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ABSTRACT

We present the first measurement of cross-correlation between the lensing potential, reconstructed
from cosmic microwave background (CMB) polarization data, and the cosmic shear field from galaxy
shapes. This measurement is made using data from the POLARBEAR CMB experiment and the Subaru
Hyper Suprime-Cam (HSC) survey. By analyzing an 11 deg? overlapping region, we reject the null
hypothesis at 3.50 and constrain the amplitude of the cross power spectrum to Klens = 1.70 + 0.48,
where glens is the amplitude normalized with respect to the Planck 2018 prediction, based on the flat
A cold dark matter cosmology. The first measurement of this cross power spectrum without relying
on CMB temperature measurements is possible due to the deep POLARBEAR map with a noise level of

~6 pK-arcmin, as well as the deep HSC data with a high galaxy number density of ny, = 23 arcmin™=.
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We present a detailed study of the systematics budget to show that residual systematics in our results
are negligibly small, which demonstrates the future potential of this cross-correlation technique.

1. INTRODUCTION

Weak lensing of the cosmic microwave background
(CMB) and galaxies, referred to respectively as CMB
lensing and cosmic shear, is a very powerful tool for con-
straining cosmology, as it is sensitive to both the cosmic
expansion and the growth of the large-scale structure
(e.g., Kilbinger 2015; Matilla et al. 2017). Furthermore,
weak lensing directly probes the gravitational potential
of the large-scale structure that is dominated by dark
matter, and is therefore immune to the galaxy bias un-
certainty.

The constraining power of CMB lensing and cosmic
shear on cosmological parameters, such as the mass
fluctuation amplitude og and matter density €2,,, can
be enhanced by combining these two measurements
(e.g., Planck Collaboration et al. 2018a and references
therein). In the near future, properties of dark energy
(or gravity theories), dark matter, and neutrinos will
be tightly constrained by such cross-correlation mea-
surements (see e.g., Hu 2002; Abazajian & Dodelson
2003; Acquaviva & Baccigalupi 2006; Hannestad et al.
2006; Namikawa et al. 2010; Abazajian et al. 2015). In
addition, it has been argued that the cross-correlation
between CMB lensing and cosmic shear is important
to mitigate instrumental systematics inherent to these
measurements (Vallinotto 2012; Bianchini et al. 2015,
2016; Liu et al. 2016; Schaan et al. 2017; Abbott et al.
2018), as cross-correlation is immune to additive in-
strumental biases in each lensing measurement. In the
cosmic shear analysis, the calibration bias of galaxy
shape measurements is one of the main sources of sys-
tematic errors, which may also be calibrated by cross-
correlation.

The cross-correlation between CMB lensing and cos-
mic shear has been measured by multiple experimen-
tal groups, including the Atacama Cosmology Telescope
(ACT), Planck, South Pole Telescope (SPT), Canada-
France-Hawaii Telescope Lensing Survey (CFHTLenS),
Sloan Digital Sky Survey (SDSS), and Dark Energy Sur-
vey (DES) (Hand et al. 2015; Kirk et al. 2016; Liu & Hill
2015; Singh et al. 2017; Harnois-Déraps et al. 2016, 2017;
Omori et al. 2018). In these measurements, however, the
sensitivity to CMB lensing is primarily derived from the
CMB temperature data.

One of the difficulties we are facing in CMB lensing
measurements is contamination from foreground emis-
sions in CMB lensing maps. For instance, one of the
goals of future CMB instruments is to validate the
shear calibration for the Large Synoptic Survey Tele-
scope (LSST) at the target accuracy of 0.5% (Vallinotto
2012; Das et al. 2013; Schaan et al. 2017) by cross-
correlating CMB lensing maps with the weak lens-
ing map from LSST (Abazajian et al. 2016; The Si-
mons Observatory Collaboration et al. 2019). Validat-
ing the LSST shear calibration requires a high CMB
lensing signal-to-noise. Ultimately, this will come from
CMB polarization rather than temperature. Further-
more, extragalactic foregrounds cause significant biases
in temperature-based lensing, which need to be miti-
gated (Schaan & Ferraro 2018). One way to achieve
the high lensing signal-to-noise needed and overcome the
foreground issue is to resort to CMB polarization data
for the lensing reconstruction (van Engelen et al. 2014;
Schaan et al. 2017).

For the first time, we present the analysis of the
cross-correlation between CMB lensing and cosmic shear



where the CMB lensing map is reconstructed from polar-
1zation information only. This analysis is made possible
by combining two deep overlapping surveys: the CMB
polarization measurement by the POLARBEAR experi-
ment (Arnold et al. 2012; Kermish et al. 2012) and the
galaxy shape measurement by Subaru Hyper Suprime-
Cam (HSC; Aihara et al. 2018a). The POLARBEAR
CMB polarization survey is among the deepest to date,
reaching 6 pK-arcmin. The HSC survey is also one of the
deepest wide-field optical imaging surveys, with a high
galaxy number density of n, = 23 arcmin™? for cosmic
shear analyses. The deep imaging also results in a rela-
tively high mean redshift of these galaxies (zmean = 1.0),
enhancing the overlap of the lensing kernel between
CMB lensing and cosmic shear from galaxy shapes. As
such, the predicted amplitude of the cross-correlation is
higher than those for the Kilo-Degree Survey (Kuijken
et al. 2015) and DES (Dark Energy Survey Collabora-
tion et al. 2016). It is worth noting that our result rep-
resents the first cross-correlation measurement between
HSC cosmic shear and CMB lensing (whether in polar-
ization or temperature).

This paper is organized as follows. In Section 2, we
briefly review the theoretical background of CMB lens-
ing and cosmic shear. In Section 3, we describe the data
used in the analysis. In Section 4, we summarize the
method to measure lensing from the CMB polarization
map and the galaxy shape catalog. We also present the
results of validation tests. We then present the cross-
correlation results in Section 5, and conclude in Sec-
tion 6.

2. WEAK LENSING OF CMB AND GALAXIES

CMB polarization anisotropies are distorted by the
gravitational potential of the large-scale structure be-
tween the CMB last scattering surface and observer (see
Lewis & Challinor 2006; Hanson et al. 2010 for reviews).
The effect of weak lensing on the CMB is well-described
by a remapping of the CMB anisotropies at the last scat-
tering surface:

[Q +iU](n) = [Q +iU][n + Vo(n)], (1)

where n is the pointing vector on the sky, Q@ and U
(Q and U) denote the primary unlensed (lensed) Stokes
parameters, and ¢ is the CMB lensing potential. The
CMB lensing convergence, K = —V?2¢/2, is obtained by
solving the geodesic equation, yielding;:

[ X X o2~
k() = dy =———=V=¥(xn,x), (2)
0 XX

where y is the comoving distance, y. denoting the
comoving distance to the last scattering surface, and
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U(x, x) is the Weyl potential. We assume a flat uni-
verse, as we will throughout this paper. The convergence
map can be reconstructed from observed CMB maps via
mode coupling in CMB anisotropies induced by lensing
(Hu & Okamoto 2002; Okamoto & Hu 2002).

Lensing also distorts shapes of galaxy images in a
galaxy survey. We can statistically measure the lensing
distortion to the galaxy shapes, or the so-called shear,
by averaging ellipticities of galaxy images (see Bartel-
mann & Schneider 2001; Munshi et al. 2008; Kilbinger
2015 for reviews). The shear field, 71 (n) and y2(n), es-
timated from galaxy ellipticities, is a spin-2 field, and
can be transformed to rotationally invariant quantities,
the so-called E- and B-mode shear fields, v* and %,
via the spin-2 transformation. Similar to the conver-
gence field in Eq. (2), the E-mode shear field is related
to the gravitational potential of the large-scale struc-
ture, whereas the B-mode shear field is generated by
the vector and tensor perturbations, the post-Born cor-
rection, and other nonlinear effects (Cooray & Hu 2002;
Dodelson et al. 2003; Cooray et al. 2005; Yamauchi et al.
2013). The B-mode shear field is therefore expected to
be very small and is usually measured as a null test.

