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Fig. 4.— Nine-year Stokes Q polarization sky maps in Galactic coordinates shown in a

Mollweide projection. Maps have been smoothed to an effective Gaussian beam of 2.◦0. The
smooth large angular scale features visible in W-band, and to a lesser extent in V-band,
are the result of a pair of modes that are poorly constrained in map-making, yet properly

de-weighted in the analysis.
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FIG. 3. Comparison of defect model predictions to current
experimental data. All models were COBE normalised at
l = 10.

portance of vector and tensor modes will be described
elsewhere [4].) The large amplitude of vector modes and
the decoherent sum of eigenmodes leads to a suppres-
sion of power at l >

∼ 100 [8], a very different spectrum to
that expected from adiabatic fluctuations in inflationary
models. We show a comparison between the predictions
of the global field defect theories and the current gener-
ation of CMB experiments in Figure 3. All models are
normalised to COBE at l = 10. They are all systemat-
ically lower than the current degree-scale experimental
points.

The same calculations directly yield the matter power
spectrum shown in Figure 4. Normalised to COBE, our
tests indicate that the results should be reliable to a few
percent. From the power spectra we derive the nor-
malization σ8 of the matter fluctuation in 8h−1 Mpc
spheres. Global strings, monopoles, texture and N = 6
non-topological texture give σ8 = 0.26, 0.25, 0.23, 0.21,
respectively, for h = 0.5, and scaling approximately as
h. The field normalization for textures is ε = 8π2Gφ2

0 =
1.0 × 10−4, consistent with our previous calculation [3]
of ε = 1.1 × 10−4. These normalizations are a factor of
5 lower than the generic prediction of n = 1 inflationary
models where σ8 = 1.2 for h = 0.5. Cluster abundances
suggest values of σ8 ∼ 0.5 for a flat universe.

To summarise, the techniques used here enable us
to convert unequal time correlators into temperature
anisotropy and matter fluctuation power spectra within
a few hours on a workstation. For all the defect theo-
ries, vectors contribute approximately half of the total
CMB anisotropy on large scales, leading to a suppression
of acoustic peaks and a low normalization of the matter
power spectrum σ8 ∼ 0.25h50. Current observations of

FIG. 4. Matter power spectra computed from the Boltz-
mann code summed over the eigenmodes. The upper curve
shows the standard cold dark matter (sCDM) power spec-
trum. The defects generally have more power on small scales
than large scales relative to the adiabatic sCDM model. The
data points show the mass power spectrum as inferred from
the galaxy distribution [9].

CMB anisotropies and galaxy clustering do not favor the
models under consideration.
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(Pen, Seljak, Turok 1997)

Until ca. 1997 data was 
consistent with defects 
(such as strings) generating 
the primordial perturbations.

The pre-Planck era



(Jaffe et al. 2001)

Shortly after it became clear 
that defects were not the 
dominant source of primordial 
perturbations.

The pre-Planck era



(Hinshaw et al. 2012)

The pre-Planck era
3

New observations of the CMB polarization power spectra have also been released by the QUIET experiment (QUIET
Collaboration 2011, 2012); their TE and EE polarization spectra are in excellent agreement with predictions based
primarily on WMAP temperature fluctuation measurements. These data are the most recent in a series of polarization
measurements at l � 50. However, high-l polarization observations do not (yet) substantially enhance the power of
the full data to constrain parameters, so we do not include them in the nine-year analysis.

Fig. 1.— A compilation of the CMB data used in the nine-year WMAP analysis. The WMAP data are shown in black, the extended
CMB data set – denoted ‘eCMB’ throughout – includes SPT data in blue (Keisler et al. 2011), and ACT data in orange, (Das et al. 2011b).
We also incorporate constraints from CMB lensing published by the SPT and ACT groups (not shown). The ΛCDM model fit to the
WMAP data alone (shown in grey) successfully predicts the higher-resolution data.

