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observable nonzero value is 0.002. Most of the TT, TE, and
TB jackknifes pass, but following C10 and B14 we omit
them from formal consideration (and they are not included
in the table and figure). The signal-to-noise ratio in TT is
∼104 so tiny differences in absolute calibration between the
data subsets can cause jackknife failure, and the same is
true to a lesser extent for TE and TB. Even in EE the signal
to noise is approaching ∼103 (500 in the l ≈ 110 bin) and
in fact most of the low values in the table are in EE.
However, with a maximum signal-to-noise ratio of ≲10 in
BB such calibration differences are not a concern. All the
BB (and EB) jackknifes are seen to pass, with the 112
numbers in Table I having one greater than 0.99, one less
than 0.01 and a distribution consistent with uniform. Note
that the four test statistics for each spectrum and jackknife
are correlated this must be taken into account when
assessing uniformity.
To form the jackknife spectra we difference the maps

made from the two halves of the data split, divide by two,
and take the power spectrum. This holds the power
spectrum amplitude of a contribution which is uncorrelated
in the two halves (such as noise) constant, while a fully
correlated component (such as sky signal) cancels perfectly.
The amplitude of a component which appears only in one
half will stay the same under this operation as it is in the
fully coadded map and the apparent signal-to-noise will
also stay the same. For a noise-dominated experiment this
means that jackknife tests can only limit potential

contamination to a level comparable to the noise uncer-
tainty. However, the BB band powers shown in Fig. 2 have
signal-to-noise as high as 10. This means that jackknife
tests are extremely powerful in our case—the reductions in
power which occur in the jackknife spectra are empirical
proof that the B-mode pattern on the sky is highly
correlated between all data splits considered.
We have therefore conducted an unusually large number

of jackknife tests trying to imagine data splits which might
conceivably contain differing contamination. Here we
briefly describe each of these:
BICEP2 observed at deck angles of 68°, 113°, 248° and

293°. We can split these in two ways without losing the
ability to make Q and U maps (see Sec. IVG). The deck
jackknife is defined as 68° and 113° vs 248° and 293° while
the alt. deck jackknife is 68° and 293° vs 113° and 248°.
Uniform differential pointing averages down in a coad-
dition of data including an equal mix of 180° complement
angles, but it will be amplified in either of these jackknifes
(as we see in our simulations). The fact that we are passing
these jackknifes indicates that residual beam systematics of
this type are subdominant after deprojection.
The temporal-split simply divides the data into two

equal weight parts sequentially. Similarly, but at the
opposite end of the time scale range, we have the scan
direction jackknife, which differences maps made from the
right and left going half scans, and is sensitive to errors in
the detector transfer function.
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FIG. 3 (color). Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < l < 120. Right: The equivalent maps for the first of
the lensed-ΛCDMþ noise simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines
display the equivalent magnitude and orientation of linear polarization. Note that excess B mode is detected over lensing+noise with
high signal-to-noise ratio in the map (s=n > 2 per map mode at l ≈ 70). (Also note that the E-mode and B-mode maps use different
color and length scales.)
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Planck Collaboration: Dust polarization at high latitudes

Fig. 8: Top: map in orthographic projection of the 150 GHz DBB

` amplitudes at ` = 80, computed from the Planck 353 GHz data,
extrapolated to 150 GHz, and normalized by the CMB expectation for tensor-to-scalar ratio r = 1. The colours represent the
estimated contamination from dust in rd units (see details in Sect. 5.3). The logarithm of the absolute value of rd for a 400 deg2 patch
is presented in the pixel on which the patch is centred. As described in Sect. 3.3.2, the patches overlap and so their properties are not
independent. The northern (southern) Galactic hemisphere is on the left (right). The thick black contour outlines the approximate
BICEP2 deep-field region (see Sect. 6). Bottom: associated uncertainty, �(rd).

their positions, sizes, shapes, and apodizations. In addition, be-
cause we found the amplitudes of the dust DBB

` spectra asso-
ciated with these patches based on a power-law fit, our esti-
mate does not take into account possible features in the power
spectra that might alter the precise value of dust contamination.
Nevertheless, there are clearly some patches that appear to be op-
timal, i.e. cleaner than the others. But it needs to be emphasized

that finding the cleanest areas of the polarized sky for primordial
B-mode searches cannot be accomplished accurately using the
Planck total intensity maps alone.
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http://bolo.berkeley.edu/polarbear/newsfeed/31114

The Question: What precisely has been measured??

http://bolo.berkeley.edu/polarbear/newsfeed/31114
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A quick summary of the current status of cosmology



CMB primary anisotropies

primordial physics

CMB secondaries anisotropies
late-universe processes

CMB: central observation in cosmology

ISW
Lensing
Reionization
SZ,...
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Nominal mission completed in November 2010

End of light (HFI) January 14th 2012. 32 months after launch

Full release in 2014

March 2013: First cosmological data release

August 2013: Departure manoeuvre from L2. 1554 days of mission. 8 LFI surveys

Proposed to ESA in 1993, selected in 1996



Planck sky maps
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Planck full-sky CMB map

3% sky fraction filled with Gaussian constrained realisations



Cosmic Microwave background
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T
`m

1  z  5

C
`

⇠ (1� ↵
`

)C̃
`

+
X

`1`2

C��

`1
C̃
`2F``1`2

�

�̂
`m

/ [r · (T1rT2)]
`m

�T

T
(n̂) =

X
t
`m

Y
`m

(n̂)

C
`

= ht
`m

t⇤
`

0
m

0i

Ĉ
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Cosmic Microwave background
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Cosmic Microwave background

Decompose the temperature on the sphere

CMB is (almost) Gaussian: all the information is in the variance
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Power spectrum can be computed: e.g. CAMB

Can be measured from observations: e.g. pseudo-Cl’s Ĉ
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Planck cosmological parameters
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ΛCDM is a very good fit 

Using Planck + WP, at 1-sigma: 

 

•  Peak scale                         0.060%                                    BBN consistency:       

•  Baryon density                   1.3% 

•  CDM density                       2.3% 

•  Primordial amplitude           2.5% 

•  Primordial spectral index    0.76%  

•  Reionization optical depth  0.13% 

Derived (model-dependent) parameters: 

•  Hubble parameter 

•  Λ fractional density 

•  Reionization redshift 

25.03.2013 Planck implications for cosmology – J. Lesgourgues 25 

A model described by only 6 parameters
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Inflation

Inflation was introduced in the 80’s to solve the horizon and flatness 
problems

Horizon problem: 
size of the horizon at recombination is about 1degree. Then why is the 
temperature the same everywhere on the sky?

Flatness problem:
our Universe is observed today as being flat. This require unnatural fine-
tuning in the initial conditions.

A period of accelerated expansion in the Early universe 
would solve those two problems.

Quantum fluctuation generated during inflation also 
provides perturbations. Seeds for large-scale structure



Linking Inflation properties to CMB
We measure distortions  

in space
• A distance between two points in space 

!

• ζ: “curvature perturbation” (scalar mode) 

• Perturbation to the determinant of the spatial metric 

• hij: “gravitational waves” (tensor mode) 

• Perturbation that does not change the determinant (area)

d`

2 = a

2(t)[1 + 2⇣(x, t)][�ij + hij(x, t)]dx
i
dx

j

X

i

hii = 0

The metric describes the distances between two points in space

curvature perturbation 
(scalar)

Gravitational waves 
(tensor)

Tensor-to-scalar ratio

Jérôme Martin et al. / Physics of the Dark Universe (2014) 9

initial conditions are chosen to be the Bunch–Davies vacuum which
amounts to

lim
kη→−∞

vk = 1√
2k

e−ikη , (2.15)

where H = aH is the conformal Hubble parameter.
The evolution of tensor perturbations (or primordial gravity

waves) can also be reduced to the study of a parametric oscillator.
The amplitude of each transverse Fourier mode of the gravity wave,
µk(η), obeys the following equation

µ′′
k +

(
k2 − a′′

a

)
µk = 0. (2.16)

We notice that the time-dependence of the effective frequency differs
from that of the scalar case and now involves the derivative of the
scale factor up to second order only. It is then straightforward to
determine the resulting power spectrum. From a calculation of the
two-point correlation function, one obtains

Ph(k) = 2k3

π2

∣∣∣
µk

a

∣∣∣
2
. (2.17)

In order to calculate this quantity, the equation of motion Eq. (2.16)
needs to be solved. As it is the case for density perturbations, the
initial state is chosen to be the Bunch–Davies vacuum.

The power spectra can be computed exactly by means of a mode
by mode integration of Eqs. (2.12) and (2.16), which also requires
an exact integration of the background, i.e. of Eqs. (2.1) and (2.2).
As discussed in the introduction, this can be done with the help of
publicly available codes such as FieldInf. We have seen above that
the slow-roll approximation can be used to calculate the classical
background trajectory. Quite remarkably, the same approximation
also permits the derivation of the scalar and tensor power spectra.
This involves a double expansion. The power spectra are expanded
around a chosen pivot scale k∗ such that

P(k)

P0
= a0 + a1ln

(
k

k∗

)
+ a2

2
ln2

(
k

k∗

)
+ · · · , (2.18)

where

Pζ0
= H 2

8π2∈1 M2
Pl

, Ph0
= 2H 2

π2 M2
Pl

, (2.19)

and, then, the coefficients ai are determined in terms of the Hubble
flow functions. For scalar perturbations, one gets [182–188, 187, 189,
144, 145]

a(S)
0 = 1 − 2(C + 1)∈1 − C ∈2 +
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1
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C 2 − C + 7π2
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)

∈1∈2 +
(

1

2
C 2 + π2

8
− 1

)

∈2
2

+
(
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2
C 2 + π2

24

)

∈2∈3, (2.20)

a(S)
1 = −2∈1 − ∈2 + 2(2C + 1)∈2

1 + (2C − 1)∈1∈2 + C ∈2
2 − C ∈2∈3,

(2.21)

a(S)
2 = 4∈2

1 + 2∈1∈2 + ∈2
2 − ∈2∈3, (2.22)

where C ≡ γE + ln2 − 2 ≈ −0.7296, γE being the Euler constant, f =
5 and g = 7. For the gravitational waves, the coefficients ai read

a(T)
0 = 1 − 2(C + 1)∈1 +
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2C 2 + 2C + π2

2
− f

)

∈2
1

+
(

−C 2 − 2C + π2
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)

∈1∈2,

(2.23)

a(T)
1 = −2∈1 + 2(2C + 1)∈2

1 − 2(C + 1)∈1∈2, (2.24)

a(T)
2 = 4∈2

1 − 2∈1∈2. (2.25)

The Hubble flow functions are time-dependent quantities such that in
the above expression, it is understood that they should be evaluated
at the time at which the pivot scale crosses the Hubble radius during
inflation, i.e. at a timeη∗ such that k∗ = H(η∗). Let us notice that setting
the pivot at another time affects the previous expression. For instance,
setting η∗ such that k∗η∗ = −1 would set f = 3 and g = 6. We will see
below that this introduces a dependence in the parameters describing
the reheating stage.

The properties of the power spectra can also be characterized by
the spectral indices and their “running”. They are defined by the coef-
ficients of the Taylor expansions of the power spectra logarithm with
respect to lnk, evaluated at the pivot scale k∗. This gives

nS − 1 ≡
dlnPζ

dlnk

∣∣∣∣∣
k∗

, nT ≡ dlnPh

dlnk

∣∣∣∣
k∗

. (2.26)

For the runnings, one similarly has the two following expressions

αS ≡
d2lnPζ

d(lnk)2

∣∣∣∣∣
k∗

, αT ≡ d2lnPh

d(lnk)2

∣∣∣∣∣
k∗

, (2.27)

and, in principle, we could also define the running of the running
and so on. The slow-roll approximation allows us to calculate the
quantities defined above. For instance, we have at first order in the
Hubble flow parameters

nS = 1 − 2∈1 − ∈2, nT = −2∈1. (2.28)

Let us also notice that the tensor-to-scalar ratio at leading order can
be expressed as

r ≡ Ph

Pζ
= 16∈1. (2.29)

In the rest of this article, we give the observational predictions of each
inflationary model of the ASPIC library in the planes (∈1, ∈2) but also
(nS, r).

