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ABSTRACT
We report results from the BICEP2 experiment, a Cosmic Microwave Background (CMB) polarimeter specif-

ically designed to search for the signal of inflationary gravitational waves in the B-mode power spectrum around
`⇠ 80. The telescope comprised a 26 cm aperture all-cold refracting optical system equipped with a focal plane
of 512 antenna coupled transition edge sensor (TES) 150 GHz bolometers each with temperature sensitivity of
⇡ 300 µKCMB

p
s. BICEP2 observed from the South Pole for three seasons from 2010 to 2012. A low-foreground

region of sky with an effective area of 380 square degrees was observed to a depth of 87 nK-degrees in Stokes
Q and U . In this paper we describe the observations, data reduction, maps, simulations and results. We find
an excess of B-mode power over the base lensed-⇤CDM expectation in the range 30 < ` < 150, inconsistent
with the null hypothesis at a significance of > 5�. Through jackknife tests and simulations based on detailed
calibration measurements we show that systematic contamination is much smaller than the observed excess.
We also estimate potential foreground signals and find that available models predict these to be considerably
smaller than the observed signal. These foreground models possess no significant cross-correlation with our
maps. Additionally, cross-correlating BICEP2 against 100 GHz maps from the BICEP1 experiment, the excess
signal is confirmed with 3� significance and its spectral index is found to be consistent with that of the CMB,
disfavoring synchrotron or dust at 2.3� and 2.2�, respectively. The observed B-mode power spectrum is well-
fit by a lensed-⇤CDM + tensor theoretical model with tensor/scalar ratio r = 0.20+0.07

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

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

Inflationary cosmology extends the standard model by pos-
tulating an early period of nearly exponential expansion
which sets the initial conditions for the subsequent hot big
bang. It was proposed and developed in the early 1980s
to resolve mysteries for which the standard model offered
no solution, including the flatness, horizon, smoothness, en-
tropy, and monopole problems (Brout et al. 1978; Starobin-
sky 1980; Kazanas 1980; Sato 1981; Guth 1981; Linde 1982,
1983; Albrecht & Steinhardt 1982; see Planck Collaboration
XXII 2013 for a review). Inflation also explains the universe’s
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CMB Polarization:  
Generation

□ Ionized plasma + quadrupole radiation field: 	

■ Thomson scattering ⇒ [linearly] polarized emission	


!
!

□ Unlike intensity, only generated when ionization  
fraction, 0<x<1 (i.e., during transition) 	


!
□ Scalar perturbations: traces ~gradient of velocity	

■ same initial conditions as temperature and density fluctuations	


□ Tensor perturbations: independent of density fluctuations 	

■ +,× patterns of quadrupoles (impossible to form via linear scalar 

perturbations)	

■ at last-scattering, from primordial background of gravitational 

radiation, predicted by inflation

e

HOT

COLD



□ 2-d (headless) vector field on a sphere	

□ Spin-2/tensor spherical harmonics	

□ grad/scalar/E + curl/pseudoscalar/B patterns 
 
 
 

□ NB.  From polarization pattern ⇒ E/B 
decomposition requires integration (non-local) or 
differentiation (noisy)	

■ Lewis et al; Bunn et al; Smith & Zaldarriaga; Grain et al; 

Bowyer & AJ; … 	

■ (data analysis problems)

CMB Polarization:  
 E/B Decomposition

E E B B



□ Scalar and tensor modes are isotropic, parity-
symmetric fields on the sky. 	


□ T is a scalar, E is the “gradient” of a scalar, B is the 
“curl” of a pseudoscalar	

!

!

!

!

!

■ expect 〈EB〉=〈TB〉= 0 
■ try to measure 〈TT〉, 〈BB〉, 〈EE〉, 〈TE〉 

E/B decomposition:  
the math
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where the sYlm are spin-weighted spherical harmonics[13] with integer spin weight s — reduc-

ing to the standard spherical harmonics Ylm for s = 0 — n̂ is the chosen coordinate basis and

the aXlm are the s = 0 harmonic coefficients of X = {E,B}. Since one can decompose vector and

tensor fields into curl and divergence parts, and cosmological vector fields decay exponentially

in the inflationary scenario, the decomposition of tensor perturbations corresponds uniquely to

the E- and B-modes. In the real universe of course, the situation is conflated by the presence of

lensing, reionization and other astrophysical phenomena restricting the detection of primordial

tensor mode phenomena to low-l multipoles.

To facilitate a real-space calculation, we can construct scalar and pseudo-scalar fields corre-

sponding to the E and B-modes respectively
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and then relate the biLaplacians of these fields to the Stokes parameters (where we have

dropped the n̂ for convenience):
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where the g and ¯g terms are respectively the Newman-Penrose spin-weight-raising and spin-

weight-lowering operators

gs = �(@✓ + i csc ✓@� � s cot ✓) ¯gs = �(@✓ � i csc ✓@� + s cot ✓) (4)

and we have appended an s to the standard notation which allows easier spin-weight-counting

of the entity operated on; the operation of gs on a quantity with spin-weight s returns a quantity

with spin-weight s + 1, and correspondingly the operation of ¯g returns a quantity with spin-

weight s� 1. Rearranging equation (3) gives
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CMB Signals  
from inflation

□ Want to probe inflaton potential V(φ)	

□ Induce scalar and tensor power spectra	

■ Observables:	

□ temperature and polarization CMB spectra	

□ functionally linear  

relationships 	

!

□ Transfer functions T depend on cosmological parameters	

□ Amplitude (r=T/S) and shape (ns, nT) of the spectra probe the 

inflaton potential

CBB
⌅ =

⇤
dk ThB

⌅ (k)Ph(k)

CTT
⌅ =

⇤
dk

�
ThT

⌅ (k)Ph(k) + TRT
⌅ (k)PR(k)

⇥



The Polarization of  the CMB
□ Anisotropic radiation field at last 

scattering → polarization	

□ “Grad” or E mode	

■ Breaks degeneracies	

■ New parameters:	

□ reionization	


□ “Curl” or B sensitive to  
 gravity waves	

■ “Smoking gun” of inflation?	

■ Very low amplitude	


□ Need better handle on 
systematics, and...	


□ Polarized foregrounds?

Temperature  
(determined by params)

E-Mode Pol 
(determined by params)

B-Mode Pol 
(depends on inflation)

E E B B

(no lensing)



Gravitational Radiation  
& CMB

□ Last scattering: “direct” 
effect of tensor modes 
(primordial GWs) on the 
primordial plasma	

■ inflationary potential	


□ dominated by lensing of E 
⇒ B for ℓ≳200	


■ sensitive to mν≲0.06eV	

□ (i.e., hot dark matter)	


□ Reionization peak ℓ≲20	


■ need ~full-sky. Difficult for 
single suborbital experiments	


□ Limits depend on full set of 
parameters

GRAVITATIONAL WAVES IN THE CMB

• Cosmic variance of dominant scalar fluctuations limits �r = 0.07 from T and
�r = 0.02 if include E

– Degeneracies make actual limits worse; WMAP5 alone r < 0.43 (95% CL)

3

Courtesy A. Challinor

Reionization  
peak

Lensing 
peak

Suborbital experiments target ℓ~100 peak:	

Kilopixel telescopes give order-of-magnitude 
increase in sensitivity over Planck



The Post-Planck generation: 
Polarization

□ Polarization: First results from kilo-pixel detector arrays	

■ Sensitive to growth of structure  

(e.g., neutrinos)	

■ Cross-correlation with large-scale structure  

(SPTPol: Hanson et al;  
ACT: Hand et al; Polarbear @ ~4σ)	

!