2.2.2. Baryon Acoustic Oscillations

The acoustic peak in the galaxy correlation function has now been detected over a range of redshifts from z = 0.1
to z = 0.7. This linear feature in the galaxy data provides a standard ruler with which to measure the distance ratio,
DV /rs, the distance to objects at redshift z in units of the sound horizon at recombination, independent of the local
Hubble constant. In particular, the observed angular and radial BAO scales at redshift z provide a geometric estimate
of the effective distance,

DV (z) ≡ [(1 + z)2 D2
A(z) cz /H(z)]1/3, (1)

where DA(z) is the angular diameter distance and H(z) is the Hubble parameter. The measured ratio DV /rs, where
rs is the co-moving sound horizon scale at the end of the drag era, can be compared to theoretical predictions.
Since the release of the seven-year WMAP data, the acoustic scale has been more precisely measured by the Sloan

Digital Sky Survey (SDSS) and SDSS-III Baryon Oscillation Spectroscopic Survey (BOSS) galaxy surveys, and by the
WiggleZ and 6dFGS surveys. Previously, over half a million galaxies and LRGs from the SDSS-DR7 catalog had been
combined with galaxies from 2dFGRS by Percival et al. (2010) to measure the acoustic scale at z = 0.2 and z = 0.35.
(These data were used in the WMAP seven-year analysis, see also Kazin et al. 2010). Using the reconstruction
method of Eisenstein et al. (2007), an improved estimate of the acoustic scale in the SDSS-DR7 data was made by
Padmanabhan et al. (2012), giving DV (0.35)/rs = 8.88± 0.17, and reducing the uncertainty from 3.5% to 1.9%. More
recently the SDSS-DR9 data from the BOSS survey has been used to estimate the BAO scale of the CMASS sample.



Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their

best-fit values for the base ΛCDM model). The power spectrum at low multipoles (� = 2–49, plotted on a logarithmic multi-

pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over

91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described

in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-

certainties in foreground subtraction. At multipoles 50 ≤ � ≤ 2500 (plotted on a linear multipole scale) we show the best-fit CMB

spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-

ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width

∆� ≈ 31 together with 1σ errors computed from the diagonal components of the band-averaged covariance matrix (which includes

contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ΛCDM

cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the

±1σ errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the

change in vertical scale in the lower panel at � = 50.
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BICEP2



BICEP1 (2006-2008) BICEP2 (2010-2012) Keck Array (2011-2016) BICEP3 (2015-2016)



A map of B-modes
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B-mode Power Spectrum
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B-mode Power Spectrum
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B-mode Power Spectrum

                                                               .

The field range is roughly Planckian

In this case the detection would imply that we have seen 
quantum fluctuations in the spacetime metric, and 

or 

(Lyth 1996)

V 1/4 ≈ 2× 1016GeVH(t∗) ≈ 1014GeV

If the signal is cosmological, inflation is our best candidate 
to explain it.



Implications

• Our theories make meaningful predictions at these 
high energies.

• We should think harder about 

• large field models, moduli, gravitino problem, ...

• The graviton mass is below

• ...

• If the signal is this large a per cent-ish measurement of 
r is achievable!

• Even the inflationary consistency condition may 
become testable.

Theory

Experiment

3× 10−28 eV



Implications

• The value of the tensor-to-scalar ratio and the tilt are 
extremely valuable to distinguish between different 
models of the early universe, but one has to understand 
the contribution from foregrounds to measure them

Theory - Part II



Origin of B-modes

• The measurement is extremely challenging.

• It requires exquisit control over differential gain, 
differential pointing, beams,...

• These and many more systematics are briefly discussed 
in the BICEP2 paper, and will be discussed in the 
systematics paper

Is it in the sky?

One should wait for the promised systematics paper, 
but in my opinion what has been shown suggests it is 
in the sky.



• One needs to understand polarized foregrounds

• WMAP can help with synchrotron

Is it cosmological?

Origin of B-modes
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measurement in the BICEP patch, 
but on larger angular scales than 
BICEP’s



• One needs to understand polarized foregrounds

• WMAP can help with synchrotron

Is it cosmological?

Origin of B-modes

• Planck would help with both synchrotron and dust, but 
its polarization data is not yet public

To make progress on dust, one has to be creative (or wait)

Even under conservative assumptions synchrotron 
radiation cannot make up the entire signal.



Effect of foregrounds
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FIG. 6.— Polarized dust foreground projections for our field using vari-
ous models available in the literature, and two new ones formulated using
publically available information from Planck. Dashed lines show autospec-
tra of the models, while solid lines show cross spectra between the models
and the BICEP2 maps. The cross spectra are consistent with zero, and the
DDM2 auto spectrum (at least) is noise biased high (and is hence truncated
to �< 200). The BICEP2 auto spectrum from Figure 2 is also shown with the
lensed-ΛCDM+r = 0.2 spectrum.
stant emissivity value of 1.6 and a constant temperature of
19.6 K. In our field these values agree both with the mean val-
ues shown by the Planck Collaboration in dust polarization31,
and with the median values of the recently delivered Planck
dust model (Planck Collaboration et al. 2013a). A uniform
5% sky polarization fraction is assumed in agreement with the
first all-sky images of dust polarization shown by the Planck
Collaboration32. The polarization angles are taken from the
PSM.
DDM2: “Data Driven Model 2” (DDM2) constructed us-
ing all publicly available information from Planck. Uses the
same dust model temperature map as DDM1, with polariza-
tion fractions and angles matching those shown by the Planck
Collaboration32.

