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ABSTRACT

The BICEP/Keck Array experiment is a series of small-aperture refracting telescopes observing degree-scale
Cosmic Microwave Background polarization from the South Pole in search of a primordial B-mode signature. As
a pair differencing experiment, an important systematic that must be controlled is the differential beam response
between the co-located, orthogonally polarized detectors. We use high-fidelity, in-situ measurements of the beam
response to estimate the temperature-to-polarization (T' — P) leakage in our latest data including observations
from 2016 through 2018. This includes three years of BICEP3 observing at 95 GHz, and multifrequency data from
Keck Array. Here we present band-averaged far-field beam maps, differential beam mismatch, and residual beam
power (after filtering out the leading difference modes via deprojection) for these receivers. We show preliminary
results of “beam map simulations,” which use these beam maps to observe a simulated temperature (no Q/U)
sky to estimate T" — P leakage in our real data.

Keywords: Inflation, Gravitational waves, Cosmic microwave background, Polarization, BICEP, Keck Array

1. INTRODUCTION

Observations of the Cosmic Microwave Background (CMB) over the past few decades have given us a key view
of the early universe. These observations have played a central role in the development and validation of the
ACDM standard model of cosmology. Since the discovery of the 2.7 K CMB! and its 3 mK dipole,? there
have been detections of ~ 100 pK temperature anisotropies,®> ~ 1 uK E-mode anisotropies,* and ~ 100 nK
B-mode anisotropies due to gravitational lensing of E modes.” There may exist a fainter B-mode signal in the
polarization of the CMB due to the presence of gravitational waves at the time of recombination. The resulting
B-mode signal peaks at degree angular scales, and is parametrized by the tensor-to-scalar ratio r. A detection
of the B-mode signal due to primordial gravitational waves would constitute strong evidence for the existence of
this period of inflation.

The BicEP/ Keck Array (BK) series of CMB polarization experiments has been observing the sky in search for
this signal from the Amundsen-Scott South Pole Station since 2006.° We use small-aperture, on-axis refracting
telescopes to search for the primordial B-mode signal at its £ ~ 100 peak. The compact telescope design also
allows us to observe the CMB at multiple boresight rotation angles, which provides valuable cross-checks and
systematics control. The optical elements are cryogenically cooled to 4 K / 50 K to minimize internal loading (see
Section 2 for more details on optical design). The detectors are antenna-coupled transition-edge sensor (TES)
bolometers that are cooled to 250 mK using a three-stage Helium sorption fridge. With each new telescope in
our program, we have increased the detector count in order to reduce the statistical uncertainty and increase
mapping speed. BICEP2 held 512 detectors at 150 GHz; Keck Array featured five receivers each housing 512
(150/220/270 GHz) or 288 (95 GHz) detectors; BICEP3, with its larger aperture, holds 2,560 detectors at 95
GHz. Prior to the start of the 2020 observing season, we installed the first BICEP Array receiver, which includes
192 detectors at 30 GHz and 300 detectors at 40 GHz.” Three other BICEP Array receivers at 95, 150, and
220/270 GHz are currently in development. Our most recent published results, which includes observations from
Bicer2 and Keck Array at 150, 95, and 220 GHz through 2015 (BK15), yields a constraint of » < 0.06 when
combined with Planck temperature measurements.®

At the focal plane, optical power couples to two co-located, orthogonally polarized planar antenna arrays,
passes through an on-chip band-defining filter, and is eventually dissipated on a suspended bolometer island
and detected by two TES bolometers. This defines a single detector pair. Any mismatch in the beam pattern
between the two polarization states (which we call V' and H in this paper) in a detector pair leaks temperature
anisotropies to the polarization measurement. This prominent systematic, temperature-to-polarization (7' — P)
leakage, must be accounted for, as it may bias the final r estimate. Most of the leakage power, coming from
the lowest-order main beam difference modes, is filtered out in analysis using a technique called deprojection
(discussed in Section 3). We also utilize our vast library of far-field beam measurements in specialized “beam
map simulations,” which estimates the higher-order, undeprojected 7' — P leakage in the CMB data. In the
BK15 data set, when the measured T' — P leakage is added to simulations, the resulting bias on r recovered
from multicomponent likelihood analysis is Ar = 0.0027 & 0.0019.°
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From 2016 to 2018, we observed the CMB with BICEP3 at 95 GHz and Keck Array at 150, 220, 230, and 270
GHz (with most of the Keck data in that time at 220/230 GHz). Although the Keck 220 and 230 GHz bands
are very similar, the spectral response of the receivers comprising these two bands have slightly different band
centers, so they will be treated separately here. In future analyses they may be combined and presented as a
single band, after verification that the impact of this combination on the multicomponent likelihood analysis is
negligible.

