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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-!CDM! 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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OUTLINE

• Introduction to Big Bang Theory, Cosmic Microwave 
Background (CMB), and Inflation

• Signals of Gravitational Waves Produced During Inflation

• Polarized CMB light as observed by BICEP2

•Discovery of Gravity Waves or Dust?

• The Future
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EXPANDING UNIVERSE
Hubble (’29) discovered that the Universe was expanding

On average, objects
are moving away

with velocity
that grows linearly

with distance

v = Hd

H = Hubble Constant
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HUBBLE EXPANSION

astro.ucla.edu

Universe expansion
is like a balloon

expanding

d = a x

a = scale factor
x = coordinate on 

balloon

Hubble constant isn’t a constant!H(t) =
1

a

da

dt
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BIG BANG
Evolution of scale factor is determined by energy 

content of the universe (radiation, matter, cosmological 
constant)

H
2 =

8πGρ

3
Friedmann eqn.
ρ = energy density

As one goes back in time, eventually a goes to zero
This infinite density and temperature 

state is the Big Bang
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COSMIC MICROWAVE BKGD

Discovered by 
Penzias, Wilson, ’64

Blackbody Spectrum
COBE ’90

Temperature = 2.7 K

As Universe expands, it starts to cool, so
we expect some thermal radiation left over

which is emitted 300,000 years after Big Bang
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COSMIC MICROWAVE BKGD

Extremely uniform
Temperature fluctuations are 10 μK 

Planck
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HORIZON PROBLEM
This is a problem!  How did these regions in

opposite directions know to be ~ same temperature?
time

x

Now
14 billion

years

CMB emitted
300,000 yrs

Not enough time from Big Bang for 2 regions to communicate!

light rays
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INFLATION

Period of accelerated expansion faster than light allows
regions to have thermalized

time

x

CMB 
Emitted

Big Bang

This small region now has
time to have reached uniform  temperature
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INFLATIONARY 
SUCCESSES

• Solves horizon and flatness (why our Universe is spatially flat) 
problem

• It also generates the (quantum) fluctuations in cosmic 
microwave background, matter that grows into the galaxies we 
see today

Fluctuations are
quantum mechanical!11



STATUS OF INFLATION 

•Many in the cosmology and particle physics community 
believe that inflation as a paradigm has passed many important 
tests

• Still know very little about the theory behind inflation

• For the skeptics, need a smoking gun signal to be convinced
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GRAVITY WAVE 
FLUCTUATIONS

• Inflation also predicts that there are gravity wave fluctuations 
produced during inflation

• Their amplitude is set by the energy density that drives 
inflation, so detection would give a strong hint that inflation 
exists and give insight into the theory behind inflation
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POLARIZATION
We have to look at polarization of the CMB
in order to detect inflationary gravity waves

In early Universe, photons and electrons are 
strongly interacting, leading to photons being

unpolarized.  Once Universe starts to become 
transparent, can generate a polarization.

electron

Incoming unpolarized light

Scattered polarized light

Thomson
Scattering
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POLARIZATION
Only a quadrupole anisotropy in unpolarized photons

is scattered into polarized light

electron

Incoming unpolarized light

Scattered polarized light
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POLARIZATION MODES

B-mode polarization is only created by gravity waves
(and vector perturbations)

Summing over many plane waves, we get the following 
polarization patterns around hot and cold spots:

coldcold cold

hothot

B-mode
(curl)(grad)

E-mode
Baumann



GRAVITY WAVE QUADRUPOLES

Gravity waves stretch and contract photon wavelengths
cooling or heating them, giving a quadrupole anisotropy

+ mode - mode

17



GRAVITATIONAL WAVE ACROSS SKY

Observed 
Polarization 
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GRAVITATIONAL WAVE ACROSS SKY

Observed 
Polarization 

B-mode
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POLARIZATIONS

Wayne Hu website

Inflation
generates

zero B modes

Gravity waves as tensor perturbations have
additional directional dependence which

allows them to generate B modes
Thus, a clear signal would be a major discovery!
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BICEP2

A telescope
at South

Pole looking
for CMB

polarization
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WHAT THEY FOUND

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-!CDM! 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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EXTRACTED SIGNAL

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-!CDM! 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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Detected a significant
B-mode polarizationSuch 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 ! 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 "5.7# 0.7$%.
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 "5.0# 0.3$%.
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 "5.6# 0.8$%.
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-LCDM%
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-!CDM% r ! 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 (! ! "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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Signal predicted from
an inflation model

Predictions for
potential dust
contributions 
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IMPLICATIONS

•Would be strong confirmation of inflationary prediction, with 
energy density near grand unification scale

• Indirect evidence that gravity waves are quantized, similar to 
how light waves are quantized as photons

• Also has strong trickle down effects on many other aspects of 
particle physics and cosmology

23



FOREGROUNDS
Unfortunately, the signal may not be due to gravity waves

It could also come from microwave emission from
dust in our galaxy

This measurement is the first of its kind at this
sensitivity and the BICEP2 telescope does 

not have the capability to distinguish these possibilities

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 ! 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 "5.7# 0.7$%.
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 "5.0# 0.3$%.
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 "5.6# 0.8$%.
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-LCDM%
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

