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We present a constraint on the tensor-to-scalar ratio, r, derived from measurements of cosmic microwave
background (CMB) polarization B-modes with “delensing,” whereby the uncertainty on r contributed by the
sample variance ofhe gravitationalensing B-modes is reduced by cross-correlating agaam$énsing
B-mode template. This template is constructed by combining an estimate of the polarized CMB with a tracer
of the projected large-scale structure. The large-scale-structure tracer used is a map of the cosmic infrared
background derived from Planck satellite data, while the polarized CMB map comes from a combination of
South Pole TelescopepicerKeck, and Planck data. We expand the BicERKeck likelihood analysis
framework to accept lensing template and apply ito the BicErKeck datasetollected through 2014
using the same parametric foreground modeling as in the previous analysis. From simulations, we find that
the uncertainty on ris reduced by ~10%, from o&rp %4 0.024 to 0.022, which can be compared with a ~26%
reduction obtained when using a perfect lensing template or if there were zero lensing B-modes. Applying the
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technique to the real data, the constraint on r is improved f§ggexr0.090 to ry o5 < 0.082 (95% C.L.).
This is the first demonstration of improvement in an r constraint through delensing.

DOI: 10.1103/PhysRevD.103.022004

[. INTRODUCTION fromthe WMAP and Planck satellites. The existing
analysis pipeline takes all possible auto- and cross-spectra
of the maps atdifferent frequencies and compares these
againsta parametricmodel of CMB and foregrounds

o . L [12,14] to set constraints on r which are close to optimal
problems arising from the big bang description of  the given the available data. Alternative approaches involving

early Universe including the horizon problem and the "ol . fficient” subtracti f a dustemplat
flatness problemFurthermore jnflationary models make cleaning coetlicient subtraction ot:a dustempiale map
{as measured ad higher frequency) would in generabe

testable predictions about perturbations away from perfec ss powerful [.q.[15] |

homogeneity and isotropy [1]. These predictions have beé?l .
confirmed in observations of the cosmic microwave back- h in contr?st to the foregroulndﬁ, the Ienﬁmg Cc;/\r/nponent has
ground (CMB) temperature and polarization anisotropies.t & same frequency speciral shape as the component

They include the Gaussianity, phase-synchronicityand ~ @nd thus cannot be constrainedusing multifrequency
near-scale-invariancef the scalar density fluctuations, ~©PServationsGiven an estimate of the projected gravita-

and superhorizon correlation of the CMB anisotropies ~ ional potential responsiblefor CMB lensing and the
[2]. However,one prediction from inflation that has yet ~©oPserved CMB E-mode pattern, one can estimate the
to be confirmed is the existence of a stochastic primordial®-modes which have been produced by the lensing effect.
gravitational wave (PGW) background. Subtracting these from the observed E_B-modes has been
PGWs are generically predicted in many inflationary demonstrated to reduce B-mode poweén several recent
models. Their amplitude is parametrized by r, the ratio ~ Works [16-20]. However, none of these works have
of the amplitudes of the tensor and scalar perturbation ~démonstrated areduction in the B-mode measurement
spectra at a pivot scale (R4 0.05 Mpc™ in this work). If uncertainties atarge angul_ar scales—a necessary step to
PGWis exist, they would imprint a specific divergence-freg?chieve improved constraints on PGWshis subtraction
(B-mode) signature in the polarization of the CMB [3,4]. Process is usually referred to as “delensing.” Buh this
This makes CMB polarization a promising avenue in the Work, we take a different approach and therefore broaden
search for PGWs. the meaning of delensing to include any process which
However,PGWs are notthe only source of B-modes. reduces the effective lensing sample variance in the B-mode
Thermal dust and synchrotron emission within our GalaxymeasurementsSpecifically, we extend the BICERKeck
produce polarized foreground patterns which contain ~analysis pipeline to accept an estimate of the lensing
B-modes [5,6]. Additionally, there is a source of B-modesB-modes as a “lensing template”—an additiongiseudo-
called the “lensing B-mode,” produced by gravitational ~ frequency band against which cross-spectra are taken. This
lensing of the CMB [7]. If there were no inhomogeneities ifPptimally) reduces the effective sample variance dhe
the matter between us and the last scattering surface, thel§nsing B-mode component and hence reduces the uncer-
scalar perturbations from inflation would produce a purelytainty of the PGW contribution.
curl-free (E-mode) CMB polarization pattern. However, The lensing potential ¢ can be computed using higher-
during their propagation to us, the polarized CMB photongrder statistics of the CMB pattern itself [21]. However,
undergo small gravitational deflections by the forming since the lensing potential is a weighted integral of the mass
large-scale structure along the line of sight. This producedligtribution along the line of sight between us and the last
B-mode component which is small compared to the sourcécattering surfacewe may also approximate itby other
E-modes, and which has already been detected by a nurriisegers of this mass distribution. At the noise levels of
of experiments [8-14]. current CMB observations, it turns out to be better to use a
ThesicerKeck experiments have deployed CMB polaricosmic infrared background (CIB) [22,23] map rather than
zation telescopesoptimized for measurementsat the  one of the available CMB lensing reconstructions [18,24]
“recombination bump” in the predicted PGW-generated directly. To use an alternate tracer of ¢re need to know
B-mode spectrum (harmonic multipoles | ~ 80, or angularthe degree of correlation between itand the true CMB
scales of ~2 deg).To separate outhe Galactic dustand  lensing potential—if this were misestimatedit could
synchrotron componentsyhich have differentfrequency potentially lead to a false detection of PGWThis corre-
spectral shapes than the blackbody emission of the CMB Jation may be found empirically from the cross-correlation
BICEPKeck observes in several frequency bands, and the of the tracer with a reconstruction of the CMB lensing
analyses also incorporate maps additional frequencies potential. In this paper, we use a CIB map from Planck

Inflation describes a period of near-exponentiekpan-
sion during the earliest momentsof the Universe. The
inflationary paradigm provides conceptual solutions to
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generated using the generalized needletinternal linear  from SPTpol, BicErKeck, and Planck,and the data and
combination (GNILC) componentseparation algorithm  simulations of the ¢ tracer. We validate our simulations and
[25] as the ¢ tracer and estimate its correlation with the pipeline in Sec.lV and test for systematics in Se&.. We
lensing potential using a Planck minimum-variance lensingresent our results in Sed/l and conclude in SecVII.

map [26].

To estimate the lensing template, in addition to the tracer Il METHOD
of the lensing potentialone also needs the besivailable '
estimate of the observed CMB polarization patte@ince In this section,we describe new elements added to the

the lensing operation mixes modes over a wide range of BICEPKeck analysis framework to incorporate information
angular scales,the inclusion of small-scale E-modes is  on the lensing B-modes in theiceErKeck patchwith the
important for precise estimation of the lensing B-modes atiim of reducing the effective uncertainty of the observed
the angular scales of interegt ~ 80). Therefore,we use  B-modes,and thereby reducing the uncertainty on MWe
arcminute-resolution maps from the South Pole Telescopdlustrate the incorporation of the lensing template into the
(SPT) second-generatiorcamera SPTpol, augmenting BICEPKeck likelihood analysis framework schematically in
these with polarization measurementsrom BicEPKeck Fig. 1. There are two main areas of new development:
and Planck. (1) constructing a lensing template and (2) extending the
In this paper, we add the CIB-derived lensing template &CEPKeck pipeline to include the lensing template We
the previous “BK14” analysis [12] which utilizes data fromwill describe each aspedh the following subsections.
BICEPKeck through the 2014 observation season. With the
addition of the lensing templatewe demonstrate a ~10%
reduction in the uncertainty on r for the BK14 dataset, to be
compared with a ~26% reduction in the uncertainty on r
when using a perfect lensing template or if there were ze
lensing B-modes. This shows that the lensing sample
variance is a subdominanfraction of the uncertainty on
r for BK14. However,it will be an increasingly limiting
factor going forward.Therefore,this analysis serves as a
roof of principle, and a first step towards future analyses’ ™
\F/)vhere dglensizg will more signifFi)cantIy improve oérb?/ using the ¢ tracer and subtract the undeflected maps from
This paperis organized as follows: In Sec. Il, we theinput. . L
describe the construction of the lensing template and the ~Formally,we take the lensedpolarized CMB fields X,
extension to th@icErKeck pipeline to include the lensing Which are related to the unlensed CMB fields X by
template.In Sec.lll, we describe the data and simulation - . .
sets of the CMB maps,how we combine the Q=U maps X &b % X & p VHSHpP; o1p

A. Constructing the lensing template

The key element to constraining the lensing B-modes in
rEPeBICEP/KeCk patch is making an estimate of these modes.
o do this, we use two inputs: (1) a tracer of the CMB
lensing potential ¢ from large-scale structure observations
and (2) observed Q=U polarization mapsWe construct
the lensing template using an “undeflect-and-difference”
method in which we undeflect the observed Q=U maps

