1312.6646v2 [astro-ph.CO] 27 Apr 2014

arXiv

Measurement of the Cosmic Microwave Background Polarization Lensing Power
Spectrum with the POLARBEAR experiment
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Gravitational lensing due to the large-scale distribution of matter in the cosmos distorts the
primordial Cosmic Microwave Background (CMB) and thereby induces new, small-scale B-mode
polarization. This signal carries detailed information about the distribution of all the gravitating
matter between the observer and CMB last scattering surface. We report the first direct evidence
for polarization lensing based on purely CMB information, from using the four-point correlations of
even- and odd-parity F- and B-mode polarization mapped over ~ 30 square degrees of the sky mea-
sured by the POLARBEAR experiment. These data were analyzed using a blind analysis framework
and checked for spurious systematic contamination using null tests and simulations. Evidence for
the signal of polarization lensing and lensing B-modes is found at 4.20 (stat.+sys.) significance. The
amplitude of matter fluctuations is measured with a precision of 27%, and is found to be consistent
with the Lambda Cold Dark Matter (ACDM) cosmological model. This measurement demonstrates
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a new technique, capable of mapping all gravitating matter in the Universe, sensitive to the sum
of neutrino masses, and essential for cleaning the lensing B-mode signal in searches for primordial

gravitational waves.

Introduction: ~ As Cosmic Microwave Background
(CMB) photons traverse the Universe, their paths are
gravitationally deflected by large-scale structures. By
measuring the resulting changes in the statistical proper-
ties of the CMB anisotropies, maps of this gravitational
lensing deflection, which traces large-scale structure, can
be reconstructed. Gravitational lensing of the CMB has
been detected in the CMB temperature anisotropy in sev-
eral ways: in the smoothing of the acoustic peaks of the
temperature power spectrum |, in cross-correlations
with tracers of the large-scale matter distribution @E],
and in the four-point correlation function of CMB tem-
perature maps ]

The South Pole Telescope (SPT) collaboration recently
reported a detection of lensed polarization using the
cross-correlation between maps of CMB polarization and
sub-mm maps of galaxies from Herschel/SPIRE [15]. A
companion paper to this one has also shown the evidence
of the CMB lensing-Cosmic Infrared Background cross-
correlation results using POLARBEAR data HE], finding
good agreement with the SPT measurements. This cross-
correlation is immune to several instrumental systematic
effects but the cosmological interpretation of this mea-
surement requires assumptions about the relation of sub-
mm galaxies to the underlying mass distribution ﬂﬂ]

In this Letter, we present the first direct evidence for
gravitational lensing of the polarized CMB using data
from the POLARBEAR experiment. We present power
spectra of the lensing deflection field for two four-point
estimators using only CMB polarization data, and tests
for spurious systematic contamination of these estima-
tors. We combine the two estimators to increase the
signal-to-noise of the lensing detection.

CMB lensing: Gravitational lensing affects CMB po-
larization by deflecting photon trajectories from a direc-
tion on the sky n + d(n) to a new direction n. In the
flat-sky approximation, this implies that the lensed and
unlensed Stokes parameters are related by

(Q £iU)(n) = (Q+iU)(n +d(n)), (1)

where Q or U denotes a primordial Gaussian CMB po-
larization map, @ and U are the observed Stokes param-
eters, and d(n) is the deflection angle. The CMB po-
larization fields defined in Eq. () are rotation-invariant
under the transformation e*2*¢ and can be decomposed
into electric- (E-) and magnetic-like (B-) modes [18].
Taylor expanding Eq. () to first order in the deflection
angle reveals that the off-diagonal elements of the two-
point correlation functions of F- and B-modes are propor-
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tional to the lensing deflection field, d(n). Quadratic es-
timators take advantage of this feature to measure CMB
lensing ﬂE The two lensing quadratic estimators for
CMB polarization are:

Agp(L d?1 CFFL -1
dep(L) = Ei( ) / 2n)? E(I)E(I/)W cos 2¢w
(2)

1

and

AEB(L)/ 1 , CEEL.]
dpp(L) = EQ)B)—L = —
gr(L) 7 2n)? Y ”clEEcﬁ

sin 2¢)11/.
(3)

In Egs. @ B), 1,1, and L are coordinates in Fourier space
with L = 14 1'". The angular separation between 1 and
I is ¢y, ClEE is the theoretical lensed power spectrum,

C’F E and 6’13 B are lensed power spectra with experimen-
tal noise. The estimators are normalized by Agp(L) and
Agp(L) so that they recover the input deflection power
spectrum [21)].

The power spectrum of these estimators is:

(do(L)d5(L)) = (2m)20(L — L')(C3 + N)(L) (4)
+ higher-order terms).