In these proceedings, we present a high-level analysis of the far-field beam measurements taken on BICEP3
and Keck Array during this time, including progress on quantifying the T' — P leakage in these three years of
data. We focus on the BICEP3 95 GHz and Keck 220 and 230 GHz bands. In Section 2, we give a brief overview
of the differences in optical design between Keck Array and BICEP3. We present far-field beam measurements
in Section 3, with emphasis on the differential beam patterns before and after deprojection. The preliminary
results of the beam map simulations, including leakage () maps, are shown in Section 4.

2. OPTICAL DESIGN

Bicer3 and Keck Array both feature compact, two-lens on-axis refracting telescopes, although there are some
differences in their optical design. Overall, BICEP3 has a larger aperture (520 mm vs 264 mm for Keck), faster
optics (f/1.7 vs f/2.4), and a wider field of view (27° vs 15°). In both cases, the lenses are cooled to 4 K during
observations, and various IR filters at both 50 K and 4 K.
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Figure 1. Optical diagram for Keck Array (left) and BICEP3 (right). Individual optical elements are labeled and drawn
roughly to scale. The Zotefoam filter stack replaced the stack of metal-mesh reflective filters in the 2016-2017 austral
summer. The window was replaced with a BICEP Array-compatible window (also made of HDPE) in the 2018-2019 austral
summer. This figure is a slightly modified version of Figure 1 in Ref. 10.

Figure 1 shows optical diagrams comparing BICEP3 and Keck Array telescopes. At 50 K, Keck has a series
of polytetrafluoroethylene (PTFE) and nylon IR filters, while BICEP3 uses a high-density polyethylene foam
filter stack. This foam filter stack replaced the metal-mesh IR-reflective filters originally installed in BICEP3,
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as part of an upgrade in the 2016-2017 austral summer. This resulted in significantly reduced thermal loading
on the 50 K stage.!! The lenses are kept at 4 K in both telescope designs, with BICEP3 using alumina ceramic
and Keck using high-density polyethylene (HDPE). Also at 4 K are nylon IR filters and metal-mesh low-pass
filters to prevent high-frequency photons from coupling directly to the detectors. The BiCEP3 window is made
of HDPE and is anti-reflection coated with expanded PTFE*. In the 2018-2019 austral summer, this window was
upgraded to the slightly larger window design of BICEP Array, without changing any other optical components.
This allows future compatibility between BICEP3 and BICEP Array windows and their associated hardware.

3. FAR FIELD BEAM MEASUREMENTS

Every austral summer before starting CMB observations, we dedicate 1-2 months to measuring the far-field
beam patterns of all our telescopes in situ. The measurement process is described in detail in the BK15 Beams
Paper;? here we give a brief overview. The small aperture design yields a far-field distance 2D?/\ < 200 m for
all observing frequencies. BICEP3 and Keck Array are housed in buildings at the South Pole that are ~ 200 m
apart, allowing us to observe a chopped thermal source from the opposite building to measure the beam response.
A large, flat aluminum mirror is used to redirect the beams over the groundshield to the thermal source on the
opposite building. The mirror over BICEP3 intercepts all beams simultaneously, whereas the mirror over Keck
only intercepts the beams from, at most, two of the five receivers at a time.

After demodulating the raw beam map timestreams at the chop rate (usually 16 Hz), we bin into “component”
maps with 0.1° square pixels using an instrument-fixed coordinate system. The portions of the component maps
where the main beam intersects the ground are masked and removed, to prevent possible contamination after
demodulation. Each component beam map is fit to a 2D elliptical Gaussian, allowing us to get estimates of beam
width, pointing, and ellipticity for each detector. Detailed measurements of the beam parameters and differential
(V — H) beam parameters for BICEP3 and Keck Array between 2016 and 2019 can be found in Ref. 12.