All of the the models except FDS make explicit predictions
of the actual polarized dust pattern in our field — presumably
with varying probabilities of success. We can therefore search
for a correlation between the models and our signal by taking
cross spectra against the BICEP2 maps. Figure 6 shows the
resulting BB auto and cross spectra — note that the autospec-
tra are all well below the level of our observed signal and that
the cross spectra are consistent with zero33. We also note that
the DDM2 model auto spectrum (which is the highest) con-
tains uncorrected noise bias from the polarization fraction and
angle maps (which is why this curve in Figure 6 is truncated
to �< 200).

9.2. Synchrotron
In our field and at angular scales of � > 30 the WMAP K-

band (23 GHz) maps are noise dominated. Extrapolating them

31http://www.rssd.esa.int/SA/PLANCK/docs/eslab47/
Session09_Data_Processing/47ESLAB_April_04_10_30_
Aumont.pdf

32http://www.rssd.esa.int/SA/PLANCK/docs/eslab47/
Session07_Galactic_Science/47ESLAB_April_04_11_25_
Bernard.pdf

33 The cross spectra between each model and real data are consistent with
the cross spectra between that model and (uncorrelated) lensed-LCDM+noise
simulations.

to our observing frequency using a spectral index of β = −3.3
derived from WMAP foreground products results in an upper
limit to synchrotron contamination equivalent to r = 0.003.
Taking the cross spectrum against our observed map indicates
that the true value is lower.

9.3. Point Sources
Extragalactic point sources might also potentially be a con-

cern. Using the 143 GHz fluxes for the sources in our field
from the Planck catalog (Planck Collaboration et al. 2013b),
together with polarization information from ATCA (Massardi
et al. 2011) we find that the contribution to the BB spectrum is
equivalent to r ≈ 0.001. This is consistent with the projections
of Battye et al. (2011).

10. CROSS SPECTRA

10.1. 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 thermistors (see T10 for details).
The high-impedance NTD devices and readouts have differ-
ent susceptibility to microphonic pickup and magnetic fields,
and the shielding of unwanted RFI/EMI was significantly dif-
ferent from that of BICEP2. The beam systematics were also
quite different with a more conservative edge taper and a more
complex pattern of observed pair centroid offsets. 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-
ΛCDM+noise+r = 0.2 simulations (which share common in-
put skies)34. Using bandpowers 1–5 the χ2 and χ PTEs are
mid-range indicating that the spectra are compatible to within
the noise. (This is also true for EE.)

Calculating the BB χ2 and χ statistics against the lensed-
ΛCDM model the BICEP2×BICEP1150 spectrum has PTEs
of 0.37 and 0.05 respectively. However, BICEP2×BICEP1100
has PTEs of 0.005 and 0.001 corresponding to ≈ 3σ detec-
tion of power in the cross spectrum. While it may seem
surprising that one cross spectrum shows a stronger detec-
tion than the other, it turns out not to be unusual in lensed-
ΛCDM+noise+r = 0.2 simulations.

10.2. Spectral Index Constraint
We can use the BICEP2 auto and BICEP2×BICEP1100 spec-

tra shown in Figure 7 to constrain the frequency dependence
of the nominal 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.

34For all spectral difference tests we compare against lensed-
ΛCDM+noise+r = 0.2 simulations as the cross terms between signal and
noise increase the variance even for perfectly common sky coverage.