Here, C’gd is the deflection power spectrum and N é%) is
the lensing reconstruction noise, a and g are chosen from
{EE, EB}, however we do not use « = 8 = EF as our fo-
cus is on the direct probe of CMB lensing represented by
the conversion of E-to-B patterns. The BB estimator
also probes B-modes, but it does not make a substan-
tial contribution to the deflection power spectrum ﬂﬂ],
so it is not used in this work. The four-point correla-
tion function takes advantage of the fact that gravita-
tional lensing converts Gaussian primary anisotropy to a
non-Gaussian lensed anisotropy. When calculating this
non-Gaussian signal, however, there is a “Gaussian bias”
term N(® which is the disconnected part in the four-
point correlation that has to be subtracted. The Gaus-
sian bias is zero when « # 8 (i.e., (dgr(L)dig (L)) be-
cause (E(1)B(l'))=0 under the assumption of parity in-
variance. However, the Gaussian bias is much larger than
the lensing power spectrum in the o = § case. The Gaus-
sian bias can be estimated, and removed, in several ways
, , ]; the methodology employed in this Letter is
described in the Data Analysis section.

Data Analysis:

The POLARBEAR experiment ﬂﬂ] is located at the
James Ax Observatory in Northern Chile on Cerro
Toco at West longitude 67°47’10.4”, South latitude
22°57/29.0”, elevation 5.20 km. The 1,274 polarization-
sensitive transition-edge sensor bolometers are sensitive
to a spectral band centered at 148 GHz with 26% frac-
tional bandwidth ﬂﬁ] The 3.5 meter aperture of the
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telescope primary mirror produces a beam with a 3.5 full
width at half maximum (FWHM). Three approximately
3° x 3° fields centered at right ascension and declination
(23h02m, —32.8°), (11h53m, —0.5°), (4h40.2m, —45.0°),
referred to as “RA23”, “RA12”, and “RA4.5”, were ob-
served between May 2012 and June 2013. The patch
locations are chosen to optimize a combination of low
dust contrast, availability throughout the day, and over-
lap with other observations for cross-correlation studies.

The time-ordered data are filtered and binned into sky
maps with 2’ pixels. Observations of the same pixel are
combined using their inverse-noise-variance weight esti-
mated from the time-ordered data. All power spectra are
calculated following the MASTER method ﬂﬂ] We con-
struct an apodization window from a smoothed inverse
variance weight map. Pixels with an apodization window
value below 1% of the peak value are set to zero, as are
pixels within 3’ of sources in the Australia Telescope 20
GHz Survey ] @ and U maps are transformed to £
and B maps using the pure-B transform HE]

We reconstruct the lensing deflection field by apply-
ing the two estimators in Eqs. @ B) to the sky maps
for 1,1’ € {500,2700}. In these estimators, CF¥, CPB
are calculated using CAMB [27] for the WMAP-9 best-
fit cosmological model. The theoretical deflection power
spectrum, which is used in simulations, is estimated with
CAMB as well. We calculate power spectra for these
reconstructions with the requirement that B-mode infor-
mation is included, thus there are two estimates of the
lensing power spectrum: (dggrdyg) and (dppdyg), here-
after referred to as (EEEB) and (EBEB) respectively.
Intuitively, these two four-point correlation functions can
be split into a product of two two-point correlations, EF
or EB, each of which is proportional to a deflection field
(dark matter distribution) on the sky. So these four-
point correlation functions estimate the squared deflec-
tion field which is proportional to the deflection power
spectrum. The first estimator (EEFEB), which we will
refer to as the cross-lensing estimator, is nearly free of
Gaussian bias. The second estimator, (EBEB), requires
calculation and removal of the large Gaussian bias 7
@] The unbiased, reconstructed lensing power spectrum
is calculated as follows:

O = ((d(L)d* (L)) — N) /Ty, (5)

where both the Gaussian bias N éo) and the transfer func-
tion T are calculated using simulations. The mean
estimated deflection is subtracted from the reconstruc-
tions and the realization-dependent Gaussian bias is sub-
tracted for our final results.

We create 500 simulated lensed and unlensed maps
to estimate the Gaussian bias and establish the lensing
transfer function. The lensed and unlensed simulations
are used in calculations to estimate the lensing amplitude
and to test the null hypothesis of no lensing, respectively.
In the following context, “lensed” or “unlensed” refers to
the case with or without lensing sample variance. We cre-
ate map realizations of the theoretical spectra calculated

by CAMB. In the lensed case, map pixels are displaced
following Eq. () to obtain lensed maps. We convolve
each realization by the measured beam profile and filter
transfer function, and add noise based on the observed
noise levels in the polarization maps.