1 1
SPTpol 150 GHz fnv. var. ) | Combined, BICEP/Keck
P weight, filtered Planck
BICEP/Keck 150 GHz Wiener [—% [itere
Planck 143 GHz flter Q/U map WMAP maps
| (23— 353 GHz) Likelihood
Un-deflect +
Difference /
Planck GNILC CIB Wiener Filtered Lensing
(Planck MV ¢) filter ¢ tracer Template Parameter
constraints

FIG. 1. Schematic of the analysis flow in this work. The rectangular blocks denote input maps; the blocks with rounded corners deno
operations on maps. The teal-colored region highlights the inputs to, and processes involved in generating, the lensing template. The
input maps include the SPTpalcerKeck, and Planck Q=U maps, the Planck GNILC CIB map, and the Planck minimum-variance
(MV) reconstruction of ¢. The Planck MV ¢ is in parentheses because, instead of using it as a ¢ tracer, we use it to filter and normaliz
the CIB map and for generating simulations. The unshaded region denotes the stenmfeck r analysis, where auto- and cross-

spectra of multifrequency maps fromeicerKeck, Planck, and WMAP form the input data for computing likelihoods to extract

parameter constraint$he lensing template is injected into the standard analysis as an additps®ldofrequency band.
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where X % 6Q iUP and V¢ denotes the deflection
field [27]. We undo the deflection by remapping theQ
and U polarization fields by -V¢, evaluated at the lensed
positionsA® (not delensed positiond),
Xdap VX a%P; 82b
where A® 4 A — VoonP and X¢ denotes the undeflected
field. Therefore,
X &b % X &b %X & - VoA - Vpdh — bbb;  83b
where the lastexpression is used for the practicample-
mentation,and ... denotes the recursion thatocates the
position to which the value at i was deflected from the

unlensed plane.
Specifically, the undeflection is implemented by first

the lowestpossible lensing template noise in the | range
of interest we first Wiener filter [e.g.[29] ] the Q=U and
¢-tracer mapsWe filter the Q=U maps by a 2D Wiener
filter in Fourier space,

~ CFE -

QO P » Q0 b; o6b
C{EE b N ;EE

~ EE ~

uoce b - Udr b; a7b

4
C(EE p N ;EE

to account for anisotropic noise and mode-lossdue to
filtering. CEF and N°E are 2D power spectra of the E-mode

signal and noise components, constructed from a weighted

combination of Q=U maps from the three experiments
SPTpol, BicerKeck, and Planck. We describe the pro-
cedure to combine the Q=U maps and the details of the

computing the amount of deflection at the lensed positiongyiener filter in Sec.lll A 3.
denoted by (dx; dy), on the delensed map pixel grid 0x; yP. We filter and normalize the ¢ tracer in spherical

To do that we first evaluate V¢ at 8x; yb to get (8xiyP),
and then we evaluate V¢ at 6x — &xy — dy*,and so on.

We find that the solution converges after 1 recursion, which

meansthat with the notation given, (dx; dy) is V¢ at

dx — d¥ y — dy¥. The evaluation of V¢ at any grid point is

done by interpolating V¢ values inrHEALPix forrpat~ using
first-order Taylor expansion. We then remap@+J map
pixels at (x — dx; y — dy) to (x,y) via cubic interpolation.

harmonic space according to
T
c ¥

— a8b
crr

T .
LM Va TLM,

where T denotes the tracer anfishan unbiased, but noisy

map of the true CMB lensing potential [22,23]. To see that

this weighting is a joint normalization and Wiener filter,

We note that by evaluating the deflection field at the lensege write T, % g duu b nu, Where g is the relative

positions,we do not incur the smallOéV¢ - VPV error

normalization factor(and unit conversion),p is the true

found in similar algorithms that evaluate V¢ at the delensgfoiseless) lensing potential, and n is the effective noise in

positions [17,28,29].

The lensing templates Q'=U' are then derived by
subtracting the obtained undeflected map from the
observed (lensed) one,

Qb Q&b - @b a4b

utab %Usnb - Uab: 35pb

We test the algorithm on noiseless lensed simulations usi
the ¢ maps which were used to lens them. The correlatio

of the resulting lensing B-mode template with the differ-
ence of the lensed and unlensed input skies is 295%
angularscales used in this analysis.This is sufficiently

accurate at the current noise levels. In other work, lensin

the tracer pattern (the part which does not correlate with ¢)

with power spectrum N[ T. Expanding and taking the
expectation valuewe get
¥, acH
Cl' ~gCl’pN[T

(eriad

1 1 .
CHpN[T=¢

09p

fulfilling its role of normalization and filtering. In this paper
pg;e tracer T is a CIB map from Planck and’ds a lensing
construction map also from Planck—see Sec. Ill B below
or further details.
With the Q=U lensing templates constructedye then

for t " .
or pa‘?(e them as an additional pseudofrequency band for input
d‘nto the existingBICEPKeck analysis.

templates have also been constructed after transforming to

harmonic spacegonverting to E=B, and lensing by a ¢

tracer using expressions derived from the first-order Taylor

expansion of Eq. (1) [16,18,19]. At the noise levels of

B. Adding the lensing template to the existing
analysis framework

The developmenbf the existing BICERKeck r analysis

the current analysis, the two approaches perform similarlfframework has been described in a series of papers

in constraining the lensing B-mode contribution to the

observed B-modes. We discuss in more detail the

differences of the two approaches in the Appendix.
Since the undeflect-and-differenceoperation corre-

[12,14,15,30]. Briefly, we take all possible auto- and cross
power spectra between the available frequency bands, and

then compare the resulting set of bandpowersto their
expectation values undea parametric modelof lensed-

sponds to an all-with-all mixing in Fourier space, to obtainACDM p dust p synchrotron p r using an expansion of
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the Hamimeche-Lewis likelihood approximation [31]. Itis  In the BICEPKeck standard procedurethe filter/beam

a straightforward extension to this framework to include theippression ofthe bandpowervalues is computed using
lensing template as an additional pseudofrequency band. Slets of maps which each contains power atly a single

do this we require reliable simulations of the signalnd  multipole | passed through the “observing matrix” as

noise content of the lensing template so that we can  described in Sec. VI. C of [30]. However, since the lensing
(1) debias its autospectrunf?) determine the expectation template is derived in a very different manner to the
values of the auto- and cross-spectra involving the lensingtandardsiceErKeck maps,the usualobserving matrix is
template,and (3) determine the variance ofthese band- not applicable,and we fall back to a simulation-based
powers, and their covariance with other bandpowers. Theapproach. We rescale both the data and simulation lensing

simulations are described in Sec. Il below. Here we  template auto- and cross-spectra by the ratio of the input
describe a few complications with respedb the normal  lensing spectrum GB to the average of the signal-only
procedure which arise in the steps above. simulation bandpowersThis step overrides the normali-

The lensing template is formed from two kinds of input zation part of Eq. (9) applied to the ¢ tracer. However,
maps (the Q=U maps and the ¢ tracer) which both contaiaccurate knowledge of the degree of correlation between
relevant amounts of noisd.he Planck CIB map has very the lensing tracer and the true lensing potential is still
high signal-to-instrumental-noise. However, the integratedequired to avoid bias on r (see SedV).
dustemission from star-forming galaxies back to the last  In the standard BiIcERKeck procedure the bandpower
scattering surface weightddifferently over redshift than  covariance matrix is constructed by taking the auto- and
the deflection of CMB photons, and these galaxies do notcross-spectra ofhe signal and noise components othe
perfectly trace the underlying mass density field. This  simulations as described in Appendix H of [14]. Since the
means that the CIB only partially correlates with the true lensing template is formed from two maps which both have
lensing potential. For the purposes ofthis paper,the ¢  signal and noise components we expand the usugbro-
tracer signal is the portion of the CIB that is correlated witbedure to form additionalcross-spectra and combine the
the true lensing potential ¢; the ¢ tracer noise correspondssults appropriately.
to the uncorrelated portionWe detail our ¢ tracer simu- With this extended analysis framework,we can now
lations in Sec.lll B 2. incorporate lensing templatesonstructed using simula-