Each inflationary model must also be CMB normalized, that is to
say the amplitude of the power spectra, say at k = k∗, is completely
fixed by the amplitude of the CMB anisotropies measured today. On
the largest length scales, this is given to a good approximation by
the CMB quadrupole Q rms-PS/T ≡

√
5C 2/(4π ) * 6 × 10−6, where T *

2.725 K is the CMB blackbody temperature. This is achieved if Pζ0
*

60 Q2
rms-PS/T 2. Using the slow-roll approximation of the Friedmann–

Lemaı̂tre equation and writing the potential as V (φ) = M4v(φ), such
that the mass scale M is singled out, one arrives at

(
M

MPl

)4

= 1440π2 ∈1∗
v(φ∗)

Q2
rms-PS

T 2
. (2.30)

This is a model-depend expression (it depends on v) in which we
have rendered explicit the dependence in the pivot time. On a more
robust basis, CMB data are strongly constraining the value of P∗ ≡
Pζ (k∗) and supplementing the Planck CMB temperature likelihood
by the WMAP large-scale polarization data, one gets the one-sigma
confidence interval

ln(1010 P∗) = 3.092 ± 0.026, (2.31)

at k∗ = 0.05 Mpc−1. This constraint and the one- and two-sigma con-
tours in the planes (∈1, ∈2) and (nS, r) represented in all the figures
have been obtained from a slow-roll analysis of the Planck data. Since
the analysis is in all point identical to the one of the WMAP seven
years data performed in Ref. [64], we do not repeat it here. The in-
terested reader can find all the details in the appendix B of Ref. [64].
Moreover, in order to get a robust inference, we have used the sec-
ond order expression for the power spectra. Therefore, all the results

Jérôme Martin et al. / Physics of the Dark Universe (2014) 9

initial conditions are chosen to be the Bunch–Davies vacuum which
amounts to

lim
kη→−∞

vk = 1√
2k

e−ikη , (2.15)

where H = aH is the conformal Hubble parameter.
The evolution of tensor perturbations (or primordial gravity

waves) can also be reduced to the study of a parametric oscillator.
The amplitude of each transverse Fourier mode of the gravity wave,
µk(η), obeys the following equation

µ′′
k +

(
k2 − a′′

a

)
µk = 0. (2.16)

We notice that the time-dependence of the effective frequency differs
from that of the scalar case and now involves the derivative of the
scale factor up to second order only. It is then straightforward to
determine the resulting power spectrum. From a calculation of the
two-point correlation function, one obtains

Ph(k) = 2k3

π2

∣∣∣
µk

a

∣∣∣
2
. (2.17)

In order to calculate this quantity, the equation of motion Eq. (2.16)
needs to be solved. As it is the case for density perturbations, the
initial state is chosen to be the Bunch–Davies vacuum.

The power spectra can be computed exactly by means of a mode
by mode integration of Eqs. (2.12) and (2.16), which also requires
an exact integration of the background, i.e. of Eqs. (2.1) and (2.2).
As discussed in the introduction, this can be done with the help of
publicly available codes such as FieldInf. We have seen above that
the slow-roll approximation can be used to calculate the classical
background trajectory. Quite remarkably, the same approximation
also permits the derivation of the scalar and tensor power spectra.
This involves a double expansion. The power spectra are expanded
around a chosen pivot scale k∗ such that
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and, then, the coefficients ai are determined in terms of the Hubble
flow functions. For scalar perturbations, one gets [182–188, 187, 189,
144, 145]

a(S)
0 = 1 − 2(C + 1)∈1 − C ∈2 +

(

2C 2 + 2C + π2

2
− f

)

∈2
1

+
(

C 2 − C + 7π2

12
− g

)

∈1∈2 +
(

1

2
C 2 + π2

8
− 1

)

∈2
2

+
(

− 1

2
C 2 + π2

24

)

∈2∈3, (2.20)

a(S)
1 = −2∈1 − ∈2 + 2(2C + 1)∈2

1 + (2C − 1)∈1∈2 + C ∈2
2 − C ∈2∈3,
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a(S)
2 = 4∈2
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2 − ∈2∈3, (2.22)

where C ≡ γE + ln2 − 2 ≈ −0.7296, γE being the Euler constant, f =
5 and g = 7. For the gravitational waves, the coefficients ai read
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The Hubble flow functions are time-dependent quantities such that in
the above expression, it is understood that they should be evaluated
at the time at which the pivot scale crosses the Hubble radius during
inflation, i.e. at a timeη∗ such that k∗ = H(η∗). Let us notice that setting
the pivot at another time affects the previous expression. For instance,
setting η∗ such that k∗η∗ = −1 would set f = 3 and g = 6. We will see
below that this introduces a dependence in the parameters describing
the reheating stage.

The properties of the power spectra can also be characterized by
the spectral indices and their “running”. They are defined by the coef-
ficients of the Taylor expansions of the power spectra logarithm with
respect to lnk, evaluated at the pivot scale k∗. This gives

nS − 1 ≡
dlnPζ

dlnk
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, nT ≡ dlnPh
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For the runnings, one similarly has the two following expressions
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and, in principle, we could also define the running of the running
and so on. The slow-roll approximation allows us to calculate the
quantities defined above. For instance, we have at first order in the
Hubble flow parameters

nS = 1 − 2∈1 − ∈2, nT = −2∈1. (2.28)

Let us also notice that the tensor-to-scalar ratio at leading order can
be expressed as

r ≡ Ph

Pζ
= 16∈1. (2.29)

In the rest of this article, we give the observational predictions of each
inflationary model of the ASPIC library in the planes (∈1, ∈2) but also
(nS, r).

Each inflationary model must also be CMB normalized, that is to
say the amplitude of the power spectra, say at k = k∗, is completely
fixed by the amplitude of the CMB anisotropies measured today. On
the largest length scales, this is given to a good approximation by
the CMB quadrupole Q rms-PS/T ≡

√
5C 2/(4π ) * 6 × 10−6, where T *

2.725 K is the CMB blackbody temperature. This is achieved if Pζ0
*

60 Q2
rms-PS/T 2. Using the slow-roll approximation of the Friedmann–

Lemaı̂tre equation and writing the potential as V (φ) = M4v(φ), such
that the mass scale M is singled out, one arrives at
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)4

= 1440π2 ∈1∗
v(φ∗)
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. (2.30)

This is a model-depend expression (it depends on v) in which we
have rendered explicit the dependence in the pivot time. On a more
robust basis, CMB data are strongly constraining the value of P∗ ≡
Pζ (k∗) and supplementing the Planck CMB temperature likelihood
by the WMAP large-scale polarization data, one gets the one-sigma
confidence interval

ln(1010 P∗) = 3.092 ± 0.026, (2.31)

at k∗ = 0.05 Mpc−1. This constraint and the one- and two-sigma con-
tours in the planes (∈1, ∈2) and (nS, r) represented in all the figures
have been obtained from a slow-roll analysis of the Planck data. Since
the analysis is in all point identical to the one of the WMAP seven
years data performed in Ref. [64], we do not repeat it here. The in-
terested reader can find all the details in the appendix B of Ref. [64].
Moreover, in order to get a robust inference, we have used the sec-
ond order expression for the power spectra. Therefore, all the results
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BICEP2 EB power spectra

are not yet well-enough constrained by external public data
to exclude the possibility of emission at this level.

B. Synchrotron

To constrain the level of Galactic synchrotron in our field
we take the WMAPK-band (23 GHz) map, extrapolate it to
150 GHz, reobserve with our simulation pipeline, and take
the cross spectrum against the BICEP2 maps, with appro-
priate BICEP2 filtering and WMAP beam correction. In
our field and at angular scales of l > 30 the WMAP
K-band maps are noise dominated. We therefore also make
noise realizations and take cross spectra with these to assess
the uncertainty. The lower panel of Fig. 6 shows the
resulting cross spectrum and its uncertainty. Using the
MCMC Model f spectral index map provided by WMAP
[2] we obtain a mean value within our field of
β ¼ −3.3" 0.16. For this value, the resulting cross spec-
trum implies a contribution to our r constraint (calculated
as in Sec. XI) equivalent to rsync;150 ¼ 0.0008" 0.0041,
while for a more conservative β ¼ −3.0, rsync;150 ¼
0.0014" 0.0071. In contrast to analysis with the models
of polarized dust, cross spectra with the official WMAP
polarized maps can be confidently expected to provide an
unbiased estimate of signal correlated with synchrotron for
a given spectral index, with a quantified uncertainty. Note
that the assumed spectral index only enters as the first
power in these BICEP2 ×WMAPK cross spectral con-
straints, and the uncertainty depends only weakly on the
model for WMAP noise. The WMAPK auto spectrum, if
de-biased for noise, implies even tighter constraints on the
synchrotron contribution to our r parameter: for β ¼ −3.3,
rsync;150 ¼ 0.001" 0.0006, or for β ¼ −3.0, rsync;150 ¼
0.003" 0.002, although these have a somewhat greater
dependence on assumptions about WMAP noise levels and
the spectral index.

C. Point sources

Extragalactic point sources might also potentially be a
concern. Using the 143 GHz fluxes for the sources in our
field from the Planck catalog [97], together with polariza-
tion information from ATCA [98] we find that the con-
tribution to the BB spectrum is equivalent to r ≈ 0.001.
This is consistent with the projections of Battye et al. [99].

X. CROSS SPECTRA

A. Cross spectra with BICEP1

BICEP1 observed essentially the same field as BICEP2
from 2006 to 2008. While a very similar instrument in
many ways the focal plane technology of BICEP1 was
entirely different, employing horn-fed PSBs read out via
neutron transmutation-doped (NTD) germanium thermis-
tors (see T10 for details). The high-impedance NTD
devices and readouts have different susceptibility to micro-
phonic pickup and magnetic fields, and the shielding of

unwanted RFI and EMI was significantly different from
that of BICEP2. The beam systematics were also quite
different with a more conservative edge taper and smaller
observed pair centroid offsets (see T10 and the Instrument
Paper). BICEP1 had detectors at both 100 and 150 GHz.
Figure 7 compares the BICEP2 EE and BB auto spectra

with cross spectra taken against the 100 and 150 GHz maps
from BICEP1. For EE the correlation is extremely strong,
which simply confirms that the mechanics of the process
are working as expected. For BB the signal-to-noise is of
course much lower, but there appear to be positive
correlations. To test the compatibility of the BB auto
and cross spectra we take the differences and compare
to the differences of lensed-ΛCDMþ noiseþ r ¼ 0.2
simulations (which share common input skies). (For all
spectral difference tests we compare against lensed-
ΛCDMþ noiseþ r ¼ 0.2 simulations as the cross terms
between signal and noise increase the variance even for
perfectly common sky coverage.) Using band powers 1–5
the χ2 and χ PTEs are midrange, indicating that the spectra
are compatible to within the noise. (This is also true
for EE.)
To test for evidence of excess power over the base

lensed-ΛCDM expectation we calculate the BB χ2 and χ
statistics against this model. The BICEP2 × BICEP1150
spectrum has PTEs of 0.37 and 0.05, respectively, while the
BICEP2 × BICEP1100 spectrum has PTEs of 0.005 and
0.001. The latter corresponds to a ≈3σ detection of excess
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FIG. 7 (color). The BICEP2 EE and BB auto spectra (as shown
in Fig. 2) compared to cross spectra between BICEP2 and the 100
and 150 GHz maps from BICEP1. The error bars are the standard
deviations of the lensed-ΛCDMþ noise simulations and hence
contain no sample variance on tensors. (For clarity the cross
spectrum points are offset horizontally.)