Foreground models initially presented by BICEP



Effect of foregrounds
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10. LCDM+ALENS

TABLE 9

r unsubtracted DDM2 cross DDM2 auto

BICEP2 0.2+0.07
−0.05 0.16+0.06

−0.05 0.12+0.05
−0.04

BICEP2×Keck 0.13+0.04
−0.03 0.10+0.04

−0.03 0.06+0.04
−0.03

Effect of foregrounds on tensor-to-scalar ratio

Not negligible, especially if one wants do discuss 
potential tensions with Planck.
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BICEP’s DDM1 and DDM2

• based on maps shown by Bernard at ESLAB meeting

BICEP’s foreground models
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BICEP’s DDM1 and DDM2

• based on maps shown by Bernard at ESLAB meeting

BICEP’s foreground models



DDM1

• Planck Dust model map

• Average polarization fraction from Bernard
(before CIB correction)

• Polarization angles from Planck Sky Model

DDM2

• Planck Dust model map

• Polarization fraction and angles from Bernard

BICEP’s foreground models
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synchrotron we would expect the frequency cross spectrum to
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BICEP’s foreground models



BICEP’s foreground models

The auto spectra are only a factor of a few below the 
signal, but are quadratically sensitive to polarization 
fraction. 

What is actually shown in these maps, and how reliable 
are they?



BICEP’s foreground models

The auto spectra are only a factor of a few below the 
signal, but are quadratically sensitive to polarization 
fraction. 

There were Q and U maps shown by Boulanger
Let’s try to reproduce the polarization fraction map

What is actually shown in these maps, and how reliable 
are they?



Bernard’s polarization fraction



gif of my digitization 

Bernard’s polarization fraction

0 20%



Boulanger’s Q and U maps



Q

U

gif of my digitization 

Boulanger’s Q and U maps

0.001µK−0.0005

0.001µK−0.0005



• Q and U from Boulanger,  T from nominal Planck data, 
CMB removed, all zero levels set from LAB HI data

Bernard’s polarization fraction

does not look like Bernard’s map

0 20%



• Q and U from Boulanger,  T from nominal Planck data, 
CMB removed, all zero levels set from LAB HI data, CIB added

much closer to Bernard’s map

Bernard’s polarization fraction

0 20%



• The map shown at the meeting seems to have had a CIB 
monopole contribution in it.

• This seems to be supported by the map in 1405.0871, which 
generally has higher polarization fractions.

Bernard’s polarization fraction



Dependence on zero levels in unmasked region

Bernard’s polarization fraction



• One should correct for the CIB when using Bernard’s 
map in regions of low galactic emission (both zero level 
and fluctuations) 

• There are large uncertainties in low emission regions in 
using the polarization fraction map (zero levels and noise 
bias)

• Similar uncertainties exist for polarization angle map 
because it also involves a ratio of maps (largely 
problematic only for the cross spectra)

Bernard’s polarization fraction

pcorr = pB
IGal + ICIB + ICMB

IGal



• To avoid dealing with these issues, BICEP2 has removed 
DDM2 from the published version

Bernard’s polarization fractionSuch 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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Testing the Null Hypothesis
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Testing the Null Hypothesis

• Could the observed excess be consistent with lensing of 
E-mode, synchrotron, and dust?

• Requires                                                      from dust

• Can we constrain the dust amplitude well enough from 
Planck data to rule it out?

4
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FIG. 2: Likelihood of the spectral index of the signal in antenna temperature given the 100×150 GHz Bicep1×Bicep2 and

150×150 GHz Bicep2 data. Because our analysis accounts for CMB lensing and includes cosmic variance errors, the likelihood

function is broader than that computed in [1]. The red curve uses the same assumptions as the Bicep2 analysis and lies very

close to their published result. The blue curve uses a form of the likelihood function corrected to account for CMB lensing. The

green curve accounts for lensing and includes cosmic variance associated with a foreground characterized by an angular power

spectrum with �(�+1)CBB
� /2π = 0.01µK2

at � = 46, �-dependence consistent with dust, and spectral index β. The covariance

matrix accounts for the correlations between the 100×150 GHz and 150×150 GHz data. The vertical lines in the plot denote

the best-fit CMB prediction (black) and the best-fit foreground prediction (orange). The dashed line shows the 68% confidence

interval. The null-hypothesis is not convincingly excluded, but a CMB spectrum provides a better fit. However, the constraint

on the spectral index is entirely driven by the second bandpower at 100×150 GHz.

�(� + 1)CBB
� /2π at � = 100 should be < 0.01µK2

even under conservative assumptions about synchrotron and

dust, while if r = 0.2, the amplitude of the signal should be significantly larger, ∼ 0.015µK2
(in the absence of

any foreground emission). Moreover, the uncertainties in the synchrotron amplitude on these scales can be reduced

through cross-correlations between the WMAP K-band data and the Keck 100 GHz data. Thus, the Keck 100 GHz

measurements may help clarify the nature of the fluctuations seen by Bicep2 at 150 GHz.