We remove the noise bias of the lensing template tions and data to thesicErKeck likelihood and constrain
autospectrum by subtracting the noise autospectrum esti-the model parameters.
mated from simulations.Schematicallythe lensing tem-

plate B-mode autospectrum is lll. DATA AND SIMULATIONS

hL3i % hddgy b nquP 8sy b nybAi The BICEPKeck analysis pipeline relies on signal-only,
) . noise-only,and signal p noise simulationsthe construc-
Yahdgy s oPFi b hdsqy N 4P

tion of which is described in Sec. V of [30]. We reuse the
bhdngy s ¢Bibhdngy n oF¥i;  610p data maps and simulations including Gaussian realizations
of Galactic dust from the BK14 analysis unchangedhe

where s and ry denote the signal and noise components data maps include the WMAP and Planck bands with
of field X € %4QU:; ¢ and * denotes the following steps; ~ BICERKeck filtering applied (as described in Sec. Il. A
undeflect-and-differenceFourier transform, and convert ~ ©f [19]). To add the lensing template as an additional
from Q=U to B-modes. In writing the second line, we havéseudofrequency band, we need data maps and correspond-

assumed all the cross terms have zero expectation value INggimulations c_’f it. Since the lensing template is con-
estimate the noise autospectrum from simulations as ~ Structed from Q=U CMB maps and a CIB ¢ tracer, we in
turn need data maps and simulations of both of these. As a

prestepwe combine the SPTpolgicEPKeck,and Planck
Q=U maps to generate a synthetic map which has the best
possible signal-to-noise atall points in the 2D Fourier

averaged overall simulation realizations and subtractt  pjane. Figure 1 gives a schematic view of the steps involved
from Eq. (10). The Q=U and ¢ input signal and noise maps, generating the various maps.

are Wiener filtered in the same way as the data maps (and

the simulation signal b noise maps). Empirically, when

adding this inferred noise bias to the mean of the signal- A. Q=U CMB maps

only simulation spectra (Q=U signalundeflected with ¢ Below we describe the data processing of the SPTpol,
tracer signal) one obtains the mean of the signal p noise BICERPKeck, and Planck Q=U maps that are relevant in the
simulation spectra (Q=U signal p noise undeflected with d¢construction of the combined Q=U maps and their Wiener
tracer signal p noise) to high fractional precision. filter. The combined,Wiener filtered Q=U maps are the

homy 0S4 bnePRibhdsqy n 4B 311P
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inputs to the undeflect-and-difference step which is used to 2. Simulated CMB maps

construct the lensing template. We reuse the BK14 simulated maps unchanged. We thus

need to make corresponding simulations fothe SPTpol
1. Data CMB maps and Planck mapsThe BicEPKeck CMB sky realizations
have remained the same since originally described in
Sec.V of [30]. These are the unlensed g, , Gaussian
€% hlizations of ¢ given the input cosmology, and lensed a
generated using LensPix [35]. The BicEPKeck simula-

SPTpolmaps: We use SPTpoinaps made specifically
for this analysis using 150 GHz observations taken betw
2013 and 2015 by the SPTpotamera [32] on the South

Pole Telescope [33]. The SPTpol 500 degurvey field is tions were originally generated with a maximum | of 1536

centered aRA Oh and Dec. -57.5%, matching theBICER \ich is adequate given the beam sizes of the telescopes.
Keck fleld..The polarization map depth is ~10 pK arcmin - 14 1 4tch more closely the pixel scale of the SPTpol and

in the multipole range of 300 < | < 2000. The time stream p|,n K maps in this analysis, we generate additional higher-
processing is identical to that in [34], exceptfor the |5 im » graft these onto the existing unlensed valuesass
polynomial-filter order and the low-pass filter. We fit through LensPix, and graft the output onto the existing

and subtract a third-order/sixth-orderpolynomial from  |gnseq values. Since lensing to some degree mixes angular
the time stream of each detectorover the RA extent of .55 this is clearly only approximately correctbut we

the lead-trail/full-field observationsWe choose the low-  5te that the amount of lensing B-modes below | of 350

pass filter based on the pixel size. This set of SPTpol maRg, rced from E-modes between | of 1536 and 2100 (the
is binned into 5 arcminute-sized pixelswhich are a x3  piyel-scale) is negligible [see e.g., Fig. 2 of [22] ]. We refer
resolution superset of teecErKeck map pixels. To reduce g thjs set of input lensed and unlensgd @s the extended
aliasing given the pixel size, we apply a low-pass filter to et and the original set as the standard set.
the time stream that corresponds to | ~ 1900he polari- We generate SPTpol simulations for this analysis using
zation maps, in addition to the calibration factors includedtne extended set ofa. In a procedure similar to that used
through calibrating the temperature map againgtlanck,  to generate the existingicErKeck simulations, we multi-
have an extra polarization calibration factor:(fPapplied.  ply the input @, by the instrument beam, “mock-observe”
The polarization calibration factor is taken from [34] and |Qhe skies by Creating time-stream Samp|esgiven the
obtained by forming a cross-spectrum between the SPTpgbinting information of each detector,apply the same
E-mode map and an E-mode map from Planck.” We  time-stream levelfilters as applied to data, and bin to
discuss impacts on r from biases in ) in Sec.V. maps in the pixelization used for the real data.
BICEPKeck maps: We use theer2Keck 150 GHz band  Corresponding noiserealizations are generated by the
Q=U maps from BK14. These have noise of ~3 UK arcmirstandard method used in botBicEPKeck andspT analy-
over an effective area of 395 degentered at RA Oh, Dec. ses—differencing combinations ohalves of data maps,
—-57.5°. The BICEP2 and Keck Array telescopes have ~30 where the halves are defined so that the weights of each half
arcminute resolution atl50 GHz. This limits the highest  are close to equal.
angular multipole to which they are sensitive to | of We generate simulated maps for Planck 143 GHz by first
hundreds.As described in Secs.Ill and IV of [30] the taking the g, from the extended set and multiplying them
construction of the maps involves time-stream filtering. by the Planck 143 GHz beam. We then low-pass filter and
Specifically, a third-order polynomial was subtracted fromprocess as for the reaPlanck map.Corresponding noise
the time streams of each detector over each scan. Acrosgdiatizations are taken from the Planck FFP8 simulations
~30° scan throw on the sky, this approximately correspondsd processed identically to the real Planck map. We
to removing | , < 20 modes. These maps are binned in  generate 499 realizationsof signal and noise skies for
0.25° rectangular pixels in RA and Dec, and calibrated byeach experiment as is theicEPKeck standard.
forming cross-spectra with the Planck temperature map.
Planck maps: We use the 143 GHz Q=U “full mission” 3. Combining and filtering the Q=U maps
maps from Planck public release 2 as the input to the from SPTpol, BicEP/Keck, and Planck
combined three-experimen®=U maps. We convertthe A factor that impacts the delensing efficiency (the
map to @, , apply an antialiasing filter by low-pass fllterlngrecovery of the lensing B-modes)is the per-mode noise
at 172100, rendera N gige 74 2048 HEALPix map, and o the input Q=U maps. The lower the noise per mode, the
interpolate to the same 5-arcminute pixel grid as used for petter the lensing templates trace the true lensing B-modes.
the SPTpol maps. The lensing B-modes at multipole | are mostly sourced by
E-modes from a range of multipoles slightly higher in |
(smaller in angular scale) [see e.g., Fig. 2 of [22BiCEr
Keck does not image these smaller-scale E-modes very well

'Planck COMMANDER maps: COM CMB IQU-commander because of its large beam size. Therefore, it is advantageous
1024 R2.02 full. to combine with polarization measurements from other,
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FIG. 2. Simulated 2D E-mode signal power spectraafer/Keck, SPTpol, and Planck. The axis scales forsloer/Keck Fourier

plane are zoomed in compared with the rest of the panels to focus on the modes accessit#éegk’s small apertures. The color

stretch in all four panels is identical. Barer/Keck and SPTpol because the observations are being made at the South Pole with scans
along the azimuth direction, scanwise filtering leads to modes alopgtisebleing suppressed. These filtered modes alongetkis |

can be partially filled in using measurements from Planck. To generate the combined, Wiener filtered 2D E-mode signal power spectr:
on the rightmost panel, the three sets of modes to the left are corrected for beam and filtering, combined using inverse-noise weightin
and Wiener filtered to suppress modes which remain noisy in the combined set (as described in Sec. Il A 3). We see that some mode
remain unavailable for lensing template construction gf f 100 and jl ,j > 500.

higher-resolution experiments such as SPTpol and Plancknput E-mode power spectrum and the fF of the com-
to increase the signal-to-noise ratio of the input Q=U maplined modes is
and thus the E-modes. X

We combine the three maps in Fourier space. We divide NEE % w2o¢ PNoe b; 514b
from the 2D mode sets of the three experimentstheir i
respective 2D transfer functions, taken as the square-root of
the mean of the 2D E-mode power spectra of the signal- with w;&¢ b given by Eq(13).
only simulations divided by the mean of the corresponding In the above,we transform to Fourier space and back
spectra of the (unfiltered) input map&Ve also divide the again, and hence need to choose an apodization mask.
2D noise power spectra by the same ratio (withoutthe  Due to the small instantaneousfield of view of the
square root). We then combine the SPBrotPKeck, and SPTpol camera as compared to the size of the observation
Planck Q=U modes using an inverse-variance weighting region, the integration time map (inverse noise variance
taken from the mean of the 2D noise power spectra. map) is a near uniform rectangular box tapering to zero