!
■ ⟨EEEB⟩ & ⟨EBEB⟩  

(Polarbear @ ~4σ)	

■ Still no detection of  

primordial B modes  
(gravitational radiation)
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FIG. 3. Polarization lensing power spectra for each lensing estimator. Measured polarization lensing power spectra for each of
Polarbear’s three patches for both lensing estimators ⟨EEEB⟩ (left) and ⟨EBEB⟩ (right). The lensing signal predicted by
the ΛCDM model is shown in solid black curve. The lensing power spectra are shown for each patch in dark green (RA23), blue
(RA12) and magenta (RA4.5), respectively. Patch-combined lensing power spectrum is shown in red. Covariance estimates are
taken from unlensed simulations.
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FIG. 4. Polarization lensing power spectra. Polarization lensing power spectra (red) with B-modes co-added from the three
Polarbear patches and two estimators. ⟨EEEB⟩ is in blue and ⟨EBEB⟩ dark green. Left: A 4.6σ rejection of the null
hypothesis of no lensing. This data fits a lensing amplitude A = 1.37 ± 0.30 normalized to the fiducial ΛCDM value. Right:
The same data, assuming the existence of lensing to calculate error bars including sample variance and including the covariance
between ⟨EEEB⟩ and ⟨EBEB⟩. In this case, the amplitude is measured as A = 1.06 ± 0.47, corresponding to a 43%
uncertainty on the amplitude of the Cdd

L power spectrum (a 22% uncertainty on the amplitude of matter fluctuations). The
posterior distribution functions of the amplitudes A from both unlensed and lensed simulations are shown in the inserted boxes.
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larbear was fabricated at the UC Berkeley Nanolab.
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berto Oyarce and Jose Cortes. The James Ax Obser-
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cional de Investigación Cient́ıfica y Tecnológica de Chile
(CONICYT). Finally, we would like to acknowledge the

tremendous contributions by Huan Tran to the Polar-
bear project.
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EEEB!
EBEB!
Combined
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FIG. 1: Cross-power spectra of CMB polarization lensing
and the 500µm Herschel CIB flux. Top panel: the min-
imum variance combination of all polarization lensing mea-
surements cross-correlated with the Herschel maps; this re-
sult corresponds to 4.0� evidence for gravitational lensing of
CMB polarization. Middle panel: the cross power of EB-
reconstructed lensing with the Herschel maps; constructed
from the EB estimator applied to both Polarbear maps,
this result corresponds to 2.3� evidence for lensing B-modes.
Bottom panel: all four combinations of the two lensing
estimators (EE,EB) applied to two di↵erent Polarbear

maps (RA23, RA12) and cross-correlated with Herschel -
EB/RA23 (dark blue), EE/RA23 (green), EE/RA12 (red),
EB/RA12 (cyan), listing from left to right for each band-
power. The fiducial theory curve for the lensing – CIB cross-
spectrum [16] is also shown (solid line).

gives similar detection significances (to within 0.2�). As
our null hypothesis is the absence of gravitational lens-
ing of CMB polarization, we include no lensing in the
Monte Carlo simulations used to derive the detection sig-
nificance.
Systematic Error Estimates and Null Tests:

Here we discuss the e↵ects of potential sources of sys-
tematic error on the polarization lensing – CIB cross-
correlation. We briefly focus on astrophysical fore-
grounds before turning to instrumental systematics.
To check the foreground contamination level, we com-
pare the lensing-CIB cross-powers with and without the
ATCA sources masked in the CMB; we find the di↵er-
ences are less than 0.2�, which indicates that the con-
tribution of polarized point sources is negligible. As
an additional test, we simulate polarized point sources
(very conservatively estimating 10% polarization frac-
tion, counts as in [36], and neglecting any source mask-
ing in Polarbear) in both CMB and CIB maps and
propagate these maps through our lensing estimation and
cross-correlation pipeline. We find negligible contamina-
tion to the cross-power (at levels well below a percent of
the signal).
We next discuss instrumental systematic errors. First,

we consider a general systematic that linearly couples
T and E modes into B-modes, as leakage most a↵ects
the small B-mode signal (in addition, no other system-
atics can mimic the galaxy EB-lensing cross-correlation
signal, as the signal will still be zero on average if the
lensing B-mode is zero). To estimate the e↵ects of such
instrumental systematic errors, we simply insert a gen-
eral expression for the systematic-contaminated B mode

B̃(`) = B(`) +

Z
d2`0

(2⇡)2
sEB(`� `0)E(`0)

+

Z
d2l0

(2⇡)2
sTB(`� `0)T (`0), (5)

into our expression for the cross-correlation using the
EB-reconstruction. Here the functions s describe the
systematic-induced couplings and the fields E,B, T are
the true (lensed) fields on the sky. Analytically calculat-
ing the e↵ects of such leakage on the cross-correlation,
we find that the bias it induces is zero, essentially due to
the fact that, in cross-correlation, the EB-estimator is
insensitive to leakage of even parity. To test this analytic
calculation in simulations, we repeat the cross-correlation
pipeline verification described earlier, except now intro-
ducing leakage terms. We add 1% of the temperature
maps to the Q and U maps, and add 10% of Q to U
and vice versa. The introduced leakage does not bias the
cross-correlation to percent-level accuracy although the
errors increase marginally.
We estimate the e↵ects of beam uncertainty by gen-

erating simulations with the beam values everywhere in-
creased or decreased by an amount equal to the 1� error.

PB x Herschel H-Atlas CIB measurement



!

!

!

!

!

!
□ Lensing amplitude:  
 
 
with 7% multiplicative (calibration+) uncertainty	


□ (“ABB = 0 rejected at  
 97.5%”)

Polarbear observations

Polarbear CMB B-Mode Power Spectrum 11

Fig. 6.— Polarbear CMB polarization maps of RA23 in equatorial coordinates. The left (right) panel shows Stokes Q (U), where the
polarization angle is defined with respect to the North Celestial Pole. These filtered maps are smoothed to 3.50 FWHM. The clearly visible
coherent vertical and horizontal patterns in the Q map and diagonal patterns in the U map are the expected signature of an E-mode signal.

The map making and pseudo-power spectrum proce-
dure are modeled as a linear function of the true sky
power spectra C`:

C̃` =
X

`0

K``0C`0 , (17)

K``0 = M``0F`0B
2
`0 . (18)

M``0 describes the mode mixing e↵ects of non uniform
sky coverage, and is calculated analytically. F`0 models
the transfer function of the time-domain filters and map
pixelization, and is calculated through Monte Carlo sim-
ulations. B`0 describes the smoothing due to the spatial
response of the detector.

5.3.1. Mode-mixing and filter transfer functions

M``0 is computed analytically, by co-adding the tem-
perature and polarization apodization windows from the
daily maps for the entire season. The resulting window
map is used to calculate M``0 (Louis et al. 2013).

We estimate the transfer function F` of the time do-
main filters from a suite of Monte Carlo simulations.
The input to the Monte Carlo simulations is a set of
10-resolution Gaussian realizations of a 10� ⇥ 10� patch
of the CMB from the best fit wmap-9 power spectra, C`
(Bennett et al. 2013). We use the pointing data from
observations to produce TOD from the simulated maps,
and apply the pseudo-power spectrum estimation proce-
dure. We then estimate the filter transfer function from
the fixed point of

F

n
` = F

n�1
` +

C̃` �
P

`0 M``0F
n�1
`0 C`0B

2
`0

C`B
2
`

. (19)

To distinguish between leakage and transfer function
e↵ects, the filter transfer functions for E and B are com-
puted from separate TT +EE and TT +BB simulations.
The TE, TB, and EB spectra filter transfer functions are

estimated as the geometric mean of the respective auto
spectra. TT , EE, and BB transfer functions are shown
in Figure 7.
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The decrease at high ` is due to the 6.3 Hz low-pass filtering and
the pixelization of the maps (Wu et al. 2001).

Polynomial filtering and scan-synchronous signal sub-
traction create leakage from C

EE
` to C

BB
` . The leakage

transfer function is estimated from the Monte Carlo sim-
ulations and leakage is subtracted in power spectrum es-
timation. Equation 19, T + E simulations, with the EE

theory for Cl and BB pseudospectra and mode mixing
matrix are used to estimate F

E!B
` . Before subtraction,

the leakage is largest in the lowest bin centered at ` = 700
where it is 9% of the C

BB
` band power. The power is sub-

tracted in pseudospectrum space with an amplitude of

C̃

E!B
` =

F

E!B
`

F

E!E
`

C̃

E
` . (20)

Mostly E-mode polarization

8

as was done for Tau A using Equation 9. To calculate
the polarization angle of Cen A, all pixels within 120 of
its center are used. The QUaD experiment measured the
polarization of Cen A at 100 and 150 GHz (Zemcov et al.
2010). Polarbear measured a Cen A polarization angle
of 147.9� ±0.6�(stat.)±1.0�(sys.) with the Tau A-derived
polarization angle. Using the C

EB
` -derived polarization

angle described in Section 4.5 results in a measured Cen
A polarization angle of 149.0� ± 0.6�(stat.) ± 0.9�(sys.).
The Polarbear and QUaD measurements of Cen A
agree within their measurement uncertainties.

