SPT-3G D1: Maps of the millimeter-wave sky
from 2019 and 2020 observations of the SPT-3G Main field
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Maps of the sky in millimeter wavelengths contain rich information on cosmology through
anisotropies of the cosmic microwave background (CMB). Creating multifrequency sky maps
of anisotropies in the I, @), and U Stokes parameters is one of the first steps of CMB
cosmology analyses. In this work, we describe the production and validation of a set of sky
maps from the South Pole Telescope’s third-generation camera, SPT-3G. The maps are from
data taken in frequency bands centered at 95, 150, and 220 GHz and taken during the first
two years, 2019 and 2020, of the SPT-3G Main survey, which covers 4% of the sky. We
applied high-pass filters to time series of individual detectors and binned the filtered time
series samples into map pixels. After that, we calibrated and cleaned the maps to reduce
known systematic errors. In addition, we searched for other systematic errors through null
tests and mitigated a significant systematic error detected therein. The white noise levels
of the full-depth maps of the I Stokes parameter are 5.4, 4.4, and 16.2 pK—arcmin in the
95, 150, and 220 GHz bands, respectively, and 8.4, 6.6, and 25.8 yK-arcmin for Q)/U. These
maps are the deepest to date used for measurements of mid-to-high-¢ primary temperature
and E-mode polarization CMB anisotropies, and reconstructions of the CMB gravitational
lensing potential. We make these maps and supporting data products publicly accessible.
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I. INTRODUCTION

Observations of the cosmic microwave background
(CMB), especially the primary temperature and polar-
ization anisotropies and the effects of gravitational lens-
ing on the CMB, are the cornerstone of our current cos-
mological model. For the last decade, the strongest con-
straints on cosmology from the CMB—or indeed from

any observable—have come from the satellite experi-
ment Planck. Data from Planck have been used to place
subpercent-precision constraints on most parameters of
the standard cosmological model, the ACDM model [e.g.,
1]. The constraints from Planck are dominated by mea-
surements of medium-scale (¢ < 1000) primary tempera-
ture anisotropy of the CMB. More recently, ground-based
experiments such as the Atacama Cosmology Telescope
(ACT, Henderson et al. 2) and the South Pole Tele-
scope (SPT, Carlstrom et al. 3) have taken data that
have the potential to enable yet more powerful tests of
ACDM and its extensions through high-precision mea-
surements of small angular-scale primary CMB polariza-
tion anisotropy and the effects of gravitational lensing on
the CMB [e.g., 4-T7].

SPT is a 10-meter telescope located at the geograph-
ical South Pole and optimized for observing faint, dif-
fuse millimeter-wave emission such as anisotropies of the
CMB. The telescope has been in operation since 2007,
and there have been three generations of cameras on the
telescope. The third-generation camera, SPT-3G [8], has
~16 000 detectors, which are evenly split among three
frequency bands centered at 95, 150, and 220 GHz. SPT-
3G is a significant upgrade from the previous cameras, in-
creasing the detector count (and thus the mapping speed)
by an order of magnitude.

To date, we have used two datasets from SPT-3G
to measure the power spectra of the primary tempera-
ture and F-mode polarization anisotropies (I'T/TE/EE
spectra) and the power spectrum of the projected gravi-
tational potential between us and the CMB last scatter-
ing surface (¢¢ spectrum). The first dataset comprises
observations of the SPT-3G Main field [6, Figure 1] con-
ducted in the 2018 austral winter observing season. In
that year, we acquired data during only one half of the
full season and with only ~6600 detectors passing cuts [9,
Section III D]. Measurements of the TT/TE/EE and ¢¢
spectra were presented in a combination of three works:
Dutcher et al. [9], Balkenhol et al. [10], and Pan et al.
[11].

The second dataset, which we call SPT-3G D1, com-
prises observations of the SPT-3G Main field conducted
in the 2019 and 2020 austral winter! observing seasons,

1 We use “austral winter” as shorthand for the period from Po-
lar sunset until approximately December 1; this period in fact
comprises the entirety of the Polar night plus approximately two
months with the Sun above the horizon.



the first two seasons of the SPT-3G Main survey [6, Ta-
ble 1]. In each of the two years, we acquired data during
the full season and with ~11 000 detectors passing cuts.
As a result, the 2019-2020 dataset is significantly larger
than the 2018 dataset. Measurements of the TT/TE/EE
and ¢¢ spectra using SPT-3G D1 have been presented in
a combination of two works: Ge et al. [5] (hereafter G25)
and Camphuis et al. [7] (hereafter C25). A quadratic-
estimator-based measurement of the ¢¢ spectrum will be
presented in Omori et al., in preparation (hereafter 026).
The 2019-2020 set of measurements represents significant
improvements over the 2018 set and contributes to state-
of-the-art high-precision measurements at small angular
scales.

In this work, we describe the production and valida-
tion of the primary data products used for the SPT-
3G D1 measurements: sky maps of anisotropies in three
Stokes parameters, total intensity (I or T') and two lin-
ear polarization intensities (@ and U), in each of the
three frequency bands. We produced the maps by pro-
cessing time series (hereafter timestreams) of individual
detectors into map pixel values (Sections IT and IIT) and
then by calibrating and cleaning the resultant maps (Sec-
tions V and VI). We validated the maps by searching
for systematic errors through consistency tests between
two halves of the dataset, which we call null tests, and
mitigating a significant systematic error detected therein
(Section VII). We also briefly describe ancillary products
needed to make unbiased power spectrum measurements
from the maps (Section IV); more details can be found in
C25 and two future works: Huang et al., in preparation,
and Hivon et al., in preparation. Finally, we summarize
the main results of this work (Section VIII) and share
information on how to access the maps (Appendix A).

II. OBSERVATIONS

We started the SPT-3G Main survey in 2019 and have
thus far spent six austral winter observing seasons (be-
tween late March and late November in 2019-2023 and in
2025) on the SPT-3G Main field. We call the set of obser-
vations conducted during the first two seasons SPT-3G
D1. In this section, we first describe the field observations
and calibration observations that we routinely conduct
in the survey (Sections IT A and IIB) and then describe
SPT-3G D1 and its timestreams that passed data quality
cuts and were used to produce maps (Section IIC).

A. Field Observations

The SPT-3G Main field is defined as the region span-
ning right ascension from 20"40™0° to 3"30™0° (from
—50° to 50°) and declination from —42° to —70°. The
region bounded by these limits has an area of 1550 deg?
and is the target uniform coverage region. As shown in
Figure 1, this region is a small area that has low emission
from galactic dust. We scan the center of the full detec-
tor array (2.8 deg? field of view) past these limits so that
every detector observes the target uniform-coverage re-
gion. As a result, surrounding regions are also observed
but by fewer detectors. The total observed area is close
to 1870 degQ. Individual science analyses may use some
of the non-uniform coverage regions if the advantages of
having more area outweigh the complexities associated
with spatially varying noise.

The SPT-3G Main field is divided into four subfields.
Each subfield covers the entire range of right ascension
spanned by the full field but covers only one-fourth of the
range of declination spanned by the full field. The four
subfields are all centered at right ascension 0", and the
declination centers are —44.75°, —52.25°, —59.75°, and
—67.25°. We call these subfields el0, ell, el2, and el3,
respectively; here el denotes elevation of the field, which
is approximately constant and equal to the negative of
declination given the unique location of the South Pole.
Figure 2 shows this subdivision.

This subfield division is defined to ensure stable oper-
ation of detectors. As the telescope scans across the field,
changing radiation from the sky is absorbed by each de-
tector and causes its resistance to change. Each detector
is a transition-edge sensor tuned (biased by a constant
voltage) to be in its normal-to-superconducting transi-
tion, such that its resistance depends strongly on its tem-
perature. Details of the detectors and other aspects of the
SPT-3G camera can be found in Sobrin et al. [8] (here-
after S22). If the full elevation range of the SPT-3G Main
field were observed without retuning the detectors (ad-
justing the bias voltage), the change in radiative load on
the detectors—caused by the changing atmospheric col-
umn density as a function of elevation—would cause at
least some of the detectors to move out of their tran-
sition at some point during the observation, rendering
them unusable. To avoid this issue, we observe only one
subfield at a time and retune the detectors before ob-
serving another subfield. This places each detector in its
transition for the typical loading in the elevation range



FIG. 1. The target uniform coverage region of the SPT-
3G Main field (the light blue, approximately trapezoidal
region) overlaid on top of the full-sky thermal dust map
from Planck Public Data Release 3 (the background im-
age) in the equatorial coordinate system and the Mollweide
projection. The dust map is the Stokes I map in the file
COM_CompMap_IQU-thermaldust-gnilc-unires_2048_R3.00.
fits downloaded from Planck Legacy Archive (https://pla.
esac.esa.int/pla/).

FIG. 2. The target uniform coverage region of the SPT-3G
Main field and the footprint of each of the four subfields in
a Lambert azimuthal equal-area projection (ZEA, a flat-sky
projection, Calabretta & Greisen [12]). The subfields are the
four shaded regions colored by the different hues. Three con-
tours of constant right ascension («) and three contours of
constant declination (§) are also shown.

of that subfield.

An observation of a subfield proceeds through a raster
pattern of telescope scans. It lasts for 128 minutes and
comprises 36 pairs of increasing-azimuth (“right-going”)
and decreasing-azimuth (“left-going”) scans at constant
elevation. The constant-speed portion of each scan covers
between 102.6 and 103.4 degrees of azimuth (depending
on subfield) at a scan speed of 1.0 deg/s (modulo the side-
real rate, see below). The scan speed and duration are the
same regardless of the subfield observed or the elevation

of a scan within a subfield. To ensure that right-going
and left-going scans have the same scan speed of 1 deg/s
on sky (in right ascension), we use slightly faster speed
in azimuth for left-going scans than for right-going scans
so that the speed difference compensates for the rotation
of the Earth. After each pair of right/left scans, the tele-
scope elevation is increased by 12/.5, and another scan
pair is executed at the new elevation. For each subfield
observation, the scans start at the bottom elevation of
the subfield and reach the top elevation of the subfield at
the end. For each subfield, we offset the starting eleva-
tion of different observations to achieve uniform coverage.
We use 25 different values of starting elevation offset, or
“dither steps,” separated by 0'.5.

During each scan, we record a timestream from each
detector. In SPT-3G, detector timestreams represent the
changing electrical power dissipated on a detector as a
function of time caused by changing incoming radiation
from the sky during a scan. The sampling rate of every
timestream is 152.6 Hz. Telescope attitude (pointing) in-
formation, the most important being the value of the
azimuth and elevation encoders, is also recorded for all
the scans, initially at 100 Hz.

In an “observing day,” which is a ~15-hour period of
observing time bounded by pauses in observation to recy-
cle the cryogenic system used to cool the detectors and to
tune the detectors, we typically conduct six observations
of two subfields. We conduct three or four observations
of 10 first and then three or two observations of el1 (or
el2 first and then e13).

B. Calibration Observations

In addition to the subfield observations, we conduct
multiple calibration observations in each observing day.
One purpose is to estimate the gain of each detector that
converts the units of the timestreams of that detector
from electrical power to CMB fluctuation temperature,
and the other purpose is to monitor detector properties,
such as the time constant. Different types of calibration
observations have different lengths and are conducted at
different intervals.

To estimate the gain of each detector, we conduct
weekly, long (80 minutes) observations of two HII regions
in our Galaxy, RCW38 and Matba (NGC 3576). These
observations are designed so that a map of an HII region
in units of electrical power can be made from every de-
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tector individually and compared with a stored map? in
units of CMB fluctuation temperature with absolute cal-
ibration reference to Planck data. This comparison pro-
vides the primary estimate of the gain of every detector.
RCW38 is used to calibrate the timestreams from obser-
vations of e10 and ell because the declination of RCW38
(—48°) is within the range of declination spanned by the
two subfields. For the same reason, Matba (declination
—61°) is used for e12 and e13. While in principle these
gains could be measured once, and corrected for any sub-
sequent variations using the procedures described below,
in practice we re-measure and re-apply the fundamental
Hir region gains after every weekly observation.

We apply two corrections to the primary estimate of
the gain before using it for the unit conversion. These cor-
rections reflect the changes in the sky transmission and
detector gains between a long HiI region observation and
a later subfield observation. To estimate the correction
factors, before every subfield observation, we conduct a
short (15 minutes) observation of the corresponding Hir
region and an observation of a thermal source installed on
the telescope. We call the latter observation a “calibrator
stare,” in which every detector is exposed to the radiation
from the source chopped at 4 Hz for one minute. Details
of the method that we use to estimate the corrected gain
can be found in S22 (Section 6.2).