We estimate the Gaussian bias by estimating the lens-
ing power spectrum from a suite of unlensed simulated
maps. The finite area of the POLARBEAR fields results
in a window function that couples to large-scale modes,
biasing them at | < 300. This low-/ bias has also been
seen in temperature lensing reconstructions @, ] Af-
ter verifying with simulations that it is proportional to
the lensing power spectrum, we correct this bias by cal-
culating a transfer function derived from the ratio of the
average simulated reconstructed lensing spectrum to the
known input spectrum for [ < 300. This transfer function
produces only 0.20 difference in the overall significance
of the two lensing estimators (EEFEB) and (EBEB).
We validate the lensing reconstruction by correlating the
estimated deflection fields from lensed map realizations
with the known input deflection field. All the spectra for
all patches and estimators agree with the input lensing
power spectra.

Correlations between lensing estimators: Assuming
CMB polarization is lensed, the two lensing estimators
(EEEB) and (EBEB) make a correlated measurement
of the lensing power spectrum. Monte Carlo simulations
can precisely estimate these correlations @] We pro-
duce 500 simulated lensing reconstructions for each lens-
ing estimator, for each patch, and this correlation infor-
mation is used to combine the two lensing estimators.

The covariance matrix between two band-powers is de-
fined as

Cap = (€™ ~ CE™)(CH™ ~ G (6)
here the combined band-power is Cju =
(Cchannel 1, Cchannel 2, ) and each Cchannel x s co-
added from simulations of all patches, with channel X
either being (EEEB) or (EBEB) and A or B being the

index of the band-power. The lensing amplitude A is
constructed as

th — obs
_ ZapChMCaBCE™

A
h) ~— h
X ap C4Y CHpCE"

(7)

using POLARBEAR data (obs) and the WMAP-9 best-fit
ACDM model (th). The variance of A is
1

(AA = T
S an CYVCaECE"

(8)

and the significance of the lensing detection is A/AA.

Estimation of systematic uncertainties: Systematic ef-
fects can generate spurious signals which could mimic
the ones we want to probe. The statistical uncertainty
of our measurements, which are AA = 0.30(0.47) for the
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FIG. 1: Curl null power spectra for each of the three patches for the (FEEEB) and (EBEB) estimators. The patch-combined
curl null power spectra are shown in red for the two lensing estimators. All the curl null power spectra are consistent with zero.

unlensed (lensed) results, would overestimate the signifi-
cance of our measurement if these systematic effects are
neglected. We simulate the effect of measured instru-
ment non-idealities and check the data for internal consis-
tency and evidence of systematic instrumental errors us-
ing null tests. Leakage from temperature to polarization
is constrained to be less than 0.5% by correlating tem-
perature maps with polarization maps. A 0.5% leakage
from temperature-to-polarization in maps was simulated
and found to introduce an error of AA = +0.10(+0.13)
into the unlensed (lensed) simulations. Polarized fore-
grounds are estimated based on models from the South
Pole Telescope ﬂ&_ﬂ] assuming 5% polarization fraction
and constant polarization angle @] This contamination
was simulated and found not to bias the lensing estima-
tors but it does increase the variance by an amount of
AA = £0.08(+0.14) in unlensed (lensed) simulations.

We analyzed calibration and beam model uncertainty
using lensed simulations. The beam model uncertainty
is estimated from uncertainty in the point-source-derived
beam-smoothing correction, and the variation in that
correction across each field. We used the lo-bounds of
the beam model as a simulated beam error and found
that this created a change AA = T0{2. Absolute cal-
ibration error exists due to sample variance in the cal-
ibration to ACDM (4% including beam uncertainties),
uncertainty in the pixel polarization efficiency (4% upper
bound), and uncertainty in the analysis transfer function
(4% upper bound), where all uncertainties are quoted in
terms of their effect on Cf B since these are conservative
limits for error on CFF and CFF [33]. We take 10% as
a bound on the calibration uncertainty, this corresponds

to a calibration uncertainty of AA = 7072 in A. The

total systematic error is AA = £0.13(*0:37) for unlensed
(lensed) simulations.