4.5. Calibration using the CMB

A single estimate of the power spectra Ĉ

XY
b from

the three patches is created using the band powers and
their covariance matrices, as will be described in Sec-
tion 5. The power spectra are gain-calibrated by fitting
the patch-combined C

TT
` to the wmap-9 ⇤CDM spec-

trum. The patch-combined C

TT
` , C

EE
` , C

TE
` , and C

TB
`

spectra (after instrument polarization angle calibration
is applied) are plotted in Figure 4 (these are the spec-
tra after the calibration of instrument polarization angle
described below). We find that the patch-combined and
individual patch spectra are consistent with the ⇤CDM
model, where the binned uncertainties on each spectra
are from sample variance, noise variance, and beam un-
certainty.

As described in Section 4.4, Tau A is used to calibrate
the relative pixel polarization angles. We use simulations
of instrumental systematic e↵ects in Section 7.1.2 to show
that our uncertainty in relative pixel polarization angle,
and in all other instrumental systematics, does not con-
tribute significantly to the C

BB
` or C

EB
` spectra. This

allows us to use the C

EB
` spectrum as a more precise

calibration of instrument polarization angle to search for
the signature of gravitational lensing in C

BB
` (Keating

et al. 2013). Miscalibration of the instrument polariza-
tion angle biases the measured C

BB
` spectrum and pro-

duces non-zero C

EB
` and C

TB
` spectra. The bias in C

BB
`

and non-zero C

EB
` corresponding to an instrument po-

larization angle error � ⌧ ⇡ are given by

C

0
`
BB ' 4� 2

C

EE
` , (10)

C

0
`
EB ' 2� C

EE
` . (11)

A cosmic rotation of polarization would produce a non-
zero C

EB
` that is degenerate with an instrument polariza-

tion angle miscalibration. Either signal can be removed
by rotating the instrument polarization angle to mini-
mize the best-fit angle as measured by C

EB
` and C

TB
` .

For this analysis, we calibrate the instrument polar-
ization angle using the patch-combined C

EB
` spectrum,

which is more sensitive than C

TB
` (Keating et al. 2013).

We then find consistency between C

TB
` and C

EB
` , and

find that each patch is individually consistent with the
single C

EB
` -defined instrument polarization angle, which

has a statistical uncertainty of 0.20�. Note that this pro-
cess is expected to minimize the measured C

BB
` , as any

miscalibration of polarization angle or cosmic rotation of
polarization increases the power in C

BB
` (Kaufman et al.

2013).
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Fig. 4.— First season Polarbear power spectra used for cali-
bration and cross-checks of the calibration. Black dots show the
measured band powers, with horizontal bars representing the bin
widths, and vertical bars representing the uncertainty due to noise,
sample variance, and beam uncertainty, the diagonal of the band
power covariance matrix. The red curve is the wmap-9 ⇤CDM
theory, and the red crosses are the expected binned band powers.

Figure 5 shows the C

EB
` power spectrum measured

using the Tau A calibration of instrument polarization.
This shows that the instrument polarization angle cali-
brated by C

EB
` is di↵erent from the Tau A-derived po-

larization angle by -1.08�; the statistical uncertainty in
the global C

EB
` -derived instrument polarization angle is

0.20�. Given the uncertainty in the IRAM-measured an-
gle of 0.5�, the Polarbear measurement uncertainty
estimated in Section 4.4 of 0.43�, and the statistical un-
certainty of in the C

EB
` -derived angle, there is slight ten-

20

-0.4

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 0  500  1000  1500  2000  2500

l(l
+1

)C
lBB

/(2
�)

 (!
K2 )

Multipole Moment, ell
`

`
(`

+
1)

C

B
B

`
/
(2

⇡
)

(µ
K

2
)

Fig. 12.— Binned CBB
` spectrum measured using data from all three patches (⇠ 30 deg2). A theoretical wmap-9 ⇤CDM high-resolution

CBB
` spectrum with ABB= 1 is shown. The uncertainty shown for the band powers is the diagonal of the band power covariance matrix,

including beam covariance.

TABLE 8
Reported Polarbear band powers and the diagonal

elements of their covariance matrix

Central ` ` (`+ 1)CBB
` /2⇡ [µK2] �{` (`+ 1)CBB

` /2⇡} [µK2]
700 0.093 0.056

1100 0.149 0.117
1500 �0.317 0.236
1900 0.487 0.482

trum; including statistical uncertainty and beam covari-
ance, this PTE is 42%. Table 8 enumerates the band
powers reported here.

We fit the band powers to a ⇤CDM cosmological
model with a single ABB amplitude parameter. We find
ABB = 1.12 ± 0.61(stat)+0.04

�0.10(sys) ± 0.07(multi), where
ABB = 1 is defined by the wmap-9 ⇤CDM spectrum.
To calculate the lower bound on the additive uncertain-
ties on this number, we linearly add, in each band, the
upper bound band powers of all the additive systematic
e↵ects discussed in Section 7, and the uncertainty in the
removal of E to B leakage. We then subtract this possi-
ble bias from the measured band powers, and calculate
ABB . This produces a lower ABB , and sets the lower
bound of the additive uncertainty. We then repeat the

process to measure the upper bound. The multiplicative
uncertainties are the quadrature sum of all the multi-
plicative uncertainties discussed in Section 7.

The measurement rejects the hypothesis of no C

BB
`

from lensing with a confidence of 97.5%. This is calcu-
lated using the bias-subtracted band powers described
above (the most conservative values to use for rejecting
this null hypothesis), and integrating the likelihood of
ABB> 0.

9. SUMMARY & DISCUSSION

We have reported a measurement of the CMB’s B-
mode angular power spectrum, C

BB
` , over the multipole

range 500 < ` < 2100. This measurement is enabled by
the unprecedented combination of high angular resolu-
tion (3.50) and low noise that characterizes the Polar-
bear CMB polarization observations.

To validate the Polarbear measurement of this faint
signal, we performed extensive tests for systematic er-
rors. We evaluated nine null tests and estimated twelve
sources of instrumental contamination using a detailed
instrument model, and found that all the systematic un-
certainties were small compared to the statistical uncer-
tainty in the measurement. To motivate comprehensive
evaluation of the data set and prevent observer bias in
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FIG. 1.— BICEP2 T , Q, U maps. The left column shows the basic signal maps with 0.25� pixelization as output by the reduction pipeline. The right column
shows difference (jackknife) maps made with the first and second halves of the data set. No additional filtering other than that imposed by the instrument beam
(FWHM 0.5�) has been done. Note that the structure seen in the Q&U signal maps is as expected for an E-mode dominated sky.

where the C`’s are ⇤CDM spectra from CAMB22 with cos-
mological parameters taken from Planck Collaboration XVI
(2013), and the n`m are normally distributed complex random
numbers. For CT T

` we use a lensed-⇤CDM spectrum since the
aT
`m from Planck NILC inherently contain lensing. We have

found the noise level in the Planck NILC maps for our region
of observation and multipole range to be low enough that it
can be ignored.

Using the aE
`m we generate Nside=2048 maps using

synfast. We substitute in the aT
`m from Planck 143 GHz

so that the T map more closely resembles the T sky we ex-
pect to see with BICEP2. (This is also the map that is used
in §4.6 to construct deprojection templates.) Additionally, we
add in noise to the T map at the level predicted by the noise
covariance in the Planck 143 GHz map, which allows us to
simulate any deprojection residual due to noise in the Planck
143 GHz map.

5.1.2. Lensing of input maps

Lensing is added to the unlensed-⇤CDM maps using the
LensPix23 software (Lewis 2011). We use this software to
generate lensed versions of the constrained CMB input a`m’s
described in §5.1.1. Input to the lensing operation are deflec-
tion angle spectra that are generated with CAMB as part of the

22http://camb.info/
23http://cosmologist.info/lenspix/

standard computation of ⇤CDM spectra. The lensing oper-
ation is performed before the beam smoothing is applied to
form the final map products. We do not apply lensing to the
143 GHz temperature aT

`m from Planck since these inherently
contain lensing. Our simulations hence approximate lensed
CMB maps ignoring the lensing correlation between T and
E.

5.2. Noise Pseudo Simulations
The previous BICEP1 and QUAD pipelines used a Fourier

based procedure to make simulated noise timestreams, main-
taining correlations between all channels (Pryke et al. 2009).
For the increased channel count in BICEP2 this is computa-
tionally very expensive, so we have switched to an alternate
procedure adapted from van Engelen et al. (2012). We per-
form additional coadds of the real pairmaps randomly flip-
ping the sign of each scanset. The sign-flip sequences are
constructed such that the total weight of positively and neg-
atively weighted maps is equal. We have checked this tech-
nique against the older technique, and against another tech-
nique which constructs map noise covariance matrices, and
have found them all to be equivalent to the relevant level of
accuracy. By default we use the sign flipping technique and
refer to these realizations as “noise pseudo simulations.”