To monitor detector properties, one type of observation
that we conduct is an “elevation nod” (more commonly
known as a “sky dip” in radio astronomy). In an eleva-
tion nod, the telescope scans up and down over two de-
grees in elevation in one minute. The amount of change
in the electrical power dissipated on a detector caused
by the changing atmospheric column density can be used
to assess the detector’s responsiveness. We conduct one
elevation nod before every subfield observation.

Other observations for monitoring detector properties
include additional calibrator stares conducted at different
elevation or with different chop frequencies.

While the calibrator stare conducted before each sub-
field observation takes place when the telescope elevation
is at the bottom of a subfield, we also conduct a calibra-
tor stare at the top elevation of the subfield after the
subfield observation ends. A comparison between the de-
tector responses from the two calibrator stares allows us

2 More information on this stored map can be found in Sec-
tion V A.

to measure the elevation-dependent gain change of each
detector over the course of the subfield observation.

We call the additional calibrator stares conducted at
different chop frequencies “calibrator sweeps.” A calibra-
tor sweep comprises a series of calibrator stares with the
chop frequencies spanning the range between 4 and 64
Hz. This allows us to measure the time constant of each
detector. Calibrator sweeps take place during the transi-
tion from one subfield to the other in an observing day.
We measure the time constants at the center elevation
of the first subfield, retune the detectors as described in
Section IT A, and measure the time constants again at the
center elevation of the second subfield.

C. SPT-3G D1

SPT-3G D1 comprises 1047, 908, 788, and 591 obser-
vations of el0, ell, el2, and el3, respectively, and the
associated calibration observations. We conducted these
observations during the 2019 and 2020 austral winter ob-
serving seasons, from March 22 to November 29 in 2019
and from March 23 to November 25 in 2020. Because the
duration of one subfield observation is the same regard-
less of which subfield is observed, and different subfields
have different areas, the observation time per unit area is
longer for a smaller subfield in one observation. To have
similar total observation time per unit area in all four
subfields, we conducted more observations of the larger
subfields.

A vast majority of the subfield observations had good
data quality. Out of the 3334 total subfield observations,
we had to discard 48 because of occasional issues with the
data acquisition system. There are 56 subfield observa-
tions that ended early and did not have the complete set
of 72 scans, a common reason being that the cryogenic
system used to cool the detectors ran out of its cooling
power and had to be recycled. For these subfield observa-
tions, we still retained the data from the scans that did
get executed.

For each subfield observation and each scan, we as-
sessed the quality of the timestream of each detector
against several criteria. We cut detector timestreams over
full observations based on whether a detector was operat-
ing within its normal-to-superconducting transition and
whether the detector showed good optical response dur-
ing a calibrator stare that preceded the subfield observa-
tion, and we cut detector timestreams on a single scan
based on whether the timestream of the detector was free



from large discontinuities. Over the two seasons, we op-
erated 11 316 detectors on average, and 10697 detectors
passed these data quality cuts, with an even distribution
of 3621, 3688, and 3388 good detectors in the 95, 150,
and 220 GHz bands, respectively.? We calibrated all the
timestreams from these good detectors to have the units
of CMB fluctuation temperature using a combination of
the calibration observations described in Section I B. We
also produced a downsampled version of these calibrated
timestreams with the sampling rate reduced from 152.6
to 76.3 Hz for analyses that do not require small angular-
scale information. Both the full-rate and downsampled
timestreams have been processed into T/Q/U maps, a
process that we call “mapmaking” throughout this work
and describe in Section ITI.

III. MAPMAKING

The SPT-3G D1 timestreams have been used for mul-
tiple mapmaking runs, which were optimized for mea-
surements of different signals. We call the maps pro-
duced for the measurements of the TT/TE/EE and ¢¢
spectra (G25, C25, and 026) the “mid-¢ maps” to dis-
tinguish them from the “low-¢ maps,” which were pro-
duced for the measurement of the B-mode polarization
anisotropy at low £ reported in Zebrowski et al. [13] (here-
after Z25), and the “high-¢ TT maps,” which were pro-
duced for the measurement of the secondary temperature
anisotropies at high ¢ as reported in Chaubal et al. [14].
All three sets of maps were produced from the downsam-
pled timestreams. In addition, we have produced maps
using the full-rate timestreams from SPT-3G D1 and
observations conducted in additional austral winter ob-
serving seasons of the SPT-3G Main survey for detec-
tion of discrete objects such as active galactic nuclei and
dusty, star-forming galaxies, galaxy clusters, and tran-
sient events. We call these maps “discrete-source maps”
in this work. While the focus of this work is on the mid-¢
maps, we compare different sets of maps in some places.

All the mapmaking runs are based on the same gen-
eral method, in which we apply high-pass filters to the
timestreams and bin the filtered timestreams into map
pixels. In this section, we first describe this method (Sec-
tion IITA), and then we describe important parameters

3 Details of the detector and readout yield can be found in S22
(Section 5.2).

of the mid-¢ mapmaking pipeline (Section I1I B). We used
this pipeline to produce T'/Q/U maps from the individ-
ual subfield observations and combined the maps to form
various coadded maps (Section IIIC). We also describe
the simulations run to characterize the mid-¢ timestream
filtering (Section III D).

We make maps described in Sections IIIC and IITD
publicly accessible. The access information can be found
in Appendix A.

A. Filter-and-bin Method

The mapmaking for SPT data has been based on
the filter-and-bin method introduced in Hivon et al.
[15]. In this method, a high-pass filter is applied to the
timestreams of every detector to reduce correlated low-
frequency noise, and each timestream sample is then
binned into a corresponding pixel with a weight. We now
review this method.

When an
pointed in a particular direction in the sky, a measure-

ideal polarization-sensitive detector is

ment of the electric field intensity made by the detec-
tor is equal to a linear combination of the T', @, and U
Stokes parameters of the incoming radiation from that
direction. Here we define an ideal polarization-sensitive
detector as one that has no noise and absorbs all the in-
tensity along one polarization direction and rejects the
intensity along the orthogonal direction. For detector «,
the linear combination of the Stokes parameters is given
by the following (e.g., Jones et al. [16]):

La(#) = 3 [T() + Q1) cos 2 + U (R) sin 2], (1)

DO =

where I, is the intensity absorbed by the detector, and
1, is the polarization direction (angle) of the detector.*

When multiple polarization-sensitive detectors that
have noise but are otherwise ideal and that span a range
of polarization angles register the incoming radiation in
the same frequency band from a region of the sky, a
maximum-likelihood solution can be constructed to esti-
mate the Stokes parameter values from that region. Com-
bining the Stokes parameter values as a function of sky
position into a single vector m, it can be shown that for
detector noise covariance N, where N encodes both the

4 Throughout this work, we define the polarization angle using the

TAU convention.



covariance between samples from a given detector and
between different detectors, the maximum-likelihood es-
timate for m is a version of the typical linear least-squares
solution (e.g., Couchot et al. [17]):

m=(ATN"1A)"! ATN"14q, (2)

where m contains the best-fit values for T'(7), Q(7), and
U(n), A is the “pointing matrix” that encodes the loca-
tion on the sky each detector was pointed at each time
sample and the polarization angle of the detector, and
d contains the measurement for every detector at every
time sample and is equal to I,(7;) in Equation 1 plus
noise for detector a at time sample 1.

When applied to modern, high-resolution CMB data,
the maximum-likelihood solution becomes computation-
ally expensive (though not intractable—for example,
conjugate-gradient approximations to the maximum-
likelihood solution are used for most ACT mapmaking,
see, e.g., Naess et al. [18]). The covariance matrix N is
high-dimensional (number of detectors times number of
time samples in each dimension), and correlations be-
tween time samples and detectors—typically from atmo-
spheric emission or instrumental effects—makes the ma-
trix dense and not trivially invertible.

Applying a high-pass filter to timestreams can suppress
the off-diagonal elements of N and justify the approxima-
tion that N is diagonal, and, in this approximation, the
maximum-likelihood solution reduces to a binning oper-
ation. For T-only mapmaking, and now writing the sum-
mation over the pixel and time sample indices explicitly,
Equation 2 reduces to the following:

-1

where T'(71) is the best-fit value of the T' Stokes parame-
ter in direction 7, the sum runs over all the timestream
samples at which a detector was pointed in direction 7,
d;e is the value of the timestream sample from detector «
at time sample ¢, and w;, is the weight assigned to that
sample. In the diagonal-covariance maximum-likelihood

—2

o s Where 0y, is the noise uncertainty on

case, Wi, = O
that timestream sample. Including @) and U, the best-fit
T, @, and U Stokes parameter values in direction 7 are

the following;:

T(#) TV (i)
Q) | =w@m) | QW) |, (4)
) oW (i)

where
™ (7) 1
QY () | = Z Wiadia | €082ty | (5)
U (n) haEn sin 210,

and

1,0EN
1 Cco8 21, Sin 21, (6)
€08 21hy 082294 i sin 4,

sin2¢, Lsind, sin®2i,

(e.g., Couchot et al. [17]).

While the filter-and-bin method simplifies the linear
least-squares solution, the filtering removes not only low-
frequency noise but also signals of interest contained in
those frequency components. As a result, the resultant
maps are a biased representation of the signals. To char-
acterize the bias, which we call the “filter transfer func-
tion” (Section IV B), many simulations are needed.

B. Filter-and-bin Parameters

We now describe details of the implementation of the
filter-and-bin method for the production of the mid-¢
maps. We describe the filters applied to the timestreams,
the procedure used to determine the pointing information
of the timestream samples, and the weights and pixeliza-
tion schemes used to bin the timestream samples. We
performed all these operations on a scan-by-scan basis
for each subfield observation and frequency band.

1. High-pass Filter Cutoff

To reduce correlated low-frequency noise within and
between detector timestreams, we used a high-pass fil-
ter that deprojects slowly varying signal templates from
every detector timestream. The templates consist of Leg-
endre polynomials up to 30th order and sines and cosines
up to a cutoff frequency that varies from one scan to an-
other, depending on declination. We estimated the best-
fit coefficients of each polynomial and sinusoid using lin-
ear least-squares fitting and subtracted the fitting result.
As described in Section IIIB 2, the need to mask certain
timestream samples when applying the high-pass filter is
the reason why we performed what is effectively a Fourier



high-pass filter in real space using linear least-squares fit-
ting.

The varying cutoff frequency of the high-pass filter
corresponds to a fixed cutoff in scan-direction multipole
number of ¢, . = 300. Similar to the relation ¢ ~ 360/6,
we define the relation ¢, = 360/6,. In the former rela-
tion, @ is the characteristic wavelength (expressed as an
angular distance in degrees) of a periodic fluctuation on
the celestial sphere, and ¢ is the corresponding spheri-
cal harmonic multipole number. In the latter relation,
0. is the wavelength (also expressed as an angular dis-
tance in degrees) of a periodic fluctuation along the arc
on the celestial sphere traced by a scan, and ¢, is the cor-
responding scan-direction multipole number. The cutoff
frequency, f., was recalculated for every scan as follows:
fe = (ls,¢/360) v, cos d§, where § is the declination at
which the center of the full detector array is pointed, v,
is the scan speed in right ascension, which is 1.0 deg/s for
every scan. Across the declination range of the SPT-3G
Main field, f. ranges from 0.29 to 0.62 Hz. The shape
of the resulting filter transfer function is dominated by
the sinusoid removal, but the low-order polynomials were
included to remove long-timescale fluctuations, such as a
slope, that are more concisely represented as polynomials
than as sinusoids.

In the filter-and-bin method, the timestreams should
have white noise after the filtering for the diagonal-
covariance assumption to hold. However, the cutoff fre-
quencies reported in the preceding paragraph are in fact
not high enough to make the filtered timestreams have
white noise. We now describe our considerations behind
the choice of those cutoff frequencies.

The timestream from one detector in a scan predom-
inantly contains noise, and the main sources of the 1/f
part of the noise include the atmosphere and the detector
readout system. While the 1/ f noise from the atmosphere
is correlated among detectors, the 1/f noise from the
readout is uncorrelated among detectors but causes cor-
relation among samples within the timestream from each
detector. As described in Bender et al. [19, Section 3.3],
the 1/ f part of the readout noise contributes negligibly to
the total readout noise beyond ~0.1 Hz, which is below
the cutoff frequencies reported earlier. However, as de-
scribed in S22 (Section 7.5), because of the atmospheric
1/f noise, the power spectral density of a timestream
does not become flat until ~1 Hz. Thus, the cutoff fre-
quencies reported earlier are not high enough to reduce
the atmospheric 1/f noise to a negligible level.