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

241101-16

How are we sure that what has been measured is of cosmological origin?

BICEP2 Collaboration

r=0
r=0.2

r=0.2 is high, and higher 
than expected

Planck constraint was r <0.11



Planck sky maps



Galactic dust

Polarized dust emission arises from the alignment of non-spherical 
dust grains with the interstellar magnetic field.

take a existing dust intensity map, and “convert”  to polarisation 
assuming a polarisation fraction

Such previous studies have generically predicted levels of
foreground B-mode contamination in clean high latitude
regions equivalent to r≲ 0.01—well below that which we
observe—although they note considerable uncertainties.

A. Polarized dust projections

The main uncertainty in foreground modeling is cur-
rently the lack of a polarized dust map. (This will be
alleviated soon by the next Planck data release.) In the
meantime we have therefore investigated a number of
existing models using typical or default assumptions for
polarized dust, and have formulated a new one. A brief
description of each model is as follows:
FDS: Model 8 [88], scaled with a uniform polarization

fraction of 5%, is a commonly used all-sky baseline model
(e.g.,[44,87]). We set Q ¼ U.
BSS: Bisymmetric spiral (BSS) model of the Galactic

magnetic field [89,90]. The polarization fraction varies
across the sky in this model; by default it is scaled to match
the 3.6% all-sky average reported by WMAP [91], giving a
mean and standard deviation in the BICEP2 field
of ð5.7# 0.7Þ%.
LSA: Logarithmic spiral arm (LSA) model of the

Galactic magnetic field [89,90]. The polarization fraction
varies across the sky in this model; by default it is also
scaled to match the 3.6% all-sky average reported by
WMAP [91], giving a mean and standard deviation in
the BICEP2 field of ð5.0# 0.3Þ%.
PSM: Planck sky model (PSM) [92] version 1.7.8, run as

a “Prediction” with default settings, including 15% dust
intrinsic polarization fraction [93]. In this model, the
intrinsic polarization fraction is reduced by averaging over
variations along each line of sight. The resulting polariza-
tion fraction varies across the sky; its mean and standard
deviation in the BICEP2 field are ð5.6# 0.8Þ%.
DDM1: “Data driven model 1” (DDM1) constructed from

publicly available Planck data products. The Planck dust
model map at 353 GHz is scaled to 150 GHz assuming a
constant emissivity value of 1.6 and a constant temperature of
19.6 K [94]. A nominal uniform 5% sky polarization fraction
is assumed, and the polarization angles are taken from the
PSM. This model will be biased down due to the lack of
spatial fluctuation in the polarization fraction and angles, but
biased up due to the presence of instrument noise and
(unpolarized) cosmic infrared background anisotropy in
the Planck dust model [95].
All of the models except FDS make explicit predictions

of the actual polarized dust pattern in our field. We can
therefore search for a correlation between the models and
our signal by taking cross spectra against the BICEP2
maps. The upper panel of Fig. 6 shows the resulting BB
auto and cross spectra—the autospectra are all below the
level of our observed signal and no significant cross-
correlation is found. [The cross spectra between each
model and real data are consistent with the cross spectra

between that model and (uncorrelated) lensed-LCDMþ
noise simulations.] We note that the lack of cross-
correlation can be interpreted as due to limitation of the
models. To produce a power level from DDM1 auto
comparable to the observed excess signal would require
one to assume a uniform polarization fraction of ∼13%.
While this is well above typically assumed values, models
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FIG. 6 (color). Upper: Polarized dust foreground projections for
our field using various models available in the literature, and a
new one formulated using the information officially available
from Planck. Dashed lines show autospectra of the models, while
solid lines show cross spectra between the models and the
BICEP2 maps. The BICEP2 auto spectrum from Fig. 2 is also
shown with the lensed-ΛCDMþ r ¼ 0.2 spectrum. Lower:
Polarized synchrotron constraints for our field using the WMAP
K band (23 GHz) maps projected to 150 GHz using the mean
spectral index within our field (β ¼ −3.3) fromWMAP. The blue
points with error bars show the cross spectrum between the
BICEP2 and WMAP maps, with the uncertainty estimated from
cross spectra against simulations of the WMAP noise. The
magenta points with error bars and the dashed curve show the
WMAP auto spectrum with and without noise debias. See the text
for further details.
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power. While it may seem surprising that one cross
spectrum shows a stronger detection than the other, it turns
out not to be unusual in lensed-ΛCDMþ noiseþ r ¼ 0.2
simulations. (Compared to such lensed-ΛCDMþ noiseþ
r ¼ 0.2 simulations, χ2 and χ PTEs are 0.92 and 0.74 for
BICEP2 × BICEP1150 and 0.18 and 0.23 for
BICEP2 × BICEP1100. These simulations also indicate that
the BICEP2 × BICEP1150 and BICEP2 × BICEP1100 val-
ues are only weakly correlated. Therefore if r ¼ 0.2 is
the true underlying model then the observed BICEP2 ×
BICEP1150 χ2 and χ values appear to be modest downward
fluctuations and the BICEP2 × BICEP1100 values modest
upward fluctuations—but they are compatible.)

B. Spectral index constraint

We can use the BICEP2 auto and BICEP2 × BICEP1100
spectra shown in Fig. 7 to constrain the frequency depend-
ence of the observed signal. If the signal at 150 GHz were
due to synchrotron we would expect the frequency cross
spectrum to be much larger in amplitude than the BICEP2
auto spectrum. Conversely, if the 150 GHz power were due
to polarized dust emission we would not expect to see a
significant correlation with the 100 GHz sky pattern.
Pursuing this formally, we use simulations of both

experiments observing a common sky to construct a
combined likelihood function for band powers 1–5 of
the BICEP2 auto, BICEP1100 auto, and their cross spectrum
using the Hamimeche-Lewis [100] approximation (HL);
see B14 for implementation details. As with all likelihood
analyses we report, this procedure fully accounts for
sample variance. We use this likelihood function to fit a
six-parameter model parametrized by five 150 GHz band
power amplitudes and a single common spectral index, β.
We consider two cases, in which the model accounts for
(1) the total BB signal or (2) only the excess over lensed
ΛCDM, and we take the spectral index to be the power law
exponent of this signal’s antenna temperature as a function
of frequency. We marginalize this six-parameter model over
the band powers to obtain a one-parameter likelihood
function over the spectral index.
Figure 8 shows the resulting estimates of the spectral

index, with approximate 1σ uncertainty ranges. We evalu-
ate the consistency with specific values of β using a
likelihood ratio test. Both the total and the excess observed
BB signal are consistent with the spectrum of the CMB
(β ¼ −0.7 for these bands and conventions). The spectrum
of the excess BB signal has a CMB-to-peak likelihood ratio
of L ¼ 0.75. Following Wilks [101] we take χ2 ≈ −2 logL
and evaluate the probability to exceed this value of χ2 (for a
single degree of freedom). A synchrotron spectrum with
β ¼ −3.0 is disfavored for the excess BB (L ¼ 0.26, PTE
0.10, 1.6σ); although the BICEP2 ×WMAPK spectrum
offers a much stronger constraint. The preferred whole-sky
dust spectrum from Planck [94], which corresponds under
these conventions to β ≈þ1.5, is also disfavored as an

explanation for the excess BB (L ¼ 0.24, PTE 0.09, 1.7σ).
We have also conducted a series of simulations applying
this procedure to simulated data sets with CMB and dust
spectral indices. These simulations indicate that the
observed likelihood ratios are typical of a CMB spectral
index but atypical of dust. [For the dust simulations we
simulate power spectra for our sky patch using the HL
likelihood function, assuming the observed BICEP2 power
spectrum at 150 GHz and extrapolating to 100 GHz using a
spectral index of þ1.5 for the excess above lensing. For
each simulation we compute this likelihood function and
calculate the likelihood ratio of Lð1.5Þ=LðCMBÞ. In 45 of
500 such simulations we find a likelihood ratio smaller than
that in our actual data.]
In the analysis above, the 100 GHz auto spectrum

contributes little statistical weight, so what is being con-
strained is effectively the spectral index of the component
of the 100 GHz sky pattern which correlates with the
150 GHz pattern. A mixture of synchrotron and dust,
summing to the level of the observed BB excess, could in
principle be constructed to achieve any intermediate
effective spectral index. Spatial correlation between the
two patterns is an additional potential degree of freedom.
Considering a scenario with no such correlation and
nominal dust and synchrotron spectral indices
(βsync¼−3.0), reproducing the maximum likelihood effec-
tive β ¼ −1.65 (see Fig. 8) would require a nearly equal
mix of dust and synchrotron BB power at 150 GHz. In
this scenario, the synchrotron contribution in the BICEP2
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FIG. 8 (color). The constraint on the spectral index of the BB
total signal (green) and excess signal over lensed ΛCDM (black),
based on joint consideration of the BICEP2 auto, BICEP1100
auto, and BICEP2 × BICEP1100 cross spectra. The curve shows
the marginalized likelihood as a function of assumed spectral
index. The vertical solid and dashed lines indicate the maximum
likelihoods and the %1σ intervals. The blue vertical lines indicate
the equivalent spectral indices under these conventions for the
CMB, synchrotron, and dust. The observed signal is consistent
with a CMB spectrum, while synchrotron and dust are both
disfavored.
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ABSTRACT
Wereport resultsfrom theBICEP2 experiment, aCosmicMicrowaveBackground (CMB) polarimeter specif-

ically designed tosearch for thesignal of inflationary gravitational wavesin the B-modepower spectrumaround
`⇠ 80. Thetelescopecompriseda26cmapertureall-cold refractingoptical systemequippedwithafocal plane
of 512 antennacoupled transition edgesensor (TES) 150GHz bolometerseachwith temperaturesensitivity of
⇡ 300 µKCMB

p
s. BICEP2 observed from theSouthPolefor threeseasonsfrom2010 to2012. A low-foreground

region of sky with an effectiveareaof 380 squaredegreeswasobserved to adepth of 87 nK-degrees in Stokes
Q andU . In this paper we describe the observations, data reduction, maps, simulations and results. We find
an excess of B-mode power over the base lensed-⇤CDM expectation in the range 30< ` < 150, inconsistent
with the null hypothesis at a significance of > 5�. Through jackknife tests and simulations based on detailed
calibration measurements we show that systematic contamination is much smaller than the observed excess.
We also estimate potential foreground signals and find that availablemodels predict these to be considerably
smaller than the observed signal. These foreground models possess no significant cross-correlation with our
maps. Additionally, cross-correlating BICEP2 against 100GHzmaps from theBICEP1 experiment, theexcess
signal is confirmed with 3� significanceand its spectral index is found to beconsistent with that of theCMB,
disfavoring synchrotron or dust at 2.3� and 2.2�, respectively. Theobserved B-modepower spectrum iswell-
fit by a lensed-⇤CDM + tensor theoretical model with tensor/scalar ratio r = 0.20+0.07