We add the noise maps to the lensed-⇤CDM realizations to
form signal plus noise simulations — hereafter referred to as
lensed-⇤CDM+noise.
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
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jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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parameters. Each of the modifications resulted in a significant
improvement in instantaneous sensitivity, with uniformly high
mapping speed for the entire 2011–2012 epoch.

The achieved efficiency in integrating on the CMB, the im-
provements in mapping speed, and the progression of map
depth are shown in Fig. 23.

14.1. Instantaneous sensitivity
The instantaneous sensitivity of the experiment can be ex-

pressed as a noise-equivalent temperature (NET), or as a map-
ping speed (NET-2). We have already calculated per-detector
NETs in §10.7, using a limited set of good-weather data with-
out applying cuts. The achieved array NET for each phase in
the three-year data set has been calculated in the same way,
following Brevik et al. (2011). The results are shown in the
middle panel of Fig. 23. The overall trend shows the improve-
ment in mapping speed from early 2010 to late 2010 and then
to 2011–12, the period with the lowest noise. Within each pe-
riod the NET is generally stable, since the polarization mea-
surement is largely insensitive to variations in weather. Al-
though the instantaneous sensitivity was almost unchanged
between the 2011 and 2012 seasons, averaging 15.8 µK

p
s,

the 2012 season makes the strongest contribution to the inte-
grated sensitivity because of its near-ideal live time fraction.

14.2. Map depth
The map depth is a measure of the noise level in the polar-

ization maps. Together with the area of the maps (solid angle
on the sky), the map depth sets the final sensitivity of the ex-
periment under the assumption that it is statistically limited.
The coverage of the map is not uniform: the integration time
is much higher in the central region than near the edges. (This
is partly because of the large instantaneous field of view of
BICEP2.) We choose to give the map depth D in the deep-
est, central part of the map, and calculate an effective area
Aeff that accounts for the higher variance and lower weight in
other parts of the map.

The effective area is calculated using the same apodization
mask that is used in the power spectrum analysis in the Results
Paper. This is constructed from the maps of variance in Q and
U as estimated from time stream noise. The two variance
maps for the two Stokes parameters are averaged and then
smoothed slightly to ensure that they smoothly fall to zero at
the edges. The inverse of the resulting smoothed variance map
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surface is given by

Q(n̂) = �1

2

X

lm

�
aElm [2Ylm(n̂) + �2Ylm(n̂)] + iaBlm [2Ylm(n̂)� �2Ylm(n̂)]

�

U(n̂) = �1

2

X

lm

�
aBlm [2Ylm(n̂) + �2Ylm(n̂)] + iaElm [2Ylm(n̂)� �2Ylm(n̂)]

�
)

(1)

where the sYlm are spin-weighted spherical harmonics[13] with integer spin weight s — reduc-

ing to the standard spherical harmonics Ylm for s = 0 — n̂ is the chosen coordinate basis and

the aXlm are the s = 0 harmonic coefficients of X = {E,B}. Since one can decompose vector and

tensor fields into curl and divergence parts, and cosmological vector fields decay exponentially

in the inflationary scenario, the decomposition of tensor perturbations corresponds uniquely to

the E- and B-modes. In the real universe of course, the situation is conflated by the presence of

lensing, reionization and other astrophysical phenomena restricting the detection of primordial

tensor mode phenomena to low-l multipoles.

To facilitate a real-space calculation, we can construct scalar and pseudo-scalar fields corre-

sponding to the E and B-modes respectively

e(n̂) =
X

lm

s
(l � 2)!

(l + 2)!

aElmYlm(n̂) b(n̂) =
X

lm

s
(l � 2)!

(l + 2)!

aBlmYlm(n̂) (2)

and then relate the biLaplacians of these fields to the Stokes parameters (where we have

dropped the n̂ for convenience):

r4e = �1

2

[

¯g2
(Q+ iU) + g2

(Q� iU)] r4b =
i

2

[

¯g2
(Q+ iU)� g2

(Q� iU)] (3)

where the g and ¯g terms are respectively the Newman-Penrose spin-weight-raising and spin-

weight-lowering operators

gs = �(@✓ + i csc ✓@� � s cot ✓) ¯gs = �(@✓ � i csc ✓@� + s cot ✓) (4)

and we have appended an s to the standard notation which allows easier spin-weight-counting

of the entity operated on; the operation of gs on a quantity with spin-weight s returns a quantity

with spin-weight s + 1, and correspondingly the operation of ¯g returns a quantity with spin-

weight s� 1. Rearranging equation (3) gives

r4e = �D+
⌥2Q�D�

⌥2U r4b = D�
⌥2Q�D+

⌥2U (5)

where the derivative operators are

D+
⌥2 =

g�1g�2 +
¯g1
¯g2

2

= �2� csc

2 ✓@�� + 3 cot ✓@✓ + @✓✓

D�
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¯g2

2i
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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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 `⇡ 70). (Also
note that the E-mode and B-mode maps use different color/length scales.)
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FIG. 5.— Left: BB spectra from T -only input simulations using the measured per channel beam shapes compared to the lensed-⇤CDM+r = 0.2 spectrum. From
top to bottom the curves are i) no deprojection, ii) deprojection of differential pointing only (dp), iii) deprojection of differential pointing and differential gain of
the detector pairs (dp+dg), iv) adding deprojection of differential beam width (dp+dg+bw), and v) differential pointing, differential gain and differential ellipticity
(dp+dg+ellip.). Right: Estimated levels of other systematics as compared to the lensed-⇤CDM+r = 0.2 spectrum. Solid lines indicate expected contamination.
Dashed lines indicate upper limits. All systematics are comparable to or smaller than the extended beam mismatch upper limit.

Having established that the detected B-mode signal is not
an instrumental artifact, we now consider whether it might
be due to a Galactic or extragalactic foreground. At low
or high frequencies Galactic synchrotron and polarized-dust
emission, respectively, are the dominant foregrounds. The in-
tensity of both falls rapidly with increasing Galactic latitude
but dust emission falls faster. The equal amplitude cross-over
frequency therefore rises to & 100 GHz in the cleanest re-
gions (Dunkley et al. 2009, Fig. 10). The BICEP2 field is
centered on Galactic coordinates (l,b) = (316�,-59�) and was
originally selected on the basis of exceptionally low contrast
in the FDS dust maps (Finkbeiner et al. 1999). It must be em-
phasized that these ultra clean regions are very special — at
least an order of magnitude cleaner than the average b > 50�
level.

Foreground modeling involves extrapolating high signal-
to-noise ratio maps taken at lower/higher frequencies to the
CMB observation band, and there are inevitably uncertainties.
Many previous studies have been conducted and projections
made — see for instance Dunkley et al. (2009) and references
therein. We note that such studies generically predict levels
of foreground B-mode contamination in clean high latitude
regions equivalent to r . 0.01 — well below that which we
observe.

9.1. Polarized Dust Projections
The main uncertainty in foreground modeling is currently

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 and have
formulated two new ones. A brief description of each model
is as follows:
FDS: Model 8 (Finkbeiner et al. 1999), assuming a uniform
polarization fraction of 5% and setting Q = U .
BSS: Bi-Symmetric Spiral (BSS) model of the Galactic mag-
netic field (O’Dea et al. 2012)29.
LSA: Logarithmic Spiral Arm (LSA) model of the Galactic
magnetic field (O’Dea et al. 2012)29.
PSM: Planck Sky Model (PSM) (Delabrouille et al. 2013)
version 1.7.8, run as a “Prediction” with 15% dust intrinsic
polarization fraction and Galactic magnetic field pitch angle
of -30�30.
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 con-

29http://www3.imperial.ac.uk/people/c.contaldi/
fgpol

30 http://www.apc.univ-paris7.fr/~delabrou/PSM/
psm.html
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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-⇤CDM+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 � = -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-
⇤CDM+noise+r = 0.2 simulations (which share common in-
put skies)34. Using bandpowers 1–5 the �2 and � PTEs are
mid-range indicating that the spectra are compatible to within
the noise. (This is also true for EE.)