III. ESTIMATING THE DUST POLARIZATION SIGNAL

The Bicep2 team used the auto-correlations of several dust model templates as well as the cross-correlations of

these templates with their data to model the polarized dust emission in the Bicep2 region and to conclude that the

polarized dust contribution is negligible compared to the measured CBB
� , except perhaps in the lowest �-bin. The

analysis is based on six dust models: four of the templates referred to as FDS, BSS, LSA, and PSM are based on

pre-Planck data, while the remaining two, DDM1 and DDM2, are driven by polarization information presented at

the April 2013 ESLAB meeting. We start with a brief description of these models.

DDM1 uses the Planck map of Galactic thermal dust emission, which is obtained from fitting Planck 353, 545, and

857 GHz data, as well as IRAS 100 µm data [28]. This map is constructed at 353 GHz and then scaled to 150 GHz

using a modified blackbody SED with constant emissivity 1.6 and constant temperature 19.6 K. The amplitude of

polarized dust emission is then set by assuming a uniform 5% dust polarization fraction over the Bicep2 field, and

Q and U maps are finally derived using polarization angles from the Planck Sky Model (PSM) [29]. PSM predictions

are currently not based on Planck data, but rather rely on modeling informed by earlier experiments.

DDM2 uses the same dust intensity map as DDM1, but relies on a digitization of the polarization fraction and

polarization angle maps presented in [30] to construct Q and U maps.

Since DDM1 does not include fluctuations in the polarization fraction, it is expected to under-predict the dust

contribution to the power spectrum. For DDM2, noise bias and noise in the polarization fraction map will bias its

prediction high.

The Bicep2 analysis of DDM1 and DDM2 shows polarized dust emission to be subdominant. However, this

conclusion rests on a crucial input, the dust polarization fraction p in the Bicep2 field, which enters quadratically in

the dust polarization auto-spectra.

The polarization fraction is also an important parameter for the remaining four models presented in [1], and was

not well constrained when these models were made. A study dedicated to an understanding of the role of foregrounds



• Currently, a joint fit to 
BICEP1xBICEP2 100x150 and 
BICEP2150 GHz data weakly 
favors the gravitational wave 
hypothesis (               ), but 
does not convincingly rule 
out foregrounds as source of 
the excess.

• Eventually observations at multiple frequencies will 
distinguish CMB from dust. 

Testing the Null Hypothesis
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dust+sync

(fiducial Gaussian approximation for covariance matrix)



Estimates of Polarized 
Emission from Dust



• Intensity map

• Polarization fraction

• Polarization angles 

Models for polarized foreground need three 
ingredients, typically

CIB corrected foreground models

Q(n̂) = p(n̂)I(n̂) cos(ψ(n̂))

U(n̂) = p(n̂)I(n̂) sin(ψ(n̂))



• Planck dust model

• Average polarization fraction from Bernard polarization 
fraction map corrected for CIB

• Polarization angles from starlight data, PSM, or Q and U 
maps

DDM-P1

DDM-P2
• Planck dust model

• Polarization fraction from Bernard polarization fraction 
map corrected for CIB

• Polarization angles from starlight data, PSM, or Q and U 
maps

CIB corrected foreground models



CIB corrected foreground models
Foregrounds plus lensing contribution

BICEP2

BICEP2xKeck

BICEP2

BICEP2xKeck
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and angles and uncertainty in frequency rescaling.



CIB corrected foreground models

• DDM-P1 ignores fluctuations in polarization 
fraction which causes it to under-predict the 
foregrounds

• DDM-P1 overpredicts foregrounds on small scales 
because dust model contains CIB fluctuations

• This is true of all models relying on average 
polarization fractions (and one might argue they 
should not be used at all)

• DDM-P2 should over-predict the foregrounds from 
dust because of noise bias and noise in polarization 
fraction map (but ignores synchrotron)

Remarks



CIB corrected foreground models

Can we find other estimates?

• HI traces the dust and its column density 
can be used to predict polarized emission 
(Aumont’s ESLAB presentation)

• If we think they are reliable, we can attempt 
to measure BB directly from the digitization 
of Boulanger’s maps



corrected for instrumental noise and 
effects of digitization
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Estimate from HI column density



This tells us how to extrapolate to low column density at 353 GHz

Estimate from HI column density

How do we extrapolate in frequency?