-0.05, with r = 0 disfavored at
7.0�. Subtracting the best available estimate for foreground dust modifies the likelihood slightly so that r = 0
isdisfavored at 5.9�.
Subject headings: cosmic background radiation — cosmology: observations— gravitational waves— infla-

tion— polarization
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The discovery of the Cosmic Microwave Background
(CMB) by Penzias & Wilson (1965) confirmed the hot big
bang paradigm and established theCMB asa central tool for
the study of cosmology. In recent years, observations of its
temperature anisotropies have helped establish and refine the
“standard” cosmological model now known as⇤CDM, under
which our universe is understood to be spatially flat, domi-
nated by cold dark matter, and with a cosmological constant
(⇤) driving accelerated expansion at late times. CMB tem-
perature measurements have now reached remarkable preci-
sion over angular scales ranging from the whole sky to ar-
cminute resolution, producing results in striking concordance
with predictions of ⇤CDM and constraining its key parame-
ters to sub-percent precision (e.g. Bennett et al. 2013; Hin-
shaw et al. 2013; Story et al. 2013; Hou et al. 2014; Sievers
et al. 2013; Das et al. 2013; Planck Collaboration XV 2013;
Planck Collaboration XVI 2013).
Inflationary cosmology extends thestandardmodel by pos-

tulating an early period of nearly exponential expansion
which sets the initial conditions for the subsequent hot big
bang. It was proposed and developed in the early 1980s
to resolve mysteries for which the standard model offered
no solution, including the flatness, horizon, smoothness, en-
tropy, and monopole problems (Brout et al. 1978; Starobin-
sky 1980; Kazanas1980; Sato 1981; Guth 1981; Linde1982,
1983; Albrecht & Steinhardt 1982; see Planck Collaboration
XXII 2013 for areview). Inflationalsoexplainstheuniverse’s
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From the original abstract

Even from then, no clear evidence of the cosmological origin of the 
signal. (Of course it is easy to say that today!!)
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ABSTRACT

This paper presents the large-scale polarized sky as seen by Planck HFI at 353 GHz, which is the most sensitive Planck channel for dust polar-
ization. We construct and analyse large-scale maps of dust polarization fraction and polarization direction, while taking account of noise bias and
possible systematic e↵ects. We find that the maximum observed dust polarization fraction is high (pmax > 18 %), in particular in some of the in-
termediate dust column density (AV < 1 mag) regions. There is a systematic decrease in the dust polarization fraction with increasing dust column
density, and we interpret the features of this correlation in light of both radiative grain alignment predictions and fluctuations in the magnetic field
orientation. We also characterize the spatial structure of the polarization angle using the angle dispersion function and find that, in nearby fields at
intermediate latitudes, the polarization angle is ordered over extended areas that are separated by filamentary structures, which appear as interfaces
where the magnetic field sky projection rotates abruptly without apparent variations in the dust column density. The polarization fraction is found
to be anti-correlated with the dispersion of the polarization angle, implying that the variations are likely due to fluctuations in the 3D magnetic
field orientation along the line of sight sampling the di↵use interstellar medium. We also compare the dust emission with the polarized synchrotron
emission measured with the Planck LFI, with low-frequency radio data, and with Faraday rotation measurements of extragalactic sources. The two
polarized components are globally similar in structure along the plane and notably in the Fan and North Polar Spur regions. A detailed comparison
of these three tracers shows, however, that dust and cosmic rays generally sample di↵erent parts of the line of sight and confirms that much of the
variation observed in the Planck data is due to the 3D structure of the magnetic field.

Key words. ISM: general – ISM: dust – ISM: magnetic fields – ISM: clouds – Submillimetre: ISM

1. Introduction

Our Galaxy is pervaded by an interstellar magnetic field of a few
microgauss, which fills the entire disk and extends well into the
halo. This magnetic field manifests itself in a variety of ways, in-
cluding Zeeman splitting of atomic and molecular spectral lines,

⇤ Corresponding author; email: Jean-Philippe.Bernard@irap.omp.eu.

Faraday rotation of polarized radio signals, synchrotron emis-
sion from relativistic electrons, and polarization of starlight and
thermal dust emission. With a pressure at least comparable to
those of the thermal gas and of cosmic rays, the Galactic mag-
netic field (GMF) plays a crucial role in the ecosystem of our
Galaxy. It governs the structure and the dynamics of the inter-
stellar medium (ISM), regulates the process of star formation,
accelerates cosmic rays, channels their trajectories and helps to
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Planck collaboration: The Planck dust polarization sky

average over the sky region studied here, and would not change
the observd polarization angles. We have checked that no notice-
able systematic variation of the polarization fraction is detected
in our maps along zodiacal dust lanes.

CMB fluctuations are polarized at a level of 0.56 mK (Kovac
et al. 2002) at a resolution of about 1�, which corresponds to
1.6 ⇥ 10�4 MJy sr�1 at 353 GHz. In the mask we use here, the
e↵ect of CMB polarized fluctuations is therefore negligible and
we did not attempt to correct for those fluctuations.

No additional correction was applied to the data.

2.5. External data

In Sect. 4.4, we compare the Planck HFI polarization maps with
low-frequency radio and microwave observations that are dom-
inated by synchrotron emission over most of the sky. These in-
clude:

– the 408 MHz total intensity map of Haslam et al. (1982) from
the LAMBDA3 site;

– the 1.4 GHz total intensity map of the northern (Reich 1982;
Reich & Reich 1986) and southern (Reich et al. 2001) sky;

– the 1.4 GHz polarized intensity maps of the northern (Reich
1982) and southern (Reich & Reich 1986) sky;

For the analysis in Sect. 4.4, the Planck HFI and LFI maps
are smoothed to 1� FWHM resolution to match these radio data
and downgraded to Nside = 256. Most of the 1.4 GHz maps are
available on the Bonn survey site4 as FITS images in Cartesian
coordinates. They are converted into HEALPix using the proce-
dure described in Paradis et al. (2012) and are made available
in this form on the CADE site 5. The resolution of the obser-
vations is roughly 1�, so no additional smoothing is applied to
the radio data. The total intensity map at 1.4 GHz is estimated
to have an o↵set of 2.8 K (Reich et al. 2004) due to the com-
bination of zero-level calibration uncertainty, unresolved extra-
galactic sources, and the CMB, so this was subtracted from the
data.

The total intensity data include thermal bremsstrahlung
(free-free) emission, particularly in the plane. This is not neg-
ligible at 408 MHz or 1.4 GHz. We use the WMAP MEM free-
free solution (Gold et al. 2011) to subtract it. We note that this
free-free template likely includes anomalous dust emission, and
there are indications that it is an overestimate by roughly 20 to
30 % (Alves et al. 2010; Ja↵e et al. 2011). Since synchrotron
dominates over free-free emission at low radio frequencies, even
on the Galactic plane, the uncertainties on the free-free correc-
tion are not expected to a↵ect the qualitative comparison with
dust emission in this paper. But the MEM template is not suf-
ficiently accurate to correct for free-free when the synchrotron
is subdominant at 30 GHz. Furthermore, the 30 GHz total inten-
sity also includes anomalous dust emission for which we have
no correction. We therefore do not use 30 GHz in total intensity,
but only in polarization.

3. Description of the Planck polarization maps

Figure 4 shows the maps of the polarization fraction (p) at a res-
olution of 1�. Figure 5 shows the map of the polarization direc-

3 http://lambda.gsfc.nasa.gov
4 http://www.mpifr-bonn.mpg.de/survey.html. The southern

part of the 1.4 GHz total intensity data was provided by W. Reich (pri-
vate communication).

5 Analysis Center for Extended Data, http://cade.irap.omp

tion, also at a resolution of 1�. Both figures also show the corre-
sponding map of the total uncertainty, which includes the contri-
bution from statistical and systematic uncertainty estimates, as
described in Sect. 2.4. The maps were masked as described in
Sect. 2.4 in regions where large residual systematic uncertainties
were evident or where the total intensity at 353 GHz is not dom-
inated by dust emission. Figures 4 and 5 were constructed using
the mean posterior method described in Appendix B.3 and are
discussed in Sects. 3.1 and 3.2. In Fig. 6 we highlight several re-
gions of interest that we will discuss below; parameters of these
regions are given in Table 1.

3.1. Polarization fraction

Fig. 7. Histograms of the observed polarization fraction at 1�
resolution for the whole sky shown in Fig. 1 (red), the Galactic
plane within |bII| < 5� (green) and the inner Galactic plane
within |bII| < 5� and |`II| < 90� (blue). The vertical dashed line
shows the maximum value pmax discussed in Sect. 4.1.

As seen from Fig. 4, the measured polarization fraction
shows significant variations on the sky. One of the aims of this
paper is to characterize those variations and to try to understand
their origin. These characteristics are compared to those of po-
larized emission maps computed in simulations of anisotropic
MHD turbulence in a companion paper (Planck Collaboration
Int. XX 2014).

Figure 4 shows that the polarization fraction of the thermal
dust emission can reach up to about 20 % in several large-scale
regions of the sky. This is particularly the case in the second
Galactic quadrant (a region known as “the Fan”) (`II ' 140�,
bII ' 0�), the Perseus area (`II ' 144�, bII ' �30�), the Loop I
area (`II ' 16�, bII ' +24�) and a region we call Microscopium
(`II ' 336�, bII ' �20�). The large-scale distribution of these
regions is consistent with predictions from the Galactic mag-

10
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Fig. 4. Upper: Map of the 353 GHz polarization fraction p at 1� resolution. The colour scale is linear and ranges from 0 % to
20 %. Lower: Map of the 353 GHz polarization fraction uncertainty, �p, at 1� resolution in log10 scale. The colour scale is from
�p = 0.1 % to �p = 10 %. The data are not shown in the grey areas where the dust emission is not dominant or where residuals
were identified comparing individual surveys (see Sect. 2.4). The polarization fraction is obtained using the Bayesian method with
a mean posterior estimator (see Sect. 2.3). The uncertainty map includes statistical and systematic contributions. The same mask as
in Fig. 1 is applied.

from dust. Since we do not concentrate on regions with strong
molecular emission in this paper, no correction was applied for
the CO emission BPM leakage.

Figure 3 shows the e↵ect of the correction for BPM on the
observed distribution of polarization angles toward the plane of

the Milky Way (|bII| < 5�) in the four Galactic quadrants (Q1,
Q2, Q3 and Q4, defined by 0� < `II < 90�, 90� < `II < 180�,
180� < `II < 270�, and 270� < `II < 360�, respectively). When
no BPM leakage correction is applied, angles are observed to
be distributed around +20� and �5� for the inner (Q1 and Q4)

6

There are regions of the sky with high 
polarization fraction, possibly higher 
than what the BICEP2 team assumed.
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Quadrant Q2 Quadrant Q1 Quadrant Q4 Quadrant Q3no correction
method A
method B (used)

Fig. 3. Histograms of the observed polarized angle at the full data resolution towards the Galactic plane (| b II | < 5�) for the four
Galactic quadrants. The various curves show data uncorrected for bandpass mismatch (red), and corrected using sky coupling
coe�cients derived either from ground (method A: green) or sky measurements (method B: dark blue). The vertical dashed lines
show thepeak valueobtained from fitting thehistogramswith aGaussian.

2.1. Conventions and notations

Therelationsbetween theobservedStokesparameters( I , Q , and
U ) and the polarization fraction ( p ) and polarization angle ( )
aregiven by

p =

p
Q 2 + U 2

I
, (1)

and
 = 0.5⇥ arctan( U , Q ), (2)

where the two arguments function arctan(Y , X ) is used to com-
puteat an( Y / X ) avoiding the⇡ ambiguity, such that

Q = p ⇥ I ⇥ cos(2 ),
U = p ⇥ I ⇥ sin(2 ). (3)

For the Stokes parameters provided in the Planck data, the
angle convention above is with respect to Galactic coordinates
with �90� <  < +90� and  = 0� towards the Galactic north
and positive towards the west (clockwise). Note that this con-
vention is the one used in the HEALPix2 software (Górski et al.
2005), but is di↵erent from the IAU convention (Hamaker &
Bregman 1996), which is  = 0� towards north and positive
towards the east (counterclockwise). The conversion between
Planck Stokesparametersand the IAU convention isgiven by:

 IAU = 0.5⇥ arctan(�U , Q ). (4)

In this paper, the tabulated angle values are given in the IAU
convention.