Even if the atmospheric 1/f noise is not reduced to
a negligible level, in which case the covariance matrix
still has non-negligible off-diagonal elements, binning the
timestream samples by ignoring the off-diagonal elements
is not necessarily suboptimal. If the scan speed is fast
enough that the atmospheric fluctuation patterns change
little over the course of a scan (the atmosphere appears
“frozen”), they can be treated as a signal component
like the static astrophysical signals, such as the CMB,
over the course of that scan. In that case, we expect that
only the readout 1/f noise needs to be removed for the
diagonal-covariance assumption to hold.

Although in principle the cutoff frequencies only need
to be high enough to remove the readout 1/f noise (and
incidentally the atmospheric 1/f noise up to those fre-
quencies) under the ideal frozen-atmosphere assumption,
in practice we have found that sampling and window-
ing effects make it important to increase the cutoff fre-
quencies. These effects result in low-frequency power in
timestreams from the atmosphere affecting not only low-
£ but also high-£ noise in the resultant maps. A model
for these effects is described in Appendix B 1.

To make a decision on the ¢, . to use to produce the
mid-¢ maps, we conducted four test mapmaking runs, in
which we used a small subset (5%) of all the subfield ob-
servations and increased ¢ . from 100 to 400. In each
mapmaking run, we produced two sets of T/Q/U maps
in the HEALPix pixelization scheme® with a typical pixel
size of 1.7 (the resolution parameter Ngq, = 2048) for
each subfield observation and each frequency band. We
used the timestreams from only the left-going scans to
produce one set of maps and the timestreams from only
the right-going scans to produce the other set. Then,
for each scan direction, we added the maps from all the
subfield observations together. After that, we subtracted
the “left-going” coadded T'/Q/U maps from the “right-
going” ones to remove the common astrophysical signals
and obtain noise maps. Finally, we calculated the 2D T'T
and EE noise power spectra (|agm7T|2 and |agm7E\2, or
the square of the amplitudes of the spherical harmonic
coefficients of the temperature and E-mode polarization
anisotropies, of the noise maps) using HEALPix tools and
compared the four cases.

One outcome of increasing ¢, . is to remove noisy
spherical harmonic modes that have low m. This effect
can be seen in Figure 3, which shows the 2D T'T noise

5 https://healpix.sourceforge.net/
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power spectra in the 150 GHz band in the four cases. Be-
cause the spherical coordinates are defined such that the
azimuthal angle is equal to right ascension and because
a scan has constant declination, power in timestreams at
low frequencies generally contributes to power in the re-
sultant maps at spherical harmonic modes with low m.
Given the definition of ¢, provided earlier, m = ¢, cos ¢
(when the quantities on the right side are equal to an in-
teger). As ¢, . is increased from 100 to 400, the high-pass
filter suppresses more low-m modes, and the low-m bright
horizontal band visible in the £, . = 100 case, which con-
tributes to both low-£ and high-£ noise, are absent in the
£z, . = 400 case. The removal of the low-m noisy modes
in fact does not have to be achieved by increasing ¢, ..
It can be achieved by filtering the timestreams with a
low ¢, ., calculating the spherical harmonic coefficients
of the resultant maps, and downweighting the noisy low-
m coeflicients in further analysis.

The outcome that we mainly wanted to achieve by
increasing ¢, . is in fact to generally improve noise in
spherical harmonic modes that have high ¢ and m and
whose m are well above what the filter removes. This
effect is not large enough to be easily seen in Figure 3,
and we use Figure 4 to show the effect. Figure 4 shows
ratios of the spectra shown in Figure 3. From each of the
four triangles, we extracted the vertical slice at each of
four ¢: 1000, 2000, 3000, and 4000. Then, we smoothed
the values in each slice with a Gaussian kernel (o = 30)
and divided them by the corresponding smoothed values
from the £, . = 300 case. The figure shows that increas-
ing £ . from 100 to 400 generally improves noise in all
the modes by ~10%, and the amount of improvement
becomes smaller for each increment in ¢ .. The effect in
the 2D E'F noise power spectra in the 150 GHz band is
similar and can be seen in the figures in Appendix B 1.
In the 220 GHz band, the improvement achieved by in-
creasing ¢, . from 100 to 400 is also ~10% in both T'T
and F'E. In the 95 GHz band, the improvement is only a
few percent. Using these comparison results, we set £ .
to 300 as a good compromise between the noise improve-
ment and mode loss.

A comparison of real noise spectra from these tests and
a model for the leakage of atmospheric noise from low
to high /¢ is shown in Appendix B 1. The agreement be-
tween model and data indicates that the only departure
from the frozen-screen atmosphere assumption is caused
by the finite sampling of the detector array, and that,
with sufficient high-pass filtering, the departure from the
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frozen-screen model is not detectable. This implies that,
for the modes preserved by the filtering, the filter-and-
bin mapmaking procedure is close to formally optimal
even in the case in which residual atmospheric noise cre-
ates a non-white detector noise spectrum. Furthermore,
as shown in Figure 10 of C25, we obtained nearly flat
1D E'E noise spectra by using ¢, . = 300, so the above
argument is only relevant for 7" mapmaking; the Q/U
maps discussed here are nearly optimal regardless of the
correctness of the model discussed in Appendix B 1.

2. Masking in High-pass Filter

When applying the high-pass filter to each timestream,
we masked timestream samples near and on high-S/N ob-
jects such as bright active galactic nuclei (AGN) to pre-
vent an undesirable feature in the resultant maps.® If the
linear least-squares fitting is performed on a timestream
that includes a bright AGN, the source dominates the
estimates of the best-fit coefficients of the templates to
be subtracted, and the resulting image of the source in
the map is high-pass filtered in the scan direction, pro-
ducing a scan-direction feature that can extend for many
degrees across the map (see, e.g., [20, Figure 1]). Follow-
ing other SPT publications, including C25, we call this
feature “filtering wings” in this work.

Having filtering wings would not be an issue if we
were willing to leave all the sources in a map for post-
map analysis. The filtering wings represent missing low-
frequency power of the sources, which would be properly
corrected for, together with the missing low-frequency
power of the other astrophysical signals, when a spectrum
measured from the map is divided by the filter transfer
function. However, map pixels near and on high-S/N ob-
jects are often inpainted or masked in power spectrum
and lensing reconstruction analyses, and filtering wings
would complicate these steps. For example, they would
necessitate significant extra pixels that need to be in-
painted or masked.

Masking the timestream samples within a certain ra-
dius of each known high-S/N object (simply not using
those timestream samples) in the linear least-squares fit-
ting prevents the sources from contributing to the best-
fit coefficients of a template. When the best-fit template

6 This process is called “mapmaking masking” in C25.
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FIG. 3. The 2D T'T noise power spectra in the 150 GHz band obtained from the four test mapmaking runs. The top left corner
of each panel indicates the ¢;, . used in a particular mapmaking run. The color represents the logarithm of the noise power with
an arbitrary normalization and is saturated in a large fraction of the bright region near the bottom left corner. The spherical
harmonic coefficients are 0.0 in the gray region in each panel. This region is above the line m ~ £ cos diow, Where diow is the
lowest declination covered by the SPT-3G Main field (—40 degrees). The high-m modes in the gray region are concentrated
near the equator of the spherical coordinates and have little overlap with the SPT-3G Main field. As a result, their spherical
harmonic coefficients are practically zero.

then is subtracted from the entire timestream (both un- Although the masking preserves low-frequency power
masked and masked samples), the sources in the filtered of the sources, it also prevents clean removal of
timestream have no low-frequency power missing, and low-frequency power of the other components in the
hence no filtering wings in the resultant map. timestreams, such as the CMB, not only inside but
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FIG. 4. The ratio of each 2D power spectrum shown in Fig-
ure 3 to the power spectrum in the ¢;, . = 300 case along four
constant-£ slices. Each panel shows the four ratios at a partic-
ular ¢, which is indicated in the upper right corner. The color
of each ratio represents the spectrum used in the numerator.
The denominator is the spectrum in the ¢, . = 300 case for

every ratio.

also outside the masked regions. Given a simulated
timestream that does not contain any high-S/N object,
if some timestream samples are masked regardless when
the best-fit coefficients of templates are calculated, these
coefficients differ from the coefficients calculated by us-
ing all the samples. Using the coefficients estimated with
the masking then causes less clean subtraction of the
templates and leaves a small residual across the entire
timestream. As shown in C25 (Appendix A1), the dif-
ference between maps made from simulated timestreams
filtered with and without the masking has oscillatory
structures, and the amplitudes are larger in pixels closer
to the masked regions. In spherical harmonic space, the
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oscillatory structures exist as low-m spherical harmonic
modes that should ideally be removed by the high-pass
filter. These structures are called “filtering artifacts”
in C25. We treated the filtering artifacts demonstrated
in the simulations as an additive bias present in the
TT/TE/EFE spectra measured from the mid-¢ maps and
subtracted the bias from the measurements. Details of
this method are described in C25 (Section IV A 1).

Across the SPT-3G Main field, we masked 2118 emis-
sive sources and 537 galaxy clusters when applying the
high-pass filter to the timestreams. These objects were
detected in maps produced in a different mapmaking run
(the discrete-source maps) and filtered to enhance the de-
tection significance of the objects. The emissive sources
are the ones detected at greater than 16 o, or equivalently
a flux of 6 mJy, in 150 GHz maps made using observa-
tions taken in the 2019, 2020, and 2021 observing seasons
of the SPT-3G Main survey. The galaxy clusters are the
decrements detected at greater than 10 o (from the ther-
mal Sunyaev-Zel’dovich effect) in the 95 and 150 GHz
maps made using observations taken in 2019 and 2020.

We masked each object with a radius determined by
the detection significance. For each emissive source, we
chose the radius at which the product of the detection
significance and the radial profile of the point spread
function of the telescope falls below unity. Sources at
the low-flux threshold were typically masked to 2" or 3/,
while the brightest source (PKS 0208-512) was masked to
15’. For each galaxy cluster, we used the same criterion
except that the point spread function was replaced with
the convolution of the point spread function and an ap-
proximate radial profile of the galaxy cluster determined
as part of the detection.

3. Low-pass Filter

We also applied an anti-aliasing filter to reduce high-
frequency power in each timestream before we binned
its samples into pixels. The filter was applied in Fourier
space and has the following form:

FAA(f) = e~ /5%, (7)

As is the case with the high-pass filter, we adjusted the
cutoff frequency for every scan to have a fixed cutoff of
0y, = 13000. Across the declination range of the SPT-
3G Main field, f. ranges from 12 to 27 Hz, which is lower
than the Nyquist frequency associated with the sampling



rate of the timestreams by at least 10 Hz.” Removing this
much bandwidth using the masked linear least-squares
fitting adopted for the high-pass filter would have re-
quired too many sinusoidal templates to fit and would
have been too computationally expensive. As a result, we
applied the anti-aliasing filter using fast Fourier trans-
forms. Because the timestream samples near the high-
S/N objects were not masked in this filtering step, some
amount of Fourier ringing is expected around them. How-
ever, the chosen ¢, . is high enough that there is not any
noticeable ringing in the maps even around the brightest

source.

4. Pointing

Another step before binning the timestream samples
was to calculate the pointing information of each sam-
ple. For this, we used a model of the telescope point-
ing and corrections derived by observing astrophysical
sources. We briefly summarize this approach here, and a
full description can be found in Chichura et al. [21]. The
pointing model incorporates non-idealities in the tele-
scope structure such as flexure of structural components
and tilts of the azimuth and elevation bearings relative to
local gravity. The best-fit parameters of the model are de-
termined through dedicated observations of many bright
point-like sources across the sky.

The model parameters are assumed to be constant in
time, but for SPT certain parameters are empirically de-
termined to vary on several-hour timescales. As a result,
even though the relative pointing within a subfield over
the course of one observation is calculated accurately us-
ing the model, there are errors in the absolute pointing
from observation to observation. To correct for these er-
rors, we compared the positions of bright AGN in the
95 GHz T maps of the individual subfield observations to
known positions (from the AT20G catalog, Murphy et al.
[22]). The measured positional offsets were used to cal-
culate corrections to the two pointing parameters known
to vary on these timescales, the pointing model was re-
calculated with these parameter corrections, and maps
were re-made. In a typical map, at least five sources are
detectable at greater than 10 ¢, and, with the corrected

7 As described in the beginning of Section III, we used the down-
sampled timestreams to the produce the mid-¢ maps, and the
Nyquist frequency is 38.2 Hz.
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parameters, the observation-to-observation pointing er-
ror is reduced to the few-arcsecond level.