Calculating the BB �2 and � statistics against the lensed-
⇤CDM 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 ⇡ 3� 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-
⇤CDM+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-
⇤CDM+noise+r = 0.2 simulations as the cross terms between signal and
noise increase the variance even for perfectly common sky coverage.
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TABLE 4
MEASURED PER-PAIR BEAM PARAMETERS

Parametera Symbol Definition Meanb Scatterc

Beam width [deg] �i ((�2
ma j +�2

min)/2)1/2 0.221 0.005

Ellipticity Plus (+) pi

✓
�2

ma j-�
2
min

�2
ma j+�

2
min

◆
cos2✓ 0.013 0.03

Ellipticity Cross (⇥) ci

✓
�2

ma j-�
2
min

�2
ma j+�

2
min

◆
sin2✓ 0.002 0.03

aThe per-detector pair parameters are calculated as an inverse-variance weighted combination of the elliptical Gaussian fits to 24 beam maps with equal boresight
rotation coverage.

bMean across all detector pairs used in science analysis.
cStandard deviation across all good detector pairs, dominated by true detector-to-detector variation.

TABLE 5
DIFFERENCED BEAM PARAMETERS

Parametera Definition Meanb Scatterc

Differential Pointing, �x [arcmin] xA - xB 0.80’ 0.38’
Differential Pointing, �y [arcmin] yA - yB 0.80’ 0.42’
Differential Beam Width, �� [deg] �A -�B -4⇥10-4 0.002
Differential Ellipticity, �p pA - pB -0.002 0.016
Differential Ellipticity, �c cA - cB -0.004 0.014

aDifferential parameters are calculated by differencing measured beam parameters for detectors A and B within a polarized pair.
bMean across all detector pairs used in science analysis.
cStandard deviation across all detector pairs used in science analysis, dominated by true detector-to-detector variation.
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FIG. 17.— A map of the BICEP2 far-field response made with the thermal
source in units of log10(power), showing dynamic range of more than six
decades. Beam maps for individual detectors are shifted to align the peaks
and coadded over all operational detectors. The measured shape of the main
beam and Airy ring structure are well matched by simulations. Crosstalk
features are apparent as small additional beams to the left and right, at a low
level relative to the main beam strength.

Nb films and crosstalk within the microstrip lines of the an-
tenna array feed networks. Design and fabrication changes
described in the Detector Paper have addressed these two is-
sues to reduce differential pointing for subsequent devices
used in the Keck Array and SPIDER.

The effects of differential pointing, differential beam width,
and differential ellipticity have been strongly reduced through
the adoption of the deprojection technique described in the
Beams and Systematics Papers. We find that no other modes
of beam mismatch are present at a sufficiently large level to
justify the use of deprojection.

We calculate the ultimate level at which beam imperfections
affect our polarization maps by performing simulations with
the measured thermal source beam maps as inputs. The sim-
ulation pipeline is run with the observed beam map for each
detector rather than a Gaussian or other approximation. This
technique allows us to include the effects of all possible beam
imperfections, not just those that can be represented in terms
of the elliptical Gaussian parameters or modes of the depro-
jection method. We find that the level of contamination from
beam shape mismatches is below the noise-limited sensitivity
of the experiment.

11.3. Far sidelobes
Far sidelobes of the BICEP2 telescope could potentially see

the bright Galactic plane as well as radiation from the ground
or nearby buildings. To mitigate far sidelobe contamination in
CMB observations, BICEP2 implements a combined ground
shield and forebaffle system (shown in Fig. 1) similar to PO-
LAR (Keating et al. 2003b). The first stage is a large, ground-
fixed reflective screen that removes a direct line of sight be-
tween the telescope and the ground and redirects any far side-
lobes to the cold sky, lowering loading and preventing spuri-
ous signals.

The second stage is a co-moving absorptive baffle (Keating
et al. 2001) that rotates with the telescope around its boresight
and is designed to intercept the furthest off-boresight beams at
⇠ 15� from beam center. It is constructed from an aluminum
cylinder with a rolled lip lined with 10 mm thick sheets of
Eccosorb HR27. The Eccosorb is coated with Volara foam28 to
prevent snow accumulation and disintegration of the Eccosorb
in the Antarctic climate.

The system is designed such that at the lowest CMB ob-

27http://www.eccosorb.com/america/english/
product/40/eccosorb-hr

28http://www.sekisuivoltek.com/products/volara.
php
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source in units of log10(power), showing dynamic range of more than six
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beam and Airy ring structure are well matched by simulations. Crosstalk
features are apparent as small additional beams to the left and right, at a low
level relative to the main beam strength.

Nb films and crosstalk within the microstrip lines of the an-
tenna array feed networks. Design and fabrication changes
described in the Detector Paper have addressed these two is-
sues to reduce differential pointing for subsequent devices
used in the Keck Array and SPIDER.

The effects of differential pointing, differential beam width,
and differential ellipticity have been strongly reduced through
the adoption of the deprojection technique described in the
Beams and Systematics Papers. We find that no other modes
of beam mismatch are present at a sufficiently large level to
justify the use of deprojection.

We calculate the ultimate level at which beam imperfections
affect our polarization maps by performing simulations with
the measured thermal source beam maps as inputs. The sim-
ulation pipeline is run with the observed beam map for each
detector rather than a Gaussian or other approximation. This
technique allows us to include the effects of all possible beam
imperfections, not just those that can be represented in terms
of the elliptical Gaussian parameters or modes of the depro-
jection method. We find that the level of contamination from
beam shape mismatches is below the noise-limited sensitivity
of the experiment.

11.3. Far sidelobes
Far sidelobes of the BICEP2 telescope could potentially see

the bright Galactic plane as well as radiation from the ground
or nearby buildings. To mitigate far sidelobe contamination in
CMB observations, BICEP2 implements a combined ground
shield and forebaffle system (shown in Fig. 1) similar to PO-
LAR (Keating et al. 2003b). The first stage is a large, ground-
fixed reflective screen that removes a direct line of sight be-
tween the telescope and the ground and redirects any far side-
lobes to the cold sky, lowering loading and preventing spuri-
ous signals.

The second stage is a co-moving absorptive baffle (Keating
et al. 2001) that rotates with the telescope around its boresight
and is designed to intercept the furthest off-boresight beams at
⇠ 15� from beam center. It is constructed from an aluminum
cylinder with a rolled lip lined with 10 mm thick sheets of
Eccosorb HR27. The Eccosorb is coated with Volara foam28 to
prevent snow accumulation and disintegration of the Eccosorb
in the Antarctic climate.

The system is designed such that at the lowest CMB ob-
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FIG. 7.— The BICEP2 EE and BB auto spectra (as shown in Figure 2)
compared to cross spectra between BICEP2 and the 100 and 150 GHz maps
from BICEP1. The cross spectrum points are offset horizontally for clarity.

Pursuing this formally, we use simulations of both ex-
periments observing a common sky to construct a com-
bined likelihood function for bandpowers 1–5 of the BI-
CEP2 auto, BICEP1100 auto, and their cross spectrum using
the Hamimeche & Lewis (2008) approximation; see B14 for
implementation details. We use this likelihood function to
fit a six-parameter model parametrized by the five 150 GHz
bandpowers and a single common spectral index, �. Without
loss of generality we take this spectral index to be the power
law exponent of the signal’s antenna temperature as a function
of frequency. We marginalize this six-parameter model over
the bandpowers to obtain a one-parameter likelihood function
over the spectral index.

Figure 8 shows the resulting estimate of the spectral in-
dex, with approximate 1� uncertainty range. We evaluate the
consistency with specific values of � using a likelihood ratio
test. The data are consistent with the spectrum of the CMB
(� = -0.7 for these bands and conventions), with a CMB-to-
peak likelihood ratio of L = 0.68. Following Wilks (1938)
we take �2 ⇡ -2logL and evaluate the probability to exceed
this value of �2 (for a single degree of freedom). A syn-
chrotron spectrum with � = -3 is disfavored (L = 0.076, PTE
0.023, 2.3�), as is the preferred whole-sky dust spectrum from
Planck Collaboration et al. (2013a), which corresponds under
these conventions to � ⇡ +1.75 (L = 0.091, PTE 0.028, 2.2�).
We have also conducted a series of simulations applying this
procedure to simulated data sets with CMB and dust spectral
indexes. These simulations indicate that the observed likeli-
hood ratios are typical of a CMB spectral index but atypical
of dust.

10.3. Additional Cross Spectra
Having seen that the BICEP2 auto spectrum is com-

patible with both the BICEP2⇥BICEP1100 and the
BICEP2⇥BICEP1150 cross spectra we proceed to com-
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FIG. 8.— The constraint on the spectral index of the BB signal
based on joint consideration of the BICEP2 auto, BICEP1100 auto, and
BICEP2⇥BICEP1100 cross spectra. The curve shows the marginalized likeli-
hood as a function of assumed spectral index. The vertical solid and dashed
lines indicate the maximum likelihood and the ±1� interval. The blue verti-
cal lines indicate the equivalent spectral indices under these conventions for
the CMB, synchrotron, and dust. The observed signal is consistent with a
CMB spectrum, while synchrotron and dust are both disfavored by & 2�.

bine the latter35. Figure 9 compares the result to the BICEP2
auto spectrum from Figure 2. Taking the difference of these
spectra and comparing to the differences of the lensed-
⇤CDM+noise+r = 0.2 simulations the bandpower 1–5 �2 and
� PTEs are mid-range indicating compatibility.