• Using a modified black body assuming the 
same parameters in the patch as given in the 
recent Planck papers

• Measuring the coefficient for cleaning the 
143 GHz map with CMB-free 353 GHz map 
in the patch assuming the same frequency 
dependence as in intensity

• or using additional results from Aumont 
directly for BB



Estimate from HI column density

Good agreement

BICEP2xKeck
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Estimate from HI column density

• DDM-P2 models and an estimate based on HI column density 
agree well

• Foregrounds may be OK if the lower end of the estimates is 
correct, but the uncertainty is large

• The preliminary maps produce reasonable results on sky 
fractions studied by Aumont suggesting that one can attempt a 
direct measurement

Points to take away from this analysis



Measurement from Q/U maps

• Estimator based on PolSpice, apodization and range of 
correlation function based on simulations.

• Weighting based on BICEP hit count (made by eye). 

released BICEP outline

reverse engineered mask made based 
on description of scan strategy before 
outline was released



• simulate CMB temperature and polarization

• map2gif

• Keynote

• export to pdf

• convert figure back to gif

• convert back to fits map

• measure spectrum with same estimator as for simulations

Effect of HEALPix     gif     pdf     gif     HEALPix

Measurement from Q/U maps



• Direct measurement from the preliminary Q and U maps 
agrees well with DDM-P2 models and the estimates based on 
H1 column density

Measurement from Q/U maps

Is it all bandpass or calibration leakage?



Measurement from Q/U maps
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Measurement from Q/U maps

• Bandpass and calibration leakage should not be a problem even 
for the preliminary Q and U maps, essentially because of the 
low dust intensity, and can certainly be controlled by Planck

• To what extent noise is a problem remains to be seen, but 
Planck’s noise is lower than average in the BICEP2 region of the 
sky



Summary of Foreground Estimates
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FIG. 3: Predicted contribution of polarized dust emission to the B-mode angular power spectrum for our models discussed

in section III, and for the pre-Planck models studied by Bicep2 (blue) after taking into account the increase in polarization

fraction. The range for the FDS, PSM, BSS, and LSA models, shown in blue, is based on a variation of the polarization fraction

between 8 and 17%, while the range for the DDM-P1 and DDM-P2 models is based on our set of 96 models (see section III).

The range for the HI estimate reflects the uncertainty in the extrapolation to low column densities and the uncertainty in

frequency extrapolation. The gray band shows the best-fit amplitude of 0.010± 0.002µK2
at � = 46 determined in section II.

If the dust foreground amplitude lies in this gray band, then the best-fit model to the data will have a negligible gravitational

wave contribution.

for a potential future space mission (CMBPol) estimates an uncertainty of one order of magnitude for the polarization

fraction [31] and hence as much as two orders of magnitude in the power spectrum. For the FDS model (based on

Model 8 in [32]), the Bicep2 analysis assumes an average polarization fraction in the patch of 5%, in agreement

with the average we obtain from the map shown in [30], and sets the Stokes Q and U parameters equal so that

CBB
� = CEE

� . The polarization maps for the BSS and LSA models are also constructed from Model 8 in [32], with

polarization fraction and angles determined from magnetic field models and line-of-sight integrals. The magnetic field

model for the BSS model is a bi-symmetric spiral, and for LSA a logarithmic spiral arm. The polarization fraction

is normalized to 3.6% within the WMAP P06 mask for both models. This yields an average polarization fraction

of 5.7% and 4.9% in the Bicep2 region for the BSS and LSA models, respectively, again close to the polarization

fraction obtained from [30]. Finally, for the PSM model (based on Model 7 in [32]) we find an average polarization

fraction in the Bicep2 region of 5.5%.
3
If the true polarization fraction were different, all these models would have

to be rescaled. In other words, while only DDM1 and DDM2 explicitly rely on [30], the other four models implicitly

depend on it as well.

The polarization fraction map in [30] comes with the important caveat that emission from the Cosmic Infrared

Background (CIB) has not been subtracted. Based on section 2.4 of [22], the CMB may also not have been subtracted,

but this potential correction is small enough to be negligible (∼10%). As a result, the polarization fraction pGal−B2 =�
Q2

353 + U2
353/I353 assumed by Bicep2 is an underestimate of the Galactic dust polarization fraction pGal−Actual =�

Q2
Gal + U2

Gal/IGal, where IGal is the Galactic dust intensity, ICIB is the CIB intensity, ICMB is the CMB intensity,

and QGal and UGal are the Galactic dust Stokes parameters, all at 353 GHz. Thus, the Galactic polarization fraction

3 We run version 1.7.8 of the PSM with the same settings as BICEP to facilitate comparison, i.e. run as ‘prediction’, with magnetic field
pitch angle of −30◦ and 15% intrinsic polarization fraction. This mode misses some information about scales smaller than 3 degrees
and will underpredict the degree-scale power spectrum. Simulated small scale structure is added when run in ‘simulation’ mode.