5. Binning

After filtering each timestream and calculating the
pointing information of each timestream sample, we
binned the sample with an inverse-variance weight into
the corresponding pixel in two pixelization schemes. We
calculated the weight using the following equation and
used the same weight for every sample of a timestream:

1 In -1
wm=< —— /f PSD,(f) df) C®

where w;,, is the weight used in Equations 3, 5, and 6, and

PSD, (f) is the power spectral density of the timestream
from detector o to which the timestream sample ia be-
longs. We adjusted the limits of the integration, f; and
fn, for every scan so that they correspond to fixed lim-
its of ¢, at 320 and 4000, respectively.® We chose this
£, range to optimize the 1D TT and FFE noise spectra
of the resultant maps in the ¢ range [320, 4000], which
encompasses the range used in C25.

We binned the weighted samples to build two sets of
weighted T'/Q/U maps (Equation 5) and weight matrices
(Equation 6) for each subfield observation. One set uses
the HEALPix pixelization scheme with a typical pixel
size of 0/.43 (the resolution parameter Ngg. = 8192),
while the other set uses the Lambert azimuthal equal-
area projection (ZEA, a flat-sky projection, Calabretta
& Greisen [12]) pixelized with 0'.56 square pixels. We
used the HEALPix maps in C25 and O26 and the flat-
sky maps in G25. In the latter, the flat-sky maps were
downsampled by a factor of four to have 2’.25 pixels.

6. Other Pipelines

As described in the beginning of Section ITI, in addition
to the mid-¢ maps, other sets of maps have been produced
using the SPT-3G D1 timestreams to enable different
analyses. Those maps were produced using filter-and-bin
pipelines that have different high-pass and low-pass filter

8 The lower limit is slightly higher than the high-pass cutoff to
avoid including frequency components removed by the filter.



cutoffs, numbers of masked high-S/N objects, weighting
methods, and pixelization schemes.

For example, the low-¢ maps used in Z25 are a set
of HEALPix Ngge 2048 maps created with a minimal
high-pass filter (only a 10th-order polynomial and no si-
nusoids deprojected) and weights calculated from “pair-
differenced” timestreams instead of timestreams of indi-
vidual detectors.? These settings were chosen to optimize
the sensitivity to degree-scale polarization anisotropy. At
the other extreme are the discrete-source maps. These
maps were made in the ZEA projection with 0/.25 pix-
els and made with more aggressive high-pass filters to
reduce atmospheric 1/f noise. The high-pass filters in-
clude an FFT-based high-pass filter with ¢, . = 500 and
a common-mode filter that removes the mean timestream
over all the detectors in the same frequency band and
on the same detector wafer. These maps also have high-
S/N objects interpolated over before (instead of masked
during) filtering, which allows the high-pass filter to be
applied in Fourier space and faster.

As described in Section I, two datasets from SPT-3G
have been used to measure the TT/TE/EE and ¢¢ spec-
tra: the 2018 dataset and the 2019-2020 dataset (SPT-3G
D1). In Appendix B2, we highlight important changes
between the SPT-3G D1 mid-¢ maps and the 2018 coun-
terparts.

C. Coadded Maps

After producing the weighted T'/Q /U maps and weight
map matrix for each subfield observation and frequency
band (hereafter individual-observation maps) using the
filter-and-bin method and parameters described in Sec-
tions IITA and IIIB, we combined the individual-
observation maps to produce coadded T/Q/U maps. We
describe fives types of coadded T/Q/U maps that we
produced for different analysis tasks involved in the mea-
surements of the TT/TE/EE and ¢¢ spectra and show
full-depth coadds in a series of figures.

9 A pair-differenced timestream is the difference between the
timestreams from a pair of detectors sensitive to orthogonal po-
larization directions.
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1. Coadding Procedure

In general, we produce a set of coadded T/Q/U
maps by combining the individual-observation maps from
many observations through a weighted average as follows:

T(#) (T
Q)| =X wi@| Do lQr@ ]|, ©
U(n) / 7 \OY (R)

where the subscript ¢ on the left-hand side denotes the
coadded maps, T (7), QW (), and UW () are defined
in Equation 5, W(n) is defined in Equation 6, and the
index j on the right-hand side runs over individual ob-
servations. This coadding process is equivalent to bin-
ning the timestream samples from multiple observations
at once. In Z25 there is another step in the coadding
process, which is to measure noise power spectra of each
individual-observation @ /U maps and rescale the weight
map matrix for that observation accordingly to optimize
low-¢ noise.'” Hereafter, we call a group of three weight-
removed coadded maps in one frequency band produced
by Equation 9 (T(7), Q(7), and U(n)) a “coadd.”

To create the final mid-¢ coadds, we first combined
all the individual-observation maps to produce five
types of coadds for each subfield, which we call the
following: full, half, one-thirtieth, pre-null, and
signflip-noise.

All except the signflip-noise coadds were created
using Equation 9, with j running over different sets of ob-
servations. To produce the full coadd, which is the full-
depth signal coadd, we simply coadded all the individual-
observation maps. To produce the half coadd, which is a
pair of half-depth signal coadds, we randomly divided all
the individual-observation maps into two parts of equal
map weight and coadded the maps within each part. We
used the full and half coadds mainly to estimate coeffi-
cients needed to calibrate and clean all the coadds as de-
scribed in Section V. The one-thirtieth coadds, which
form a set of 30 partial-depth coadds, were produced in
the same way as the half coadds except that 30 parts
were used instead of two parts. Hereafter, we use the
term “bundle” to mean a partial-depth coadd. We used

10 This additional weighting step was introduced to mitigate corre-
lated low frequency noise between detectors from polarized at-
mosphere, which is not detectable in individual detector or pair-
differenced timestreams.



the one-thirtieth coadds to measure the TT/TE/EE
spectra through a cross-spectrum approach (C25, Sec-
tion IV D). To produce the pre-null coadds, which are
six sets of 50 bundles, we divided all the individual-
observation maps not randomly but in ways that allow
us to probe potential systematic errors in the SPT-3G
D1 data using the null tests described in Section VII.

The signflip-noise coadds retain the same noise
properties as the full coadds and were constructed with
two extra steps applied to the individual-observation
maps before coadding. In one step, to remove the astro-
physical signals in the individual-observation maps, we
subtracted the full coadd from them. In the other step,
to create many (500) full-depth noise coadds that have
different noise patterns, we multiplied the individual-
observation maps by a random sequence of +1s and —1s
when constructing each signflip-noise coadd.'! The
assignment of +1s and —1s used for each coadd was de-
termined by randomly permuting all the observations,
splitting the list of observations into two halves at a point
where the total weights of the two halves are nearly equal,
and assigning +1 to the first half and —1 to the second
half.'? For a given individual observation, the same sign
was used for all three frequency bands to retain the inter-
frequency noise correlation structure present in the full
coadds.

After producing the five types of coadds for each
subfield, we combined these subfield coadds to produce
the full-field coadds. For example, to produce the full-
field coadd for the fifth bundle of the one-thirtieth
coadds, we combined the fifth bundle from each sub-
field. Because two adjacent subfields have an overlap in
their non-uniform coverage regions, the overlapped re-
gion has the weighted average of the pixel values from
the two subfields. For the full, half, one-thirtieth,
and signflip-noise coadds, prior to combining the four
subfields, we calibrated and cleaned the subfield coadds
as described in Section V. For the pre-null coadds, we
combined the subfields without the calibration and clean-
ing steps because we did not expect the steps to signif-
icantly affect the null tests. We make the five types of

11 The way in which the weight map matrices associated with the
individual observations were used in these two steps is described
in Appendix B 3.

12 The total weight of each half is defined as the sum of all the pixel
values in the first diagonal element of the coadded weight map
matrix from each half.
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full-field coadds publicly accessible. The access informa-
tion can be found in Appendix A.

2. Full-depth Coadds

The full-field full and signflip-noise coadds serve
as a summary of SPT-3G D1 as they are a result of adding
the data from all the subfield observations. Here we show
some of the coadds and describe their characteristics us-
ing a series of figures.

The full coadds cover the target uniform coverage
region of the SPT-3G Main field with good uniformity.
Figure 5 shows a normalized version of the first diagonal
element of the weight map matrix associated with the
95 GHz full-field full coadd and a cross section of this
weight map. The weight map is a representation of the
noise variance in the pixels across the full field. All the
low-weight regions are outside the target uniform cov-
erage region as expected, and the median weight of a
subfield varies by less than 10% across the full field.

Two features of the weight map are noteworthy. First,
within each subfield, the weight has a gradient along dec-
lination. This is caused by the fact that the telescope scan
speed in right ascension is the same at different declina-
tion. As declination decreases, each scan covers a smaller
angular extent (~100 cos 0, where 100 is the angle cov-
ered in degrees in right ascension, and ¢ is the declination
of a scan), but the scan speed remains the same, so the
observing time per unit area increases, which causes the
weight per pixel to increase. Second, the several small
notches revealed in the cross section are caused by high-
S/N emissive sources. These sources are bright enough to
make non-negligible contributions to the variance of the
timestreams of the detectors that scan directly over the
sources, which causes a decrease in the weights. While
this is formally suboptimal, and will be fixed in future
mapmaking runs by masking sources when calculating
the variance on which the weights are based, the notches
have no practical effect on any downstream analyses.

Because of the scan-direction timestream high-pass fil-
ter, the CMB anisotropies in the full coadds are sup-
pressed along contours of constant declination. This can
be seen in Figure 6, which shows the T map of the
150 GHz mid-¢ full coadd and compares it with the
same region of the Planck PR3 full-mission 143 GHz T
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FIG. 5. The first diagonal element of the weight map matrix
associated with the 95 GHz full-field full coadd (top) and the
cross section of the weight map along the contour of constant
right ascension at 0" (bottom). The weight map is normalized
to its maximum value. The contours of constant declination
and those of constant right ascension in the top panel are the
same as the ones shown in Figure 2. In the bottom panel, each
gray dashed cross section is the weight map associated with
one subfield. The sum of the four gray cross sections is equal
to the black cross section.

map.'® The figure also compares the mid-¢ map with
its counterpart from the low-¢ mapmaking run (Sec-
tion IIIB6) conducted for Z25. While the low-¢ map
shows that we have access to large angular-scale CMB
fluctuations, we chose to remove them in the mid-¢ map-
making run to improve noise at small angular scales (Sec-
tion IIIB1).

13 The Planck map is the Stokes I map in the file HFI_SkyMap_
143-field-IQU_2048_R3.00_full.fits downloaded from Planck
Legacy Archive (https://pla.esac.esa.int/pla/).
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Another property of the high-pass filter is that, for
a sky in which the polarized signal is dominated by F
modes, the filter suppresses CMB @ anisotropy more
than U. Figure 7 shows a small region of the 150 GHz
full coadd in a Gnomonic projection. The fact that the
CMB polarization is dominated by the F-mode polariza-
tion means that the @ map in Figure 7 should have criss-
cross patterns along the horizontal and vertical directions
and that the U map should have diagonal crisscross pat-
terns. While the U map shows clear crisscross patterns
along the diagonal directions, the patterns in the ¢ map
are less obvious; horizontal stripes are not seen as clearly
as vertical stripes. This is again because of the high-pass
filter, which suppress anisotropies along the horizontal
direction.

To estimate the power spectra of the noise fluctuations
in the full coadd for each frequency band, we used the
signflip-noise coadds. Figure 8 shows one 150 GHz
signflip-noise coadd in the same small region as the
one used in Figure 7. While the dominant feature in the
T map is 1/¢ noise from the atmosphere, noise in the
Q/U maps resembles white noise. Average TT and EE
noise power spectra over all the 500 signflip-noise
coadds (after applying the calibration and cleaning steps
described in Section V) are shown in C25 (Figure 10).
From the spectra, we calculated the white noise levels of
the T" maps of the full coadds to be 5.4, 4.4, and 16.2
pK—arcmin in the 95, 150, and 220 GHz bands, respec-
tively, and calculated the white noise levels of the Q/U
maps to be 8.4, 6.6, and 25.8 pK-arcmin.

SPT-3G D1 is from a small but deep survey that com-
plements the shallower but wider surveys from Planck
and ACT. Table I compares the depth and observed sky
fraction of three datasets: SPT-3G D1, ACT DR6 [18],
and Planck PR3 [1]. While SPT-3G D1 covers only 4%
of the sky, it is three and eight times deeper than ACT
DR6 and Planck PR3, respectively.