In a survey region overlapping a CMB experiment and
a galaxy survey, a correlated signal exists between CMB
lensing and cosmic shear, as they share the same large-
scale structure along the line-of-sight. Their cross an-
gular power spectrum, CZ"’E, is of great interest in cos-
mological analyses, since it is immune to additive in-
strumental biases inherent in these measurements. The
cross power spectrum from the scalar perturbations is
given by (e.g., Hu 2000):

2 X o0
o f/dk: k2/ dx / dy’
™ 0 0

x k* Py (k,x,X)SE(k,x)ST (k,x"), (3)

where L is the angular multipole and k is the Fourier
mode of the Weyl potential. The power spectrum of the
Weyl potential, Py (k, x,X’), is defined as:

(2m)*07 (k — k') Py (k, x, X') = (Te ()W (X)), (4)

where 6%, is the three-dimensional delta function, (---)
denoting the ensemble average, and Wg(x) is the three-
dimensional Fourier transform of the Weyl poten-
tial. The dimensionless source functions, S¥(k,x) and
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Figure 1. Top: Redshift distributions of HSC galaxies used
for the cross-correlation analysis. The filled histogram shows
our baseline estimate, whereas open histograms show distri-
butions estimated from different HSC photometric redshift
estimates (Tanaka et al. 2018). Bottom: Lensing kernels of
the HSC galaxies (red) and CMB (black). The lensing ker-
nels are normalized by their maximum values. We only show
the galaxy lensing kernel for the baseline distribution.

SzE(k, X), are given by:

Jr(kx) X+ — X
S%(k,x) = L(L + 1 : 5
k) = L2 + DI X o)
o _ [+ 2) i (kx) /°° n (") X" —x
SL (k»X) - (L — 2)' kX N dX 7 X,, ’

where j,(kx) is the spherical Bessel function, n(x) is the
number density distribution of galaxies as a function of
the comoving distance (see below), and 7 is the aver-
age number density of galaxies per square arcminute.
We use CAMB! (Lewis et al. 2000) to compute the cross
power spectrum defined above.

Figure 1 shows redshift distributions of the HSC
galaxy sample for the cross-correlation lensing analysis,
which are estimated with several different methods (see
Section 3.2 for details). The comparison of the lensing
kernels between the HSC galaxies and CMB, as shown
in the figure, suggests that we typically probe the large-

LCode for Anisotropies in the Microwave Background (https:
//camb.info/)

scale structure at z ~ 0.5-1 by our cross-correlation
analysis.

3. DATA AND OBSERVATIONS
3.1. POLARBEAR

POLARBEAR is a CMB experiment, that has been
operating on the 2.5m Huan Tran Telescope at the
James Ax Observatory at an elevation of 5,190 m, in
the Atacama Desert in Chile since Jan 2012. The
POLARBEAR receiver has an array of 1,274 transition
edge sensors (TES) cooled to 0.3 K, observing the sky
through lenslet-coupled double-slot dipole antennas at
150 GHz. More details on the receiver and telescope
can be found in Arnold et al. (2012) and Kermish et al.
(2012). In late 2018, a new receiver with six times more
detectors, POLARBEAR-2A, was installed (Suzuki et al.
2016), with its science observations to begin in early
2019.

Our analysis uses data from an 11 deg? POLARBEAR
contiguous field that overlaps the HSC WIDE sur-
vey (see Figure 2). The field is centered at (RA,
Dec)=(11"53m0%, —0°30') and was observed with
POLARBEAR for about 19 months, from 2012 to 2014.
The approximate noise level of the polarization map is
6 pK-arcmin.

The observation and map-making are described in
The POLARBEAR Collaboration: P. A. R. Ade et al.
(2017) (hereafter PB17). Here, we use a map gener-
ated by the pipeline-A algorithm. The pipeline-A per-
forms low/high-pass and azimuthal filters to remove at-
mospheric noise and ground pickup, respectively, prior
to map-making. The pipeline-A algorithm is based on
the MASTER method (Hivon et al. 2002). We construct
an apodization window from a smoothed inverse vari-
ance weight of the POLARBEAR map. Map pixels within
3’ of point sources are also masked. In order to reduce
the E-B leakage, the apodization edges are modified,
using the C? taper described in Grain et al. (2009). We
multiply the @/U maps with this apodization window
and compute the pure B- and E-modes (Smith 2006).

3.2. HSC

HSC is a wide-field optical imager mounted at the
prime focus of the Subaru Telescope at the summit of
Mauna Kea (Miyazaki et al. 2018; Komiyama et al.
2018). HSC offers a wide field-of-view (1.77 deg?), with
superb image quality, and routinely < 0”6 seeing sizes,
and a fast, deep imaging capability due to the large pri-
mary mirror (8.2 m in diameter). As a result, HSC is
one of the best instruments for weak lensing surveys. To
take advantage of its survey capability, HSC started a
wide, deep galaxy imaging survey in 2014 as the Subaru
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Figure 2. The overlapping sky coverage of POLARBEAR and
HSC maps in this work. Contours show the noise level of the
POLARBEAR CMB polarization maps. The color map shows
the effective number density of the HSC galaxy catalog.

Strategic Program (SSP; Aihara et al. 2018a), which in-
cludes the WIDE layer, aiming to cover 1,400 deg? of
the sky down to 4, ~26 (point source detection at 50)
in five broad bands (grizy).

In this paper, we use galaxies from the first-year
HSC galaxy shape catalog (Mandelbaum et al. 2018a)
for the cross-correlation study. The shape catalog in-
cludes galaxies with their i-band magnitudes, which
are brighter than 24.5, after correcting for the Galac-
tic extinction (Schlegel et al. 1998). The shapes of
these galaxies are estimated on coadded i-band images
with the re-Gaussianization method (Hirata & Seljak
2003); this method was extensively used in the SDSS,
as its systematics are well-understood (Mandelbaum
et al. 2005; Reyes et al. 2012; Mandelbaum et al. 2013).
The shape catalog contains calibration factors for each
galaxy derived from image simulations (Mandelbaum
et al. 2018b), and generated by GALSIM (Rowe et al.
2015): the shear multiplicative bias m (shared among
two shear components) and the additive bias for each
shear component c¢; and cp. The following quantities
are also calibrated against the image simulations: the
intrinsic shape noise e,s, the estimated measurement
noise o., and the inverse-variance weight from both ey
and o.. Note that we use an updated version of the
shape catalog from the one originally presented in Man-
delbaum et al. (2018a), where bright stars are masked
with the new “Arcturus” star catalog (Coupon et al.
2018), which is improved in comparison to the old “Sir-
ius” catalog (see Mandelbaum et al. (2018a); Coupon
et al. (2018) for detailed discussions).

In this paper, we use the 13.3 deg? HSC WIDE12H
field, as it overlaps with the POLARBEAR survey. The
WIDE12H field is one of six distinct fields observed from
March 2014 to April 2016 for about 90 nights in total,
which is a slight extension of the Public Data Release 1
(Aihara et al. 2018b). The HSC data are reduced by the
HSC pipeline (Bosch et al. 2018). The weighted number
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density of source galaxies in this field is 23.4 arcmin~—2

and its median (mean) redshift (see below) is zmedian =
0.88 (Zmean = 1.0). Figure 2 shows the overlapping sky
coverage of the POLARBEAR and HSC data in this paper.
The overlapping sky coverage is 11.1deg?, where the
noise level of the POLARBEAR polarization measurement
is smaller than 20 gK-arcmin.