Specifically,the combined Q=U mode sets are over a few degrees atthe edges.In contrast, the BICEP/
X Keck integration time map has no uniform central region
Xoeb Ve  wdt bXOC b; 612b and tapers smoothly and continuously from a peak in the

i middle (see for instance Fig. 1 of [15]), with nonzero
_ coverage extending well outside the SPTpol region.
where X € 72Q; U, i € [SPTpol,BIcEPKeck, Planck], and  (Planck observes the full sky and has close to uniform

w; denotes the weight coverage across the sky region in question.) To perform
N-160 b the map combination we need to pick a single apodization
( function for all three input maps.We choose to use the
. 1
Wik /‘Pi%ua 013P " ne built from the SPTpol integration time map, with a

cosine taper with a radius of 1 deg. This is because

Here, N;6¢ b denotes the mean of the transfer-function- SPTpol is the experiment with the most restrictive sky
divided 2D angular power spectra of the E-mode coverage butthe best mode coverage.This means that
noise realizations from experiment i. We additionally  the resulting lensing template does not cover the full
impose | , cuts by artificially increasing the noise  BICEP/Keck sky region. In addition, because of the chosen
below some | , to remove modes that are empirically  spatial weighting of pixels, we introduce suboptimality in
found to be unrecoverable due to the scan-wise time-  the combination.
stream filtering. We set } to 25 for Bicep/Keck and |, to Figure 2 illustrates the process.The left three panels
50 for SPTpol. show the 2D E-mode signalpower spectra for the three

Before passing the combined Q=U map to the lensing experiments. We see the ACDM E-mode spectrum rolled-
template construction stepwe apply a Wiener filter as  off by the beam window function of each telescope.
described in Sec. Il A above. Thé€in Eq. (6) is the 2D  Because of their scan strategies and the applied scanwise
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FIG. 3. The top two panels show the experiment-combined and Wiener filtered Q=U maps. The middle two panels show the x and y
derivatives of the normalized and Wiener filtered Planck CIB map. Signal and noise are approximately equal in these maps. Due to th
foreshortening effecthe RA deflections are larger and increase towards more negative Dae. Q=U maps in the top panels are
undeflected by the angles shown in the middle panels and differenced with the initial maps to form the lensing template Q=U maps

shown in the bottom panels.

filtering, BiICEPKeck and SPTpol have filtered out the 1. CIB data
modes along the | , axis; while Planck has isotropic It is possible to reconstrudhe lensing potentidield ¢
mode coverage. The right panel shows the combined  from the CMB temperature and polarization patterns [18],
mode set after the final Wiener filter step, so only modes gnq in the future this will become the bestd estimate
measured with good signal-to-noise are retained. At1>  for delensing [36]. However, at the currently available
500 Planck does not have good per-mode signal-to-noisenoise levelsthe most effective available ¢ traceris the
so the modes along the | , axis beyond this multipole  C|B, even though it is only partially correlated with ¢ [22].
cannotbe filled in. Specifically,we use the 545 GHz CIB map from Planck
We next proceed to inverse-Fourier transform the com-generated using the GNILC algorithm [25]. 2 We also
bined and Wiener filtered Q=U modes back to image spag@nsidered using the CIB maps generated by [37] and will
where they are ready to be undeflected by the gradient ofdiscuss that later in this section. To determine the degree to
the ¢ tracer. The Q=U maps at this stage are shown in thghich the GNILC CIB map is correlated with ¢, we use the
top panels of Fig.3. Planck 2015 minimum-variance lensing reconstructioh map
[26] and make the assumption thatthis is an unbiased
B. CIB map (although noisy) representation of the true ¢ pattern.

With the combined and filtered Q=U maps in hand, we

next need a ¢ tracer maplin the following, we describe —-— ]
the characteristics of the CIB map used in this analysis, R2.gg? map:  COM_CompMap_CIB-GNILC-F545_2048_
and how we generate simulations of it in the BICEP/ Planck lensing map: COM_CompMap_Lensing_2048_

Keck patch. R2.00.
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FIG. 4. The light red regions denote the Planck lensing mask, q ffiffiffi ffi i i i £fi £fi £fi £fi ffi ff

used for computing the “full sky” average of GNILC CIB arld ¢ FIG. 5. The binned correlation factor, o4 C¥’=  Cl'C®® for
map cross-correlatiofhe yellow regions are the eight patches the eightpatchesthe full sky, and thesicer/Keck patch.“Full
with similar size and unpolarized dust amplitudes as eheer/ sky” corresponds to the overlap area between the Planck lensing
Keck patch.These patches used fomeasuring the mean and mask and the GNILC CIB map. Theipthesicer/Keck patch is
scatter of the CIB autospectra and CIB ®,¢vhich are used as  consistentwith those measured across the eighpatches.The
inputs to simulating CIB and filtering the CIB map. The overlapgellow band denoted by “eight patches” is the mean and standard
between the yellow patches are small and apodization is applieteviation of p across the eight patches. The error bars for the red
when calculating the auto-and cross-spectralhe BicEP/Keck  and blue points are computed by taking the standard error of p
patch is shaded in blue. The background is the Planck dust  within each AL % 100 bin. The red and blue points are shifted for
intensity map. clarity.

, @ i i £fi i i £fi £ £fi £fi £ i £fi £fi i
o, defined as £= C!'C, for a few different regions of
the sky in Fig. 5. Here | denotes the CIB map? genotes

the Planck lensing estimate, arf_?? @ the theory spectrum

g : . : from the fiducial cosmology used in [43]Comparing the
(angular-scale dependence) informatidn. this case, the correlations of the CIB map and the lensing map in the

GNILC algorlt_hm was appll_ed to Planck d_ata to c_hsen- selected patches with thafrom the full overlap between
tangle Galactic dust emission and CIB anisotropi&sien  the two maps (labeled “full sky”), we observe thatthe
though both components share similar frequency spectralcorrelations within the patches are higher than the corre-
signatures, they have distinct angular power spectra. Thugation in the larger region that includes lower Galactic

by using priors on the angular power spectra of the CIB, latitudes and hence higherdust levels. The full-overlap
Galactic dust, the CMB, and the instrumental noise, theseregion correlation is ~62% for L between 150 and 550,
components can be (partially) separat&de note that the Whereas the mean correlation in the patches is ~69% over
algorithm was developed mainly for extracting Galactic ~ the same L range. Figure 5 also shows the cross-correlation
dust, and regions with different levels of Galactic dust canl the BICEPKeck patch,which appears to be consistent

be expected to have different efficiencies of CIB recoveryWith the eight circular patches.

[e.g., [37,40] ]. Therefore, in the following, we quantify the Ashahcross"’hec“""’e compare within the BICEPKeck
GNILC CIB map correlation with the Planck estimate of q)pF))Iatc ; Ie cross-spectrum ;;the GNILC C:B mar; arg:lléhe
empirically in selected parts of the sky. anck fensing map againsine cross-spectrum of a

. . map produced by [37] and the Planck lensing maghis
To select patches for estimating the CIB-¢ COI’I‘GlEltIOI‘]S,Cprrgap has begn[ ck]eaned using neutral hygrogeﬂr-m (HI) as a

we measure the mean amplitude in a Planck dust temperg actic foreground tracer,with an HI - column density
ature map of ~_500 ded-sized circles throughout_ the_ SKY. threshold of 2.5 x 16° cmi2. We find the lensing corre-
Amongst the eight selected patches, as shown in Fig. 4, thion in the two CIB maps to be consistent with each other,
ratios of the mean amplitudes in the patches vs that in thehus providing additionalevidence thatn the BicEPKeck
BICEPKeck patch range from 0.6 to 1.7. These are thus  map region, the GNILC CIB map does not show the
similar to theBiCERKeck region in terms of their unpolar- reduced correlation which is expected, and seen, in regions
ized dust intensities. closer to the Galactic plane.