2.2. Bandpass mismatch leakage correction

Owing to the way the polarization maps are constructed, any
instrumental di↵erence between detectors of the same channel
may produceafakepolarization signal, even for unpolarized sky
signal inputs. This is thecase for thebandpassmismatch (BPM)
betweendetectorsthat a↵ectsPlanck polarizationmaps. In prac-
tice, the e↵ect corresponds to a leakage term from intensity I
into polarization Q and U . The BPM polarization leakage ef-
fect is thereforestrongest in regionsof high intensity, i.e., along
the Galactic plane, and a↵ects both p and  . Note that, since
the353GHz intensity dataused herearecalibrated on theCMB
2 http://healpix.jpl.nasa.gov

signal, no BPM leakage is produced by the CMB anisotropies.
Other astrophysical emission sources, however, produce BPM
polarization leakage.

Knowing the actual Planck sky scanning strategy and the
orientations of the polarization sensitive bolometers in the fo-
cal plane, theBPM polarization leakagecorrectionscan beesti-
mated from therelativeresponsesof each detector to agiven sky
astrophysical emission. The Planck collaboration is exploring
di↵erent methodsto compute therelativeresponsesof detectors,
aswell as to produce total intensity maps for each sky emission
source. Twomethodshavebeenused todeterminetherelativere-
sponses (Planck Collaboration IX 2014). The first one (method
A) involvescomputing theBPM leakagebetweenbolometersus-
ing the ground-measured bandpasses (Planck Collaboration IX
2014). Thesecond one (method B) deduces the relativedetector
response on regions of the sky where we can obtain I , Q , and
U maps for each detector individually. Note that this can only
be performed in limited regions of the sky, outside theGalactic
plane, which have been scanned in a large number of configu-
rations, allowing for the full reconstruction of I , Q , and U per
detector. A comparison between thetwomethods ispresented in
Planck Collaboration IX (2014).

When folding theabovecoe�cientsinto thePlanck scanning
strategy, we have chosen to produce templatemaps T X

b (⌫) of the
BPM leakage contribution for each frequency (⌫) channel, for
each bolometer ( b (⌫)) and for eachStokesparameter ( X being Q
or U ). TheBPM polarization leakagecorrection is

L X
⌫ =
X

b (⌫)
R b (⌫) I ⌫ T X

b (⌫), (5)

where R b (⌫) represents the detector relative responses and I ⌫ is
the sky intensity. For the purpose of the study presented here,
weonly take into account BPM leakagefromdust thermal emis-
sion, since this is the dominant term at 353GHz. The template
maps in Eq.5 were computed using the Planck thermal dust
model described in Planck Collaboration XI (2014). We used
thestandard Planck map-making procedurepresented in Planck
Collaboration VIII (2014). Note that thePlanck 353GHz chan-
nel also includes emission from the CO ( J = 3 ! 2) line (see
Planck CollaborationVI 2014),whichshouldalso inprinciplebe
included in theBPM leakage correction. This, however, is rela-
tively weak with respect to dust thermal emission and thecorre-
sponding BPM e↵ect is expected to be small compared to that
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Fig. 10. Mean polarized SED in KRJ units, normalized to 1 at 353 GHz correlated with the Stokes Q and U 353 GHz maps. The
polarized spectral model with and without the constraint on �P

s match the observed data points.

correlated AME polarization at 23 GHz as,

h[↵̃P
23]1T

353i = h↵P
23(a353)i = pa

pd
h↵I

23(a353)i ,

i.e., 0.95 =
pa

pd
h↵I

23(a353)i ,

so pa =
pd ⇥ 0.95
h↵I

23(a353)i .

=
pd ⇥ 0.95

A

I
a

. (32)

We use the mean AME amplitude, A

I
a = 1.14, from model DI+AI

and Table 4, together with pd = 20 % (Planck Collaboration
Int. XIX 2014; Planck Collaboration Int. XX 2014), to derive
an upper limit on the intrinsic polarization fraction of AME of
about 16 %. This is much higher than upper limits reported from
the analysis of compact sources (Dickinson et al. 2011; López-
Caraballo et al. 2011; Rubiño-Martı́n et al. 2012) and theoretical
predictions (Lazarian & Draine 2000; Hoang et al. 2013). Thus
AME is unlikely to be the sole explanation for the low frequency
rise of the polarization SED, even if we cannot exclude some
contribution from AME.

9.3. Parametric modelling for polarized dust SED

In this section we present a spectral model that fits the observed
polarization SED. We model the polarization SED with a com-
bination of polarized synchrotron and dust components. This
model does not include AME. We account for the rise of the SED
towards the lowest frequencies with the synchrotron component.
For the synchrotron component we use the PL model with two
parameters: the amplitude; and the spectral index. The PL model
of synchrotron emission is related to the power-law energy dis-
tribution of the cosmic-ray electron spectrum (Abdo et al. 2009;
Ackermann et al. 2010, 2012). The model is the superposition of
a power-law synchrotron spectrum and the MBB for the thermal
dust emission. We refer to this model as PSI+PDI. It is described
by the equation:

h[↵̃P
⌫ ]

1T
353i = A

P
s

 
⌫

⌫b

!�P
s

+

 
⌫

⌫ref

!�P
d,mm�2

B⌫(Td)
B⌫ref (Td)

, (33)

where A

P
s is the amplitude of polarized synchrotron components

in KRJ units, and �P
d,mm is the polarized dust spectral index. The

polarized dust SED, expressed in KRJ units, is normalised to 1 at
353 GHz. Like for the two intensity models, we fix Td = 19.6 K.
We fit three parameters: the synchrotron amplitude, the syn-
chrotron and dust spectral index. We also fit this model with an
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Fig. 10. Mean polarized SED in KRJ units, normalized to 1 at 353 GHz correlated with the Stokes Q and U 353 GHz maps. The
polarized spectral model with and without the constraint on �P

s match the observed data points.

correlated AME polarization at 23 GHz as,

h[↵̃P
23]1T

353i = h↵P
23(a353)i = pa

pd
h↵I

23(a353)i ,

i.e., 0.95 =
pa

pd
h↵I

23(a353)i ,

so pa =
pd ⇥ 0.95
h↵I

23(a353)i .

=
pd ⇥ 0.95

A

I
a

. (32)

We use the mean AME amplitude, A

I
a = 1.14, from model DI+AI

and Table 4, together with pd = 20 % (Planck Collaboration
Int. XIX 2014; Planck Collaboration Int. XX 2014), to derive
an upper limit on the intrinsic polarization fraction of AME of
about 16 %. This is much higher than upper limits reported from
the analysis of compact sources (Dickinson et al. 2011; López-
Caraballo et al. 2011; Rubiño-Martı́n et al. 2012) and theoretical
predictions (Lazarian & Draine 2000; Hoang et al. 2013). Thus
AME is unlikely to be the sole explanation for the low frequency
rise of the polarization SED, even if we cannot exclude some
contribution from AME.

9.3. Parametric modelling for polarized dust SED

In this section we present a spectral model that fits the observed
polarization SED. We model the polarization SED with a com-
bination of polarized synchrotron and dust components. This
model does not include AME. We account for the rise of the SED
towards the lowest frequencies with the synchrotron component.
For the synchrotron component we use the PL model with two
parameters: the amplitude; and the spectral index. The PL model
of synchrotron emission is related to the power-law energy dis-
tribution of the cosmic-ray electron spectrum (Abdo et al. 2009;
Ackermann et al. 2010, 2012). The model is the superposition of
a power-law synchrotron spectrum and the MBB for the thermal
dust emission. We refer to this model as PSI+PDI. It is described
by the equation:

h[↵̃P
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1T
353i = A

P
s

 
⌫

⌫b

!�P
s

+

 
⌫

⌫ref
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, (33)

where A

P
s is the amplitude of polarized synchrotron components

in KRJ units, and �P
d,mm is the polarized dust spectral index. The

polarized dust SED, expressed in KRJ units, is normalised to 1 at
353 GHz. Like for the two intensity models, we fix Td = 19.6 K.
We fit three parameters: the synchrotron amplitude, the syn-
chrotron and dust spectral index. We also fit this model with an
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A. Mennella31,44, M. Migliaccio54,61, M.-A. Miville-Deschênes51,8, A. Moneti52, L. Montier80,10, G. Morgante43, D. Mortlock49, D. Munshi75,
J. A. Murphy70, P. Naselsky71,34, F. Nati30, P. Natoli29,3,43, C. B. Netterfield19, F. Noviello60, D. Novikov49, I. Novikov71, N. Oppermann8,

C. A. Oxborrow15, L. Pagano30,46, F. Pajot51, D. Paoletti43,45, F. Pasian42, O. Perdereau62, L. Perotto66, F. Perrotta74, F. Piacentini30,
D. Pietrobon59, S. Plaszczynski62, E. Pointecouteau80,10, G. Polenta3,41, L. Popa53, G. W. Pratt64, J. P. Rachen20,69, W. T. Reach81, M. Reinecke69,

M. Remazeilles60,51,1, C. Renault66, S. Ricciardi43, T. Riller69, I. Ristorcelli80,10, G. Rocha59,11, C. Rosset1, G. Roudier1,63,59,
J. A. Rubiño-Martı́n56,35, B. Rusholme50, E. Salerno9, M. Sandri43, G. Savini73, D. Scott21, L. D. Spencer75, V. Stolyarov5,61,77, R. Stompor1,

R. Sudiwala75, D. Sutton54,61, A.-S. Suur-Uski24,39, J.-F. Sygnet52, J. A. Tauber38, L. Terenzi43, L. Toffolatti18,58, M. Tomasi31,44, M. Tristram62,
M. Tucci16,62, L. Valenziano43, J. Valiviita24,39, B. Van Tent67, P. Vielva58, F. Villa43, B. D. Wandelt52,79,27, A. Zacchei42, and A. Zonca26

(Affiliations can be found after the references)

Preprint online version: September 23, 2014

ABSTRACT

Planck has mapped the intensity and polarization of the sky at microwave frequencies with unprecedented sensitivity. We use these data to
characterize the frequency dependence of dust emission. We make use of the Planck 353 GHz I, Q, and U Stokes maps as dust templates,
and cross-correlate them with the Planck and WMAP data at 12 frequencies from 23 to 353 GHz, over circular patches with 10� radius. The
cross-correlation analysis is performed for both intensity and polarization data in a consistent manner. The results are corrected for the chance
correlation between the templates and the anisotropies of the cosmic microwave background. We use a mask that focuses our analysis on the diffuse
interstellar medium at intermediate Galactic latitudes. We determine the spectral indices of dust emission in intensity and polarization between
100 and 353 GHz, for each sky-patch. Both indices are found to be remarkably constant over the sky. The mean values, 1.59±0.02 for polarization
and 1.51 ± 0.01 for intensity, for a mean dust temperature of 19.6 K, are close, but significantly different (3.6�). We determine the mean spectral
energy distribution (SED) of the microwave emission, correlated with the 353 GHz dust templates, by averaging the results of the correlation over
all sky-patches. We find that the mean SED increases for decreasing frequencies at ⌫ < 60 GHz, for both intensity and polarization. The rise
of the polarization SED towards low frequencies may be accounted for by a synchrotron component correlated with dust, with no need for any
polarization of the anomalous microwave emission. We use a spectral model to separate the synchrotron and dust polarization and to characterize
the spectral dependence of the dust polarization fraction. The polarization fraction (p) of the dust emission decreases by (21 ± 6) % from 353 to
70 GHz. We discuss this result within the context of existing dust models. The decrease of p could indicate differences in polarization efficiency
among components of interstellar dust (e.g., carbon versus silicate grains). Our observational results provide inputs to quantify and optimize the
separation between Galactic and cosmological polarization.