For the baseline redshift distribution of the source
galaxies, we use the one estimated from COSMOS 30-
band photometric redshifts (Ilbert et al. 2009), which
were estimated for galaxies in the COSMOS field, us-
ing 30 photometric bands spanning from ultraviolet to
mid-infrared. We reweight the redshift distribution of
the COSMOS 30-band photometric redshift sample to
adjust it to match our source galaxy sample on a self-
organizing map created with four colors of HSC (More et
al. in prep., see also Miyatake et al. 2018; Hikage et al.
2018). To test the robustness of this result, we compare
the one predicated on this baseline redshift distribu-
tion, with those obtained using several photometric red-
shift estimations (based solely on the four HSC colors):
“Ephor,” “Frankenz,” “MLZ,” and “Mizuki” (Tanaka
et al. 2018). For each case, the total redshift distribu-
tion of the source galaxy sample is obtained by stacking
the photometric redshift probability distribution func-
tion of each galaxy in this paper. We also show the red-
shift distributions of the source galaxies derived from
these methods in Figure 1.

In all analyses of the HSC data, we use magnitudes
corrected for the Galactic extinction. Therefore, we do
not expect any cross-correlation between the dust con-
tamination in our CMB and optical data. Although
there might be a residual effect due to an imperfect cor-
rection of the Galactic extinction on galaxy magnitudes,
for example, it is currently poorly understood and ex-
pected to be small compared to the noise level of our
cross-correlation signal.

3.3. Simulated Data

We create simulated data to estimate the covariance
and to perform validation tests. The mock simulations
are based on the all-sky ray-tracing simulations gener-
ated by Takahashi et al. (2017), and in each one, they
generate both CMB and galaxy lensing signals. We then
add realistic noise, following noise properties of each sur-
vey as described below. From an all-sky ray-tracing sim-
ulation, we randomly cut out areas corresponding to the
HSC WIDE12H geometry to create many realizations.
In total, we generate 100 WIDE12H field realizations
from the single all-sky realization.

We add HSC source galaxies to the ray-tracing simu-
lation following the prescription described in Oguri et al.
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(2018). We start with the real HSC galaxy catalog in
order to simulate survey features such as the survey ge-
ometry, the inhomogeneity of the galaxy distribution,
and galaxy properties including redshifts and intrinsic
shapes. The galaxy positions and redshifts are main-
tained unchanged but their shapes are randomly rotated
to remove the weak lensing shear associated with the
real data. By doing so, we can also preserve the shot-
noise originating from galaxy intrinsic shapes and pixel
noises. We then add the simulated cosmic shear field
derived from the ray-tracing simulation to each rotated
galaxy shape to create a mock catalog.

For CMB, we generate Monte Carlo (MC) simulations,
having similar properties to the POLARBEAR data, by
scanning a lensed CMB @ /U polarization map from the
all-sky simulation described above. We then add a ran-
dom noise to the simulated detector timestream, where
the variance of the noise is equivalent to that measured
from the data.

4. LENSING RECONSTRUCTION AND
CROSS-CORRELATION METHODS

In this section, we describe our method for the cross-
correlation analysis. The lensing reconstruction and
cross power estimator are described in Section 4.1. We
also describe the validation tests for POLARBEAR CMB
lensing in Section 4.2 and HSC cosmic shear in Sec-
tion 4.3.

Since the auto power spectra of CMB lensing and cos-
mic shear are validated in PB17 and Hikage et al. (2018),
Oguri et al. (2018), and Mandelbaum et al. (2018a), re-
spectively, we focus here on the validation tests for the
cross power spectrum between CMB lensing and cosmic
shear.

4.1. FEstimators

4.1.1. CMB Lensing Convergence

Reconstruction methods of the CMB lensing con-
vergence have been developed by multiple CMB col-
laborations, including ACT (Sherwin et al. 2017),
BICEP/Keck Array (BiceEp2 / Keck Array Collab-
oration 2016), Planck Planck Collaboration et al.
(2018a), POLARBEAR (The POLARBEAR Collaboration:
P. A. R. Ade et al. 2014a,b), and SPT (van Engelen
et al. 2012; Story et al. 2015).

In this paper, we first apply the diagonal inverse-
variance filter defined in Eq. (17) of BICEP2 / Keck
Array Collaboration (2016) to the E- and B-modes ob-
tained in Section 3.1. The unnormalized quadratic es-
timator for the lensing convergence is obtained by con-
volving two CMB E-modes (EFE estimator) or E- and

B-modes (EB estimator) (Hu & Okamoto 2002):

_xy _ [ 4% XYX,y 7
kL = Wwe,L e L2, (7)
where X and Y are either E- or B-modes filtered by
the diagonal inverse-variance. The weight functions are
given by Hu & Okamoto (2002):

wgf = [CFEL -0+ Cﬁ€l|(L — ) - L]cos2(peg — pr—g)
(8)

wyp =CPPL - £sin2(pe — ors), 9)

where CF¥ is the lensed CMB E-mode spectrum (Han-
son et al. 2011), and g is an angle of £ measured
from the z-axis. We use the CMB multipole range of
500 < ¢ < 2700 in our baseline analysis. The larger
multipoles are removed to avoid beam uncertainties and
systematic biases due to astrophysical foregrounds such
as radio sources (van Engelen et al. 2014). We then ob-
tain our best estimate of the CMB lensing convergence
as:

REY = AXY (R - REY)). (10)

The mean field, (85Y), is sourced from, for example,
masking, inhomogeneous map noise, point sources, and
the asymmetric beam (Hanson et al. 2011; Namikawa
et al. 2013), and is non-zero, even if we use polarization-
only estimators (e.g., Planck Collaboration et al. 2014).
We estimate the mean-field bias from simulation, and
the bias is found to be much smaller than the lens-
ing signal in our case. The normalization, AXY, is
computed by following The POLARBEAR Collaboration:
P. A. R. Ade et al. (2014b). Finally, the minimum vari-
ance estimator (MV) is obtained by combining the EE
and EB estimators (Hu & Okamoto 2002).

4.1.2. Cosmic Shear
The shear field at a pixel n is estimated from the
galaxy shape catalog as (Mandelbaum et al. 2018a):

~ 1 1 €j.i
. e i |l == — ¢, 11
7% (R) Eiegﬁwil—i—mzw [ZR C] (11)

1€9n

where e;; (j = 1,2) is the ellipticity of the i-th galaxy,
m; is the multiplicative bias, ¢; is the additive bias, w;
is the inverse-variance weight, and ), g, 18 the sum-
mation over all galaxies, falling within pixel n. The
averaged multiplicative bias and the shear responsivity
are derived as:
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m =

R=1- (13)



Here, .. gan 18 the summation over all galaxies for
the cross-correlation analysis, m; is the multiplicative
bias, and eyms,; is the root-mean square of intrinsic el-
lipticities. The shear map, v; and 72, is then multi-
plied by a window function constructed from the weight,
Weal(n) = >, wi, and transformed to E- and B-
mode shear as:

VL g = /dzﬁ TR EHPE W (R) P £ 192 () -
(14)
4.1.3. Cross Power Spectrum

The binned cross power spectrum is obtained by cross-
correlating the lensing convergence and the E-mode
shear field derived above. The cross spectrum is di-
vided by [d*n W2 , ()W (R) to correct the normal-
ization due to the apodization window. The number
of multipole bins is 9 and the multipole range of the
output power spectrum is 100 < L < 1900. The lower
limit of L is set by the size of the survey region, and
the higher limit of L is set because signal-to-noise ratios

above L = 1900 are negligibly small.
4.2. Validation Tests: CMB

We describe a suite of data-split null tests and in-
strumental systematics to validate CMB datasets in the
cross power spectrum.