In these patches, we compute the autospectra and cross-The filter and normalization of the ¢ tracer is given in
spectra usingroispice [41] [42]. We show the correlations  generalform in Eq. (8). In this case, we take it as the

average over the eighpatches of the cross-spectra of the

“Thermal dust emission map: ThermalDust-commander_ CIB and the lensing map divided by the average of the CIB

2048_R2.00/index.html. autospectra,

We refer the reader to [38] for a detailed discussion of
the Planck CIB map. Briefly, the GNILC component-
separation technique [39]disentanglesdifferent compo-
nents of emission using both frequency and spatial
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hd_q’oi patches the potential patch-to-patch variation of the CIB autospec-
m trum, and the cross-spectrum between CIB afdspbuilt

into the simulations. Therefore, the uncertainties in the CIB
To further preventGalactic dustcontaminationwe addi-  measurements are propagated to the uncertainty in the r
tionally impose a Ly, ¥4 100 cut. This filter and normali- measurement.
zation is applied to the reablata as wellas the simulated At this point we use the method described in Sec. Il A to
CIB realizations which are described in the nexdection.  undeflectthe combined Q=U data and simulation maps
We render the normalized and Wiener filtered GlBand  with the data and simulation CIB maps to form the real and
its associated gradients teiEALPix maps of Ngge 2 512,  simulated lensing templatesThe lensing templates from
and then interpolate and convert the gradient mapsto  the real data are shown in the bottom panels of Fig.
derivatives with respedb our pixel grid. The derivatives We have now laid out the lensing template construction,

Y lim: 315p

are shown in the middle panels of Fig3. the extension of theBicCEPKeck analysis frameworkand
the input simulations and data used in this paper. The next
2. CIB simulations steps include demonstrating the robustness of these exten-

We use CIB simulations to estimate the expected level sions to potential biases and misestimations of inputs.

of lensing B-modes in the lensing templatefo form the
bandpowercovariance in the likelihood analysisand as  IV. PIPELINE AND SIMULATION VALIDATION
inputs to null tests.

We generate CIB simulations based on the input
Gaussian ¢ fields of the BiCEPKeck simulation set

In this section, we demonstrate the robustness dhe
pipeline in the limit of perfect delensing, quantify the level
; X ) of bias to our inference of r given potential misestimations
described in Seclll A 2. To convertthe ¢ f'elﬁs 0 CIB i the inputs to our simulations,and estimate the impact
2?(')22 ;"Zg;e thefiﬁtoéﬁgcwdmtﬁf tlgle CIkBFL’ and thtG_’ on adrb given variations in the simulation setupTo do
0 |¢°p um o7 ne and the FFlanck lensing es 'matf?lat_we use the setf lensed-ACDM b dust p noise sim-
¢" C_" . We constructeach CIB field by rescaling each  ulations (r % 0) from the BK14 paper. We run maximum-
input ¢ field so that the cross-spectrum of the rescaled fielitelihood searches of the baseline lensed-ACDM p dust p
with the input ¢ is &, We then add to the rescaled ¢ fieldsynchrotron p r model as described in Appendix E. 3 of the
Gaussian noise so that its autospectrunil i&mally, we  BK14 paper,in this case adding a lensing template.
construct the signal part of the CIB simulations?,,, as
" A. r recovery with perfect delensing
1Sy Ve CTqu,LM ; 316b To validate the addition of the lensing template as a
L pseudoband in theicErKeck analysis framework, we run
) ) o maximum-likelihood searchesin two configurations—
where ¢y are the spherical harmonic coefficientsof  njensed inpulCMB skies withoutlensing templates and
the input ¢ fields. We constructhe noise part of the CIB  |gnged input CMB skies with perfect lensing templates. The
simulations, fl;, by generating Gausstl)an random fields Witherfectlensing templates are constructed by differencing
power spectrum described by'€ 8C/* B=C?. The total  the filtered, noiseless|ensed and unlensed Q=U skie¥.
CIB field is the sum of the two termsyh % 15y, b 1 Ny - the likelihood works as intended, we expect the recovered r
We have 499 realizations qf For each gy, we form  values from the two sets of simulations to be extremely

I v as described in the previous paragraph wiftf @om  close to each other on a realization-by-realization basis. We
the input theory’ and C!' and C:_‘"O sampled from the find that the differences between the recovered r values

i | ° jArj £ 0.002. We also find that at our current noise level,
measured mean and covariance of/Cand G* fromthe  gyen if we have perfect knowledge of the lensing B-modes

eight patches selected in Sec. lll B 1. In the limit of many j, or patch, the uncertainty on r is reduced only by 26%
realizations, the simulated; will have the same covari-  fom gérb % 0.024 to gdrP ¥ 0.018 This means that

. \ _ . .018.
ance structure in ¢ and G* as measured from the eight lensing uncertainty is subdominant compared to uncertain-
patches. The advantage of samplifl@i@ Q‘l’o as opposed ties from foregrounds and instrumentoise in the BK14
to using the measured mean from the eight patches is thatiataset.

SHere we have takeff®Gs the Planck 2013 cosmology used to B Biases to r from misestimations of inputs
generate tiecer Keck simulations introduced in Sec. lll A 2. Thisy\y/g investigate the bias to r from the following: (1) mis-

is slightly different than the latestPlanck cosmology which is . . .
implicit in the qu)O of Eq. (16).Arguably it would be more self- estimation of the correlation between the CIB map and ¢,

consistent to use the lat@8th@re. However, we have checked th&nd (2) biasesin polarization efficiency in the  input
this makes no practical difference at the current sensitivity leveQ=U maps.
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Misestimation ofC,*: As discussed in Secll B 1, we  calibrated using a Planck E-mode map [34]. Therefore, it is

compute ¢ and (}cho used in the normalization and Wiener reasonable to ask by how much r would be biased if the

. | 0 calibration of the input Q=U maps is biased.
filter of the CIB map as the mean of the!Gnd G from We construct the tesby artificially scaling the SPTpol

eight patches. In addition, we generate simulaotions of CIBQzU simulated maps low by 1.7% and analyzing the maps
based on the mean and scatter of th¢ @nd G* spectra  as if they had the original amplitudes.In other words,
measured from the patches. Here, we consider the case i@milar to the half-a, CIch0 shift test abovethe rest of the
which the actual CIB cross-spectrum with ¢ is offset frompipeline is held identical and the only change is the input

0 . . .
the measured mean ¢, A plausible way in which the  SPTpol Q=U maps. For simplicity, instead of using the
measured [ might be biased from the trug’Gs through ~ combined Q=U map, we use only SPTpol simulated maps
a bias in the ¢ © reconstruction due to CIB in the input ~ for this test. Comparing the mean of the recovered

temperature mapsn that case,the measured Cf” would  maximum likelihood r values for the nominal set with
contain a term that comes from CIB x $3CIB; CIBb, wherthat for the biased setwe find negligible differencesWe
$BCIB; CIBP denotes the CIB power that is leaked througq.pnclude that biases at this level inthe polarization
the & estimator applied to the CMB maps. efficiency are not an issue for this analysis.

We constructa test for this bias, which proceeds as

follows: using the measured megha@d ¢, we generate C. Impact on 6érb from variations of inputs
simulated CIB skies as described in Sec. lll B 2. This set of We investigate the impacton adrb from two effects:
simulations is the assumed truth. We then generate two s€ty non-Gaussianities in the input CIB map, and (2) inclu-

of CIB skies whose @O is either half a g, above or below sion of patch-to-patch variation in G' and C'L‘i’0 in the

the measured mean &, where @, is measured from the generation of the CIB realizations.

spread across the 8 patches. We process these CIB skies alglon-Gaussianity of t_he CI.B: As discussed in Sec. I.” B2,
if they had the mean (,ébo_ i . we normali 4 Wi we generate our CIB simulations based on the ¢ realiza-
ITthey had the mean &~ ; 1.€., we normalize and WIENer  tinng ysed to lens the simulated CMB input skies. While the

filter these maps using the mean {&’ and G{'. We then ¢ realizations are Gaussian the true ¢ has some non-
proceed to construct lensing templates and calculate autoGaussianities due to nonlineagrowth of structure [46].
and cross-spectra with the rest of the BK14 maps, exactlyHowever,the contribution to lensing B-modes from non-
as in the baseline analysis. The bandpower covariance  Gaussian ¢ is subdominanbver the angular scales con-
matrix is derived using lensing templates constructed frongidered [47]. It is thus sufficient to model ¢ and the portion
the nominal, unbiased setof CIB skies. We thenrun  of CIB that correlates with ¢, the signal term (Eq. (16), as
maximum-likelihood searches on these two sets of simu- GaussianIn addition to the signalterm, we simulate the
lations for the model parameters §, Agyno By, and B. We  noise term of the CIB | N,,—the portion of the CIB that
determine the bias on r by co][nparing the means othe  does not correlate with ¢p—as Gaussian realizations given
maximum likelihood r values from the nominal set and th 1¢° ; o
half-a,, offset sets. We observe that the mean r is biasedetgf%rinsessg\;?ndtg’bg , and th? Input G _..Hovlvever,the
quite non-Gaussian; its bispectra at the