Figure 9 shows the observed sky areas of the three
datasets and T'/Q)/U maps of a small region of the sky
in a Gnomonic projection (centered around right ascen-
sion at 0" and declination at —52.25°, approximately 8-
degree wide and tall) from each dataset in the frequency
band near 150 GHz.!* Because the SPT maps do not re-

14 The Planck maps were downloaded from Planck Legacy Archive
(https://pla.esac.esa.int/pla/). The maps are the 143 GHz
full-mission maps stored in the file HFI_SkyMap_143-field-IQU_
2048 R3.00_full.fits. The ACT maps were downloaded from


https://pla.esac.esa.int/pla/
https://pla.esac.esa.int/pla/
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FIG. 6. The T map of the 150 GHz SPT-3G D1 mid-¢ full coadd (top) and, for comparison, the same region of the Planck
PR3 full-mission 143 GHz T map (bottom left) and the 7" map of the 150 GHz SPT-3G D1 low-£ full-depth coadd. All the
maps are shown in the ZEA projection used in Figure 2, and the contours of constant declination and those of constant right
ascension shown here are the same as the ones shown in that figure. For the top panel, the gray scale ranges from —150 to 150
uK (approximately +4 o of the distribution of the pixel values of the mid-¢ map). For the bottom two panels, the range is from
—300 to 300 uK (approximately +4 o of the pixel values of the Planck map). The small box with white edges in the top panel

represents the small region shown in Figures 7 and 8.
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FIG. 7. The 150 GHz full coadd in a small region around the center of ell in the Gnomonic projection. This region is

approximately 9-degree wide and 3-degree tall (the small box with white edges shown in Figure 6). Each panel shows one of

the three Stokes parameters as indicated in the top left corner. The gray scale for each panel represents approximately +4 o of

the distribution of the pixel values in that region.

tain large angular-scale CMB anisotropies, to compare
only the common information present in all the maps,
we high-pass filtered the ACT and Planck maps using
the mock-observation pipeline described in Section ITID.
In addition, we applied an isotropic low-pass filter to
the high-resolution (Ngg4e = 8192) SPT and ACT Q/U
maps to remove the information at ¢ above 6143, which is
predominantly noise, and enhance the CMB. The lower-
resolution (Ngqe = 2048) Planck /U maps do not con-
tain information above this ¢ in any case. We did not

filter the T' maps because doing so creates visible Fourier
ringing around the high-S/N emissive sources. Although
the noise level of the Planck T map is low enough that
the CMB temperature anisotropy is imaged cleanly, that
is not the case for the polarization anisotropy. However,
significantly deeper maps of the polarization anisotropy
have been produced by SPT and ACT. The Q/U maps
from the two ground-based experiments show good con-
sistency visually, and the SPT maps show the E-mode
crisscross patterns more clearly.
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FIG. 8. A 150 GHz signflip-noise coadd in the same region and projection as those used in Figure 7. The gray scales represent

the same ranges of values as before so that the signal and noise are compared on the same color scale.

Two additional figures of coadds can be found in Ap-
pendix B4. One figure shows the T/Q/U maps of the
150 GHz full coadd, and the other figure is a ver-
sion of Figure 9 that compares large angular-scale CMB
anisotropies by using the original ACT and Planck maps
and replacing the SPT-3G D1 mid-¢ full coadd with the
low-¢ counterpart.

D. Simulations

To estimate the filter transfer function associated with
the mid-¢ mapmaking, we ran the filter-and-bin pipeline
on simulated timestreams. We call this process a “mock
observation.” We describe the general steps of a mock
observation and specifics of the mid-¢ mock observations.
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high-pass filtered to remove the large angular-scale information that the mid-¢ mapmaking removes.
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FIG. 9. A comparison of T/Q/U maps from SPT-3G D1



TABLE I. The depth and observed sky fraction of each of the
three datasets: SPT-3G D1, ACT DR6, and Planck PR3.

1

Sky fraction [%)] Depth [pK-arcmin]

SPT-3G D1 4 3.3
ACT DR6 45 10
Planck PR3 100 28

! The SPT-3G D1 depth is equal to \/ 1/ (32 wy), where

wy is the inverse square of the T white noise level in one
frequency band reported in Section IIIC2. The Planck
depth is calculated in the same way as the SPT-3G D1
depth, and the T" white noise levels used in the calculation
are the 100, 143, and 217 GHz numbers reported in Planck
Collaboration et al. [1, Table 4]. The ACT DR6 depth is
directly taken from Naess et al. [18] and is based on the
maps in the 98, 150, and 220 GHz bands.

1. General Steps

The input of a mock observation is a set of simu-
lated T/Q/U sky maps, from which we generate mock
timestreams. We combine the pixel values of the simu-
lated maps and the real pointing information of the de-
tectors during one subfield observation to create a mock
timestream for each detector and scan. Because a point-
ing sample generally does not coincide with any pixel
center, an interpolation method is used to estimate the
T/Q/U values of the simulated sky at an arbitrary point-
ing sample.

After we generate mock timestreams, we filter and bin
them in the same way as we did to the corresponding real
timestreams from which the pointing information was
used to generate the mock timestreams. We apply the
same filters to a mock timestream as were used for the
corresponding real timestream and bin the filtered mock
timestream with the weight calculated from the corre-
sponding real timestream. Then, we add the output maps
from multiple mock observations using the coadding pro-
cess of Equation 9 to create mock coadds.

2. Specifics

The input simulated T/Q/U maps used for G25, C25,
and 026 are HEALPix maps with Ngge = 8192 and
contain a combination of Gaussian realizations of the
CMB and foreground simulations and have information
up to £ = 16000. The unlensed CMB skies were cre-
ated using input power spectra generated with the Code
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for Anisotropies in the Microwave Background (CAMB!®
[23]) from the best-fit 2018 Planck cosmology.'® The
CMB skies were then lensed using LENSPIX [24]. The
foreground skies were created from power spectra mea-
sured from the Agora simulations [25], with the point
source masking threshold matched to that used in the
mid-¢ mapmaking. After the CMB and foreground skies
were added, they were smoothed by the measured tele-
scope beam (Section IV). We created 500 realizations of
simulated skies with these components. For the analy-
sis in 026, other custom sets of simulated T/Q/U sky
maps were created, including 250 realizations of skies for
which the lensing potential realization was identical but
the CMB realization different.

When generating the mock timestreams for every sky
realization, we used the detector pointing information
from the same 5% of the total number of observations. In
previous SPT analyses, we often ran mock observations
of all the individual observations, but with the larger de-
tector count of SPT-3G that becomes computationally
difficult. Internal studies showed that the filter transfer
function derived from mock observations converge at the
subpercent level with 5% of the total number of observa-
tions simulated, in part because of the highly redundant
and repetitive nature of SPT observing.

To estimate the T'/Q/U values of a simulated sky at
an arbitrary pointing sample, we used a bilinear interpo-
lation method based on the values of the four pixels that
are closest to a given pointing sample. This interpolation
in effect smooths the simulated maps, and the smoothing
is equivalent to an attenuation of the power spectra of the
simulated maps by the fourth power of the pixel window
function associated with the maps: C}"**"P = C’énmeg’y
where C’;npm is the power spectrum of a simulated T', Q,
or U sky, W, is the pixel window function, and Cénterp
is the power spectrum of the interpolated sky.'” Because
the smoothing effect caused by the interpolation does

15 http://camb.info
16 The input file is planck2018_base_plikHM TTTEEE lowl lowE_
lensing paramsini
17 The functional form of this attenuation can be understood using
a 1D toy model. From a smoothly varying function, to create a
piecewise function whose values at a set of grid points are equal
to the values of the smooth function but whose value at any
other point is the linear interpolation between the values at the
two closest grid points, three operations can be applied to the
smooth function. The first operation is to multiply the smooth
function by a (sampling) comb function, the second operation is
to convolve the resultant function with a top hat window whose


http://camb.info

not exist in a real observation, we corrected for the fac-
tor T/Vgl when using the mock-observation output maps
to estimate the filter transfer function.

When filtering the mock timestreams, even though we
did not add emissive sources and galaxy clusters to the
simulated maps, we still masked the samples of the mock
timestreams that correspond to the real locations of the
masked objects to simulate effects of the masking. We
also ran an additional batch of mock observations (on 110
out of the 500 realizations of the simulated skies) in which
we did not mask the mock timestream samples to further
investigate the effects. As was the case with binning the
real timestreams, we binned the mock timestreams using
two pixelization schemes: HEALPix Ngqe 8192 and flat-
sky 0’.56 square pixels.

We make the 500 realizations of input simulated sky
maps and the associated mock-observation output coadds
publicly accessible. We also include the output coadds
obtained from the additional batch of mock observations
run on the 110 realizations without the point source
masking. The access information can be found in Ap-
pendix A.

IV. BEAM AND FILTER TRANSFER
FUNCTION

The coadded T/Q/U maps described in Section IITC
are biased with respect to the true temperature and po-
larization anisotropies of the mm-wave sky. Two impor-
tant biases are related to the point-spread function of the
telescope (often called the “beam”) and the timestream
filtering. Each bias can be expressed as a function of ¢
by which the power spectra of the true anisotropies are
multiplied. We describe each bias only briefly in this sec-
tion (Sections IV A and IV B), and more details can be
found in C25 (Sections IV A and IV B), Huang et al. (in
preparation), and Hivon et al. (in preparation).

We make the biases as functions of ¢ publicly accessible
along with the coadds. The access information can be
found in Appendix A.

width is equal to the spacing of the comb, and the third operation
is to repeat the convolution. The last two operations create the

fourth power of the pixel window function.
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A. Beam

For the beam, the function that we make publicly ac-
cessible is the SHT- or ¢-space beam, By, which is the
square root of the ratio of the power spectrum of the
diffraction-smoothed sky to that of the true sky. The
procedure and results of the SPT-3G By estimation are
described in detail in C25 (Section IV B) and Huang et
al. (in preparation). Here we summarize the procedure.
We also highlight the effort to understand how B, may
differ between temperature and polarization signals.

Following the strategy used with data from SPT-SZ
(e.g., [26]), we estimated the SPT-3G beam for each fre-
quency band independently using a combination of two
types of astrophysical sources: planets observed through
dedicated observations and bright AGN in the SPT-3G
Main field. In 2019 and 2020, we conducted nine ob-
servations of Saturn, in which the coverage was dense
enough that every detector fully observed the planet.
These observations would be sufficient for estimating the
beam, except that power from Saturn loads the detec-
tors enough to change their responsiveness and time con-
stants, resulting in nonlinear and slowed response to op-
tical power. To correct for this, we made Saturn maps
using only the approaching parts of the timestreams of
each detector and stitched these planet maps with maps
of bright AGN in the SPT-3G Main field. The final By
for each frequency band was estimated from 2D Fourier
transforms of the stitched maps, and the uncertainty on
By was estimated from cross-spectra under variations of
several systematic parameters, including which Saturn
observation and bright AGN were used.

In most previous SPT power spectrum analyses includ-
ing polarization, we assumed that the polarization beam
is identical to the total intensity or temperature beam,
but we revisited this assumption in recent works. In G25,
we recognized that the assumption is not physically well-
motivated because beam sidelobes are unlikely to retain
100% coherent polarization. In G25 and C25, we con-
structed a beam model with a main beam that is derived
from physical optics modeling and sidelobes that are the
residual between the main beam and the measured tem-
perature beam, and we included the depolarization of
the sidelobes in the fit of the power spectra to cosmol-
ogy. This modification resulted in better interfrequency
agreement in the measurements of the TT/TE/EE spec-
tra reported in C25 and better agreement in the con-
straints on cosmological parameters estimated from the



spectra separately. However, in a more recent work, de
Haan et al. [27], we used polarized point sources to mea-
sure the polarization beam and found minimal sidelobe
depolarization. This suggests that the model of sidelobe
depolarization used in G25 and C25 may be too simple to
capture the behavior over the full range of ¢ from CMB
to point-source scales.

B. Filter Transfer Function

For the timestream filtering, the function that we
make publicly accessible is the filter transfer function, Fp,
which is the fraction of the power of the true anisotropies
at each ¢ that still remains after the timestream filter-
ing. The procedure and results of the Fy estimation for
the mid-¢ filtering are described in detail in C25 (Sec-
tion IVA) and Hivon et al. (in preparation). Here we
briefly summarize the procedure and provide an approx-
imate analytical expression of the transfer function.

