BICEP2 PRL paper

+ polarization GW

x polarization GW
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Challenge

B-modes is the current challenge of the CMB experiment

CMB radiation = 2.726 K

CMB dipole = 3.346 mK (10-3)

CMB anisotropy (rms) ≃ 80 μK (10-5)

CMB polarization E-modes (rms) ≃ 1 μK (10-6)

CMB polarization B-modes (rms) < 0.2 μK   (10-7)
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Tensor to scalar ratio r = T/S

r = T/S = [power in gravitational waves]/[power in curvature perturbation]
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B-modes and inflation 

The presence of gravitational waves in the early universe is a prediction 
of the inflation

The CMB polarization is an antenna for gravitational waves in the early universe

The amplitude of primordial gravitational waves is encoded in the tensor/scalar 
parameter, r

Measuring B-mode polarization can shed light on the inflation physics

A. Guth W. Hu et al. 2003
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Constraints on inflation 

Planck 2013 results. XXII. Constraints on inflation, Accepted by A&A
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BICEP2 results
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BICEP2 Stokes parameters maps

~1% of the sky
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BICEP2 E/B modes maps
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BICEP2 B-modes angular power 

B-modes are in fact made of 
two components

Primordial gravitational waves

Measured by BICEP2

Lensing effects on “standard” E-
mode polarization

Recently observed by other 
ground based telescopes  
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BICEP2 r significance 
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BICEP2 results, June 2014

Accounting for the contribution of foreground dust will shift this value downward by 
an amount which will be better constrained with upcoming data sets.

If the origin is in tensors, as favored by the evidence presented above, it heralds a new 
era of B-mode cosmology. However, if these B modes represent evidence of a high-dust 
foreground, it reveals the scale of the challenges that lie ahead.
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Interstellar dust polarization 

measurement with Planck
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Observing through the Milky Way
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Observing through the Milky Way
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Galactic thermal dust emission 
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Galactic thermal dust emission 
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Planck 

European Space Agency satellite for microwave observation 
(30 to 1000 GHz)

Planck observed the full sky in the microwaves, with 9 bands in 
intensity and 7 bands in polarization

The main goal is the measurement of the CMB anisotropy and 
polarization 

Planck has a polarized channel at 353 GHz very useful to measure dust 
polarization

Operations: 2009-2013

Data delivery
2013, nominal mission, no polarization

Dec 2014, full mission, with polarization 
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Observation bands

PLANCK LFI PLANCK HFI
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Observation bands

PLANCK LFI PLANCK HFIBICEP2
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3 

G
H
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Observation bands

PLANCK LFI PLANCK HFIBICEP2
BICEP1
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Interstellar dust

Interstellar medium in the Milky Way

500 000 hydrogen atoms/m3  (gas)

100 dust grains/km3 

(solid macroscopic particles composed of dielectric and refractory materials)

Dust grains are a significant fraction of the interstellar medium, 1% by mass

Interstellar dust grains are 
believed to originate from 

stellar winds of plasma flowing out 
from stars, planetary nebulae, novae 
and supernovae.

These plasmas contain some heavy 
elements which then condense to 
grains of iron and silicates. 

Porous chondrite interplanetary dust particle 
Donald E. Brownlee, University of Washington, Seattle, and 

Elmar Jessberger, Institut für Planetologie, Münster, Germany
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Interstellar dust polarization

The interstellar dust grains spins with short axis aligned with the 
magnetic field

Absorption and emission are larger along the long axis

Optical light transmitted is polarized parallel to magnetic field

IR light emitted is polarized orthogonal to magnetic field

ω // B 

Optical incident wave Optical transmitted 
and IR emitted polarizations
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Frequency spectrum in polarization  

The best Planck Dust observations are made at 353 GHz 

To extrapolate the contamination at lower frequency, the spectral trend 
must be properly estimated

http://arxiv.org/abs/1405.0874: Planck collaboration, Frequency dependence of 
thermal emission from Galactic dust in intensity and polarization (May 5, 2014), 
submitted to A&A
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Based on a Cross Correlation technique, correlating each map with 
Intensity and Polarization maps (Stokes Q, U) measured at 353 GHz, and 
assuming that dust has a Modified Black Body spectrum: 

This is a parameter, not a physical 
temperature (although very similar)

Slope for extrapolation from 
353 GHz to other frequencies

Frequency spectrum in polarization  

http://arxiv.org/abs/1405.0874
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Planck interstellar dust polarization

http://arxiv.org/abs/1405.0871

Planck intermediate results. XIX. An 
overview of the polarized thermal 
emission from Galactic dust 

Submitted to A&A in May 2014

Polarization fraction is higher in thinner column density regions
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Planck interstellar dust polarization

http://arxiv.org/abs/1405.0871

Planck intermediate results. XIX. An 
overview of the polarized thermal 
emission from Galactic dust

Submitted to A&A in May 2014

Polarization fraction is higher in thinner column density regions

BICEP2 models 
polarization fraction 

http://arxiv.org/abs/1405.0871
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Recent Planck results

http://arxiv.org/abs/1405.0871
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Recent Planck results 

Statistical analysis of the Dust polarization, in clean regions, in terms of 
angular power spectra

General properties for large sky fractions 

Analysis in small sky patches, in search for “clean” windows in faintest dust-emitting 
regions