0 50 100 150 200 250 300

!0.005

0

0.005

0.01

0.015

0.02

Multipole

l(l
+1

)C
lB

B
/2

! 
[µ

K
2 ]

Dust
lens+r=0.2
BSS
LSA
FDS
PSM
DDM1

0 50 100 150 200 250 300

!0.002

!0.001

0

0.001

0.002

l(l
+1

)C
lB

B
/2

! 
[µ

K
2 ]

Multipole

Synchrotron

lens+r=0.2
B2xW

K
W

K
xW

K
W

K
xW

K
 no debias

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-!CDM% r ! 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 (! ! "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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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 contours 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 [36]. 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.

and avoids the subtleties inherent to models that rely on average polarization fractions such as DDM-P1. However,

noise bias and noise in the polarization fraction map are expected to cause DDM-P2 to slightly over-predict the

polarized emission from dust.

For both DDM-P1 and DDM-P2 we consider models with different estimates for the polarization angles. Interstellar

dust grains preferentially absorb the optical light from stars in the direction perpendicular to the Galactic magnetic

field. As a result, their emission is polarized in this same direction, i.e. perpendicular to the starlight polarization

direction [37]. We gathered data in the Bicep2 region from the Heiles, Santos, and Schröder samples [38–40]. Since

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 [36] 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 [23]. 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 [31]. Using this relation, we find NHi = (1.50 ± 0.07) × 10

20
cm

−2
in the Bicep2
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FOREGROUNDS
Unfortunately, the signal may not be due to gravity waves

It could also come from microwave emission from
dust in our galaxy

This measurement is the first of its kind at this
sensitivity and the BICEP2 telescope does 

not have the capability to distinguish these possibilities

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 ! 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 "5.7# 0.7$%.
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 "5.0# 0.3$%.
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 "5.6# 0.8$%.
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-LCDM%
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-!CDM% r ! 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 (! ! "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.

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

241101-15

7

�

�
� �

�

�

�

� �

�

�

� � �

�
�

�

�

50 100 150 200 250 300

0.01

0.02

0.03

0.04

0.05

0.06

�

����1
�C �,BB

�2Π�Μ
K
2 �

DDM�P1�lensing

�

�
� �

�

�

�

� �

�

�

� � �

�
�

�

�

50 100 150 200 250 300

0.01

0.02

0.03

0.04

0.05

0.06

�

����1
�C �,BB

�2Π�Μ
K
2 �

DDM�P2�lensing

�

�
� �

�

�

�

� �

�

�

� � �

�
�

�

�

50 100 150 200 250 300

0.01

0.02

0.03

0.04

0.05

0.06

�

����1
�C �,BB

�2Π�Μ
K
2 �

NHI�lensing

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 contours 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 [36]. 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.

and avoids the subtleties inherent to models that rely on average polarization fractions such as DDM-P1. However,

noise bias and noise in the polarization fraction map are expected to cause DDM-P2 to slightly over-predict the

polarized emission from dust.

For both DDM-P1 and DDM-P2 we consider models with different estimates for the polarization angles. Interstellar

dust grains preferentially absorb the optical light from stars in the direction perpendicular to the Galactic magnetic

field. As a result, their emission is polarized in this same direction, i.e. perpendicular to the starlight polarization

direction [37]. We gathered data in the Bicep2 region from the Heiles, Santos, and Schröder samples [38–40]. Since

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 [36] 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 [23]. 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 [31]. Using this relation, we find NHi = (1.50 ± 0.07) × 10

20
cm

−2
in the Bicep2
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[103,104] provided with the Planck data release [105] (and
are thus identical to those shown in that Planck paper). We
then apply importance sampling [106] to these chains using
our r likelihood as shown in Fig. 10 to derive the blue
contours, for which the running parameter constraint shifts
to dns=d ln k ! !0.028" 0.009 (68%).
The point of Fig. 13 is not to endorse running as the

correct explanation of the observed deficit of low l TT
power. It is simply to illustrate one example of a simple
model extension beyond standard !CDM# tensors which
can resolve the apparent tension between previous TT
measurements and the direct evidence for tensors provided
by our B-mode measurements—probably there are others.
Of course, one might also speculate that the tension could
be reduced within the standard !CDM# tensors model,
for example if ! or other parameters were allowed to shift.
We anticipate a broad range of possibilities will be
explored.