Comparing the BICEP2⇥BICEP1comb spectrum to the
lensed-⇤CDM expectation the �2 and � values have PTE of
0.005 and 0.002 respectively corresponding to ⇡ 3� evidence
of excess power. The compatibility of the BICEP2 auto and
BICEP2⇥BICEP1comb cross spectra combined with the detec-
tion of excess power in the cross spectra is powerful addi-
tional evidence against a systematic origin of the nominal sig-
nal given the significant differences in focal plane technology
and beam imperfections.

The successor experiment to BICEP2 is the Keck Array
which consists of five BICEP2 like receivers (Sheehy et al.
2010). The Keck Array data analysis is not yet complete and
will be the subject of future publications. However as an addi-
tional systematics check we show in Figure 9 a cross spectrum
between BICEP2 and preliminary Keck Array maps from the
2012 and 2013 seasons. This cross spectrum also shows ob-
vious excess BB power at low `.

11. COSMOLOGICAL PARAMETER CONSTRAINTS

We have shown that our observed B-mode spectrum i) can-
not be explained by systematics (jackknifes, beam-map sim-
ulations, other systematics studies, and cross spectra with
BICEP1150), and ii) seems highly unlikely to be dominated by
foregrounds (dust model projections, dust model cross corre-
lations, and spectral index constraints from cross spectra with
BICEP1100). In this section we do some basic fitting of cosmo-
logical parameters while noting again that all the bandpowers
and ancillary data are available for download so that others
may conduct fuller studies.

11.1. Lensed-⇤CDM + Tensors

35 We combine using weights which minimize the variance of the lensed-
⇤CDM+noise simulations as described in B14.
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nal given the significant differences in focal plane technology
and beam imperfections.

The successor experiment to BICEP2 is the Keck Array
which consists of five BICEP2 like receivers (Sheehy et al.
2010). The Keck Array data analysis is not yet complete and
will be the subject of future publications. However as an addi-
tional systematics check we show in Figure 9 a cross spectrum
between BICEP2 and preliminary Keck Array maps from the
2012 and 2013 seasons. This cross spectrum also shows ob-
vious excess BB power at low `.

11. COSMOLOGICAL PARAMETER CONSTRAINTS

We have shown that our observed B-mode spectrum i) can-
not be explained by systematics (jackknifes, beam-map sim-
ulations, other systematics studies, and cross spectra with
BICEP1150), and ii) seems highly unlikely to be dominated by
foregrounds (dust model projections, dust model cross corre-
lations, and spectral index constraints from cross spectra with
BICEP1100). In this section we do some basic fitting of cosmo-
logical parameters while noting again that all the bandpowers
and ancillary data are available for download so that others
may conduct fuller studies.

11.1. Lensed-⇤CDM + Tensors

35 We combine using weights which minimize the variance of the lensed-
⇤CDM+noise simulations as described in B14.
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FIG. 9.— Comparison of the BICEP2 BB auto spectrum and cross spectra
taken between BICEP2 and BICEP1 combined, and BICEP2 and Keck Array
preliminary. (For clarity the cross spectrum points are offset horizontally and
the BICEP2⇥BICEP1 points are omitted at ` > 200.)

In Figure 2 we see a substantial excess of BB power in the
region where an inflationary gravitational wave (IGW) signal
would be expected to peak. We therefore proceed to find the
most likely value of the tensor-to-scalar ratio r using the “di-
rect likelihood” method introduced in B14. We first form ad-
ditional sets of simulations for many values of r by combining
the lensed-⇤CDM and scaled r = 0.2 simulations36. We then
combine the bandpowers of these and the real bandpowers
with s/n weighting where s is the IGW spectrum for a small
value of r and n is the variance of the lensed-⇤CDM+noise
simulations. Arranging the simulation pdf values as rows we
can then read off the likelihood curve for r as the columns at
the observed combined bandpower value.

The result of this process is shown in Figure 10. Defining
the confidence interval as the equal likelihood contour which
contains 68% of the total likelihood we find r = 0.20+0.07

-0.05. This
uncertainty is driven by the sample variance in our patch of
sky, and the likelihood falls off very steeply towards r = 0. The
likelihood ratio between r = 0 and the maximum is 2.9⇥10-11

equivalent to a PTE of 3.3 ⇥ 10-12 or 7.0�. The numbers
quoted above are for bins 1–5 although due to the weight-
ing step they are highly insensitive to this choice. (Absolute
calibration and beam uncertainty are included in these calcu-
lations but have a negligible effect.)

Evaluating our simple �2 statistic between bandpowers 1–
5 and the lensed-⇤CDM+noise+r = 0.2 simulations yields a
value of 1.1, which for 4 degrees of freedom has a PTE of
0.90. The model is therefore a perfectly acceptable fit to the
data.

In Figure 11 we recompute the r constraint subtracting each
of the foreground models shown in Figure 6. For the auto
spectra the range of maximum likelihood r values is 0.12–
0.19, while for the cross it is 0.16–0.21 (random fluctuations
in the cross can cause shifts up as well as down). The prob-
ability that each of these models reflects reality is hard to
assess. Presumably greatest weight should be given to the
DDM2 cross spectrum and we note that in this case the maxi-
mum likelihood value shifts down to r = 0.16+0.06

-0.05 with a like-

36 Hence we assume always nt = 0 making the value of r independent of
the pivot scale.

lihood ratio between r = 0 and maximum of 2.2⇥10-8, equiv-
alent to a PTE of 2.9⇥10-9 or 5.9�. Performing this subtrac-
tion slightly increases �2 (to 1.46) but the fit remains perfectly
acceptable (PTE 0.84).

The dust foreground is expected to have a power law spec-
trum which slopes modestly down / `⇠-0.6 in the usual
l(l + 1)Cl/2⇡ units (Dunkley et al. 2009). In Figure 6 we
see that the DDM2 model appears to do this in both auto and
cross, before the auto spectrum starts to rise again due to noise
in the polarization fraction and angle input maps. We note
that the s/n bandpower weighting scheme described above
weights the first bin very highly. Therefore if we were to
exclude it the difference between the unsubtracted and fore-
ground subtracted model lines in Figure 11 would be much
smaller; i.e. while dust may contribute significantly to our
first bandpower it definitely cannot explain bandpowers two
through five.

Computing an r constraint using the BICEP2⇥BICEP1comb
cross spectrum shown in Figure 9 yields r = 0.19+0.11

-0.08. The
likelihood ratio between r = 0 and the maximum is 2.0⇥10-3

equivalent to a PTE of 4.2⇥10-4 or 3.5�.

11.2. Scaled-lensing + Tensors
Lensing deflections of the CMB photons as they travel from

last scattering re-map the patterns slightly. In temperature this
leads to a slight smoothing of the acoustic peaks, while in po-
larization a small B-mode is introduced with a spectrum sim-
ilar to a smoothed version of the EE spectrum a factor ⇠ 100
lower in power. Using their own and other data Planck Collab-
oration XVI (2013) quote a limit on the amplitude of the lens-
ing effect versus the ⇤CDM expectation of AL = 0.99±0.05.

Figure 12 shows a joint constraint on the tensor-to-scalar
ratio r and the lensing scale factor AL using our BB bandpow-
ers 1–5. As expected there is an anti-correlation — one can
partially explain the low ` excess by scaling up the lensing
signal. However, since the lensing and IGW signals have dif-
ferent spectral shapes the degeneracy is not complete. The
maximum likelihood scaling is ⇡ 1.5. Marginalizing over r
the likelihood ratio between peak and unity is 0.75 indicat-
ing compatibility, while the likelihood ratio between peak and
zero is 0.03, equivalent to a PTE of 7.0⇥ 10-3 or a 2.7� de-
tection of lensing in the BICEP2 BB auto spectrum.