As prescribed in Hivon et al. [15, Section 3.6], the Fy as-
sociated with given timestream filtering can be estimated
by comparing the power spectra of the output maps pro-
duced by mock observations simulating the filtering with
the power spectra of the input maps. We used the 500
sets of input and output maps described in Section IIID
and additional 2000 sets of maps produced by a simpli-
fied but faster mock-observation pipeline (the Quickmock
pipeline described in C25) for the estimation.

Given the SPT-3G scan strategy and the mid-¢ filter-
ing, the 2D transfer function, which is the fraction of
power retained in each (¢, £,) bin after the filtering, has
a simple form in the Sanson-Flamsteed (SFL) projection
[12], and azimuthally averaging the 2D function results
in an approximate analytical expression for F,.'® In this
projection, map rows are at constant declination, and
map columns are at constant A« cos d, where ¢ is declina-
tion, and A« is the offset in right ascension from the map
center. The sinusoid-subtraction part of the high-pass fil-
ter results in a Heaviside function H at £, . up = 300,
and the low-pass filter results in exp [—2(¢; /s ., tp)]
with £; . rp = 13000. Therefore, the 2D transfer function
is approximately a pure function of £,.'° Azimuthally av-

18 ¢, and £y are the Fourier conjugates to the map x and y coordi-
nates, respectively.

19 The effect of the polynomial subtraction is not a Heaviside func-
tion but is much smaller than the effect of the sinusoid subtrac-
tion. In addition, the effect of the masking is not considered here.
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eraging the 2D transfer function, we obtain the following
when ¢ < éLC, LP:

Fy=H{l— "0y cup) %arccos (&CKHP> ) (10)
This function increases from 0 at £ = 300, reaches 0.6 at
£ =500, and 0.9 at ¢ = 2000.

In other flat-sky projections and in spherical harmonic
space, the 2D transfer function is less easy to model be-
cause the filtering is generally a function of position in the
map.2? For example, in spherical harmonic space, if the
sphere is oriented in the equatorial coordinate system, the
timestream filters act on constant-declination HEALPix

rings with declination-dependent high-pass and low-pass
cutoff values in m.

V. MAP CALIBRATION

As briefly described in Section III C 1, after producing
the full, half, one-thirtieth, and signflip-noise
coadds for each subfield and frequency band, we cali-
brated and cleaned the subfield coadds before combining
them to produce the full-field coadds. We used the full
and half coadds to estimate the calibration and clean-
ing coefficients and used the same coefficients for all four
types of coadds. The calibration and cleaning were done
to reduce known biases in the coadds.?!

The known biases are caused by the fact that we do
not have accurate values of detector properties for every
detector, and we use nominal or ideal values when bin-
ning timestreams in mapmaking. The detector properties
in question are the gain, polarization angle, and polariza-
tion efficiency of a detector. We expand Equation 1 by
including the gain and polarization efficiency as follows
(again after [16]):

Ia(R) =5 {T () + 572

[Q(R) cos 21, + U(n) sin 2¢,4]},

(11)

20 Tn spherical harmonic space, by 2D transfer function we mean

the fraction of power retained in each (¢, m) mode.
21 Tn fact, G25 used a version of the full-field coadds that did not

have these steps applied but included the biases into the forward
model (G25, Appendix B). C25 used the full-field coadds that
had these steps applied and then marginalized over the uncer-
tainty on the calibration and cleaning parameters in the cosmo-
logical parameter fitting.



where g, and 7, are the gain and polarization efficiency
of detector «, respectively. The gain is an attenuation fac-
tor connecting the intensity of incoming radiation from
the sky to the intensity actually absorbed by the detec-
tor. The polarization efficiency ranges from 0 (insensitive
to polarized radiation) to 1 (sensitive to radiation along
only one polarization direction).

Because accurately measuring the gain, polarization
angle, and polarization efficiency of every detector is not
feasible, we let the inaccuracies in the values of individual
detectors’ properties used for binning their timestreams
propagate through the mapmaking and correct for the
collective effects of the inaccuracies over the full detector
array at the level of the coadds through a series of map
calibration and cleaning steps. For the mid-¢ maps, we
applied four steps. The first two steps are related to the
gain (Sections VA and VB), the third step is related
to the polarization angle (Section V C), and the fourth
step is related to the polarization efficiency and angle
(Section VD).

A. Gain Calibration

In the first step, we corrected for an effect of the
nonzero average of the miscalibrations of the detector
gains over all the detectors for each frequency band. For
each coadd, we multiplied the T/Q/U maps by the same
calibration factor.??

The miscalibration of the gain of a detector (and thus
its timestreams) was caused by inaccuracies in our esti-
mates of the flux densities of the HII regions measured
by that detector. Both HiI regions used to calibrate the
SPT-3G D1 timestreams (RCW38 and Matba) were also
observed regularly in the SPT-SZ survey, and maps of
the HiI regions were produced from SPT-SZ data using
an absolute calibration of SPT-SZ timestreams based on
Planck maps [28, 29]. If the SPT-3G frequency bands
and beams were identical to those of SPT-SZ or if the
spectra of the HII regions were identical to the deriva-
tive of a 2.7 K blackbody spectrum, we would expect the
“out-of-the-box” SPT-3G calibration with the SPT-SZ
HiI region maps to be accurate at subpercent levels.?3
In reality, those conditions are not met, and we expect

22 Following Section ITIC 1, we continue to call a group of three
weight-removed coadded maps (T'(7), Q(#), and U(f)) in one
frequency band produced by Equation 9 a coadd.

23 The Planck calibration in total intensity, which is based on the
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the timestream calibration based on each Hir region to
be inaccurate at the 5-10% level. This causes a common
multiplicative bias in all the coadded T, ), and U maps
for each subfield and frequency band.

We estimated the calibration factors needed to cor-
rect for the multiplicative biases by cross-correlating
maps. For each subfield, we first cross-correlated SPT-
3G 150 GHz maps with the part of a Planck 143 GHz
map covering that subfield to estimate the 150 GHz cali-
bration factor. Then, we cross-correlated SPT-3G 95 and
220 GHz maps with 150 GHz ones to estimate the 95 and
220 GHz calibration factors. We now describe details of
the estimation of these calibration factors.

We estimated the 150 GHz calibration factor, gcal, 150,
by finding a best-fit constant for a binned cross-spectrum
ratio that is flat in £ as follows:

T

Ci 150x143 Be,150 We, 150 (12)
9

£,150x 150 Bl, 143 W@, 143

G ,
Rb, 150 = Fbe (CTT

T -1
X?50($) = (31?,150 — ) (EbG) (35150 —z), (13)

Jeal, 150 = arg mzin Xis0(2), (14)

where Py is a binning operator, which acts on the prod-
uct of the three ratios of functions of ¢ shown within the
parentheses in Equation 12, Rgf 150 1s the resultant binned
ratio, which is flat in £, 3§ is the covariance matrix asso-
ciated with ngo’ x is a constant whose difference from
lelso was used to construct a x2, and Jeal, 150 1s the
value of x that minimizes the x2. We now describe these
quantities.

The leftmost ratio within the parentheses is the ratio of
two T'T" spectra and central to the estimation of gecar, 150-
In this ratio, in effect we divide a Planck 143 GHz T
map by an SPT-3G 150 GHz T map in ¢ space to find an
f-independent calibration factor that corrects the SPT-
3G calibration so that it matches Planck’s. The numera-
tor is the cross-spectrum between the SPT-3G 150 GHz
full 7" map and a filtered version of the Planck 143 GHz
full-mission 7" map, and the denominator is the cross-
spectrum between the two SPT-3G 150 GHz T maps
from the pair of half coadds. We created the filtered

annual modulation of the CMB dipole from the Earth’s motion
around the Sun, has an estimated uncertainty of 0.07% (in ampli-
tude) in the 143 GHz band [30], and the SPT-SZ calibration us-
ing Planck maps and interfrequency comparisons has estimated
uncertainties of 0.26%, 0.17%, and 0.48% in the three frequency
bands [29].



Planck map by mock-observing the original Planck map.
This way, all four maps involved in the ratio have the
same SPT-3G filter transfer function, so gcal, 150 is not
biased by the filtering. Because the two half T maps
used in the denominator have uncorrelated noise, using
the cross-correlation of the two maps instead of the au-
tocorrelation of the full 7" maps avoids biasing gcal, 150
by the autospectrum of the noise in the full 7" map.

We used PolSpice?* [31, 32] to calculate each T'T spec-
trum (and all the spectra that appear elsewhere in Sec-
tion V). The apodization mask that we supplied to the
program has tapers near the borders of each subfield and
covers the galaxy clusters and emissive sources masked in
the timestream high-pass filter. (Tapers also exist around
the holes covering the objects.) When cross-correlating
SPT-3G and Planck maps, we used the masking radii six
times larger than the ones used in the high-pass filter
because of the larger Planck beam.

The ratio of the two TT spectra is not flat across £
because the SPT-3G and Planck maps are smoothed by
different beams and pixel window functions, and we cor-
rected for the differences using the other two ratios within
the parentheses. By 150 and By, 143 are the SPT-3G and
Planck beams, respectively. Wy 150 is the pixel window
function associated with the SPT-3G map, and Wy, 143 is
the product of the pixel window function associated with
the unfiltered Planck map and the pixel window function
introduced by the bilinear interpolation used in the mock
observations.

After obtaining a flat cross-spectrum ratio with the
corrections, we binned the ratio in the ¢ range between
600 and 1200 with the uniform bin width 30 and chose
the constant that minimizes the x? shown in Equation 13
as geal, 150- We estimated the covariance matrix used for
the x2 calculations by using 20 simulated cross-spectrum
ratios. To create a set of four simulated maps to calculate
a simulated cross-spectrum ratio, we generated a signal-
only T sky as the starting point. We then smoothed
it with the Planck beam, mock-observed the smoothed
sky, and added a Planck FFP10 noise map to the mock-
observed sky to create a simulated Planck map. We also
smoothed the signal-only T sky with the SPT-3G beam,
mock-observed the smoothed sky, and combined it with
one full-depth and two half-depth signflip-noise T
maps to create three simulated SPT-3G maps.

24 http://www2.iap.fr/users/hivon/software/PolSpice/
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We estimated the 95 and 220 GHz calibration factors,
Jeal, 95 and geal 220, using the same method as the one
shown in Equations 12-14 except that the product of the
ratios of functions of ¢ has additional terms related to
cross-correlating a 95 or 220 GHz T' map with a 150 GHz
one as follows:

T
G ,150x143 B 150 We, 150
RG _p Cy By W,
by = b\ ATT x

2,150 150 By, 143 We 143 (15)

T
Ciis0x150 Br,w
TT )
Cz, 150X v By, 150

where CZ T s, 18 the cross-spectrum between a 150 GHz
half 7T map and the 95 or 220 GHz half T map from
the other half of the dataset,?® By , is the 95 or 220 GHz
beam, and the other terms are the same as the ones
appearing in Equation 12. The additional terms repre-
sent the ratio of the 95 or 220 GHz calibration and the
150 GHz calibration. Because SPT-3G maps are deeper
than Planck maps, comparing the 95 and 220 GHz maps
with the 150 GHz map internally within SPT-3G pro-
duces more precise calibration factors for 95 and 220 GHz
than calibrating these bands to the corresponding Planck
bands directly.

One potential concern with comparing different fre-
quency bands is the effect of foreground emission. If
the foreground power is equal to some fraction 1 of the
CMB anisotropy power at a given ¢ in the 150 GHz au-
tospectrum, and the power differs between 150 GHz and
one of the other bands by a factor p, we would expect
CZ?50x150/CZ{50xu to be biased by a factor n,/p. In the
£ range used for the calibration, we expect that the biases
are not significant, which is confirmed by simulations us-
ing Agora.?® These biases are smaller than the statistical
uncertainties on the calibration factors.

Table IT shows the g., and its uncertainty for each fre-
quency band and subfield. All the g., values are within
10% of unity, which is consistent with our expectation of
the HII region calibration. The uncertainty on each gca;
is the 68% confidence interval obtained from the process
of minimizing the x2 to determine that gea, and the un-
certainty reflects the noise fluctuations in the SPT-3G

25 Cross-correlating a 150 GHz full 7 map with the full T map
from another band would create a noise bias because of correlated
noise between the frequency bands.

26 In the £ range between 600 and 1200, the maximum expected
bias on the calibration correction is < 0.5% in the 220 GHz band
and much lower in the 95 GHz band.
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and Planck maps used to calculate the cross-spectra. We
used each g., to calibrate all the subfield full, half,
one-thirtieth, and signflip-noise coadds for the rel-
evant frequency band as follows:

T(ﬁ) gear 0 0 T(ﬁ)
Q(ﬁ) = 0 YGcal 0 Q(ﬁ) ’ (16)
o), \o 0 gu) \U@®),

where the subscripts 0 and 1 denote the coadds before
and after the gain calibration step, respectively.