• For the FDS and LSA models, foregrounds are not expected 
to be the entire signal

• For all other models, foregrounds may be OK if the lower 
end of the estimates is correct, but the uncertainty is large



Cross-Spectra of Data with Models
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FIG. 5: The left panel shows the correlation matrix at � = 46 for model 5 and four of the templates used in [1]: the Planck Sky
Model (PSM) [29], the Bi-Symmetric Spiral (BSS) and Logarithmic Spiral Arm (LSA) field models presented in [39], and Model
8 of [32] with Q = U . If the true sky looked like one of the models, then a measurement of the cross-correlation using another
model would underestimate the signal by as much as a factor of 10. The correlations further decrease for higher multipoles.
The right panel shows the correlation matrix at � = 46 for a small subset of five DDM-P2 dust models. The polarization angles
are taken to be (1) the average angle in the patch as inferred from starlight data; (2) the average angle taken from the PSM;
(3) from the PSM at 5 degree resolution; and (4) from the PSM at 1 degree resolution. Model 5 is based on [33] and is a proxy
for data. Even between “data-based” models and data, correlation coefficients below 50% are common, suggesting that low
cross-power between the data-driven models and data do not establish that foregrounds are negligible.

As discussed in section III, Ref. [1] used a series of templates that are based on multiplying the intensity of the

dust signal by a polarization fraction and a polarization direction. While the publicly available Planck 353 GHz maps

and dust models provide an accurate map of the dust intensity signal, the polarization directions and the polarization

amplitudes are poorly known. We can estimate the sensitivity of the measured cross-correlations to the polarization

angle by cross-correlating the four publicly available templates used in [1] with themselves and the maps from [33],

which we will refer to as model 5 below. The matrix of correlation coefficients at � = 46 is shown in the left panel

of Figure 5. The small correlations between the templates and between the templates and model 5 suggest that the

small cross-correlations with the data measured in [1] likely reflect the limitations of the templates and do not provide

a constraint on the dust polarization.

As a test for the revised data-driven models, we have computed the full set of cross-spectra for our suite of ninety-six

models (see section IIIA). For clarity, we focus the discussion on a small representative subset of five DDM-P2 models

selected to illustrate the main conclusions from our analysis. In all five DDM-P2 models shown, the dust polarization

fraction is set from our CIB-corrected map (see section III). We then set polarization angles in one of five ways: model

1 assumes a constant polarization angle set from starlight polarization data (see section IIIA); model 2 assumes a

constant polarization angle set from the Planck sky model; models 3 and 4 use spatially-varying polarization angles

again set from PSM maps, but smoothed to 5
◦
and 1

◦
, respectively, before computation of the polarization angles;

and model 5 is based on the maps discussed in section III C.

The correlation matrix for these models at � = 46, corrected for noise bias, is shown in the right panel of Fig. 5.

The two models with constant polarization angles (models 1 and 2) correlate well with each other, which is expected

since the polarization angles obtained from starlight data and from the PSM are in good agreement. Similarly, the

models whose polarization angles are based on the smoothed PSM maps (models 3 and 4) also correlate well with

each other, and the correlations between these models and the first two are still significant. However, the correlations

between model 5, our proxy for data, and any other model are typically suppressed by a factor of two to three. Such

a suppression is quite typical in our full 96×96 correlation matrix, and in fact much lower correlation coefficients and

even small negative ones exist. The correlation coefficients decrease further on smaller scales.

Model 5 is the only model whose polarization angles are set from polarized dust emission data. Although preliminary,

as discussed in section III C, these data are the only of their kind currently publicly available. The suppressed

correlation between model 5 and the other models, and more generally between models with polarization angles set

• None of the models capture the foregrounds in the BICEP2 
region of the sky well on the relevant scales.