11.3. Compatibility with Temperature Data
If present at last-scattering, tensor modes will add power to

all spectra including T T . For an r value of 0.2 the contribution
to T T at the largest angular scales (` < 10) would be ⇡ 10%
of the level measured by WMAP and Planck. The theoretical
⇤CDM power level expected at these scales is dependent on
several cosmological parameters including the spectral index
of the initial scalar perturbations, ns, and the optical depth to
the last scattering surface, ⌧ . However by combining temper-
ature data taken over a wide range of angular scales indirect
limits on r have been set. Using WMAP+SPT data Story et al.
(2013) quote r < 0.18 (95% confidence) tightening to r < 0.11
when also including measurements of the Hubble constant
and baryon acoustic oscillations (BAO). More recently Planck
Collaboration XVI (2013) quote r < 0.11 using a combination
of Planck, SPT and ACT temperature data, plus WMAP po-
larization (to constrain ⌧ ).

These limits appear to be in moderately strong tension with
interpretation of our B-mode measurements as tensors. Since
we have dispensed with the possibility of significant system-



Likelihoods
□ Two methods:	

■ Barkats et al 14: simulate Cband ~ P(Cband | r) for varying 

r, assemble pdf and read off value at observed 
bandpowers Cband	


■ Hamimeche & Lewis 14: explicit function of band 
powers, approximation to full likelihood
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FIG. 11.— Modified constraints on the tensor-to-scalar ratio r when sub-
tracting each of the foreground models shown in Figure 6 from the BICEP2
BB bandpowers. The line styles and colors match Figure 6 with dashed for
auto spectra and solid for cross spectra. The probability that each of these
models reflects reality is hard to assess — see the text for discussion.

atic contamination, and shown that foreground is highly un-
likely to contribute a large fraction of our observed signal, we
must ask what extensions to the standard model might resolve
this situation.

One obvious modification is to allow the initial scalar per-
turbation spectrum to depart from the simple power law form
which is assumed in the base ⇤CDM model. A standard
way in which this is done is by introducing a “running” pa-
rameter dns/d lnk. In Planck Collaboration XVI (2013) the
constraint relaxes to r < 0.26 (95% confidence) when run-
ning is allowed with dns/d lnk = -0.022± 0.010 (68%) (for
the Planck+WP+highL data combination). In Figure 13 we
show the constraint contours when allowing running as taken
from Figure 23 of Planck Collaboration XVI (2013), and how
these change when the BICEP2 data are added. The red con-
tours on the plot are simply the Monte Carlo Markov Chains
(MCMC) (Gamerman & Lopes 2006; Lewis & Bridle 2002)
provided with the Planck data release37 (and are thus identical
to those shown in that Planck paper). We then apply impor-

37 As downloaded from http://www.sciops.esa.int/
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FIG. 12.— Joint constraints on the tensor-to-scalar ratio r and the lensing
scale factor AL using the BICEP2 BB bandpowers 1–5. One and two � con-
tours are shown. The horizontal dotted lines show the 1� constraint from
Planck Collaboration XVI (2013). The BICEP2 data are compatible with the
expected amplitude of the lensing B-mode which is detected at 2.7�.
tance sampling (Hastings 1970) to these chains using our r
likelihood as shown in Figure 10 to derive the blue contours.

The point of Figure 13 is not to endorse running as the cor-
rect explanation of the observed deficit of low ` T T power.
It is simply to illustrate one example of a simple model ex-
tension beyond standard ⇤CDM+tensors which can resolve
the apparent tension between previous T T measurements and
the direct evidence for tensors provided by our B-mode mea-
surements — 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 pa-
rameters were allowed to shift. We anticipate a broad range
of possibilities will be explored.

12. CONCLUSIONS

We have described the observations, data reduction, sim-
ulation 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-degrees in Q and U over
an effective area of 380 square degrees.
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atic contamination, and shown that foreground is highly un-
likely to contribute a large fraction of our observed signal, we
must ask what extensions to the standard model might resolve
this situation.

One obvious modification is to allow the initial scalar per-
turbation spectrum to depart from the simple power law form
which is assumed in the base ⇤CDM model. A standard
way in which this is done is by introducing a “running” pa-
rameter dns/d lnk. In Planck Collaboration XVI (2013) the
constraint relaxes to r < 0.26 (95% confidence) when run-
ning is allowed with dns/d lnk = -0.022± 0.010 (68%) (for
the Planck+WP+highL data combination). In Figure 13 we
show the constraint contours when allowing running as taken
from Figure 23 of Planck Collaboration XVI (2013), and how
these change when the BICEP2 data are added. The red con-
tours on the plot are simply the Monte Carlo Markov Chains
(MCMC) (Gamerman & Lopes 2006; Lewis & Bridle 2002)
provided with the Planck data release37 (and are thus identical
to those shown in that Planck paper). We then apply impor-
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The point of Figure 13 is not to endorse running as the cor-
rect explanation of the observed deficit of low ` T T power.
It is simply to illustrate one example of a simple model ex-
tension beyond standard ⇤CDM+tensors which can resolve
the apparent tension between previous T T measurements and
the direct evidence for tensors provided by our B-mode mea-
surements — 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 pa-
rameters were allowed to shift. We anticipate a broad range
of possibilities will be explored.

12. CONCLUSIONS

We have described the observations, data reduction, sim-
ulation 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-degrees in Q and U over
an effective area of 380 square degrees.
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atic contamination, and shown that foreground is highly un-
likely to contribute a large fraction of our observed signal, we
must ask what extensions to the standard model might resolve
this situation.

One obvious modification is to allow the initial scalar per-
turbation spectrum to depart from the simple power law form
which is assumed in the base ⇤CDM model. A standard
way in which this is done is by introducing a “running” pa-
rameter dns/d lnk. In Planck Collaboration XVI (2013) the
constraint relaxes to r < 0.26 (95% confidence) when run-
ning is allowed with dns/d lnk = -0.022± 0.010 (68%) (for
the Planck+WP+highL data combination). In Figure 13 we
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The point of Figure 13 is not to endorse running as the cor-
rect explanation of the observed deficit of low ` T T power.
It is simply to illustrate one example of a simple model ex-
tension beyond standard ⇤CDM+tensors which can resolve
the apparent tension between previous T T measurements and
the direct evidence for tensors provided by our B-mode mea-
surements — 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 pa-
rameters were allowed to shift. We anticipate a broad range
of possibilities will be explored.
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likely to contribute a large fraction of our observed signal, we
must ask what extensions to the standard model might resolve
this situation.

One obvious modification is to allow the initial scalar per-
turbation spectrum to depart from the simple power law form
which is assumed in the base ⇤CDM model. A standard
way in which this is done is by introducing a “running” pa-
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constraint relaxes to r < 0.26 (95% confidence) when run-
ning is allowed with dns/d lnk = -0.022± 0.010 (68%) (for
the Planck+WP+highL data combination). In Figure 13 we
show the constraint contours when allowing running as taken
from Figure 23 of Planck Collaboration XVI (2013), and how
these change when the BICEP2 data are added. The red con-
tours on the plot are simply the Monte Carlo Markov Chains
(MCMC) (Gamerman & Lopes 2006; Lewis & Bridle 2002)
provided with the Planck data release37 (and are thus identical
to those shown in that Planck paper). We then apply impor-

37 As downloaded from http://www.sciops.esa.int/

r0.002

le
ns

in
g 

sc
al

e 
fa

ct
or

 A
L

0 0.1 0.2 0.3 0.4
−0.5

0

0.5

1

1.5

2

2.5

3

3.5

FIG. 12.— Joint constraints on the tensor-to-scalar ratio r and the lensing
scale factor AL using the BICEP2 BB bandpowers 1–5. One and two � con-
tours are shown. The horizontal dotted lines show the 1� constraint from
Planck Collaboration XVI (2013). The BICEP2 data are compatible with the
expected amplitude of the lensing B-mode which is detected at 2.7�.
tance sampling (Hastings 1970) to these chains using our r
likelihood as shown in Figure 10 to derive the blue contours.

The point of Figure 13 is not to endorse running as the cor-
rect explanation of the observed deficit of low ` T T power.
It is simply to illustrate one example of a simple model ex-
tension beyond standard ⇤CDM+tensors which can resolve
the apparent tension between previous T T measurements and
the direct evidence for tensors provided by our B-mode mea-
surements — 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 pa-
rameters were allowed to shift. We anticipate a broad range
of possibilities will be explored.
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FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
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panel of Figure 10. See the text for further details.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature 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 fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-⇤CDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the ` 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 jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very 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 un-
derstanding 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 fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
our maps.