4.2.1. Data-split Null Tests

In order to validate the POLARBEAR data and analysis
in the cross-correlation with the HSC data, we perform
a suite of null tests. These validation tests are essen-
tially the extension of those described in PB17 to the
cross-correlation, in which we iteratively run the null-
test framework until a set of predefined criteria is passed.

For each null test, we reconstruct two lensing maps,
x4 and k%, one from each data split. The reconstructed
lensing maps are then cross-correlated with the HSC
shear map to obtain a null spectrum for the difference
between the two cross-spectra, C’ZA'YE fCZBVE. To eval-
uate the statistical significance, we repeat the same cal-
culation using the simulated CMB maps, but with the
actual HSC shear data.

The null tests are performed for several splits of in-
terest for the POLARBEAR data, which are identified to
be sensitive to various sources of systematic contami-
nations or miscalibrations. We perform 12 null tests in
total, and the correlations among these null tests are
noted in the analysis by running the same suite of null
tests on noise-only MC simulations. Details of the 12
null tests are described in The POLARBEAR Collabora-
tion: P. A. R. Ade et al. (2014c, hereafter PB14) and
PB17.

inu]](b) (9 x12 = 108 entries)
inu“ by test (12 entries) ==
10+ |
@
c
>
o
(G
5 L
0 I H i ) H
0 0.2 0.4 0.6 0.8 1

Null-test PTE

Figure 3. Null-test PTE distributions of x2,;(b) and x2.
by test (dotted line). Both distributions are consistent with
the expectation from the uniform distribution (see also Ta-
ble 1).

Table 1. PTEs from the data-split null tests.

Type PTE
KS test of PTE,2 ) 0.07
KS test of PTE,2 by tess 063
(1) Average of xnunu(b) 0.88
(2) Extreme of x2.,;(b) 0.44
(3) Extreme of 2,y by test 0.16
(4) Total x2. 0.10

We also adopt the same null-test statistics as defined
in PB17. For each band power bin b, we calculate the
statistic xpun(b) = CA’;;‘““/Jb7 where o3 is a MC-based
estimate of the standard deviation of the null spec-
tra, and its square x2 (). The xnu(b) is sensitive
to a systematic bias in the null spectra, whereas the
x2.1(b) is more sensitive to outliers and excess in the
variance. In order to investigate possible systematic con-
taminations or miscalibrations affecting a specific null-
test data split, we calculate the sum of the x2 ,,(b) over
100 < L < 1900 (“x2,, by test”). We require the proba-
bility to exceed (PTE), as each of these sets is consistent
with a uniform distribution, judged by a Kolmogorov-
Smirnov (KS) test with a p-value (probability of seeing
the deviation from the uniformity, greater than that ob-
served, given the hypothesis of uniformity) to be equal to
or greater than 0.05. We find these distributions consis-
tent with the uniform distribution. Figure 3 and Table 1
show PTE distributions of x2,,(b) and x2, by test, and
the PTEs of the KS test.

In order to search for different manifestations of sys-
tematic contaminations, we also create the same test
statistics based on these quantities described in PB17.
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The four test statistics are PTEs from (1) the average
value of xpun, (2) the extreme value of the Xiuu by bin,
(3) that by test, and (4) the total x2 ;, summed by the
12 null tests. In each case, the result from the data
is compared to the result from simulations to calculate
PTEs, as Table 1 summarizes the PTEs.

Finally, by comparing the most significant outlier from
the four test statistics to those of the MC simulations,
we obtain a PTE of 0.24. In all tests, we find no evidence
for systematic contaminations or miscalibrations in the
POLARBEAR dataset correlated with the HSC dataset.

4.2.2. Instrumental Systematics

We study the impact of uncertainties in the instru-
ment model of POLARBEAR on the lensing auto and
cross power spectra by producing a simulated signal-
only data set in a time domain where the signal is
modeled with lensed CMB simulations, obtained by
LensPix? with instrumental effects added on the fly.
With this simulation setup, systematic errors in auto
spectra contains both multiplicative and additive bias
in CMB lensing measurement, allowing us to put a con-
servative upper limit on the multiplicative component.
On the other hand, this simulation has zero expectation
value in the cross power, while containing fiducial power
in each of the CMB and weak lensing maps; this is an ap-
propriate setup for estimating the additive component,
whose estimate can depend on the signal power of each
map. Here, we investigated six instrumental systematics
effects: crosstalk in the multiplexed readout, drift of the
gains between two consecutive thermal source calibrator
measurements, differential beam ellipticity, differential
beam size, relative gain-calibration uncertainty between
the two detectors in a focal-plane pixel, and differen-
tial pointing between the two detectors in a focal-plane
pixel. Details of these systematic effects and systematics
simulations are described in PB14 and PB17. This con-
tamination is found not to bias lensing auto spectrum
significantly, putting an upper limit on multiplicative
bias. The limit corresponds to 0.6% of fiducial lensing
amplitude in the Ajons measurement (POLARBEAR col-
laboration et al., in prep.).

In order to explicitly check the impact of the instru-
mental systematics on cross power spectrum, we recon-
structed the CMB maps with POLARBEAR pipeline-A
and the corresponding CMB lensing convergence maps
from the simulated data set. These maps are cross-
correlated with the HSC mock data as described in Sec-
tion 3.3. Figure 4 shows impact of the CMB instru-
mental systematics on the cross power spectra. As ex-

2https:/ /cosmologist.info/lenspix/

pected, all the systematics and their variances are negli-
gibly small, compared to the statistical errors estimated
from the MC simulations. Specifically, we find upper
limits of ~1% level on the instrumental systematic er-
rors compared to the statistical errors. We therefore
find no evidence for significant contaminations from the
CMB instrumental systematics in the cross-correlation
analysis. The upper limit corresponds to 1.3%, in terms
of Ajens, when compared to fiducial amplitude.

While our estimate of the systematics is for the
POLARBEAR instrument, future CMB instruments aim
to achieve similar, if not better, levels of systemat-
ics. We detect no significant systematic error and the
upper limit presented here is dominated by the statis-
tical uncertainty of MC simulations. The upper limit
is already comparable to the goals of Simons Obser-
vatory and CMB-S4, which calibrate the shear bias of
LSST to ~0.5% accuracy (Schaan et al. 2017; Abaza-
jian et al. 2016; The Simons Observatory Collaboration
et al. 2019).

4.3. Validation Tests: Shear

We perform four validation tests for the shear map de-
rived from the HSC data, by cross-correlating the CMB
lensing map with the following null test maps, created
in the same manner as the real shear map:

e Rotation: a map from randomly rotated ellip-
ticities of galaxies in the HSC WIDE12H field to
remove the cosmic shear signal,

e Star: a map from ellipticities of stars for recon-
structing the Point Spread Function (PSF), again
in the HSC WIDE12H field,

e PSF: a map from PSFs reconstructed at the star
position, and

e Field Swap: a shear map measured in another
field, not overlapping with the WIDE12H field.

We expect null signals for all four cases, since these maps
do not have any physical correlation with the CMB lens-
ing map.