Finally, we clarify the differences between the nota-
tions used in this work and those used in G25 and C25.
The three calibration factors Tpn’, crnal> Teal.internals 0d
T2 ternal described in G25 (Appendix B) are the same
as the calibration factors geal, 150, 9eal, 95, and geal, 220 de-
scribed in this work. On the other hand, the three nui-
sance parameters A%}, Aizll’%, and Azzll’mo in C25 are
equivalent to the inverse of geal, 150, Yeal, 95/9cal, 150, and
Jeal, 220/ Geal, 150 because it is the power spectra of theoret-
ical models instead of real data that are multiplied by the
nuisance parameters and because the two nuisance pa-
rameters with the superscript “rel” represent the relative
calibration of 95 and 220 GHz with respect to 150 GHz.
In C25, when choosing the width of the prior for A%
to constrain cosmology using the full set of 7T /TE/EE
spectra, we added two numbers in quadrature to obtain
the chosen width 0.0036. One number is the combined
uncertainty from the four subfield values in the 150 GHz
band shown in Table II (0.0026), and the other number

is an uncertainty on the Planck calibration (0.0025).

B. Monopole T-to-P Leakage Removal

In the second step, we corrected for an effect of the
nonzero average of the differential gain miscalibrations
among detectors sensitive to different polarization direc-
tions for each frequency band. For each coadd, we sub-
tracted copies of the T map (multiplied by coefficients
much smaller than unity) from the /U maps.

If individual detector gains are misestimated by differ-
ent amounts, the T information does not properly cancel
in the estimate of the @/U maps, so the T information
“leaks” into the /U maps. We call this type of leak-
age the “monopole T-to-P leakage” because it couples
to T itself rather than some orders of derivatives of T
(see, e.g., [33] and Section IV B2 of C25 for descriptions
of higher-order leakage). The monopole T-to-P leakage
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TABLE II. The gain calibration factor, gca1, for each subfield
and frequency band.

95 GHz 150 GHz 220 GHz
el0 1.058 £ 0.004 1.013 £ 0.004 0.986 + 0.009
ell 1.068 £ 0.003 1.033 £ 0.003 0.999 + 0.008
el2 1.071 £ 0.003 1.001 £ 0.004 1.002 £ 0.007
el3 1.081 + 0.007 1.014 £ 0.008 1.007 £ 0.009

adds a scaled copy of T to the true Q/U in actually mea-
sured Q/U as follows:

Qmeasured = 6Q,I‘ + Qtrue7 (17)
Umeasured = GUT + Utrue7 (18)

where €g and ey are the leakage coeflicients.

For random gain miscalibrations for individual detec-
tors (and equal weights among detectors), the induced
monopole T-to-P leakage is of order o¢/ V'N, where o
is the typical (differential) gain miscalibration, and N
is the number of detectors contributing to the maps. For
SPT-3G, with approximately four thousand detectors per
frequency band and gain miscalibrations at the level of
several percent, the effect from random gain miscalibra-
tions is negligible.

What can cause non-negligible leakage is gain miscali-
brations correlated with polarization angles. While fabri-
cation effects could cause this, the most straightforward
mechanism is nonzero polarization of the HII regions,
which we use as calibration sources assuming they are
unpolarized. In 725, for each pair of detectors that are
sensitive to orthogonal polarization directions and are in
the same pixel of the full detector array, the relative gain
between the two detectors was adjusted so that their re-
sponses to the elevation nod (Section II1B) preceding a
subfield observation were the same in units of CMB fluc-
tuation temperature. The quiescent emission from the at-
mosphere at SPT-3G frequencies is mostly unpolarized,
and it was found that this gain correction produced maps
with no detectable level of the monopole T-to-P leakage,
reinforcing the notion that source polarization is the pri-
mary cause. While eliminating the leakage is desirable,
having this response matching as a mapmaking step ne-
cessitates cutting ~2000 detectors across the three fre-
quency bands that do not form complete pairs. For the
analyses planned to be done on the mid-¢ maps, that
level of data volume loss counteracts the advantage of
the leakage suppression.



To estimate the coefficients to multiply the T maps
by before subtracting from the /U maps, we used the
following model based on Equations 17 and 18:

TQ T
Cz hixh2 = 6Q Ce hixh2 T 6Q ec? (19)

£, mock’

Ce,hlxm = €U Ce, h1xh2s (20)

where CZ%X}IZ and C’Z U o are the cross-spectra be-
tween a half T map with the half @@ and U maps
from the other half of the dataset, CeTglth is the cross-
spectrum between the two half T maps, e T and e

are the leakage coefficients, Cé mock 1S an estlmate of the
TQ cross-spectrum from the CMB, which we obtained by
averaging the T'Q) cross-spectra of mock-observation out-
put maps over multiple realizations of the sky, and EgQ
The half maps

used here had the gain calibration applied. The parame—

is a coefficient associated with Ce ook

ters of interest are the monopole leakage coefficients eQ

T? is a nuisance parameter (with the ex-

and €7, and €
pectation value of unity).

As described in Dutcher et al. [9, Section IV G 2], the
expected 2D TQ/TU spectra of the CMB are nonzero
because of the CMB TE spectrum, but the 1D T'Q/TU
spectra (averaged over m) are expected to be zero for
isotropic weighting and no filtering of the different m
modes. For the mid-¢ timestream filtering, we still expect
the T'U spectrum to be zero but not for the T'Q) spectrum.
This is illustrated in Figure 10, which shows that the TU
spectrum is consistent with zero for both a simulated sky
and the mock-observed sky, but the T'Q spectrum be-
comes nonzero after the mock observations (timestream
filtering). Compared with the mock-observation output
TQ/TU spectra, the spectra from the real data show ex-
cess power, which indicates T-to-P leakage. Given the
nonzero 1'Q) spectrum from the CMB, we included the

expectation spectrum, C’Z in the TQ part of the

mock?
model.

From the model in Equations 19 and 20, we con-
structed a x? function from a binned version of each
equation and found the values of the three e parame-
ters that minimize the sum of the two x2 functions. The
x? function associated with Equation 19 is the following:

X%Q(€5T765Q) = Z 021 X
b "bhTQ (21)

b, mock

TQ TT ~TT
(Ob,hlth —€Q Cb, hixh2 —
where

(Cb f><f> +Cy fxbe fxf
(2& + 1)fskyAf

2 _
b, 7Q =

(22)
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FIG. 10. Example binned T'Q/TU spectra from simulated
maps (mock observation input and output maps) and real-
data maps.

The terms in the numerator of the summand in Equa-
tion 21 are a binned version of the terms in Equation 19.
We binned the spectra in the ¢ range from 500 to 2000
with the uniform bin width 15. For O’i 7¢q the terms in
the numerator of Equation 22 are the T'Q), TT, and QQ
spectra calculated from the T/Q/U maps of the full
coadd, fuy is the sky fraction of a subfield, and A/ is
the bin width. This expression for the variance is based
on Tristram et al. [34, Equation 28]. Similarly, the x?
function associated with Equation 20 is the following:

1
XTU(egU) = Z o2 x
v O (23)

TU 2
(Cb,h1xh2 6U Cb h1><h2) )
where

2 . (Cb f><f> Cb fxf Cb fxf
0, TU = (20, + 1) forey AL

(24)

The x? minimization process used to determine the leak-
age coefficients was in fact combined with a similar pro-
cess used to determine a bias related to detector polariza-
tion angles described in the next section (Section V C) for
computational convenience, and practical aspects of the



combined minimization processes are described in that
section.

Table III shows the values of e/,” and ¢V that mini-
mize the sum of Equations 21 and 23 and the uncertain-
ties on the values for each frequency band, subfield, and
Stokes parameter. The uncertainties are the 68% confi-
dence intervals obtained from the x? minimization pro-
cess. For each Stokes parameter and frequency band, the
four leakage coeflicients tend to form two groups: the val-
ues for €10 and ell are close to each other and form one
group, and the values for €12 and el3 form the other
group. This grouping is consistent with the scenario in
which the monopole T-to-P leakage arises from partial
polarization of the HII regions used for the detector gain
estimation because 10 and el1 use RCW38, while el2
and el3 use Matba. We used each set of egT and egT
to clean all the subfield full, half, one-thirtieth, and
signflip-noise coadds for the relevant frequency band

as follows:
T () 1 00\ (T(n)
Q)| =|[-e" 10| Q@) | , (25
u@)), \-<" 01) \U)

where the subscripts 1 and 2 denote the coadds that have
the gain calibration applied (Equation 16) and the coadds
that further have the monopole T-to-P leakage removed,
respectively.

C. Polarization Angle Calibration

In the third step, we corrected for an effect of the
nonzero average of the miscalibrations of the detector po-
larization angles over all the detectors for each frequency
band. For each coadd, we applied a 2x2 rotation matrix
to the Q/U maps.

As shown in, e.g., [33] and [35], a nonzero average of
the miscalibrations of the polarization angles over all the
detectors contributing to a set of /U maps causes a
mixing of /U anisotropies in the form of a rotation as
follows:

Qmeasured = Qtrue COs 2A¢ + Utrue sin QA%/% (26)
Umeasured = _Qtrue sin 2A7/f + Utrue COs 2A/¢v (27)

where At is the average miscalibration angle. This mix-
ing in turn causes a mixing of E- and B-mode polar-
ization anisotropies and causes nonzero TB/EB spec-
tra, which should be zero in the absence of cosmological
parity-violating effects.
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TABLE III. The monopole T-to-P leakage coefficients, egT
and €57, expressed as percentage for each subfield and fre-
quency band. The rows labeled by @ and U list values of
egT and €57, respectively. The rightmost column shows the
Hir region used to calibrate the timestreams for each subfield,
where “R” and “M” represent RCW38 and Matba, respec-
tively, to indicated the grouping of the leakage coefficients by

the sources.

95 GHz 150 GHz 220 GHz Cal

el0 | 0.25+0.06 0.26 £0.06 0.26 £ 0.10 R
ell | 0.31 £0.07 0.30 £0.06 0.38 £0.10

© el2 | 0.76 £0.07 094 £0.06 1.86 + 0.09 M
el3 | 0.65+0.08 0.88+0.08 1.81+0.11

el0 | 0.54 £0.05 0.72 £0.04 0.81 £ 0.08 R
U ell | 0.60 £0.05 0.70£0.04 0.65 %+ 0.09

el2 | 0.89 £0.05 1.30+£0.05 1.11 £ 0.09 M
el3 | 087 +0.06 1.18+0.06 1.32+£0.10

Although we know to a high degree of accuracy the
physical alignment of the antenna connected to each de-
tector with respect to the silicon wafer on which the de-
tector is fabricated, there are two effects that could cause
miscalibrated polarization angles. First, it is possible that
we misestimated the alignment between each wafer—or
the full detector array—and the locally defined polar-
ization coordinate system, either through a mechanical
misalignment or an incomplete understanding of the po-
larization properties of the optical system.

The second effect is related to the fact that the sinu-
ous antenna design used for SPT-3G is known to have
a property whereby the effective polarization angle of
the antenna rotates relative to the physical alignment
of the antenna in a frequency-dependent manner. More
information on this “polarization wobble” effect can be
found in S22 (Section 4.1) and [36]. The direction of the
polarization wobble can be reversed by flipping the he-
licity of the antenna, and each SPT-3G detector wafer
was designed with an equal number of “left-handed” and
“right-handed” detectors, which should on average can-
cel the polarization wobble contribution to the average
angle miscalibration, but it is also possible that incom-
plete understanding of this effect, or an unequal number
of left- and right-handed detectors surviving the data-
quality cuts, could cause a residual contribution.

To estimate the angle by which we need to rotate the
Q/U maps to correct for the mixing, we followed the



method proposed in [35] and found the angle that causes
the amplitudes of the EB/T B spectra to be closest to
zero by minimizing a x? function. The variable of the x?
function is At)¢a1, which is an angle applied to measured
@ /U maps and equivalent to —A in Equations 26 and
27. For a given value of At).,1, we obtained rotated Q/U
maps as follows:

Q = Q' cos 2Ae — U’ sin 2Av,1,
U = Q' sin 2A¢ca + U’ cos 2A1ca1,

where Q'/U’ on the right-hand sides are the maps from
the full and half coadds that had the first two steps of
calibration and cleaning steps applied, and Q/U on the
left-hand sides are the corresponding rotated maps. We
used binned spectra calculated from the rotated maps (in
the ¢ range from 500 to 2000 with the uniform bin width
15) to calculate the x? for the given value of At)ea as

follows:
(CEB 2 OTB 2
) b,h1><h2> ( b,h1><h2>
X" = , (30
Zb: 057 EB Uz%, TB
where
2
(CEE«) +CEE. CBEs
Uz? EB = ) (31)
’ (26, + 1)fskyA€
2
. (clBe) +Clt.cPE,
Oy, TB = (32)

(20, + 1) fay AL

The notations used in Equations 31 and 32 are similar to
those used in Equations 22 and 24.