Taking cross spectra against 100 GHz maps from BICEP1
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3� and 2.2� respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is 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�. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

-0.05 with r = 0 disfavored at 5.9�. These high val-
ues 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 ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
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Technology Development Fund and grants 06-ARPA206-
0040 and 10-SAT10-0017 from the NASA APRA and SAT
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□ Lensing amplitude:  
with 7% multiplicative (calibration+) uncertainty	


□ (“ABB = 0 rejected at 97.5%”)
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Fig. 12.— Binned CBB
` spectrum measured using data from all three patches (⇠ 30 deg2). A theoretical wmap-9 ⇤CDM high-resolution

CBB
` spectrum with ABB= 1 is shown. The uncertainty shown for the band powers is the diagonal of the band power covariance matrix,

including beam covariance.

TABLE 8
Reported Polarbear band powers and the diagonal

elements of their covariance matrix

Central ` ` (`+ 1)CBB
` /2⇡ [µK2] �{` (`+ 1)CBB

` /2⇡} [µK2]
700 0.093 0.056

1100 0.149 0.117
1500 �0.317 0.236
1900 0.487 0.482

trum; including statistical uncertainty and beam covari-
ance, this PTE is 42%. Table 8 enumerates the band
powers reported here.

We fit the band powers to a ⇤CDM cosmological
model with a single ABB amplitude parameter. We find
ABB = 1.12 ± 0.61(stat)+0.04

�0.10(sys) ± 0.07(multi), where
ABB = 1 is defined by the wmap-9 ⇤CDM spectrum.
To calculate the lower bound on the additive uncertain-
ties on this number, we linearly add, in each band, the
upper bound band powers of all the additive systematic
e↵ects discussed in Section 7, and the uncertainty in the
removal of E to B leakage. We then subtract this possi-
ble bias from the measured band powers, and calculate
ABB . This produces a lower ABB , and sets the lower
bound of the additive uncertainty. We then repeat the

process to measure the upper bound. The multiplicative
uncertainties are the quadrature sum of all the multi-
plicative uncertainties discussed in Section 7.

The measurement rejects the hypothesis of no C

BB
`

from lensing with a confidence of 97.5%. This is calcu-
lated using the bias-subtracted band powers described
above (the most conservative values to use for rejecting
this null hypothesis), and integrating the likelihood of
ABB> 0.

9. SUMMARY & DISCUSSION

We have reported a measurement of the CMB’s B-
mode angular power spectrum, C

BB
` , over the multipole

range 500 < ` < 2100. This measurement is enabled by
the unprecedented combination of high angular resolu-
tion (3.50) and low noise that characterizes the Polar-
bear CMB polarization observations.

To validate the Polarbear measurement of this faint
signal, we performed extensive tests for systematic er-
rors. We evaluated nine null tests and estimated twelve
sources of instrumental contamination using a detailed
instrument model, and found that all the systematic un-
certainties were small compared to the statistical uncer-
tainty in the measurement. To motivate comprehensive
evaluation of the data set and prevent observer bias in
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter�CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ⇥ = 50, and linear beyond. The vertical scale is ⇥(⇥+ 1)Cl/2�. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-⇥ region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ⇥ = 50,
and linear beyond. The vertical scale is ⇥(⇥ + 1)Cl/2�. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di⇥ers from the ERCSC in its extraction philosophy: more e⇥ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di⇥erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di⇥erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the
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Results: power spectrum
Main result: Exquisite measurement of the temperature power 
spectrum
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Table 9. Cosmological parameter values for the Planck-only best-fit 6-parameter ⇤CDM model (Planck temperature data plus lensing) and for
the Planck best-fit cosmology including external data sets (Planck temperature data, lensing, WMAP polarization [WP] at low multipoles, high-`
experiments, and BAO, labelled [Planck+WP+highL+BAO] in Planck Collaboration XVI (2013)). Definitions and units for all parameters can be
found in Planck Collaboration XVI (2013).

Planck (CMB+lensing) Planck+WP+highL+BAO

Parameter Best fit 68 % limits Best fit 68 % limits

⌦bh2 . . . . . . . . . . 0.022242 0.02217 ± 0.00033 0.022161 0.02214 ± 0.00024

⌦ch2 . . . . . . . . . . 0.11805 0.1186 ± 0.0031 0.11889 0.1187 ± 0.0017

100✓MC . . . . . . . . 1.04150 1.04141 ± 0.00067 1.04148 1.04147 ± 0.00056

⌧ . . . . . . . . . . . . 0.0949 0.089 ± 0.032 0.0952 0.092 ± 0.013
ns . . . . . . . . . . . 0.9675 0.9635 ± 0.0094 0.9611 0.9608 ± 0.0054

ln(1010As) . . . . . . . 3.098 3.085 ± 0.057 3.0973 3.091 ± 0.025

⌦⇤ . . . . . . . . . . . 0.6964 0.693 ± 0.019 0.6914 0.692 ± 0.010

�8 . . . . . . . . . . . 0.8285 0.823 ± 0.018 0.8288 0.826 ± 0.012

zre . . . . . . . . . . . 11.45 10.8+3.1
�2.5 11.52 11.3 ± 1.1

H0 . . . . . . . . . . . 68.14 67.9 ± 1.5 67.77 67.80 ± 0.77

Age/Gyr . . . . . . . 13.784 13.796 ± 0.058 13.7965 13.798 ± 0.037

100✓⇤ . . . . . . . . . 1.04164 1.04156 ± 0.00066 1.04163 1.04162 ± 0.00056

rdrag . . . . . . . . . . 147.74 147.70 ± 0.63 147.611 147.68 ± 0.45

rdrag/DV(0.57) . . . . 0.07207 0.0719 ± 0.0011

for “running” of the spectral index. The spectrum does, however,
deviate significantly (6�) from scale invariance, as predicted by
most models of inflation (see below). The unique contribution
of Planck, compared to previous experiments, is that the depar-
ture from scale invariance is robust to changes in the underlying
theoretical model.

We find no evidence for extra relativistic species, beyond the
three species of (almost) massless neutrinos and photons. The
main e↵ect of massive neutrinos is a suppression of clustering on
scales larger than the horizon size at the non-relativisitic transi-
tion. This a↵ects both C��L with a damping for L > 10, and CTT

`
reducing the lensing induced smoothing of the acoustic peaks.
Using Planck data in combination with polarization measured
by WMAP and high-` anisotropies from ACT and SPT allows
for a constraint of

P
m⌫ < 0.66 eV (95 % CL) based on the

[Planck+WP+highL] model. Curiously, this constraint is weak-
ened by the addition of the lensing likelihood

P
m⌫ < 0.85 eV

(95 % CL), reflecting mild tensions between the measured lens-
ing and temperature power spectra, with the former preferring
larger neutrino masses than the latter. Possible origins of this
tension are explored further in Planck Collaboration XVI (2013)
and are thought to involve both the C��L measurements and fea-
tures in the measured CTT

` on large scales (` < 40) and small
scales ` > 2000 that are not fit well by the ⇤CDM+foreground
model. The signal-to-noise on the lensing measurement will im-
prove with the full mission data, including polarization, and it
will be interesting to see how this story develops.

The combination of large lever arm, sensitivity to isocurva-
ture fluctuations and non-Gaussianity makes Planck particularly
powerful at probing inflation. Constraints on inflationary mod-
els are presented in Planck Collaboration XXII (2013) and over-
whelmingly favor a single, weakly coupled, neutral scalar field
driving the accelerated expansion and generating curvature per-
turbations. The models that fit best have a canonical kinetic term
and a field slowly rolling down a featureless potential.
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Fig. 26. Marginalized 68 % and 95 % confidence levels for ns and r from
Planck+WP and BAO data, compared to the theoretical predictions of
selected inflationary models.

Of the models considered, those with locally concave poten-
tials are favored and occupy most of the region in the ns,r plane
allowed at 95 % confidence level (see Fig. 23). Power law in-
flation, hybrid models driven by a quadratic term and monomial
large field potentials with a power larger than two lie outside the
95 % confidence contours. The quadratic large field model, in
the past often cited as the simplest inflationary model, is now at
the boundary of the 95 % confidence contours of Planck + WP
+ CMB high ` data.

The axion and curvaton scenarios, in which the CDM isocur-
vature mode is uncorrelated or fully correlated with the adiabatic
mode, respectively, are not favored by Planck, which constrains
the contribution of the isocurvature mode to the primordial spec-
tra at k = 0.05Mpc�1 to be less than 3.9 % and 0.25 % (at 95 %
CL), respectively.

The Planck results come close to the tightest upper limit on
the tensor-to-scalar amplitude possible from temperature data
alone. The precise determination of the higher acoustic peaks
breaks degeneracies that have weakened earlier measurements.
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