For the Rotation test, we measure cross power spec-
tra without correcting for multiplicative and additive
biases, i.e., we set m; = 0 and ¢; = 0 in Eq. (11). This
ignorance of the multiplicative bias does not affect our
validation test. For the Star and PSF tests, we mea-
sure their cross-power spectra with w; = 1, m; = 0,
erms,i = 0, and ¢; = 0. The equal weight is derived from
the fact that all stars in this test have similar signal-to-
noise ratio, which is also the case for PSFs. The zero
RMS ellipticity is derived from the fact that stars and
PSFs have approximately zero ellipticity, on average.


https://cosmologist.info/lenspix/
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Figure 4. Upper limits of the impact of the POLARBEAR CMB systematics on the CMB-galaxy lensing cross spectrum (solid),

|ACEWE |/ O’ZWE, and its standard deviation (dashed), |A027E |/ UZ,YE. We consider systematic effects: crosstalk in the multiplexed
readout (“cross talk”), the total effect of the drift of gains between two consecutive thermal source calibrator measurements and
the relative gain-calibration uncertainty between the two detectors in a focal-plane pixel (“gain”), total effect of the differential
beam ellipticity, differential beam size, and differential pointing between the two detectors in a focal-plane pixel (“beam”). The
systematic effects are combined in quadrature to derive the fractional difference of the systematics-free spectrum, as positively
defined. We find there is no preference in the sign of the fractional difference, indicating that estimates are dominated by
statistical fluctuation of MC realizations and are the conservative upper limits. In terms of Ajens, the upper limit corresponds
to 1.3% of the fiducial amplitude.
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Figure 5. Cross power spectra between the HSC null test maps and the real POLARBEAR lensing map. We consider HSC
null test maps derived by randomly rotating ellipticities of real HSC galaxies (“Rotation”), from star ellipticities (“Star”), from
PSF ellipticities (“PSF”), which are measured in another HSC field (“Field Swap”). The cross power spectra are normalized by
their statistical uncertainties.
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We estimate the covariance and PTEs as follows. We
first generate simulations by randomly rotating elliptic-
ities of galaxies, stars, and PSFs in the real WIDE12H
field data for the Rotation, the Star, and the PSF tests,
respectively. We then measure cross power spectra in a
consistent way with the measurement described above.
Based on 100 realizations of the HSC maps with ran-
domly rotated ellipticities, we estimate the covariance
and use it to compute PTEs.

For the Field Swap test, we use another patch of
the HSC first-year shear catalog, GAMAO9H, which
is located in RA of ~9h. Since there is no overlap
of the footprints between the POLARBEAR field and
the GAMAO9H field, there is no cross-correlation be-
tween these data. We compute the shear map of the
GAMAOQ9H field using the same method as described
in Section 4.1 with the calibration of multiplicative and
additive bias. In order to estimate the covariance and
PTEs, we use the 100 realizations of simulations similar
to those described in Section 3.3 but remove to match
the GAMAQ9H area. Note that the mock shear catalogs
contain the same calibration bias as in the real HSC
shear catalog.

Figure 5 shows the cross power spectra between the
HSC null test maps and the real CMB lensing map. The
results of these null tests are also summarized in Table 2.
We find no evidence for systematic errors from this anal-
ysis.

Table 2. Results of the HSC shear null tests.

x-PTE %-PTE

Rotation 0.52 0.10
Star 0.26 0.43
PSF 0.46 0.49

Field Swap 0.20 0.33

4.4. Blind Analysis

We adopt a blind analysis policy, in which the cross
power spectrum is revealed only after the data pass a se-
ries of null tests and systematic error checks as described
in Section 4.2 and 4.3. For the HSC data, we prepare
three shape catalogs with different multiplicative biases,
each of which has a different, blinded offset. For details
of the blinding strategy, see Hikage et al. (2018). For
the POLARBEAR data, the null tests and the possible
sources of instrumental systematic errors are finalized
before the cross power spectrum is examined, in order
to motivate a comprehensive validation of the dataset
and to avoid an observer bias in the analysis.

5. RESULTS

Figure 6 shows the angular cross power spectrum be-
tween POLARBEAR CMB lensing and HSC cosmic shear.
We show the cross power spectrum measured spectra
using the optimal combination of the FE and EB es-
timators (MV). Since our CMB B-mode map is very
deep, the power spectrum from the EFB estimator is
less noisy than that from the EFE estimator. We also
find that the cross power spectrum between the HSC
B-mode shear and the CMB lensing convergence is con-
sistent with zero (x-PTE and x?-PTE of 0.26 and 0.68,
respectively) as expected. Figure 7 shows the correlation
coefficients among different multipole bins of the cross
power spectrum. The correlation coefficient between the
first and second bandpowers is ~0.4, and the other cor-
relation coefficients are consistent with zero within sta-
tistical uncertainty (~10%), due to the finite number of
the MC realizations.

To see the consistency of our cross power spectrum
measurement with the Planck A-dominated cold dark
matter (ACDM) cosmology, we estimate the amplitude
of the cross power spectrum by a weighted mean over
multipole bins (BICEP2 / Keck Array Collaboration
2016):

= = (15)

The A, is the relative amplitude of the power spectrum
compared with a fiducial power spectrum for the Planck
ACDM cosmology, C’If, ie, Ay = Cb/C’,E. The weights,
ap, are taken from the bandpower covariance as:

ap = Z CiCov,, Cf, . (16)
b/

The fiducial bandpower values and their covariances, in-
cluding off-diagonal correlations between different mul-
tipole bins, are evaluated from the simulations (see
Section 3.3). In our baseline analysis, we assume the
ACDM cosmology with the Planck 2018 best-fit param-
eters (TT,TE,EE+lowE+lensing).

The amplitude estimated from the observed cross
power spectrum is A\]ens = 1.70 4+ 0.48,% correspond-

30ur simulations assume the WMAP-9 best-fit cosmology,
whereas the baseline analysis of the amplitude is measured against
the Planck 2018 best-fit cosmology (“TT,TE,EE+lowE+lensing”
in Planck Collaboration et al. 2018b). This leads to a small change
in the mean and scatter of the amplitude parameter. We correct
this discrepancy by scaling the simulated cross power spectrum at
each realization as Cf x (Cf/(C})). The variance of the amplitude
of simulations is scaled by a value estimated from analytic calcula-
tions of cross power spectra in Planck and WMAP-9 cosmologies,
using ng = 23 arcmin_z, erms = 0.4, a 6 uK-arcmin CMB white
noise, and a 3’5 Gaussian beam.
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Figure 6. The cross power spectra between the CMB lensing convergence from POLARBEAR and the cosmic shear from HSC.
The CMB lensing map is obtained from the optimal combination of the FE and EB estimators (MV). We show the cross
spectrum between the HSC shear B-mode and the CMB lensing convergence, consistent with zero as expected. The black solid
line shows the theoretical prediction, assuming the Planck 2018 best-fit cosmological parameters for the flat ACDM model.
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Figure 7. Correlation coefficients of the cross power spec-
trum between CMB lensing and cosmic shear, estimated from
100 realizations of simulations.

ing to the detection of a non-zero cross-correlation at
3.50 significance. Here, the quoted error is the stan-
dard deviation of Ajens obtained from the MC simula-
tions. The high detection significance is in part because
of the central value fluctuated high; for a fiducial value of
Ajens = 1, the expected signal-to-noise ratio is S/N ~ 2.
The PTE of the spectrum with respect to the fiducial
Planck ACDM cosmology is 66%.