In a given year of beam map measurements, one detector may have anywhere between 2 — 10 component
beam maps (2 — 40 for BICEP3 due to the better mirror coverage) after automatically cutting poor data using
the fit Gaussian parameters. These component maps, which are taken at various boresight rotation angles, are
all coadded into per-detector composite beam maps, which are the highest-fidelity measurements of the main
beam response we have for each detector. These composite beam maps are used in the beam map simulations
described in Section 4, and after being coadded over all detectors in a frequency band, are used to evaluate the
beam window functions. The BICEP3 and Keck Array beam window functions between 2016 and 2019 are also
found in Ref. 12.

It is the difference in beam response between the V polarization detector and H polarization detector that
leads to T' — P leakage in the CMB data. We use a technique called deprojection to filter out the leading-
order terms of this leakage (originally defined in BK-III*?). To second order, the modes of a differential elliptical
Gaussian couple to linear combinations of CMB T and its first and second derivatives. Since the beam shapes
are constant in time, we can construct leakage template maps corresponding to these difference modes, sample
them using each detector pair’s real trajectory data, regress each detector pair’s signal timestream against its
leakage template, then subtract the fitted template from the signal. Any power remaining in the difference beam
response after deprojection contributes T — P leakage to the CMB data which is not filtered or removed by
this technique. Through the rest of this proceeding we refer to this post-deprojection difference power as the
“undeprojected residuals” or the “residual beam.”

Before running full beam map simulations, one can compare the shapes and magnitudes of the difference
beams (V — H) and the undeprojected residuals to get a rough sense of leakage expected before and after
deprojection. Figure 2 shows the V', H, V — H, and residual beams averaged over all detectors in BICEP3, Keck
220 GHz, and Keck 230 GHz. In general, we see that differential pointing dominates the V' — H beam patterns
for Keck 220 GHz and Keck 230 GHz, but less so for BICEP3. This is consistent with previous beam parameter
estimates that showed BICEP3 had much lower differential pointing than Keck.!? The average residual beam
power in Keck 220 and 230 GHz has a very similar pattern, with slightly higher amplitude at 220 GHz. This
pattern is currently being investigated. Although there is value in quantifying the relative average difference

*Teadit 24GRD www.teadit.com
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Figure 2. Plots of the V and H polarization beams, difference (V — H) beams, and undeprojected residuals averaged
across all detectors in a band. The left column shows averages over BICEP3, the middle column shows averages over Keck
220 GHz, and the right column shows averages over Keck 230 GHz. Note the different color scale in the V — H plots and
the residual beam plots. The circular features at ~ —25 dB that are roughly 1 degree from the main beam are due to
crosstalk in the time-domain readout system and have been previously characterized.®

beam power between frequency bands, averaging over entire receivers may disguise complex variations or trends
in these patterns across the detector array. There is ongoing work to evaluate simple, per-detector metrics of
T — P leakage derived directly from the beam maps, to quantify these possible trends and identify possible
correlations with other optical measurements.

Another factor that determines the leakage contributing to the final CMB maps from the undeprojected
residuals is the coaddition over observations using multiple boresight rotation angles. Depending on the symmetry
of a residual beam pattern and the amount of data at each angle contributing to the map, coaddition over many
different angles may significantly reduce the total ' — P leakage from a detector pair in a given map pixel. Keck
Array observes the CMB over eight boresight rotation angles each separated by 45°, which allows cancellation
of any residual beam patterns that are invariant under 90° or 180° rotations. However BICEP3 only observes
at four boresight angles (two separated by 45° and two that are their 180° compliments), due to the geometry
of the cryocooler within the mount restricting boresight rotation. This means cancellation of residual beams
patterns invariant under 90° rotations cannot be achieved for BICEP3. For a more complete discussion on the
expected degree of cancellation of different leakage modes, see Ref. 13.
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Figure 3. Plots of the undeprojected residuals averaged across all detectors in a band (Ist row). The remaining plots
show the effective residual beam after coadding over two boresight rotation angles separated by 180° (2nd row), four
boresight rotation angles separated by 90° (3rd row), and infinitely many boresight rotation angles (4th row)

Figure 3 shows the same band-averaged undeprojected residuals from the bottom row of Figure 2, now
coadded over multiple boresight rotation angles to illustrate the effective total 7" — P leakage. This coadding
is done by averaging over the residual beam rotated to the specified boresight angles, weighted by cos 26, where
0 is the boresight angle. The similarity in the second row and third row for BICEP3 indicates that the penalty
for using fewer rotation angles is small, on average. This is expected for a quadrupole-like pattern as seen in
the BICEP3 average residual beam — a monopole-like pattern will cancel under 90° rotations and a dipole-like
pattern will cancel under 180° rotations, but no such cancellation can be achieved with quadrupoles.'?