Key words. Polarization – ISM: general – Galaxy: general – radiation mechanisms: general – radio continuum: ISM – submillimeter: ISM
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2007). We discuss the spectral dependence of p using the mod-
els from Draine & Li (2007), Compiègne et al. (2011), and
Jones et al. (2013). In these three models, the thermal dust emis-
sion is the electric dipole emission from two types of grains,
silicates and carbon grains, with distinct optical properties and
thereby temperatures. The first two models use the same optical
properties for silicates, but distinct properties for carbon grains;
Draine & Li (2007) use the optical properties of graphite, while
Compiègne et al. (2011) use results from laboratory measure-
ments of amorphous carbon. The spectral index for carbon grains
is 2 in the Draine & Li (2007) model and 1.6 in Compiègne
et al. (2011). Over microwave frequencies, the opacity of sili-
cates scales as ⌫1.6 in both models. Jones et al. (2013) use op-
tical properties of amorphous carbon grains, which depend on
the hydrogen fraction and degree of aromatization (Jones 2012).
The spectral index of the carbon dust at 353 GHz varies between
1.2 and 2.3, depending on the nature of the carbon grains (see
Fig. 14 of Jones et al. 2013 for more details).

SEDs from the first two models have been compared to the
Planck dust SED in intensity in Planck Collaboration Int. XVII
(2014) and Planck Collaboration Int. XXIX (2014). The dif-
ferences between the model and the data are within 5–15 % at
⌫ < 353 GHz. Draine & Fraisse (2009) have used the Draine &
Li (2007) dust model to compute spectra for dust polarization.
They predict a systematic increase of the polarization fraction p

at microwave frequencies when only silicates contribute to dust
polarization. This prediction is not what we report in this paper.
However, model predictions for the spectral dependency of p are
related to the difference in spectral index between carbon and
silicate grains, which is not known. Thus, a difference between
carbon and silicate polarization may be the correct physical in-
terpretation of the spectral dependence of p, even if the data do
not match the Draine & Fraisse (2009) model.

Calculations of the polarized SED for the Compiègne et al.
(2011) and Jones et al. (2013) models are needed to assess
quantitatively this interpretation. In the Compiègne et al. (2011)
model, the spectra from silicates and carbon grains are very sim-
ilar at long wavelengths and we do not expect p to depend on
wavelength when only silicates contribute to the polarization. In
the Jones et al. (2013) model the contribution from carbon dust
grains could be dominant at ⌫ < 353 GHz.

10.3. Microwave dust emission

The dust SED in polarization and the spectral dependence of
p allows us to discuss two possible interpretations of the dust
microwave emission.

Meny et al. (2007) introduced a physical description of
FIR/microwave dust emission, where the microwave dust opac-
ity of amorphous grains is dominated by low energy transitions
associated with disorder in the structure of the solids on atomic
scales. This contribution is modelled by transitions in two-level
systems (TLS). The TLS model is supported by experimental
results on silicates (Agladze et al. 1996; Boudet et al. 2005;
Coupeaud et al. 2011), which indicate that the opacity of amor-
phous silicate grains flattens towards long wavelengths. The TLS
model has been used to model dust emission spectra by Paradis
et al. (2011). It was also proposed as a possible interpretation
of the flattening of the dust SED in intensity from FIR to mm
wavelengths, which was reported in two earlier Planck papers
on the diffuse dust emission in the Galactic plane in Planck
Collaboration Int. XIV (2014) and at high Galactic latitudes in
Planck Collaboration Int. XVII (2014). Our analysis based on
new Planck data does not confirm this flattening, but does not

dismiss it either because the error-bars on the submm spectral in-
dex from calibration uncertainties remain significant: 0.16 (1�)
from Sect. 5.2. Within the TLS model, a flattening of the dust
SED in intensity would be due to a decrease of the spectral in-
dex of silicate grains at long wavelengths. Since silicate grains
are polarized, the flattening of the dust SED should also be seen
in polarization. This expectation is not supported by the results
of our data analysis, namely the difference in spectral indices
of the thermal dust emission in intensity and polarization (�I

d,mm
and �P

d,mm) reported in Sect. 8.2.
MDE has been introduced by Draine & Hensley (2012) to

explain the flattening of the dust SED at sub-mm wavelengths in
the Small Magellanic Cloud (Planck Collaboration XVII 2011).
MDE could also contribute to the long wavelength emission of
Galactic dust. Model spectra of MDE are presented in Draine
& Hensley (2013) for Galactic dust. The contribution of MDE
could be significant at frequencies smaller than a few hundred
GHz and increasing towards smaller frequencies. If the mag-
netic particles are inclusions randomly-oriented within interstel-
lar grains, their emission is polarized in a direction perpendicular
to that of the dipolar electric emission (Draine & Hensley 2013).
In this case, we expect this emission component to reduce the
polarization of the dust emission. This could possibly account
for the observed decrease of p from 353 to 70 GHz.

A fit of the SEDs in polarization and intensity with the mod-
els of Paradis et al. (2011) and Draine & Hensley (2013) would
be necessary to test these two interpretations quantitatively.

11. Conclusion

We have characterized the frequency dependence of dust emis-
sion in intensity and polarization by analysing Planck data over
39 % of the sky at intermediate Galactic latitudes. We use the
Planck 353 GHz I, Q, and U maps as templates for dust emission
in intensity and polarization. We cross-correlate them with the
Planck and WMAP data, at 12 frequencies from 23 to 353 GHz.
The main results of the data analysis are as follows.

– The mean spectral index of the dust emission measured
between 100 and 353 GHz is �I

d,mm = 1.51 ± 0.01. This
value agrees with that reported by Planck Collaboration Int.
XVII (2014) for the high Galactic latitude sky and Planck
Collaboration Int. XIV (2014) for diffuse emission in the
Galactic plane. The microwave spectral index �I

d,mm is close
to that at submm wavelengths, which is derived from fits to
the Planck data at ⌫ � 353 GHz with the full-mission Planck

data.
– We determine the mean dust SED in intensity from 23 to

353 GHz. We separate the dust and AME contributions to
the SED. The dust contribution is well fit by combining the
modified blackbody spectrum with a spectral index of 1.51
with the mean temperature of 19.6 K. The two parametric
models we use for the AME yield the same SED for the dust
for frequencies ⌫ � 70 GHz.

– The mean spectral index for dust polarization, measured be-
tween 100 and 353 GHz, is �P

d,mm = 1.59±0.02, assuming the
temperature of aligned dust grains contributing to the polar-
ization is the same as that determined from the dust emission
in intensity. We show that the small difference with �I

d,mm, the
spectral index measured in a similar way for dust intensity,
is a robust result against systematic uncertainties estimated
comparing results of our data analysis obtained on various
subsets of the Planck data.
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Fig. 10. Mean polarized SED in KRJ units, normalized to 1 at 353 GHz correlated with the Stokes Q and U 353 GHz maps. The
polarized spectral model with and without the constraint on �P

s match the observed data points.

correlated AME polarization at 23 GHz as,

h[↵̃P
23]1T

353i = h↵P
23(a353)i = pa

pd
h↵I

23(a353)i ,

i.e., 0.95 =
pa

pd
h↵I

23(a353)i ,

so pa =
pd ⇥ 0.95
h↵I

23(a353)i .

=
pd ⇥ 0.95

A

I
a

. (32)

We use the mean AME amplitude, A

I
a = 1.14, from model DI+AI

and Table 4, together with pd = 20 % (Planck Collaboration
Int. XIX 2014; Planck Collaboration Int. XX 2014), to derive
an upper limit on the intrinsic polarization fraction of AME of
about 16 %. This is much higher than upper limits reported from
the analysis of compact sources (Dickinson et al. 2011; López-
Caraballo et al. 2011; Rubiño-Martı́n et al. 2012) and theoretical
predictions (Lazarian & Draine 2000; Hoang et al. 2013). Thus
AME is unlikely to be the sole explanation for the low frequency
rise of the polarization SED, even if we cannot exclude some
contribution from AME.

9.3. Parametric modelling for polarized dust SED

In this section we present a spectral model that fits the observed
polarization SED. We model the polarization SED with a com-
bination of polarized synchrotron and dust components. This
model does not include AME. We account for the rise of the SED
towards the lowest frequencies with the synchrotron component.
For the synchrotron component we use the PL model with two
parameters: the amplitude; and the spectral index. The PL model
of synchrotron emission is related to the power-law energy dis-
tribution of the cosmic-ray electron spectrum (Abdo et al. 2009;
Ackermann et al. 2010, 2012). The model is the superposition of
a power-law synchrotron spectrum and the MBB for the thermal
dust emission. We refer to this model as PSI+PDI. It is described
by the equation:
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where A

P
s is the amplitude of polarized synchrotron components

in KRJ units, and �P
d,mm is the polarized dust spectral index. The

polarized dust SED, expressed in KRJ units, is normalised to 1 at
353 GHz. Like for the two intensity models, we fix Td = 19.6 K.
We fit three parameters: the synchrotron amplitude, the syn-
chrotron and dust spectral index. We also fit this model with an
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Fig. 2: Planck HFI 353 GHz DEE

` (red, top) and DBB

` (blue, bottom) power spectra (in µK2
CMB) computed on three of the selected LR analysis

regions that have fsky = 0.3 (circles, lightest), fsky = 0.5 (diamonds, medium) and fsky = 0.7 (squares, darkest). The best-fit power laws in ` are
displayed for each spectrum as a dashed line of the corresponding colour. The Planck 2013 best-fit ⇤CDMDEE

` expectation (Planck Collaboration
XVI 2014) and the corresponding r = 0.2DBB

` CMB model are displayed as solid black lines; the rise for ` > 200 is from the lensing contribution.
In the lower parts of each panel, the global estimates of the power spectra of the systematic e↵ects responsible for intensity-to-polarization
leakage (Sect. 2.3) are displayed in di↵erent shades of grey, with the same symbols to identify the three regions. Finally, absolute values of the
null-test spectra anticipated in Sect. 2.3, computed here from the cross-spectra of the HalfRing/DetSet di↵erences (see text), are represented as
dashed-dotted, dashed, and dotted grey lines for the three LR regions.
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M. Maris49, P. G. Martin8, E. Martı́nez-González67, S. Masi33, S. Matarrese31, P. Mazzotta36, A. Melchiorri33,53, L. Mendes41, A. Mennella34,51,
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ABSTRACT

The polarized thermal emission from di↵use Galactic dust is the main foreground present in measurements of the polarization of the cosmic
microwave background (CMB) at frequencies above 100 GHz. In this paper we exploit the uniqueness of the Planck HFI polarization data from 100
to 353 GHz to measure the polarized dust angular power spectra C

EE

` and C

BB

` over the multipole range 40 < ` < 600 well away from the Galactic
plane. These measurements will bring new insights into interstellar dust physics and allow a precise determination of the level of contamination for
CMB polarization experiments. Despite the non-Gaussian and anisotropic nature of Galactic dust, we show that general statistical properties of the
emission can be characterized accurately over large fractions of the sky using angular power spectra. The polarization power spectra of the dust are
well described by power laws in multipole, C` / `↵, with exponents ↵EE,BB = �2.42± 0.02. The amplitudes of the polarization power spectra vary
with the average brightness in a way similar to the intensity power spectra. The frequency dependence of the dust polarization spectra is consistent
with modified blackbody emission with �d = 1.59 and Td = 19.6 K down to the lowest Planck HFI frequencies. We find a systematic di↵erence
between the amplitudes of the Galactic B- and E-modes, C

BB

` /C
EE

` = 0.5. We verify that these general properties are preserved towards high
Galactic latitudes with low dust column densities. 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. Finally, we investigate the
level of dust polarization in the specific field recently targeted by the BICEP2 experiment. Extrapolation of the Planck 353 GHz data to 150 GHz
gives a dust powerDBB` ⌘ `(`+ 1)CBB

` /(2⇡) of 1.32⇥ 10�2 µK2
CMB over the multipole range of the primordial recombination bump (40 < ` < 120);

the statistical uncertainty is ±0.29 ⇥ 10�2 µK2
CMB and there is an additional uncertainty (+0.28,�0.24) ⇥ 10�2 µK2

CMB from the extrapolation. This
level is the same magnitude as reported by BICEP2 over this ` range, which highlights the need for assessment of the polarized dust signal even
in the cleanest windows of the sky. The present uncertainties are large and will be reduced through an ongoing, joint analysis of the Planck and
BICEP2 data sets.