Figure 8 compares the values of Ajens and their lo
errors among recent cross-correlation studies between
CMB lensing and cosmic shear from galaxy shapes. The

Elcns value obtained is slightly higher than unity but is
consistent with the Planck prediction within 20 level.
Our result also agrees with the previous cross-correlation
analyses, although their best-fit values still have a large
variation Ajens >~ 0.4-1.3 (e.g., Liu & Hill 2015; Harnois-
Déraps et al. 2016, 2017). It should be noted that in the
other cross-correlation studies, CMB lensing signals are
dominated by those from the temperature maps, unlike
our study, in which we use the polarization map only.
In addition, the redshift distributions of source galaxies
are different among these measurements.

To check the robustness of our results, Table 3 shows
the dependence of the amplitude on the photometric
redshift estimation methods, the CMB multipoles used
for the CMB lensing reconstruction, and estimators of
the CMB lensing convergence. We find that the changes
in Elens are minor compared to our measurement er-
ror. We also show the amplitude with respect to the
WMAP-9 cosmology.

Polarized diffuse Galactic foregrounds and extra-
Galactic point sources are a potential contaminant to
the CMB data. The characterization of diffuse Galac-
tic and extra-Galactic foregrounds has been derived in
PB17, and here we highlight the main aspects that are
relevant in our study.

The POLARBEAR maps have a 5o source detec-
tion threshold of 25 mJy. We mask out sources
above 25 mJy to suppress contaminations from polar-
ized extra-Galactic point sources. All of the sources
we detect correspond to sources detected by either
ATCA (Murphy et al. 2010) or Planck (Planck Collab-
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Figure 8. The lo confidence interval on Ajens from the cross-correlation analysis between POLARBEAR and HSC data in the
Planck ACDM model, as well as those from the literature. The redshift distributions of source galaxies are different among
these measurements, spanning from zmean ~ 0.35 (Singh et al. 2017) t0 Zmean ~ 1.0 (this work). Further details of the redshift
distributions can be found in the literature (Omori et al. 2018; Harnois-Déraps et al. 2017; Singh et al. 2017; Harnois-Déraps
et al. 2016; Kirk et al. 2016; Liu & Hill 2015; Hand et al. 2015).

Table 3. The amplitude of the cross power spectrum Xlens
estimated with different HSC photometric redshift (photo-
z) estimates (Tanaka et al. 2018), different ranges of the
CMB multipoles, different CMB lensing estimators, and the
different fiducial cosmology. In a fiducial case, we assume the
ACDM cosmology with the Planck 2018 best-fit parameters.

Choice of the analysis method glens
Photo-z  Ephor 1.70 £ 0.48
Frankenz 1.69 4+ 0.48
MLZ 1.83 +0.51
Mizuki 1.69 4+ 0.49
CMB multipoles #max = 2500 1.64 £ 0.49
Limin = 700 1.89 £ 0.57
CMB estimator FEFE 1.07 +0.93
EB 1.65 4+ 0.50
Cosmology WMAP-9 1.99 £ 0.56

Baseline (Planck 2018) 1.70 &+ 0.48

oration et al. 2016). The unmasked point sources below
the 25 mJy detection threshold contribute a residual
power, but Smith et al. (2009) and Puglisi et al. (2018)
show that this level of contribution is negligible in lens-
ing auto power spectra.

Polarized diffuse foregrounds are estimated based on
models from the Planck 353 GHz and 30 GHz for dust
and synchrotron, respectively (POLARBEAR collabora-
tion et al., in prep.). PB17 fathomed the data looking

for a signature of diffuse polarized foregrounds, found
no evidence and obtained only upper limits. Therefore,
we assume a 20% polarization fraction of dust and syn-
chrotron, which is conservative on the basis of all re-
cent constraints (Planck Collaboration et al. 2018c,d).
Moreover, we scale the modeled foregrounds to the
POLARBEAR frequency assuming a modified blackbody
spectral dependence for thermal dust, with temperature
T; ~19.6K and g ~ 1.59 4+ 0.14, and a power law for
the synchrotron, with 5, = —3.1240.02, consistent with
most recent results (Krachmalnicoff et al. 2018; Planck
Collaboration et al. 2018c). This contamination is not
found to bias lensing auto power spectrum, indicating
that the contribution of polarized diffuse foregrounds
is negligible in the cross power spectrum. We note that
varying the ¢,;, in the CMB lensing reconstruction does
not significantly change the result (Table 3). This sup-
ports the foreground contribution as minor in our re-
sults, as diffuse foregrounds have larger contributions in
low ¢ regions.

Both CMB lensing and cosmic shear have contribu-
tions from the nonlinear evolution of the large-scale
structure and post-Born corrections (e.g., Cooray &
Hu 2002; Takada & Jain 2004; Krause & Hirata 2010;
Namikawa 2016; Pratten & Lewis 2016; Fabbian et al.
2018). Consequently, the nonlinear evolution of the
gravitational potential (or density perturbations) and
the post-Born corrections lead to additional contribu-
tions in the cross power spectrum. However, its contri-
bution is known to be below 1%, and is negligible at the



current level of sensitivity (Béhm et al. 2016; Merkel &
Schéfer 2017; Bohm et al. 2018; Beck et al. 2018).

The intrinsic alignment produces the cross-correlation
between CMB lensing and cosmic shear (e.g., Hirata
et al. 2004). However, Hikage et al. (2018) shows, using
the cosmic shear auto power spectrum, that the ampli-
tude of the intrinsic alignment is consistent with zero,
implying that the intrinsic alignment is also not signif-
icant in our shear data as compared to the statistical
uncertainty. The intrinsic alignment typically decreases
the cross-correlation signal by roughly 10% (Hall & Tay-
lor 2014; Troxel & Ishak 2014; Larsen & Challinor 2016),
and is not significant compared to our measurement er-
ror (~20% of the 1o error).

6. CONCLUSION

We have presented a new measurement of the cross
power spectrum between the CMB lensing map from the
POLARBEAR experiment and the cosmic shear field from
the Subaru HSC survey. We measured a gravitational
lensing amplitude of A\lens = 1.70 £+ 0.48, with respect
to the Planck ACDM cosmology, which represents the
detection of a non-zero cross-correlation at 3.5¢0 signifi-
cance. Although there have been several significant de-
tections of such cross power spectra during the past sev-
eral years (e.g., Hand et al. 2015; Kirk et al. 2016; Liu &
Hill 2015; Singh et al. 2017; Harnois-Déraps et al. 2016;
Omori et al. 2018), in this paper we presented the first
detection of the cross-correlation between CMB lensing
and cosmic shear from galaxy shapes, solely from the
CMB polarization map, i.e., without relying on the CMB
temperature measurement. Both the high galaxy num-
ber density of n, = 23 arcmin™2 for HSC and the deep
CMB map of ~6 uK-arcmin for POLARBEAR lead to this
measurement of the cross power spectrum, even for a
relatively small overlapping area of ~11 deg?. We also
note that this work represents the first cross-correlation
measurement between the HSC cosmic shear and CMB
lensing.

Both CMB and cosmic shear measurements directly
trace the mass distribution in the universe through grav-
itational lensing. The cross-correlation analysis of these
two types of datasets is robust against instrumental and
astronomical systematics. This in turn provides the bet-
ter calibration for measurements of the mass distribu-
tion. The cross-correlation is sensitive to the mass dis-
tribution in the medium redshift range of z ~ 1, and is
complementary to auto power spectra of CMB lensing
and cosmic shear. Significant improvements in the mea-
surement of the cross-correlation, which is expected in
the next decade, will contribute to better understanding
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of a neutrino mass, dark energy, and its possible time
evolution.