0.20, where o denotes the uncertainty of the r measuremgphylar scales relevarib this work have been measured
(i.e., the width of the r distribution of.the_ nomlnal set). by [48] with high signal-to-noise. Therefore,one could
To get a sense of how relevant this bias is, we compargmagine that simulating the CIB),, as Gaussian fluctua-
the half-q, offset we introduce into the simulations toa  tjong would cause the lensing template fluctuation to be
worst-case scenario oCIB leakage in the reconstructed nderestimatedWwith the underestimation ofthe lensing
¢” map. Reference[44] estimated the term CIB x  tompjate fluctuationgdrp would be underestimatedere

$8CIB; CIBPusing ¢° reconstructedfrom the Planck \ye estimate the impact on odrb when we increase the
545 GHz maps without foreground cleaning and found  |ensing template fluctuation.

the bias to be below ~5% for L < 1024, the L range used  T¢ get a handle on how much to increase the lensing
in this work. A 5% bias is smaller than the half g, shift  tempjate fluctuation,we build lensing templates using a
conS|deredF0urthermorelhe Planck lensing map used to  simulated CIB sky from Websky mocks[49] which are
calculate d_“’ was constructed using the SMICA input  built based on an approximation to full N-body halo
maps that are foreground-suppressed. Therefore, we expeatalogs [50,51]. From the full-sky CIB realization, we
the 0.20 bias to be an overestimate of potential biases fromake 80 cutouts of size similar to theBicEPKeck patch,
misestimating @Ol undeflect-and-difference the Q=U mapand compute the
Misestimation of polarization efficiency: The Planck  lensing template bandpower variancesle then generate
Collaboration has found thatheir polarization efficiency ~matching Gaussian realizations of CIB using the{'Cand
calibration could potentially be biased at the 1%-2% IeveIC:f’ measured between the simulated CIB map and the
[see e.g., Table 9 of [45] ]. The SPTpolQ=U maps are  corresponding¢ map (provided as a Kk map, where
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K % —V2¢$=2). Using these Gaussian CIB realizations, weauto- and cross-spectra othe newly introduced lensing
generate lensing templates and calculate their bandpowetemplate.We considerthe following ways in which the
variances. For the L range considered in this analysis, thesimulations can fail to sufficiently describe the statistics of
ratio of the lensing template 10 uncertainties between the lensing template:

templates generated from Gaussian CIB and those from (1) Galactic dust in the input 150 GHz Q=U maps leaks

N-body based CIB is 0.97 0.07. This suggests thathe into the lensing template,
lensing template bandpower variance is sufficiently mod-  (2) low-I systematic residuals in the Planck polarization
eled using Gaussian simulationsFurthermore [52] per- maps leak into the lensing template,

formed a similar test using galaxy densities as ¢ tracer and (3) non-Gaussian Galactic dust residuals in the CIB map
found that the difference in the lensing template covariance  introduce extra powerin the lensing template be-

between the Gaussian and their simulations is within the yond that described by Gaussian modeling of un-
Monte Carlo uncertainty of the number of simulations correlated power.
considered. All of the above would (i) increase the power of the lensing

Since the above tests could still be limited by the numbé&mplate autospectrum, and (ii) introduce potential chance
of non-Gaussian simulated CIB skiesye ask how much  coupling with the observed B-modes.
odrbcould be impacted because of some low level of Galactic dust power is subdominant to E-mode power
unmodeled non-Gaussianity in the ¢ tracer. To do that, wever the angular scales relevant to producing the lensing
increase the values in the lensing template autospectrum B-mode template,and the simulated Q=U maps used in
subblock of the bandpower covariance matrix by 10% andec.lll A 2 do not include a dustcomponent.However,
perform maximume-likelihood searcheson the baseline we would still like to check that the Galactic dust
setof simulations. The resultantodrb estimated from the componentin the Q=U data maps does nosignificantly
width of the r value distribution is negligibly differentto  contribute to the lensing template auto-spectrum. For the
the baseline case. Therefore, we conclude that at the curféi8 map, any componentsthat contribute to the CIB
level of noise, unmodeled non-Gaussianities dhe CIB autospectrum but are uncorrelated witl @e modeled as
have negligible impact on the uncertainty of the r  Gaussian fluctuations. Therefore, the unmodeled non-
measurement. Gaussian Galactic foregrounds could contribute extra

Patch-to-patch variation in ¢ and C|I_¢03 We construct  fluctuation in the lensing templates when used to unde-

N , | ®° flect the CMB maps. In addition, they could contribute
the CIB realizations using samples of{Cand q drawn extra template power when deflecting the unmodeled

from the measured covariance of @nd d_q’o across eight  Galactic foregrounds in the Q=U maps.

patches By doing this we incorporate the patch-to-patch  T¢ address the question of whether the simulations are a
variation in the CIB auto- and cross-spectrum withiio  syfficient description of the data given these unmodeled

the uncertainty on r.Here we check how large this effect gffects, we test the consistency of the lensing template auto-
is by comparing the odrb estimated from a setof CIB  and cross-spectraagainst simulations. Specifically, we
simulations generated with fixed ¢ and C,'_¢ with that  perform spectrum-difference tests where we compare the
estimated from a set of CIB simulations generated from adifference spectrum of data between the baseline | and L
distribution of @ and ¢*". We find that the aorb from thes¢'anges and variant | and L ranges against the correspond-
two sets of simulations are compatible to within MC ing differences in simulation. We calculate two quantities,
uncertainty. This means that the uncertainty on r introduc¥@ and x, as follows. Firstly

by the uncertaintiesin C|' and C'L¢O is subdominant +
compared with the noise and sample variance of the lensing Xéys ¥4 AC/Cov ' AC ; 017b
templates.

Having estimated the biases to r caused by possible where AG denotes the binned data difference spectrum
biases in the CIB and Q=U maps and found them to be and Cov is the bandpower covariance matrix formed from
small, and having shown the impact on aérb due to  the difference spectra ofthe corresponding simulations.
unmodeled non-Gaussianity othe CIB to be minimal, And secondly,
we now turn to testing the robustness of the simulations X
againstunmodeled Galactic foregroundsising the data Xsys /4 AC| =Qgif ; 018p
themselves. [

where 0.4 denotesthe standard deviation from the
V. SYSTEMATICS CHECKS simulation difference spectra. Figure 6 shows the difference
PrevioussicEPKeck papers include “jackknife” internal spectra for the lensing template autospectrum (LT x LT),
consistency tests on the 95 and 150 GHz maps used herdensing template cross-spectrum with the BK14 95 GHz
[12,30,53].In this section,we provide similar tests of the map (LT x BK14y5), and lensing template cross-spectrum
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FIG. 6. Difference bandpowers (ACsee definition in text) between the baseline analysis and analyses with one parameter changed,
and the uncertainties on those difference bandpowers, both scaled by the statistical uncertainties on the baseline analysis bandpower
The label at the top left-hand corner of each row indicates which parameter has been modified and how it is modified. The left to right
columns show the difference bandpowers from the lensing template autospedinsing template cross-spectrum with the BK14

95 GHz map, and lensing template cross-spectrum with the BK14 150 GHz map. The gray bands indicate the 0.50 statistical uncertai
of the baseline spectra. Tﬁ%and PTE of the difference bandpowers are listed in Table I. We find the data difference bandpowers to be
consistent with the spread in the simulation difference bandpowers.

with the BK14 150 GHz map (LT x BK14y50). The PTE  and L, ¥4 150. The PTEs from the,, difference spectra
values from ¥,s and X are listed in Table I. show that the data differences are sufficiently described by
the simulation-difference distributions.

A. L-cuts on CIB map

At large angular scales the CIB map could be contami- B. ¢-cuts on Q=U maps

nated by Galactic dustand thus a testin which the L i, Galactic dust contributes a fraction of the total power in

for the CIB map is varied could be sensitive to its impact. the Q=U maps on the largestscales.Additionally, there

The unmodeled non-Gaussianity of residual Galactic forecould be low levels of unmodeled systematic residuals [54]

grounds in the CIB map would cause the lensing templaten the Planck Q=U maps that could leak power to the

to have larger variance than itwould otherwise.We test  |ensing templatesSimilar to the test done with the CIB

the hypothesis thathe simulations are sufficientiescrip-  map, we set the);, of the input Q=U map to two different

tions of the real data by differencing the lensing template |evels compared to the baseline (no explicit,|, set) and

auto- and cross-spectra generated using the basglirté L compute difference spectra between the varjanéhd the

100 for the CIB map and those generated with,}, /4 50 baseline. For },, % 100 and |, % 200, we find the PTEs
from the difference spectrato be consistentwith the
simulation-difference distributions.

TABLE I.  The PTE values from ¥, and x,s (separated by a We thus conclude that at the current level of noidage

comma) with different CIB input L, and Q=U map input |, lensing template auto-spectrum and the cross-spectra with

compared with the baseline setup. LT x LT, LT x 95, and LT x the 95 GHz and 150 GHz maps do not contain unmodeled

150 denote the lensing template autospectrlensing template systematics from large angulascales of the input Q=U

cross-spectrum with the BK14 95 GHz map, and with the BK14and CIB maps |arge enough to be incompatible with the
150 GHz map respectively. simulation distributions.