• As a consequence, the cross-spectra between the models 
and the data underestimate the true foreground 
contribution.

correlation matrix at � = 46



Conclusions



Conclusions

• BICEP has provided us with the deepest maps of any patch of 
the sky at 150 GHz and has detected degree scale B-modes

• According to all estimates, foregrounds may be small enough to 
allow a primordial signal, but the uncertainty on foregrounds is 
large and measurements at other frequencies are important for 
a definitive measurement 

BICEP2

BICEP2xKeck

BICEP2

BICEP2xKeck

BICEP2

BICEP2xKeck
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FIG. 4: Comparison of several predictions for the 150 GHz signal versus the reported Bicep2 × Bicep2 and the preliminary

Bicep2 × Keck measurements. The predictions are a combination of the dust polarization signal and the predicted lensing

signal for standard cosmological parameters. Panel (a) is based on DDM-P1, which assumes that the dust polarization signal

is proportional to the dust intensity (extrapolated from 353 GHz) times the mean polarization fraction (based on our CIB-

corrected map; see section III). The band represents the 1σ countours derived from a set of 48 DDM-P1 models. Panel (b) shows

DDM-P2, with polarization fractions from our CIB-corrected map, and polarization direction based on starlight measurements,

the PSM, or [33]. Panel (c) uses the column density of neutral hydrogen in the Bicep2 region inferred from the optical depth

at 353 GHz to estimate the dust foreground. In this panel, the band reflects the uncertainty in the extrapolation of the scaling

relation to low column densities as well as the uncertainty in the rescaling from 353 GHz to 150 GHz.

this region has been selected by the Bicep2 team for its low dust extinction, few starlight polarization data have

been collected within the field. However, we found seven significant detections (P/σP > 1) along sightlines to stars

at least 100 pc above the Galactic plane. Two of them are for the same star, but observed by different teams, with

both observations above 5σ. The polarization angle of the dust emission derived from the latter is 154.5◦. The mean

and median angles derived from all significant detections in the region are respectively 171.1◦ and 160.4◦, in good

agreement with that derived from the 5σ detections. In a first class of models, we thus take the polarization angle

to be constant across the patch, and explore a range of values consistent with starlight polarization data, taking the

average dust emission polarization angle to be 160
◦
, and explore the effect of varying this angle by 10

◦
.

In a second class of models, we again take the polarization angle to be constant across the patch, but use the

average polarization angle from the PSM. We consider a third class of models, in which we use polarization angles

derived from the PSM after smoothing the maps to 1 or 5 degrees. Finally, we consider models based on [33] and

vary the zero levels of the polarization and intensity maps within errors of the calibration.

The first two panels of Fig. 4 show the range of dust B-mode amplitudes compatible with each model added to the

lensed E-mode signal. The DDM-P1/DDM-P2 envelopes correspond to the 1σ contours based on a suite of forty-eight

DDM-P1/DDM-P2 models that differ by their choice of polarization angles and map zero-levels, as discussed above.

DDM-P1 and DDM-P2 lead to consistent predictions, and the uncertainty envelope on each estimate encompasses

the Bicep2 and Bicep2 × Keck data points in the five bins used in the Bicep2 analysis.

B. Estimate from HI Column Density

The Planck collaboration has reported a strong correlation between Hi column density and the amplitude of the

dust polarization signal along a given line of sight [21]. We use this relationship to estimate the polarization signal

in the Bicep2 region. Hi column density can be inferred from the Planck 353 GHz dust opacity map according to

NHI = 1.41× 10
26

cm
−2 τ353 [28]. Using this relation, we find NHI = (1.50± 0.07)× 10

20
cm

−2
in the Bicep2 region.

4

Inserting this value into the relation between NHI and dust polarization amplitude and using the appropriate modified

blackbody SED [19], at 150 GHz we obtain polarized dust emission power estimates at � = 100 of 0.021± 0.014µK2

for �(�+ 1)CEE
� /2π and 0.015± 0.010µK2

for �(�+ 1)CBB
� /2π.

4 While Ref. [21] was based on an older version of the Planck dust model, we consistently work with version 1.20.



Conclusions

• 100 GHz Keck Array data will be available soon (1-2 months?)

• Three frequency BICEP3/Keck Array data (coming 2015?), 
should be able to characterize foregrounds

• Planck will soon release its polarization data which will be 
extremely valuable for our understanding of foregrounds
because of its frequency coverage

• If the tensor to scalar ratio is 0.1 or larger, Planck may also be 
able to confirm the measurement directly

• It looks like Planck and BICEP will collaborate so that we will 
soon know whether there is a primordial tensor contribution 
hiding in the excess B-mode power on degree angular scales 
observed by BICEP2



Thank you