The lensing maps from the CMB polarization, in con-
trast to those from the CMB temperature, are less con-
taminated by Galactic or extra-Galactic foregrounds,
and will become more accurate than the temperature
lensing maps in future deep surveys. Even though our
analysis is based on a POLARBEAR field covering only
several square degrees in area, the depth of the map is
comparable to what we expect to achieve in future ex-
periments, such as at Simons Observatory (The Simons
Observatory Collaboration et al. 2019).* Similarly, the
Subaru HSC cosmic shear map is one of the deepest
maps to date, and can be seen as a precursor of the
Large Synoptic Survey Telescope (LSST).®> Wide-field
space-based telescopes such as WFIRST and Euclid are
planned to be launched in the 2020s and will provide
deep, dense, and highly-resolved galaxy images, with
the galaxy number density comparable to or better than
that of the HSC survey. These future datasets could
provide cosmological measurements at a sub-percent ac-
curacy. The shear calibration requirement of LSST sets
a concrete goal for the future dataset to achieve ~0.5%
accuracy of the cross-correlation between CMB lensing
maps and galaxy cosmic shear maps (Schaan et al. 2017;
Abazajian et al. 2016; The Simons Observatory Col-
laboration et al. 2019). While CMB temperature data
suffer from foreground contaminations, CMB polariza-
tion measurements provide a better path to achieve this
goal (Schaan et al. 2017). Our results serve as a step
forward to future experiments. For instance, we per-
formed a detailed study on possible systematic errors
and found no significant bias, placing an upper limit on
~1% level in the lensing amplitude measurement. These
systematic estimates are primarily limited by statistical
uncertainty in our systematics-error study, while sys-
tematic errors are likely to be further reduced in future
datasets. Therefore, our work demonstrates the poten-
tial and promise of this cross-correlation methodology to
provide insight into fundamental problems of cosmology,
such as the nature of neutrinos and dark energy.
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provided by Simone Ferraro and Emmanuel Schaan.
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Johns Hopkins University, Durham University, the Uni-
versity of Edinburgh, Queen’s University Belfast, the
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porated, the National Central University of Taiwan, the
Space Telescope Science Institute, the National Aero-
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vision of the NASA Science Mission Directorate, the
National Science Foundation under Grant No. AST-
1238877, the University of Maryland, and Eotvos Lo-
rand University (ELTE).
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Department of Energy under Contract No. DE-AC02-
05CH11231. This work was supported in part by World
Premier International Research Center Initiative (WPI
Initiative), MEXT, Japan, and MEXT Grant-in-Aid for
Scientific Research on Innovative Areas (JP15H05887,
JP15H05891, JP15H05892, JP15H05893). In Japan,
this work was supported by MEXT KAKENHI Grant
Number 21111002 and JP18H05539, JSPS KAKENHI
grant Nos. JP26220709, JP24111715, JP26800125, and
the JSPS Core-toCore Program. In Italy, this work was
supported by the RADIOFOREGROUNDS grant of
the European Union’s Horizon 2020 research and inno-
vation programme (COMPET-05-2015, grant agreement
number 687312) as well as by the INDARK INFN Ini-
tiative and the COSMOS network of the Italian Space
Agency (cosmosnet.it). Support from the Ax Center for
Experimental Cosmology is gratefully acknowledged.
The KEK authors acknowledge support from KEK
Cryogenics Science Center. The APC group acknowl-
edges travel support from Labex UNIVEARTHS. The
Melbourne group acknowledges support from the Uni-
versity of Melbourne and an Australian Research Coun-
cils Future Fellowship (FT150100074). TN acknowl-
edges the support from the Ministry of Science and
Technology (MOST), Taiwan, R.O.C. YC acknowledges
the support from the JSPS KAKENHI Grant Number
18K13558 and 18H04347. through the MOST research
project grants (no. 107-2112-M-002-002-MY3). HM ac-
knowledges the support from JSPS KAKENHI Grant
Number JP18H04350. MO acknowledges the support
from JSPS KAKENHI Grant Number JP18K03693.
RT acknowledges the support from Grant-in-Aid for
Scientific Research from the JSPS Promotion of Sci-
ence (17H01131). Numerical computations were in
part carried out on Cray XC50 at Center for Com-
putational Astrophysics, National Astronomical Obser-
vatory of Japan. AK acknowledges the support by
JSPS Leading Initiative for Excellent Young Researchers
(LEADER) and by the JSPS KAKENHI Grant Number
JP16K21744. MA acknowledges support from CONI-
CYT UC Berkeley-Chile Seed Grant (CLAS fund) Num-
ber 77047, Fondecyt project 1130777 and 1171811, DFI
postgraduate scholarship program and DFI Postgradu-
ate Competitive Fund for Support in the Attendance
to Scientific Events. GF acknowledges support from the
European Research Council under the European Union’s


http://dm.lsst.org

Seventh Framework Programme (FP/2007-2013) / ERC
Grant Agreement No. [616170]. FM acknowledges
the support by the JSPS fellowship (Grant number

15

JP17F17025). JSS is supported by the NSF Graduate
Research Fellowship.

REFERENCES

Abazajian, K. N., & Dodelson, S. 2003, PhRvL, 91, 041301

Abazajian, K. N., et al. 2015, Astropart. Phys., 63, 66

Abazajian, K. N., Adshead, P., Ahmed, Z., et al. 2016,
arXiv e-prints, arXiv:1610.02743

Abbott, T. M. C., Abdalla, F. B., Alarcon, A., et al. 2018,
arXiv e-prints, arXiv:1810.02322

Acquaviva, V., & Baccigalupi, C. 2006, PhRvD, 74, 103510

Aihara, H., Arimoto, N., Armstrong, R., et al. 2018a,
PASJ, 70, S4

Aihara, H., Armstrong, R., Bickerton, S., et al. 2018b,
PASJ, 70, S8

Arnold, K., Ade, P. A. R., Anthony, A. E., et al. 2012, in
Society of Photo-Optical Instrumentation Engineers
(SPIE) Conference Series, Vol. 8452, Society of
Photo-Optical Instrumentation Engineers (SPIE)
Conference Series

Bartelmann, M., & Schneider, P. 2001, PhR, 340, 291

Beck, D., Fabbian, G., & Errard, J. 2018, PhRvD, 98,
043512

Bianchini, F., et al. 2015, ApJ, 802, 64

—. 2016, ApJ, 825, 24

BiCceP2 / Keck Array Collaboration. 2016, ApJ, 833, 228

Boéhm, V., Schmittfull, M., & Sherwin, B. 2016, PhRvD,
94, 043519

Boéhm, V., Sherwin, B. D., Liu, J., et al. 2018, PhRvD, 98,
123510

Bosch, J., Armstrong, R., Bickerton, S., et al. 2018, PASJ,
70, S5

Cooray, A., & Hu, W. 2002, ApJ, 574, 19

Cooray, A., Kamionkowski, M., & Caldwell, R. R. 2005,
PhRvD, 71, 123527

Coupon, J., Czakon, N., Bosch, J., et al. 2018, PASJ, 70, S7

Dark Energy Survey Collaboration, Abbott, T., Abdalla,
F. B., et al. 2016, MNRAS, 460, 1270

Das, S., Errard, J., & Spergel, D. 2013, arXiv:1311.2338

Dodelson, S., Rozo, E., & Stebbins, A. 2003, PhRvL, 91,
021301

Fabbian, G., Calabrese, M., & Carbone, C. 2018, JCAP,
1802, 050

Grain, J., Tristram, M., & Stompor, R. 2009, Phys. Rev. D,
79, 123515.
http://link.aps.org/doi/10.1103/PhysRevD.79.123515