Null tests specific to the four-point lensing estima-
tors are also examined. Deflection fields for different
patches should be uncorrelated and this is used to test
the lensing signals for potential contamination. We de-
fine a “swap-patch” lensing power spectra ng’“u“ =
(dpaten 1(L)d5 40, 2(L)) to test for contamination com-
mon to different patches ] The deflection vector field
can be decomposed into both gradient and curl compo-

nents, of which only the gradient component is sourced by
gravitational lensing (to leading order). The curl power

spectrum C“LW’S consistency with zero is thus another
check of data robustness ﬂﬁ] While instrumental sys-
tematics could, in principle, mimic a lensing-like remap-
ping of the CMB, such effects are generically expected to
produce both gradient and curl-like deflections. A mea-
surement of C”LW is thus a sensitive test for instrumental
systematics. Curl estimators are constructed by replac-
ing L-1by L x1in Egs. (@ B). For each of the null
power spectra tests, a y? statistic is calculated assuming
a null (zero signal) model. The probabilities to exceed
the observed x? values are consistent with a uniform dis-
tribution from zero to one; the lowest PTE out of 15 tests
(which include 9 swap-patch null and 6 curl null tests) is
8%. For the curl null tests, the results are shown in Fig.

m

As a further systematic check, parallel work shows that
the mass distribution information seen from the lens-
ing reconstructions in this work is strongly correlated
with cosmic infrared background maps from the Herschel

satellite [16].

In this work, for deflection power spectrum calcula-
tions, we adopted a blind analysis framework, whereby
deflection power spectra were not viewed until the data
selection and the analysis pipeline were established using
realistic instrumental noise properties.

Results: 'We present the polarization lensing power
spectrum measurements for each of the three POLAR-
BEAR patches and the two B-mode estimators (EEEB)
and (EBEB) in Fig.2l The uncertainties in these band-
powers do not include sample variance, that is, they rep-
resent the no lensing case. Fig. Bl shows the patches
co-added, and the estimators (FEEB) and (EBEB)
combined. The left panel does not assume the exis-
tence of lensing, and we measure a lensing amplitude of
1.37 £ 0.30 £ 0.13, where the errors are statistical and
systematic, respectively (this amplitude is normalized to
the expected WMAP-9 ACDM value). The rejection of
the null hypothesis has a significance of 4.60 statistically
and 4.20 combining statistical and systematic errors in
quadrature. Without using FE reconstruction to aid in
the measurement of E-to-B conversion, the lensing signal
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FIG. 2: 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 ACDM model is shown as the solid black curve. The
measured lensing power spectra are shown for each patch in dark green (RA23), blue (RA12) and magenta (RA4.5), respectively
and are offset in L slightly for clarity. The patch-combined lensing power spectrum is shown in red.
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FIG. 3: Polarization lensing power spectra co-added from the three patches and two estimators are shown in red. The lensing
signal predicted by the ACDM model is shown as the dashed black curve in the left panel and the solid black curve in the
right panel, respectively. The polarization lensing power spectrum (EEFEB) is in blue and (EBEB) dark green. Left: A 4.20
rejection of the null hypothesis of no lensing. These data indicate a lensing amplitude A = 1.37+0.30 & 0.13 normalized to the
fiducial ACDM value. Right: The same data, assuming the existence of gravitational lensing to calculate error bars, including
sample variance and including the covariance between (FEFEB) and (EBEB). In this case, the lensing amplitude is measured
as A =1.06 + 0.47f8:g?7 corresponding to 54% uncertainty on the C'¢¢ power spectrum (27% uncertainty on the amplitude of
matter fluctuations). The histograms of the amplitudes A from 500 unlensed and lensed simulations are shown in the inset

boxes.

is detected at 3.20 significance statistically.

The right panel of Fig. Blassumes the predicted amount
of gravitational lensing in the ACDM model. In this
case, the (FEEB) and (EBEB) estimators are corre-
lated, which changes the optimal linear combination of
the two, and requires that lensing sample variance be
included in the band-power uncertainties. Under this
assumption, the amplitude of the polarization lensing
power spectrum is measured to be A = 1.06 +0.4770:35.
The last term gives an estimate of systematic error. Since
A is a measure of power and depends quadratically on
the amplitude of the matter fluctuations, we measure the
amplitude with 27% error. The measured signal traces
all the B-modes at sub-degree scales. This signal is pre-
sumably due to gravitational lensing of CMB, because
other possible sources, such as gravitational waves, po-
larization cosmic rotation ﬂ@] and patchy reionization
are expected to be small at these scales.

Conclusions: We report the evidence for gravitational
lensing, including the presence of lensing B-modes, di-
rectly from CMB polarization measurements. These
measurements reject the absence of polarization lensing

at a significance of 4.20. We have performed null tests
and have simulated systematics errors using the mea-
sured properties of our instrument, and we find no sig-
nificant contamination. Our measurements are in good
agreement with predictions based on the combination of
the ACDM model and basic gravitational physics. This
work represents an early step in the characterization of
CMB polarization lensing after the precise temperature
lensing measurement from Planck. The novel technique
of polarization lensing will allow future experiments to go
beyond Planck in signal-to-noise and scientific returns.
Future measurements will exploit this powerful cosmo-
logical probe to constrain neutrino masses ﬂﬂ] and de-
lens CMB observations in order to more precisely probe
B-modes from primordial gravitational waves.
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