4. BEAM MAP SIMULATIONS

As CMB experiments increase detector count and sensitivity in future generations of telescopes, the ability to
estimate and minimize 7" — P leakage is critical to our success at constraining cosmological parameters. We
use “beam map simulations” to quantify the expected amount of T'— P leakage due to beam shape mismatch
in our real CMB maps. In this section, we present the latest leakage (Q maps resulting from these simulations,
and discuss future efforts to estimate the resulting bias on 7 in our upcoming BK18 (all data through the 2018
observing season) data set.
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The same analysis pipeline used for our real data and standard CMB simulations is also used for the beam
map simulations. The input sky is the Planck temperature map, with no polarization (Q,U = 0) and no added
noise. These input maps are convolved with the per-detector composite beam maps described in Section 3
(truncated to a radius < 2° from the main beam), then sampled using real detector pointing timestreams. Just
as with the standard CMB simulations, the data cuts and weights applied are taken from the real data. The
same deprojection method described in Section 3 is also applied. The timestreams are then binned into Q/U
maps, where any non-zero polarization signal must be due to mismatch in the composite beam shapes.

Although the input temperature maps in these simulations have no injected noise, the composite beam maps
include both signal and noise from the beam map measurement. To estimate the amount of noise in the leakage
Q/U maps due to noise in the beam maps, we generate “split” beam maps alongside the standard composite
beam maps. For a given detector, its split beam map is evaluated by randomly dividing all component maps
(that pass automatic cuts) into two halves, and taking the difference. These split maps are used in beam map
simulations in the same way as the composite beam maps, and the resulting @, U leakage maps are treated as
estimates of noise on the leakage estimates.

Figure 4 shows the resulting leakage () maps from beam map simulations coadded over the 2016, 2017,

Dec (deg)
H & &b A
(321 o {421 o ol

N
=)

Dec (deg)

50 40 30 20 10 0 100 20 -30 40 -50
RA (deq)

Figure 4. Apodized @ maps of T — P leakage from beam map simulations coadded over the 2016, 2017, and 2018
observing seasons. The left column shows the signal as predicted using composite beam maps, and the right column
shows noise predicted by split beam maps. Top: BicEP3 95 GHz, middle: Keck 220 GHz, bottom: Keck 230 GHz. Note
the scale of the RA and Dec axes are slightly different between the Keck maps and the BICEP3 maps. All plots use the
same colorscale.
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and 2018 seasons. The Keck 220 GHz and 230 GHz leakage signal maps have very similar structure, which is
somewhat expected due to the similarity of the average residual beams shown in Figure 2 and Figure 3. The
noise in the beam maps (and therefore the leakage @ noise map) is smaller for BICEP3, mostly due to the higher
number of component beam maps used to form the per-detector composites (due to the better coverage of the
redirecting mirror). Although detailed power spectrum analysis of these maps is still in progress, preliminary
analysis indicates that the amount of leakage seen in BICEP3 is smaller than any Keck band in the relevant
multipole range (¢ ~ 50 — 200), and that the leakage in Keck 220 and 230 GHz seems consistent with previous
published 220 GHz results.”

Future work for this 7' — P analysis includes calculating power spectra after using our matrix-based purifica-
tion that reduces £ — B leakage due to partial sky coverage and filtering. We will then use the same quadratic
estimator p as defined in the BK15 Beams Paper? to evaluate the systematic contribution to the single-frequency
BB spectra. Finally, we plan to take these maps (after coadding with previous observing seasons) and form
cross spectra with the real BK18 @ /U maps.

5. CONCLUSIONS

In these proceedings we have presented a preliminary, high-level analysis of the far-field beam response of the
Bicer3 and Keck Array CMB polarimeters in the 2016, 2017, and 2018 observing seasons. We show the frequency
band-averaged V' polarization, H polarization, V — H, and residual beam response for BICEP3 and the Keck 220
and 230 GHz bands. We then show leakage () maps from beam map simulations that are estimates of the T'— P
leakage expected in our real CMB maps. As expected from comparisons of the residual beams, the amount of @
leakage in BICEP3 between 2016 and 2018 is lower than that of Keck 220 and 230 GHz (based on preliminary
power spectrum analysis). Leakage seen in 220 and 230 GHz is roughly consistent with previous 7' — P analysis
of Keck 220 GHz.
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