Hall, A., & Taylor, A. 2014, MNRAS, 443, L119

Hand, N., Leauthaud, A., Das, S., et al. 2015, PhRvD, 91,
062001

Hannestad, S., Tu, H., & Wong, Y. Y. Y. 2006, JCAP, 06,
025

Hanson, D., Challinor, A., Efstathiou, G., & Bielewicz, P.
2011, PhRvD, 83, 043005

Hanson, D., Challinor, A., & Lewis, A. 2010, Gen. Rel.
Grav., 42, 2197

Harnois-Déraps, J., et al. 2016, MNRAS, 460, 434

—. 2017, MNRAS, 471, 1619

Hikage, C., Oguri, M., Hamana, T., et al. 2018, arXiv
e-prints, arXiv:1809.09148

Hirata, C., & Seljak, U. 2003, MNRAS, 343, 459

Hirata, C. M., et al. 2004, PhRvD, 70, 103501

Hivon, E., Gérski, K. M., Netterfield, C. B., et al. 2002,
AplJ, 567, 2

Hu, W. 2000, PhRvD, 62, 043007

—. 2002, PhRvD, 65, 023003

Hu, W., & Okamoto, T. 2002, AplJ, 574, 566

Ilbert, O., Capak, P., Salvato, M., et al. 2009, ApJ, 690,
1236

Kermish, Z. D.; Ade, P., Anthony, A., et al. 2012, in Society
of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series, Vol. 8452, Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series

Kilbinger, M. 2015, Rept. Prog. Phys., 78, 086901

Kirk, D., Omori, Y., Benoit-Lévy, A., et al. 2016, MNRAS,
459, 21

Komiyama, Y., Obuchi, Y., Nakaya, H., et al. 2018, PASJ,
70, S2

Krachmalnicoff, N., Carretti, E., Baccigalupi, C., et al.
2018, A&A, 618, A166

Krause, E., & Hirata, C. 2010, A&A, 523, 0910.3786

Kuijken, K., Heymans, C., Hildebrandt, H., et al. 2015,
MNRAS, 454, 3500

Larsen, P., & Challinor, A. 2016, Mon. Not. Roy. Astron.
Soc., 461, 4343

Lewis, A., & Challinor, A. 2006, Phys. Rep., 429, 1

Lewis, A., Challinor, A., & Lasenby, A. 2000, ApJ, 538, 473

Liu, J., & Hill, J. C. 2015, PhRvD, 92, 063517

Liu, J., Ortiz-Vazquez, A., & Hill, J. C. 2016, Phys. Rev.,
D93, 103508

Mandelbaum, R., Slosar, A., Baldauf, T., et al. 2013,
MNRAS, 432, 1544


http://link.aps.org/doi/10.1103/PhysRevD.79.123515

16

Mandelbaum, R., Hirata, C. M., Seljak, U., et al. 2005,
MNRAS, 361, 1287

Mandelbaum, R., Miyatake, H., Hamana, T., et al. 2018a,
PASJ, 70, S25

Mandelbaum, R., Lanusse, F., Leauthaud, A., et al. 2018D,
MNRAS, 481, 3170

Matilla, J. M. Z., Haiman, Z., Petri, A., & Namikawa, T.
2017, PhRvD, 96, 023513

Merkel, P. M., & Schéfer, B. M. 2017, MNRAS, 471, 2431

Miyatake, H., Battaglia, N., Hilton, M., et al. 2018, ArXiv
e-prints, arXiv:1804.05873

Miyazaki, S., Komiyama, Y., Kawanomoto, S., et al. 2018,
PASJ, 70, S1

Munshi, D., Valageas, P., Van Waerbeke, L., & Heavens, A.
2008, PhR, 462, 67

Murphy, T., Sadler, E. M., Ekers, R. D., et al. 2010,
MNRAS, 402, 2403

Namikawa, T. 2016, PhRvD, 93, 121301

Namikawa, T., Hanson, D., & Takahashi, R. 2013, MNRAS,
431, 609

Namikawa, T., Saito, S., & Taruya, A. 2010, JCAP, 1012,
027

Oguri, M., Miyazaki, S., Hikage, C., et al. 2018, PASJ, 70,
S26

Okamoto, T., & Hu, W. 2002, PhRvD, 66, 063008

Omori, Y., et al. 2018, arXiv e-prints, arXiv:1810.02441

Planck Collaboration, Ade, P. A. R., Aghanim, N., et al.
2014, A&A, 571, A17

—. 2016, A&A, 594, A26

Planck Collaboration, Aghanim, N., Akrami, Y., et al.
2018a, arXiv e-prints, arXiv:1807.06210

—. 2018b, arXiv e-prints, arXiv:1807.06209

Planck Collaboration, Akrami, Y., Ashdown, M., et al.
2018c, arXiv e-prints, arXiv:1801.04945

—. 2018d, arXiv e-prints, arXiv:1807.06208

Pratten, G., & Lewis, A. 2016, JCAP, 08, 047

Puglisi, G., Galluzzi, V., Bonavera, L., et al. 2018, ApJ,
858, 85

Reyes, R., Mandelbaum, R., Gunn, J. E., et al. 2012,
MNRAS, 425, 2610

Rowe, B. T. P., Jarvis, M., Mandelbaum, R., et al. 2015,
Astronomy and Computing, 10, 121

Schaan, E., & Ferraro, S. 2018, arXiv e-prints,
arXiv:1804.06403

Schaan, E., Krause, E., Eifler, T., et al. 2017, Phys. Rev.,
D95, 123512

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ,
500, 525

Sherwin, B. D., van Engelen, A., Sehgal, N., et al. 2017,
PhRvD, 95, 123529

Singh, S., Mandelbaum, R., & Brownstein, J. R. 2017,
MNRAS, 464, 2120

Smith, K. M. 2006, PhRvD, 74, 083002

Smith, K. M., Cooray, A., Das, S., et al. 2009, AIP Conf.
Proc., 1141, 121

Story, K. T., Hanson, D., Ade, P. A. R., et al. 2015, ApJ,
810, 50

Suzuki, A., Ade, P., Akiba, Y., et al. 2016, Journal of Low
Temperature Physics, 184, 805.
https://doi.org/10.1007/s10909-015-1425-4

Takada, M., & Jain, B. 2004, MNRAS, 348, 897

Takahashi, R., et al. 2017, ApJ, 850, 24

Tanaka, M., Coupon, J., Hsieh, B.-C., et al. 2018, PASJ,
70, S9

The Simons Observatory Collaboration, Ade, P., Aguirre,
J., et al. 2019, Journal of Cosmology and Astro-Particle
Physics, 2019, 056

The POLARBEAR Collaboration: P. A. R. Ade, Akiba, Y.,
Anthony, A. E., et al. 2014a, PhRvL, 113, 021301

—. 2014b, PhRvL, 112, 131302

—. 2014c, ApJ, 794, 171

The POLARBEAR Collaboration: P. A. R. Ade, Aguilar, M.,
Akiba, Y., et al. 2017, ApJ, 848, 121

Troxel, M. A., & Ishak, M. 2014, PhRvD, 89, 063528

Vallinotto, A. 2012, ApJ, 759, 32

van Engelen, A., Bhattacharya, S., Sehgal, N., et al. 2014,
AplJ, 786, 14

van Engelen, A., Keisler, R., Zahn, O., et al. 2012, ApJ,
756, 142

Yamauchi, D., Namikawa, T., & Taruya, A. 2013, JCAP,
1308, 051


https://doi.org/10.1007/s10909-015-1425-4