Variation /spectrum LT x LT LT x 95 LT x 150

CIB L i, v 50 0.36,0.12 0.80,0.23  0.66,0.09 VI. RESULTS

CIB L i ¥4 150 0.91,0.67 0.68,0.63 0.25,0.88 :
Q=U 1 %100 076,070 009084 034 052 We now proceed to repeat the parameterconstraint

_ : analysis from the BK14 paper [12] including the lensing
=U | in % 200 0.76,0.75 0.36,0.57 0.28,0.62 . . .
QU o 4 template extension described and validated above We

022004-14



A DEMONSTRATION OF IMPROVED CONSTRAINTS ON ...

PHYS.REV.D 103, 022004 (2021)

0.03

0.02}

0.01f

0.00F--- & - oo ..

—0.01

T T
BK1495 x BK1495

0.03

0.03

T T
BK1415Q XBK14150 *

N
Y ogool . . ool — ... i
=
&
QX _o.01 L L L —0.01 L L L
G) 04 T T T 06 T T T 20 T T
jan BK1495 xP3s53 BK14150xP3s3 P353xP3s3
+ 0.4k i
S o2} 4 10F 4
=
\I 0.2} g -
ool ...l T = of-- -k
| | 0.0k - - = | |
—0.2 1 1 1 —0.2 1 1 1 —10 1 1
0.02 . . . 0. . . . 0 . . 0.02 .
BK1495 x LT BK14150 x LT P353 xLT LTxLT

—0.2 1

t

50 100 150

50 100 150

200
l

0 50

100

FIG. 7. BB auto- and cross-spectra calculated ugsiregr2/Keck 95 and 150 GHz maps, the Planck 353 GHz map, and the lensing
template developed in this paper. The black lines show the model expectation values for lensed-ACDM, while the red lines show the
expectation values of the baseline lensed-ACDM p dust model from the BK14 analysis (rg/#04 8 uk?, By ¥4 1.6, q ¥4 —0.4),

and the error bars are scaled to that model. Compared to the BK14 BB spectra, which contain both foregrounds and lensing compone
the lensing template represents an alternate way to estimate the lensing B-modes which is largely foreground-immune, and, as we se
here,provides good signal-to-noise in the resulting auto- and cross-spectra.

presenttwo main results in this work. First, we estimate
odrb with delensing by running maximum-likelihood
searches on the seif lensed-ACDM p dust p noise sim-
ulations from BK14. Second,we explore the likelihood

space of the real data and provide constraints on r and the

foreground model parameters.
In Sec. Ill, we described the construction of a lensing

template using the Planck GNILC CIB map and the

combined Q=U maps from SPTpol, BIcEPKeck, and

Planck. Figure 7 shows the auto- and cross-spectra of
this lensing template with the maps that most significantlyBs
constrain the modelparameters—tha&icer/Keck 95 and
150 GHz maps, and the Planck 353 GHz map. The lensin

template auto- and cross-spectra shown in Fig. 7, plus the

TABLE 1.

Priors imposed on each parameterfor both
maximum-likelihood search and posterior sampling for the
baseline analysidJda; bb denotes uniform distribution between
%a; b.N 6y; b denotes normadistribution with mean p and

variance 6.
Parameter ML search Sampling
Us-0.5; 0.5p uao; 0.5p
Ay Uo-2; 15b uao; 15b
Async Us-2; 15b uao; 50b
Bq N 61.6; 0.1%p N 61.59; 0.1%p
N 6-3.1; 0.3p N 6-3.1; 0.3p
(o Usé-1; Ob uo-1; Ob
Fixed uoé-1; Ok
Fixed uoo; 1b
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FIG. 8. Histograms of maximum-likelihood values of ry,fand A, from 499 realizations of BK14 p LT (blue) and BK14 (gray)

lensed-ACDM b dust p noise simulations in the baseline model with six free parametgrég A3y, B and q. The red lines mark
the means of the distributions for the BK14 p LT simulation segnd the gray dashed lines mark the inpwialues.odrb from the
BK14 b LT (BK14) simulation set is 0.022 (0.024) from the leftmost panel.

additional cross-spectra with the other bands of WMAP

template, we reduce gorb from 0.024 to 0.022, a

and Planck, are the new additions to the bandpower data~10% reduction®

vector input to the likelihood analysis. It is interesting to
note that the error bars are much smallerat low | for
LT x LT than for LT x 150. This is because, although
the 150 GHz map noise is very small, the dust sample
variance is large.

A. Reduction in gdrb

The inclusion of the lensing template cross-spectra
reduces the effective sample variance of the lensing
componentof the observed B-modesThis is the reason
that the uncertainty of the r component can be reduced
when we add a lensing template to the likelihood.

In BK14, we introduced agdrbas a measureof the

We also generate simulated lensing templatesusing
only one of SPTpol BiceErPKeck, and Planck for the input
Q=U maps. We add the single-experiment lensing template
to the BK14 simulation set and perform maximum-
likelihood searchesWe find that the adrb from Lprp,
LTBICEP=Keck and LT Planck to be 00223, 00230, and
0.0236 respectively. This shows that the SPTpol Q=U
maps contribute mosto recovering the lensing B-modes.
The fact that LT icep=keck CONtributes more than Ldj .«
shows that the signal-to-noise per mode at low | is more
important than having a wider range in | for the particular
combination of the | range and noise levels betwserr
Keck and Planck.

intrinsic constraining power of a given set of experimental

data. In contrast to the width of the 68% highest posterior
density interval as derived from the real data this measure \ye now

is not subject to noise fluctuation within that single
realization.To compare the gdrb from the BK14 dataset
and the BK14 dataset with lensing template includede
repeatthe analysis of Appendix E.3 of the BK14 paper.
We run maximume-likelihood searches with the baseline
lensed-ACDM b dust p synchrotron p rmodel on the
lensed-ACDM b dust p noise simulations for the two
cases.The parametersand priors are the same as in
BK14 and are summarized in Table Il. The amplitudes
at | 4 80 of the dust and synchrotron BB spectra defined
at 353 GHz and 23 GHz are denoted by Ay and A,
respectively;3 and a denote the frequency and spatial
spectral indices, with subscripts d and s referring to
dust and synchrotron respectively;e denotes the dust-
synchrotron correlationFlat priors are applied to r, Ay,
Async & 04, and Gaussian priors are applied tq @and {.

Figure 8 shows the distributions of maximum likelihood r,

A4, and Agync values. With the inclusion of the lensing

B. Parameter posteriors of BK14 with delensing

repeat the eight-parameter likelihood
evaluation of the real data as in the BK14 paper. We again
use COSMOM(55] and the lensed-ACDM p dust p
synchrotron p r model with parameters and priors sum-
marized in Table Il. Figure 9 shows the posterior distribu-
tions of the baseline analysis compared with the BK14
result. The peak and 68% credible regions of the margin-
alized r distribution are shifted down from the BK14 values
of 0.0289:92¢ to 0.027%:923 when the lensing template is

®Note that this adrb is computed in a six-dimensional param-
eter space as opposed to the eight-dimensional parameter space
which is used when samplingThis is to maintain consistency
with the BK14 paper. For a 8D search, adrb % 0.026 without the
lensing template and gérb Y4 0.023 with. The relevant metric here
is the fractional reduction in agdrb between the two simulation sets
which is similar for the 6D and 8D searches.