Key words. Submillimetre: ISM – Radio continuum: ISM – Polarization – ISM: dust, magnetic fields – cosmic background radiation
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Those are measurements on large fraction of sky.
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ABSTRACT

The polarized thermal emission from di↵use Galactic dust is the main foreground present in measurements of the polarization of the cosmic
microwave background (CMB) at frequencies above 100 GHz. In this paper we exploit the uniqueness of the PlanckHFI polarization data from 100
to 353 GHz to measure the polarized dust angular power spectra CEE

` and CBB
` over the multipole range 40 < ` < 600 well away from the Galactic

plane. These measurements will bring new insights into interstellar dust physics and allow a precise determination of the level of contamination for
CMB polarization experiments. Despite the non-Gaussian and anisotropic nature of Galactic dust, we show that general statistical properties of the
emission can be characterized accurately over large fractions of the sky using angular power spectra. The polarization power spectra of the dust are
well described by power laws in multipole,C` / `↵, with exponents ↵EE,BB = �2.42± 0.02. The amplitudes of the polarization power spectra vary
with the average brightness in a way similar to the intensity power spectra. The frequency dependence of the dust polarization spectra is consistent
with modified blackbody emission with �d = 1.59 and Td = 19.6 K down to the lowest Planck HFI frequencies. We find a systematic di↵erence
between the amplitudes of the Galactic B- and E-modes, CBB

` /CEE
` = 0.5. We verify that these general properties are preserved towards high

Galactic latitudes with low dust column densities. 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. Finally, we investigate the
level of dust polarization in the specific field recently targeted by the BICEP2 experiment. Extrapolation of the Planck 353 GHz data to 150 GHz
gives a dust powerDBB` ⌘ `(`+ 1)CBB

` /(2⇡) of 1.32⇥ 10�2 µK2
CMB over the multipole range of the primordial recombination bump (40 < ` < 120);

the statistical uncertainty is ±0.29 ⇥ 10�2 µK2
CMB and there is an additional uncertainty (+0.28,�0.24) ⇥ 10�2 µK2

CMB from the extrapolation. This
level is the same magnitude as reported by BICEP2 over this ` range, which highlights the need for assessment of the polarized dust signal even
in the cleanest windows of the sky. The present uncertainties are large and will be reduced through an ongoing, joint analysis of the Planck and
BICEP2 data sets.
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Fig.8: Top: map in orthographic projection of the 150GHzDBB

` amplitudes at ` = 80, computed from the Planck 353GHz data,
extrapolated to 150GHz, and normalized by the CMB expectation for tensor-to-scalar ratio r = 1. The colours represent the
estimated contamination fromdust in rd units(seedetails inSect. 5.3). Thelogarithmof theabsolutevalueof rd for a400deg2 patch
ispresented in thepixel onwhich thepatch iscentred. Asdescribed inSect. 3.3.2, thepatchesoverlap and so their propertiesarenot
independent. The northern (southern) Galactic hemisphere is on the left (right). The thick black contour outlines the approximate
BICEP2 deep-field region (seeSect. 6). Bottom: associated uncertainty, �(rd).

their positions, sizes, shapes, and apodizations. In addition, be-
cause we found the amplitudes of the dust DBB

` spectra asso-
ciated with these patches based on a power-law fit, our esti-
mate does not take into account possible features in the power
spectra that might alter the precise value of dust contamination.
Nevertheless, thereareclearly somepatchesthat appear tobeop-
timal, i.e. cleaner than theothers. But it needs to beemphasized

that finding thecleanest areasof thepolarized sky for primordial
B-mode searches cannot be accomplished accurately using the
Planck total intensity mapsalone.

13

Minimun uncertainty on rd : 0.17 (3σ)

 rd =0.1 means that dust contamination 
is equal to the amplitude of primordial 
r=0.1 BB spectrum
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D. L. Harrison64,70, G. Helou11, S. Henrot-Versillé71, C. Hernández-Monteagudo13,79, D. Herranz67, E. Hivon62,93, W. A. Holmes68,
K. M. Hu↵enberger24, G. Hurier61, A. H. Ja↵e58, T. R. Ja↵e94,9, J. Jewell68, W. C. Jones26, M. Juvela25, E. Keihänen25, R. Keskitalo14,

T. S. Kisner78, R. Kneissl40,7, J. Knoche79, L. Knox28, N. Krachmalnico↵34, M. Kunz18,61,2, H. Kurki-Suonio25,46, G. Lagache61, J.-M. Lamarre73,
A. Lasenby5,70, M. Lattanzi32, C. R. Lawrence68, J. P. Leahy69, R. Leonardi41, J. Lesgourgues92,84,72, F. Levrier73, M. Liguori31, P. B. Lilje65,
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M. Migliaccio64,70, S. Mitra57,68, M.-A. Miville-Deschênes61,8, A. Moneti62, L. Montier94,9, G. Morgante50, D. Mortlock58, A. Moss87,
D. Munshi86, J. A. Murphy81, P. Naselsky82,38, F. Nati33, P. Natoli32,3,50, C. B. Netterfield19, H. U. Nørgaard-Nielsen17, F. Noviello69,

D. Novikov58, I. Novikov82, L. Pagano33,53, F. Pajot61, R. Paladini59, D. Paoletti50,52, B. Partridge45, F. Pasian49, G. Patanchon1, T. J. Pearson11,59,
O. Perdereau71, L. Perotto76, F. Perrotta85, V. Pettorino44, F. Piacentini33, M. Piat1, E. Pierpaoli22, D. Pietrobon68, S. Plaszczynski71,

E. Pointecouteau94,9, G. Polenta3,48, N. Ponthieu61,56, L. Popa63, G. W. Pratt74, S. Prunet62,93, J.-L. Puget61, J. P. Rachen20,79, W. T. Reach95,
R. Rebolo66,15,39, M. Remazeilles69,61,1, C. Renault76, A. Renzi37,54, S. Ricciardi50, I. Ristorcelli94,9, G. Rocha68,11, C. Rosset1, M. Rossetti34,51,
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ABSTRACT

The polarized thermal emission from di↵use Galactic dust is the main foreground present in measurements of the polarization of the cosmic
microwave background (CMB) at frequencies above 100 GHz. In this paper we exploit the uniqueness of the PlanckHFI polarization data from 100
to 353 GHz to measure the polarized dust angular power spectra CEE

` and CBB
` over the multipole range 40 < ` < 600 well away from the Galactic

plane. These measurements will bring new insights into interstellar dust physics and allow a precise determination of the level of contamination for
CMB polarization experiments. Despite the non-Gaussian and anisotropic nature of Galactic dust, we show that general statistical properties of the
emission can be characterized accurately over large fractions of the sky using angular power spectra. The polarization power spectra of the dust are
well described by power laws in multipole,C` / `↵, with exponents ↵EE,BB = �2.42± 0.02. The amplitudes of the polarization power spectra vary
with the average brightness in a way similar to the intensity power spectra. The frequency dependence of the dust polarization spectra is consistent
with modified blackbody emission with �d = 1.59 and Td = 19.6 K down to the lowest Planck HFI frequencies. We find a systematic di↵erence
between the amplitudes of the Galactic B- and E-modes, CBB

` /CEE
` = 0.5. We verify that these general properties are preserved towards high

Galactic latitudes with low dust column densities. 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. Finally, we investigate the
level of dust polarization in the specific field recently targeted by the BICEP2 experiment. Extrapolation of the Planck 353 GHz data to 150 GHz
gives a dust powerDBB` ⌘ `(`+ 1)CBB

` /(2⇡) of 1.32⇥ 10�2 µK2
CMB over the multipole range of the primordial recombination bump (40 < ` < 120);

the statistical uncertainty is ±0.29 ⇥ 10�2 µK2
CMB and there is an additional uncertainty (+0.28,�0.24) ⇥ 10�2 µK2

CMB from the extrapolation. This
level is the same magnitude as reported by BICEP2 over this ` range, which highlights the need for assessment of the polarized dust signal even
in the cleanest windows of the sky. The present uncertainties are large and will be reduced through an ongoing, joint analysis of the Planck and
BICEP2 data sets.

Key words. Submillimetre: ISM – Radio continuum: ISM – Polarization – ISM: dust, magnetic fields – cosmic background radiation
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Planck Collaboration: Dust polarization at high latitudes

Fig. 9: Planck 353 GHz DBB

` angular power spectrum computed on MB2 defined in Sect. 6.1 and extrapolated to 150 GHz (box
centres). The shaded boxes represent the ±1� uncertainties: blue for the statistical uncertainties from noise; and red adding in
quadrature the uncertainty from the extrapolation to 150 GHz. The Planck 2013 best-fit ⇤CDMDBB

` CMB model based on temper-
ature anisotropies, with a tensor amplitude fixed at r = 0.2, is overplotted as a black line.

in Sects. 5.2 and 6.2. This indicates that MB2 is not one of the
outliers of Fig. 7 and therefore its dust B-mode power is well rep-
resented by its mean dust intensity through the empirical scaling
lawD / hI353i1.9.

These values of the DBB

` amplitude in the ` range of the pri-
mordial recombination bump are of the same magnitude as those
reported by BICEP2 Collaboration (2014b). Our results empha-
size the need for a dedicated joint analysis of the B-mode po-
larization in this region incorporating all pertinent observational
details of the Planck and BICEP2 data sets, which is in progress.

6.4. Frequency dependence

We complement the power spectrum analysis of the 353 GHz
map with Planck data at lower frequencies. As in the analysis
in Sect. 4.5, we compute the frequency dependence of the BB

power measured by Planck at HFI frequencies in the BICEP2
field, using the patch MB2 as defined in Sect. 6.1.

We compute on MB2 the Planck DBB

` auto- and cross-power
spectra from the three Planck HFI bands at 100, 143, 217, and
353 GHz, using the two DetSets with independent noise at each
frequency, resulting in ten angular power spectra (100 ⇥ 100,
100⇥143, 100⇥217, 100⇥353, 143⇥143, 143⇥217, 143⇥353,
217 ⇥ 217, 217 ⇥ 353, and 353 ⇥ 353), constructed by combin-
ing the cross-spectra as presented in Sect. 3.2. We use the same
multipole binning as in Sect. 6.3. To each of these DBB

` spectra,
we fit the amplitude of a power law in ` with a fixed exponent
↵BB = �0.42 (see Sect. 4.2). In Fig. 10 we plot these amplitudes
as a function of the e↵ective frequency from 143 to 353 GHz, in
units of sky brightness squared, like in Sect. 4.5. Data points at
e↵ective frequencies below 143 GHz are not presented, because

the dust polarization is not detected at these frequencies. An up-
per limit on the synchrotron contribution at 150 GHz from the
Planck LFI data is given in Appendix C.4.