Analysis of the level of dust polarization in the specific field recently targeted by the 
BICEP2 experiment
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Planck masks selection

Carbon Monoxide regions removed

Point Sources removed

Different level of dust intensity 
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Planck analysis steps

Detectors data (8 polarization sensitive detectors at 353 GHz)

Project into Stokes parameters maps (I, Q, U)

Apply mask (10% to 80% of sky used)

Calculate polarization angular power spectra (using cross power 
spectrum technique) for E and B modes

These are E and B modes generated by dust polarized emission in 
our Galaxy

Nothing to do with cosmic microwave background
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353 GHz dust E-modes

CMB subtracted
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353 GHz dust B-modes
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Dust B/E ratio



 53Francesco Piacentini – Univ. Roma La Sapienza Planck dust polarization results - Invisibles European Network 

Check of extrapolation law 

Data report the amplitude 
of the polarization cross 
spectra

The dashed curve is not a 
fit, it is the prediction from 
correlation coefficients 

<100x100> <100x143> <100x217> <100x353>

<143x143> <143x217> <143x353>

<217x217> <217x353>

<353x353>
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Analysis on large sky fraction

Summary

Slope in the dust polarization angular power spectrum very regular

Dust B-modes are on average smaller than dust E-modes

Extrapolation to lower frequency is well modeled 
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Analysis of faintest dust-contaminated regions

Selection of best sky patches for CMB polarization search



 56Francesco Piacentini – Univ. Roma La Sapienza Planck dust polarization results - Invisibles European Network 

Search for the best sky patch

352 patches, 400 deg2 wide 
(~1% of the sky each)

On each patch  
Use 353 GHz polarization maps 
(dust)

Calculate B-modes dust 
polarization 

Power-low fit in ell, with slope -2.42 

Calculate amplitude value (and 
error) at ell=80

Extrapolate to 150 GHz
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Search for the best sky patch

352 patches, 400 deg2 wide 
(~1% of the sky each)

On each patch  
Use 353 GHz polarization maps 
(dust)

Calculate B-modes dust 
polarization 

Power-low fit in ell, with slope -2.42 

Calculate amplitude value (and 
error) at ell=80

Extrapolate to 150 GHz

Plot relative to r=1 case

Box is BICEP2 region

Not the best region 

Signal

Error
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Analysis on faintest regions

Summary

We show that even in the faintest dust-emitting regions there are no “clean” windows 
in the sky where primordial CMB B-mode polarization measurements could be made 
without subtraction of foreground emission.
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Analysis in the BICEP2 field
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Check of extrapolation law 

Extrapolation from 353 to 150 GHz 



 62Francesco Piacentini – Univ. Roma La Sapienza Planck dust polarization results - Invisibles European Network 

B/E ratio
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Dust B-modes in BICEP2 field, from 353 GHz data, extrapolated to 150 GHz

B-modes contamination 
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BICEP2 + models
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BICEP2 + models + Planck dust 

N.B.:
In this plot 
Planck is 
sensitive to 
dust only, 
BICEP2 to 
dust and 
CMB
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BICEP2 + Planck dust + model

N.B.:
Planck 
353GHz is 
sensitive to 
dust only, 
BICEP2 to 
dust and 
CMB
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Prospective

Combine Planck 353 GHz data with BICEP2 150 GHz data
Better measure contamination 

BICEP/Planck paper in progress

Provide Planck own measure of the B-modes
Lower sensitivity

Larger sky fraction (highly contaminated)

Much better component separation

Next generation CMB observations
Ground based 

Balloon based

Satellite based 

Monitoring and separation of contamination from dust and other sources is a crucial 
element 
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Comments

Rapidly evolving science field
Factor 5 growth in sensitivity  

Contamination check by a different experiment 

Combined effort: BICEP/Planck in the next months 
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Comments

The inflationary paradigm still holds

Gravitational waves are only one of the prediction, and the level is unknown

Not detection of GW is not a disprove of inflation
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The scientific results 
presented today are 
the product of the 
Planck 
Collaboration, 
including individuals 
from more than 50 
scientific institutes 
in Europe, the USA 
and Canada  

Planck acknowledgements 
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Thank you 
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Intensity and polarization map

Q, U can be decomposed in spin-2 
equivalent of the spherical harmonics

Linear combination of the coefficients

Corresponds to symmetric and 
antisymmetric pattern decomposition 
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BICEP2 dust models

No data, only models

Typical polarization level 
equal 5% of intensity

Different models of the 
galactic magnetic field

Extrapolation with a 
standard trend (confirmed by 
Planck)

Planck data revealed a 
higher level of dust 
contamination in BICEP2 
region 
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The removed dust model 
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Mission timeline

Launch 14 May 2009

Start of operations 14 May 2009

Cooldown/trip to L2 June 2009

Calibration and performance verification Mid June – mid August 2009

First light survey August 2009

Survey 1 August 2009 – February 2010

Survey 2 Feb 2010 – Aug 2010

Survey 3 Aug 2010 – Feb 2011

Survey 4 Feb 2011 – Aug 2011

Survey 5 Aug 2011 – Dec 2011

HFI End Of Life tests Dec 2011 – Aug 2013 

HFI End of Helium 13 January 2012

Survey 6, 7, 8 (LFI only) Feb 2012 – Aug 2013

Switch-off 23 October 2013 
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CMB observation