XII. CONCLUSIONS

We have described the observations, data reduction,
simulation, and power spectrum analysis of all three
seasons of data taken by the BICEP2 experiment. The
polarization maps presented here are the deepest ever made
at degree angular scales having noise level of 87 nK deg in
Q and U over an effective area of 380 square deg.
To fully exploit this unprecedented sensitivity we have

expanded our analysis pipeline in several ways. We have
added an additional filtering of the time stream using a
template temperature map (from Planck) to render the
results insensitive to temperature to polarization leakage
caused by leading order beam systematics. In addition we
have implemented a map purification step that eliminates
ambiguous modes prior to B-mode estimation. These
deprojection and purification steps are both straightforward
extensions of the kinds of linear filtering operations that are
now common in CMB data analysis.
The power spectrum results are consistent with lensed

!CDMwith one striking exception: the detection of a large
excess in the BB spectrum in the l range where an
inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2" excursion from the base
lensed-!CDM model. We have conducted a wide selection
of jackknife tests which indicate that the B-mode signal is
common on the sky in all data subsets. These tests offer
strong empirical evidence against a systematic origin for
the signal.
In addition, we have conducted extensive simulations

using high fidelity per channel beam maps. These confirm
our understanding of the beam effects, and that after
deprojection of the two leading order modes, the residual
is far below the level of the signal which we observe.
Having demonstrated that the signal is real and “on the

sky” we proceeded to investigate if it may be due to
foreground contamination. Polarized synchrotron emission

from our galaxy is estimated to be negligible using low
frequency polarized maps from WMAP. For polarized dust
emission public maps are not yet available. We therefore
investigate a number of commonly used models and one
which uses information which is currently officially avail-
able from Planck. At default parameter values these models
predict auto spectrum power well below our observed level.
However, these models are not yet well constrained by
external public data, which cannot empirically exclude dust
emission bright enough to explain the entire excess signal.
In the context of the DDM1 model, explaining the entire
excess signal would require increasing the predicted dust
power spectrum by 6!, for example by increasing the
assumed uniform polarization fraction in our field from 5%
(a typical value) to "13%. None of these models show
significant cross-correlation with our maps (although this
may be interpreted simply as due to limitations of the
models).
Taking cross spectra against 100 GHz maps from

BICEP1 we find significant correlation and set a constraint
on the spectral index of the B-mode excess consistent with
CMB and disfavoring dust by 1.7". The fact that the
BICEP1 and Keck Arraymaps cross correlate with BICEP2
is powerful further evidence against systematics.
An economical interpretation of the B-mode signal

which we have detected is that it is largely due to tensor
modes—the IGW template is an excellent fit to the
observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r ! 0.20#0.07

!0.05 with
r ! 0 ruled out at a significance of 7.0", with no fore-
ground subtraction. Multiple lines of evidence suggest that
the contribution of foregrounds (which will lower the
favored value of r) is subdominant: (i) direct projection
of the available foreground models using typical model
assumptions, (ii) lack of strong cross-correlation of those
models against the observed sky pattern (Fig. 6), (iii) the
frequency spectral index of the signal as constrained using
BICEP1 data at 100 GHz (Fig. 8), and (iv) the power
spectral form of the signal and its apparent spatial isotropy
(Figs. 3 and 10).
Subtracting the various dust models at their default

parameter values and re-deriving the r constraint still
results in high significance of detection. As discussed
above, one possibility that cannot be ruled out is a larger
than anticipated contribution from polarized dust. Given the
present evidence disfavoring this, these high values of r are
in apparent tension with previous indirect limits based on
temperature measurements and we have discussed some
possible resolutions including modifications of the initial
scalar perturbation spectrum such as running. However, we
emphasize that we do not claim to know what the resolution
is, if one is in fact necessary.
Figure 14 shows the BICEP2 results compared to

previous upper limits. We have pushed into a new regime
of sensitivity, and the high-confidence detection of B-mode
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CONCLUSIONS

• Inflation is an intriguing idea motivated by our Universe

•Observation of gravitational waves effect on CMB polarization 
is inflation’s smoking gun

• Is BICEP2’s observations due to gravity waves or foregrounds?  
The correct interpretation is still unknown...

• If it is inflationary in origin, gravitational wave background 
could be detected at future space based GW detectors 
(BBO, DECIGO)
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Figure 1: Spectrum of the IGWs as a function of the frequency. Here, we take !̄IGW = 1.51!10!16,
nT = "6.38!10!2, and !T = "4.08!10!3. The reheating temperature is taken to be TR = 107 GeV
(red), TR = 108 GeV (green), TR = 109 GeV (blue), and high enough TR (purple). The black lines
are the e"ective sensitivity to the GW amplitude defined in Eq. (3.17).

range relevant for the GW detectors, two types of analyses are suggested. One is the analysis
with the assumption of high enough reheating temperature; then we may impose T = 1 and
determine !̄IGW, nT, and !T. The other is the one with TR being included. Then, we may
have information about the reheating temperature. In Section 4, we consider both cases.

In our analysis, T is evaluated by numerically solving the evolution equation of GWs. In
Fig. 1, we show the spectrum of the IGWs for several choices of parameters. One can see a
significant suppression of !IGW in the high frequency region.

With the inflation model being fixed, !IGW can be evaluated. In single-field slow-roll
inflation model, !̄IGW is given by

!̄IGW(f") =
1

3
!rad

!

H"

2"MPl

"2!g(Tf!)

g(Teq)

"!

gs(Tf!)

gs(Teq)

"!4/3

, (2.9)

where !rad # 9.4!10!5 is the density parameter of radiation component, H" is the expansion
rate of the universe when the mode f" exits the horizon during inflation, and gs(T ) is the
e"ective number of massless degrees of freedom for entropy density at the temperature T .
(Here and hereafter, the subscript “$” is used for quantities related to the mode with f = f".)
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