We can see that the frequency dependence of the amplitudes
of the Planck HFI DBB

` spectra is in very good agreement with
a squared dust modified blackbody spectrum having �d = 1.59
and Td = 19.6 K (Planck Collaboration Int. XXII 2014). We note
that this emission model was normalized only to the 353 GHz
point and that no global fit has been performed. Nevertheless,
the �2 value from the amplitudes relative to this model is 4.56
(Ndof = 7). This shows that dust dominates in the specific MB2
region defined where these cross-spectra have been computed.
This result emphasizes the need for a dedicated joint Planck–
BICEP2 analysis.

7. Conclusions

We have presented the first nearly all-sky statistical analysis of
the polarized emission from interstellar dust, focussing mostly
on the characterization of this emission as a foreground contam-
inant at frequencies above 100 GHz. Our quantitative analysis of
the angular dependence of the dust polarization relies on mea-
surements at 353 GHz of the C

EE

` and C

BB

` (alternatively DEE

`

andDBB

` ) angular power spectra for multipoles 40 < ` < 500. At
this frequency only two polarized components are present: dust
emission; and the CMB, which is subdominant in this multipole
range. We have found that the statistical, spatial, and spectral
distribution properties can be represented accurately by a sim-
ple model over most of the sky, and for all frequencies at which
Planck HFI measures polarization.
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Measurements made at 353GHz map and then extrapolated to 150GHz



are not yet well-enough constrained by external public data
to exclude the possibility of emission at this level.

B. Synchrotron

To constrain the level of Galactic synchrotron in our field
we take the WMAPK-band (23 GHz) map, extrapolate it to
150 GHz, reobserve with our simulation pipeline, and take
the cross spectrum against the BICEP2 maps, with appro-
priate BICEP2 filtering and WMAP beam correction. In
our field and at angular scales of l > 30 the WMAP
K-band maps are noise dominated. We therefore also make
noise realizations and take cross spectra with these to assess
the uncertainty. The lower panel of Fig. 6 shows the
resulting cross spectrum and its uncertainty. Using the
MCMC Model f spectral index map provided by WMAP
[2] we obtain a mean value within our field of
β ¼ −3.3" 0.16. For this value, the resulting cross spec-
trum implies a contribution to our r constraint (calculated
as in Sec. XI) equivalent to rsync;150 ¼ 0.0008" 0.0041,
while for a more conservative β ¼ −3.0, rsync;150 ¼
0.0014" 0.0071. In contrast to analysis with the models
of polarized dust, cross spectra with the official WMAP
polarized maps can be confidently expected to provide an
unbiased estimate of signal correlated with synchrotron for
a given spectral index, with a quantified uncertainty. Note
that the assumed spectral index only enters as the first
power in these BICEP2 ×WMAPK cross spectral con-
straints, and the uncertainty depends only weakly on the
model for WMAP noise. The WMAPK auto spectrum, if
de-biased for noise, implies even tighter constraints on the
synchrotron contribution to our r parameter: for β ¼ −3.3,
rsync;150 ¼ 0.001" 0.0006, or for β ¼ −3.0, rsync;150 ¼
0.003" 0.002, although these have a somewhat greater
dependence on assumptions about WMAP noise levels and
the spectral index.

C. Point sources

Extragalactic point sources might also potentially be a
concern. Using the 143 GHz fluxes for the sources in our
field from the Planck catalog [97], together with polariza-
tion information from ATCA [98] we find that the con-
tribution to the BB spectrum is equivalent to r ≈ 0.001.
This is consistent with the projections of Battye et al. [99].

X. CROSS SPECTRA

A. Cross spectra with BICEP1

BICEP1 observed essentially the same field as BICEP2
from 2006 to 2008. While a very similar instrument in
many ways the focal plane technology of BICEP1 was
entirely different, employing horn-fed PSBs read out via
neutron transmutation-doped (NTD) germanium thermis-
tors (see T10 for details). The high-impedance NTD
devices and readouts have different susceptibility to micro-
phonic pickup and magnetic fields, and the shielding of

unwanted RFI and EMI was significantly different from
that of BICEP2. The beam systematics were also quite
different with a more conservative edge taper and smaller
observed pair centroid offsets (see T10 and the Instrument
Paper). BICEP1 had detectors at both 100 and 150 GHz.
Figure 7 compares the BICEP2 EE and BB auto spectra

with cross spectra taken against the 100 and 150 GHz maps
from BICEP1. For EE the correlation is extremely strong,
which simply confirms that the mechanics of the process
are working as expected. For BB the signal-to-noise is of
course much lower, but there appear to be positive
correlations. To test the compatibility of the BB auto
and cross spectra we take the differences and compare
to the differences of lensed-ΛCDMþ noiseþ r ¼ 0.2
simulations (which share common input skies). (For all
spectral difference tests we compare against lensed-
ΛCDMþ noiseþ r ¼ 0.2 simulations as the cross terms
between signal and noise increase the variance even for
perfectly common sky coverage.) Using band powers 1–5
the χ2 and χ PTEs are midrange, indicating that the spectra
are compatible to within the noise. (This is also true
for EE.)
To test for evidence of excess power over the base

lensed-ΛCDM expectation we calculate the BB χ2 and χ
statistics against this model. The BICEP2 × BICEP1150
spectrum has PTEs of 0.37 and 0.05, respectively, while the
BICEP2 × BICEP1100 spectrum has PTEs of 0.005 and
0.001. The latter corresponds to a ≈3σ detection of excess
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ABSTRACT

The polarized thermal emission from di↵use Galactic dust is the main foreground present in measurements of the polarization of the cosmic
microwave background (CMB) at frequencies above 100 GHz. In this paper we exploit the uniqueness of the PlanckHFI polarization data from 100
to 353 GHz to measure the polarized dust angular power spectra CEE

` and CBB
` over the multipole range 40 < ` < 600 well away from the Galactic

plane. These measurements will bring new insights into interstellar dust physics and allow a precise determination of the level of contamination for
CMB polarization experiments. Despite the non-Gaussian and anisotropic nature of Galactic dust, we show that general statistical properties of the
emission can be characterized accurately over large fractions of the sky using angular power spectra. The polarization power spectra of the dust are
well described by power laws in multipole,C` / `↵, with exponents ↵EE,BB = �2.42± 0.02. The amplitudes of the polarization power spectra vary
with the average brightness in a way similar to the intensity power spectra. The frequency dependence of the dust polarization spectra is consistent
with modified blackbody emission with �d = 1.59 and Td = 19.6 K down to the lowest Planck HFI frequencies. We find a systematic di↵erence
between the amplitudes of the Galactic B- and E-modes, CBB

` /CEE
` = 0.5. We verify that these general properties are preserved towards high

Galactic latitudes with low dust column densities. 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. Finally, we investigate the
level of dust polarization in the specific field recently targeted by the BICEP2 experiment. Extrapolation of the Planck 353 GHz data to 150 GHz
gives a dust powerDBB` ⌘ `(`+ 1)CBB

` /(2⇡) of 1.32⇥ 10�2 µK2
CMB over the multipole range of the primordial recombination bump (40 < ` < 120);

the statistical uncertainty is ±0.29 ⇥ 10�2 µK2
CMB and there is an additional uncertainty (+0.28,�0.24) ⇥ 10�2 µK2

CMB from the extrapolation. This
level is the same magnitude as reported by BICEP2 over this ` range, which highlights the need for assessment of the polarized dust signal even
in the cleanest windows of the sky. The present uncertainties are large and will be reduced through an ongoing, joint analysis of the Planck and
BICEP2 data sets.

Key words. Submillimetre: ISM – Radio continuum: ISM – Polarization – ISM: dust, magnetic fields – cosmic background radiation
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Planck Collaboration: Dust polarization at high latitudes

Fig. 9: Planck 353 GHz DBB

` angular power spectrum computed on MB2 defined in Sect. 6.1 and extrapolated to 150 GHz (box
centres). The shaded boxes represent the ±1� uncertainties: blue for the statistical uncertainties from noise; and red adding in
quadrature the uncertainty from the extrapolation to 150 GHz. The Planck 2013 best-fit ⇤CDMDBB

` CMB model based on temper-
ature anisotropies, with a tensor amplitude fixed at r = 0.2, is overplotted as a black line.

in Sects. 5.2 and 6.2. This indicates that MB2 is not one of the
outliers of Fig. 7 and therefore its dust B-mode power is well rep-
resented by its mean dust intensity through the empirical scaling
lawD / hI353i1.9.

These values of the DBB

` amplitude in the ` range of the pri-
mordial recombination bump are of the same magnitude as those
reported by BICEP2 Collaboration (2014b). Our results empha-
size the need for a dedicated joint analysis of the B-mode po-
larization in this region incorporating all pertinent observational
details of the Planck and BICEP2 data sets, which is in progress.

6.4. Frequency dependence

We complement the power spectrum analysis of the 353 GHz
map with Planck data at lower frequencies. As in the analysis
in Sect. 4.5, we compute the frequency dependence of the BB

power measured by Planck at HFI frequencies in the BICEP2
field, using the patch MB2 as defined in Sect. 6.1.

We compute on MB2 the Planck DBB

` auto- and cross-power
spectra from the three Planck HFI bands at 100, 143, 217, and
353 GHz, using the two DetSets with independent noise at each
frequency, resulting in ten angular power spectra (100 ⇥ 100,
100⇥143, 100⇥217, 100⇥353, 143⇥143, 143⇥217, 143⇥353,
217 ⇥ 217, 217 ⇥ 353, and 353 ⇥ 353), constructed by combin-
ing the cross-spectra as presented in Sect. 3.2. We use the same
multipole binning as in Sect. 6.3. To each of these DBB

` spectra,
we fit the amplitude of a power law in ` with a fixed exponent
↵BB = �0.42 (see Sect. 4.2). In Fig. 10 we plot these amplitudes
as a function of the e↵ective frequency from 143 to 353 GHz, in
units of sky brightness squared, like in Sect. 4.5. Data points at
e↵ective frequencies below 143 GHz are not presented, because

the dust polarization is not detected at these frequencies. An up-
per limit on the synchrotron contribution at 150 GHz from the
Planck LFI data is given in Appendix C.4.

We can see that the frequency dependence of the amplitudes
of the Planck HFI DBB

` spectra is in very good agreement with
a squared dust modified blackbody spectrum having �d = 1.59
and Td = 19.6 K (Planck Collaboration Int. XXII 2014). We note
that this emission model was normalized only to the 353 GHz
point and that no global fit has been performed. Nevertheless,
the �2 value from the amplitudes relative to this model is 4.56
(Ndof = 7). This shows that dust dominates in the specific MB2
region defined where these cross-spectra have been computed.
This result emphasizes the need for a dedicated joint Planck–
BICEP2 analysis.

7. Conclusions

We have presented the first nearly all-sky statistical analysis of
the polarized emission from interstellar dust, focussing mostly
on the characterization of this emission as a foreground contam-
inant at frequencies above 100 GHz. Our quantitative analysis of
the angular dependence of the dust polarization relies on mea-
surements at 353 GHz of the C

EE

` and C

BB

` (alternatively DEE

`

andDBB

` ) angular power spectra for multipoles 40 < ` < 500. At
this frequency only two polarized components are present: dust
emission; and the CMB, which is subdominant in this multipole
range. We have found that the statistical, spatial, and spectral
distribution properties can be represented accurately by a sim-
ple model over most of the sky, and for all frequencies at which
Planck HFI measures polarization.
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We estimated the dust contribution at 150 GHz to be comparable in magnitude to the 
BICEP2 measurements



 BICEP2 has measured B-mode 
polarization at 150GHz!

Conclusions

Interpretation is under question: Is it GW B-modes or dust B-modes?

Using polarisation measurements at 353GHz, and multi-frequency coverage to estimate 
dust SED, Planck find significant amount of dust polarisation in the BICEP2 field

It does not mean that there are no primordial B-modes. Joint analysis 
Planck-BICEP2 required and on-going.

There are cleaner regions than the BICEP2 field that can be investigated
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