"The three-experiment Q/U combined LT gives adrp % 0.0221.
We provide three significant figures for comparisons between the
templates.
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FIG. 9. Posterior distributions of the baseline model parameters given the BK14 b LT dataset (black lines) compared with the BK14
dataset (red lines, which are the same as the black lines in Fig. 4 of the BK14 paper). The lensing template is constructed using comb
Q=U maps from SPTpokicer/Keck, and Planck (Sec. Ill A 3) and a CIB map as the ¢ tracer (Sec. Ill B 1). The 95% C.L. upper limit

on the tensor-to-scalar ratio tightens frgpg £ 0.090 to f o5 < 0.082 with the addition of the lensing template. The paramgterd A

Agync are the amplitudes of the dustnd synchrotron B-mode spectrahere 8 and a are the frequency and spatidectralindices
respectivelyThe dust-synchrotron correlation parameter is denoted bjhe up-turn of the 1D posterior distribution of & as it
approaches zero comes from the increased volume allowed by the € parameter as € becomes ambiguoyg,v#adh IA the 1D

panels for the a8, and € parameterdhe blue dashed lines denote the priors for each parameter.

included.The 95% C.L. upper limit on rg o5 is reduced from 0.090 to 0.082.Some of the other constraints are A%
4.2*3(1)'_; uK? and Aync< 3.7 HK2 (95% C.L.)* The maximum-likelihood model (including priors) in the 8D parameter space
iS: o054 0.025,Aq V4 4.0 K2, Agync ¥ 1.4 UK2, By ¥4 1.6,Bs % —3.1, 04 % —0.17, 0 %4 —0.95, and € % 0.00Against

®As noted,the model space is identical to BK14 to enable apples-to-apples compalitmmever,we have since then made one
model change in BK15 [14] and widened the prior range of the dust-synchrotron correlation parameter e rom0<e<1to-1<e<1

(see Appendix E1 in BK15 for details). With this prior, the BK14 r peak and 68% credible regions reducegit® 04385633
when a lensing template is included.
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FIG. 11. The r posterior curves from the baseline analysis,
along with r  curves from analyses using lensing templates
constructed from Q=U maps from only one of the three experi-
FIG. 10. Posterior distributions on r and,Aa parameter used mentsBICER/Keck, Planck, and SPTpol. The shifts in the curves
to scale the lensing BB powerfrom an alternative analysis in ~ are consistentith expectations from simulations.

which the amplitude of lensing is a free parameterWith the

addition of the lensing template,the probability of shuffling

lensing power to other parameters is reduced, thus the degene‘?gt? ecti\{elﬁ. The Sh.ift in the peak A_is ;:onsistentwith
between r and A is reduced. expectations from simulationswhere 25% of the simu-

lation realizations have Ashifts with absolute magnitude
larger than that seen in data. We see that with the addition

this model,we compute % % 8d - miCov - 18d - mb % of the lensing template, we are able to better constrain the

768 for the 9 x 78 4 702 data bandpowers. We compare I®i$ing power in the measured auto- and cross-spectra
number against the distribution in simulations finding a PTRE"0SS the differentfrequenciesand thereby reduce the

of 0.15. We conclude that the model is a sufficient ~Probability of misassigning power to lensing.
description of the data at present. We show in Fig. 11 the r posterior distributions from

We perform a couple of variations to the baseline analyses in the lensed-ACDM modelpace using lensing

analysis to explore degeneracies amongst model paramelgpaplates constructed from Q=U maps coming from only

that are important to lensing and changes in r with differe/n€ of the three experiments,SPTpol, BiICERKeck and
input datasetsln the baseline analysis, the lensing BB Planck. We see that the peaks of the r posteriors from the

spectrum is taken as the ACDM expectation in both BICEPKeck-only and the Planck-only cases are close to

normalization and shape. As an alternative we rescale thif!® Paseline case, while the width of the r posterior from the
spectrum by the paramete”, and sample the posterior Planck-only case is a bit .Iargfer than the bqsellne case. The
distribution in the ACDM p A model space. Secondly, as larger r posterior uncertalnty. is expected given the larger

is done in Sec. VI A, we form input lensing templates using®"P from the Planck-only simulation set in Sec. VI A. The
Q=U maps from one of the three experiments instead of peak of the r posterior for the SPTpol-only case is shifted

combining them. We discuss the results of each variation ##® Slightly compared with the baseline caseThis might
the following paragraphs. seem slightly surprising given that the SPTpol Q=U maps

When we allow Ato float, we note a/A- r degeneracy ~contribute most of the weight in the combined Q=U maps
in the BK14 dataset, as shown in Fig. 10, and as was  ©Ver @ broad range of angular scales.To quantify the
previously noted in an earlier BicERKeck analysis [15].  Probability of the observed shift between the baseline case
When the lensing template is added to the BK14 dataset, @nd the SPTpol-only caseve extract the best-fit r values
the degeneracy between r and i reduced. In this model from the baseline simulation set and the SPTpol-only
space the peak and 68% credible regions of the margin-
alized r distribution with and without the lensing template  We note that we have kept fixed a component of the noise bias

are 0.028%923 and 0.008%93! and the upper limits on r in the LT autospectrum gsn g in Eq. (11) which varies with
85022 95,006 PP A, . It contributes <10% of the total noise bias and is only present
are fp.ps < 0.081 and rp o5 < 0.079 respectively. The peak inthe LT x LT part of the data vector. Varying this noise

and 68% credible regions of A_ with and without the  componentwith A, would slightly tighten the constraint on
lensing template are 1.03 0.10 and 1.21 0.17 A, but the qualitative conclusion would be changed.

0.00 004 008 0.2 016 0.75 1.00 1.25 1.50 L.75
r Ap
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lensing template simulation setRestricting to the subset we conclude that the results are robust against these sources
with positive best-fit r in the baseline setup, we count the of systematics given the current noise levels.

fraction of realizations that have larger best-fit r differences At the BK14 level of map noise and Galactic foreground
between the SPTpol-only and the baseline set than is seevariance, simulations indicate that perfect delensing would

in the data. We find 20% of the simulations fit this criteriorreduce gérp from 0.024 to 0.018.This implies that the

and thus we conclude that what is observed in the data isvariance from lensing B-modes is not the dominant source

typical of the expected fluctuations. of uncertainty (<30%) when constraining r in this dataset.
However,with current and upcoming ground-based CMB
VII. CONCLUSION telescopes, e.gaICEPArray [56], SPT-3G [57], AdVACT,

Simons Array, Simons Observatory [58], and CMB-S4
[59], the millimeter-wave sky will be mapped with ever
higher signal-to-noise.Lensing B-modes will become a
dominant source of uncertainty,and delensing will be
crucial to break the floor of odrpb set by the lensing variance.

the lensing B-mode contribution to the observed B-mode For example, while in the most rea@ioErKeck r analysis
g X ) K15 [14] lensing variance continues to be subdominant,
We construct the lensing template using an undeflect-and-

difference approachin which we undeflect the observed in the upcoming result BKB lensing variange c_ontributes
Q=U maps by a & tracer, and then difference the unde- roughly half of the r uncertainty budget. Projecting further,

flected maps from the input maps. The Q=U maps we usé/vithout delensing, theicEPArray experiment adrb would
are a 150 GHz combination of SPTpol observations from plateau at ~0.006. However, this gdrb could be reduced by

. a factor of about 2.5 with delensing usinga ¢ field
IZD(I)a1r?c_k2 2;%5;; EfF:/J ﬁ-eni:(sgizieg\éastor\r/]astil:ﬁ\;o 'I%r?;?q(rjat:; Wereconstructed using CMB maps from the SPT-3G experi-
use is a CIB map constructed using the GNILC alaorithm ment. This is a much more significant reduction in the
P ) 9] 9 uncertainty on r than is achieved in this work.
from Planck data. The resulting lensing template is added

4 -
as a pseudofrequency band to the BK14 dataset, in which To reach the target g8rbof 5 x 10™ for the next

BIcEPKeck WMAP and Planck maps are used to constrairgenerati,on ground-ba_sed CMB expe_riment CMB-54, more
Galactic foregrounds and . than 90% of the lensing sample variance needsto be

We present two key results from this analysis. First, Weremqved [.60]' Delensing to such IOVY residual levels
estimate adrb using our lensed-ACDM b dust p noise requires high values of p, the correlation between the ¢

simulation set. We find maximum likelihood values of tracer and the underlying ¢ field.In addition to using ¢

the baseline modelparameters for each simulation reali- maps reconstructed from low-noise, high-resolution CMB

zation and take the mean and standard deviation over theobservations [e.g., [24,61,62] ], higher fracers could be

499 realizations.We find that, with the addition of the CPtained by combining different tracers [e.g., [63,64] ] and

lensing template,gdrb improves from 0.024 in BK14 to using optimal methods [e.g, [65-68]]. We will be exploring
’ : vearious approaches to delensing [e.g., [67] ] in future joint

0.022, a ~10% improvement. The second main result is th | ; Keck and SPT-3G dat front
posterior peak value, 68% credible region, and upper limifnaysesor BICERKeck an § ata, contronting
Elensmg algorithms with real-world nonidealities and

on r when we add the lensing template to the BK14 datas . . o : )

With delensing,the peak and 68% credible regions shift evelopllnglte%chn;ﬂuis tto mltlfg?te sys.temc?t[(csreag)ﬂ]ng
from r % 0.0289928 to r ¥ 0.027992, and the 95% C.L. gg;s?giﬁtfg dntectn g“F‘,‘giN(’s ow-noise data and the
upper limit on r is reduced from 0.090 to 0.082. '

In this work, we build on the BICEPKeck analysis
framework and demonstratdpr the first time, improve-
ments to constraints on the tensor-to-scalamatio r with
delensing.With the addition of a lensing template, we
reduce the uncertainty ofthe r estimate by constraining

. We estimate the impact onr from poten.tial biases in the ACKNOWLEDGMENTS
inputs used to constructhe simulated lensing templates.
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