The process of minimizing the x2? function in Equa-
tion 30 was in fact combined with the process of mini-
mizing the functions in Equations 21 and 23 for computa-
tional convenience. We used one MCMC (Markov Chain
Monte Carlo) run to find the minimum of the sum of the
three x? functions in the 4D parameter space (e, €/;",
egQ, and Atpe,)) through an emulator. To build the em-
ulator, we generated 100 points in the parameter space
through Latin hypercube sampling. For each point, we
used the corresponding egT and €T values to calculate
the x2 values in Equations 21 and 23. We also subtracted
the corresponding scaled copies of the gain calibration-
applied full and half T maps from the Q/U maps,
rotated the resultant Q/U maps by the corresponding
angle, and calculated the x? in Equation 30. Then, we
supplied the total x? and the associated spectra for each
point to the software CosmoPower [37] to train the emu-
lator. The trained emulator provided predictions of the
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EB/TB spectra of rotated maps at different points in
the 4D parameter space.

Table IV shows the value of A, determined from
the x? minimization process for each frequency band
and subfield. As in the previous two tables, the uncer-
tainty corresponds to the 68% confidence interval. These
angles are defined using the TAU convention instead of
the COSMO convention. For each frequency band, we
deemed the spread of the four values not large enough to
indicate significant discrepancies between the subfields
and decided to use the inverse-variance weighted average
of the four angles to rotate the QQ/U maps for all the sub-
fields. The average angle, Atcal, avg, i shown in the last
row. The same operation that we applied to the full,
half, one-thirtieth, and signflip-noise coadds for
all the subfields is the following:

T(n) 100 T ()
Q)| =10c¢ —s Q)| , (33)
U(n) 5 0s ¢ U(n)

where ¢ = cos 2A%cal, avg; 5 = Sin 2A%cal, ave, and the
subscripts 2 and 3 denote the coadds produced by the
monopole T-to-P leakage removal step and the coadds
that further had the @Q/U rotation applied, respectively.

A nonzero average polarization angle miscalibration is
primarily an issue for measurements of the B-mode polar-
ization anisotropy, as the F-mode polarization anisotropy
is orders of magnitude stronger, so leakage of the B-mode
signal into E modes is far less of an issue than the re-
verse.2” Because C25 did not estimate the BB spectrum,
the third calibration and cleaning step defined here is
not strictly necessary for that analysis. The lensing anal-
yses using these maps do, however, require clean B-mode
maps, and we decided to use the cleaner, rotated maps
for the analysis in C25 as well.

A connection between the monopole T-to-P leakage
removal step and the QQ/U rotation step is worth noting.
We performed these two steps serially, with the implicit
assumption that the two steps commute (i.e., the order in
which they are performed does not matter). From the x?
minimization process, we found little correlation between
the leakage coeflicients and the rotation angle, which sup-
ports this assumption. However, if the rotation angle were

27 The miscalibration also reduces the E-mode amplitude, but this
effect goes as the square of the miscalibration (for small mis-
calibrations) and is in any case corrected for in the polarization
amplitude recalibration step described in the next section.



TABLE IV. The Q/U rotation angle, Atca1, for each sub-
field and frequency band expressed as degrees. The averages
over the four subfields for each frequency band, Atcal, ave,
are shown in the last row. The uncertainty on Atcal, ave is
the combined uncertainty from the four angles.

95 GHz 150 GHz 220 GHz
el0 0.36 £ 0.06 0.29 + 0.05 —0.65 £ 0.23
ell 0.46 £ 0.06 0.36 £ 0.05 —0.70 £ 0.24
el2 0.57 £ 0.07 0.50 £ 0.05 0.09 £ 0.27
el3 0.53 £ 0.08 0.45 £+ 0.06 0.34 £ 0.30
Avg. 0.46 £ 0.03 0.39 £ 0.03 —-0.32 £ 0.13

much larger, we would need to modify the model for the
leakage in Equations 19 and 20 so that C’Z Y o contains
a term proportional to CZQ . to reflect the @ /U mixing.

moc.

D. Polarization Amplitude Calibration

In the final step, we corrected for an effect of the
nonzero average of the miscalibrations of the detector
polarization efficiencies and the rms variation of the mis-
calibrations of the detector polarization angles for each
frequency band. For each coadd, we multiplied the Q/U
maps by the same calibration factor.

During the mapmaking, we assumed that ~, = 1
(Equation 11) for every detector when binning their
timestreams for simplicity, which means that no detec-
tor has cross-polarization coupling, but this is not the
case in reality. Pre-deployment lab measurements of se-
lect detectors indicated few-percent coupling, and the as-
sumption of the perfect polarization partially caused the
resultant /U maps to have lower levels of CMB polar-
ization anisotropy than the true sky.

If the average polarization angle miscalibration is zero,
the @Q/U mixing described in Section V C is absent, but
the amplitudes of Q/U are still suppressed relative to the
true sky by a factor related to the rms variation in the
miscalibrations of the polarization angles. This scenario
applies to the combination of the design choice of having
the same number of left- and right-handed detectors and
the analysis choice of treating the timestreams from both
types of detectors in the same way (S22, Sections 4.1 and
7.6). A left-handed detector and a right-handed one are
the mirror images of each other, and their polarization
angles are offset from a nominal value by the same magni-
tude with the opposite signs. During the mapmaking, we
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used the nominal value for both types of detectors, so the
offsets between the angles of the two types of detectors
contributed to an rms variation.

We estimated the polarization amplitude calibration
factor for each frequency band and subfield in a way
similar to the estimation of the gain calibration factor.
First, we cross-correlated SPT-3G 150 GHz Q/U maps
with Planck Q/U maps, and then we cross-correlated
SPT-3G 95 and 220 GHz maps with the 150 GHz ones.
We now describe details of the estimation.

We estimated the 150 GHz calibration factors, gcal, 150
and Ucal, 150, by finding an inverse-covariance weighted
average of a binned cross-spectrum ratio. The estimation
of gcal, 150 proceeded as follows:

QQ
R _—p, Cis0x143 Be.1so We, 150 (34)
b,150 26,2?50x150 By 1as We 143 )’

-1
Q Q
1 (Eb,mo) Rb,lso
-1
Q
17 (5150) 1

where Py is a binning operator (for the ¢ range between
400 and 1300 with the uniform bin width 100), CPZ, 145
is the cross-spectrum between the SPT-3G 150 GHz full
@@ map produced after the Q/U rotation step and the
Planck 143 GHz full-mission ) map, 02%0“50 is the
cross-spectrum between the pair of SPT-3G 150 GHz
half @ maps (also after the Q/U rotation step), the
By, and W, terms are the same as the ones in Equa-

; (35)

Gcal, 150 =

tion 12, 23150 is the covariance matrix associated with
the binned cross-spectrum ratio, and 1 is a vector of ones.
We obtained 21?,150 using the @ version of the 20 sim-
ulated cross-spectrum ratios described in Section V A.
Then, we used the corresponding U maps in the same
procedure to estimate tcal, 150-

We estimated the 95 and 220 GHz calibration factors,
Gecal, v and Ucal, ,, Where v = 95 or 220, by adding addi-
tional ratios to Equation 34 as follows:

CZQ%O 150 Be
RbQ,u = Pb@ ( QQ a B v ) (36)
£,150xy 150

-1
17(s9,) RD,

—1
17 (39,) 1

Gcal,v = {cal, 150 X ) (37)

where Cg%wu is the cross-spectrum between a 150 GHz
half map and a 95 or 220 GHz half map from the other
half of the dataset. Because Q/U maps are much less
contaminated by foregrounds than 7" maps and because



the SPT @Q/U maps are deeper than the Planck ones,
we extended the upper limit of the £ range used for the
binning to 1800 (with the uniform bin width increased to
200).

Table V shows the ¢ and ucs factors and their un-
certainties for each frequency band and subfield. The un-
certainty on each calibration factor is the standard error
of 20 simulated numbers, each of which was obtained by
supplying one of the 20 simulated cross-spectrum ratios
to the relevant equations used to calculate the actual cal-
ibration factor. The uncertainty reflects the noise fluctu-
ations in the SPT-3G and Planck maps used to calculate
the cross-spectra.

For each frequency band, we deemed the spread of the
eight values not large enough to indicate significant dis-
crepancies between the subfields and Stokes parameters,
and we decided to use the inverse-variance weighted av-
erage over the eight values to calibrate the Q/U maps
for all the subfields. These average values, which we call
Deal, ave, v, Where v = 95, 150, and 220, are shown in the
second-to-last row of the table.

After we obtained peal, avg, v, we further multiplied it by
another calibration factor, v/0.966. This factor is based
on Equation 45 of Planck Collaboration et al. [38, Sec-
tion 3.3.4]. It is a correction that improves the calibration
of the Planck 143 GHz /U maps, but it was applied at
the likelihood level rather than to the publicly released
maps. Since we used the Planck maps that do not include
this factor, we applied this factor manually. Although
this factor is cosmology-dependent, we used a wide prior
(uniform prior between 0.8 and 1.2) for the nuisance pa-
rameters related to the polarization amplitude calibra-
tion factors in C25 when constraining cosmology using
the full set of TT/TE/EE spectra. We use pcal, fin to de-
note the product of pcal, ave and v/0.966, which is shown
in the last row of the table.

It is pcal,an that we eventually used to calibrate
the full, half, one-thirtieth, and signflip-noise
coadds through the following operation:

~
>

T(h) 10 0
Q(ﬁ) =10 Pcal, fin 0
o@), \o o

(n)

n)| ., (38)
),

where the subscripts 3 and 4 denote the coadds produced

by the Q/U rotation step and the coadds that further
had the polarization amplitude calibration factor applied,

T Qi

Pcal, fin

respectively.
As in Section VA, we clarify the differences be-
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TABLE V. Various polarization amplitude calibration factors.
The first eight rows show gca1 and uca1, which are the calibra-
tion factors for each subfield and frequency band. The second-
to-last row shows pcal, ave, Which is the average calibration fac-
tor over the four subfields and two Stokes parameters for each
frequency band. The uncertainty on pcai, ave is the (inverse-
quadrature) combined uncertainty from the eight calibration
factors. The last row shows pcal, fin, the final calibration factor
for each frequency band, and pca, an is simply the product of

Dcal, avg and v/0.966.

95 GHz 150 GHz 220 GHz

el0 | 1.096 £ 0.031 1.106 £ 0.031  1.233 £ 0.036
ell | 1.037 £ 0.017 1.031 &£ 0.017 1.106 £ 0.020

@ el2 | 1.065 +0.034 1.065 £ 0.034  1.146 £ 0.037
el3 | 1.090 £ 0.029 1.090 £ 0.029 1.201 + 0.034
el0 | 1.093 £ 0.020 1.116 &£ 0.020 1.222 £ 0.023

U ell | 1.052 £ 0.016 1.077 £ 0.017 1.181 + 0.019
el2 | 1.114 £0.026 1.128 £ 0.026  1.260 £ 0.030
el3 | 1.089 + 0.026 1.106 4+ 0.026  1.224 £ 0.030
Avg. 1.073 £ 0.008 1.083 £ 0.008 1.189 + 0.009
Final 1.054 £ 0.008 1.064 £ 0.008 1.169 £ 0.009

tween the notations used in this work and those
used in G25 and C25. The three calibration factors
P externat> Pealinternal a4 Pilingernar described in G25
(Appendix B) are the same as the calibration factors
Peal, fin, 1505 Peal, fin, 95, aNd Peal, fin, 220 described in this
work. On the other hand, the three nuisance param-

ext rel,95 rel,220
eters ‘Ecal7 Ecal Ecal

to the inverse of pcal, fin, 150, Peal, fin,95/Pecal, fin, 150, and
Peal, fin, 220/ Peal, fin, 150- In C25, when choosing the width

, and in C25 are equivalent

of the prior for ES to constrain cosmology using only
the E'E spectra, we added two numbers in quadrature
to obtain the chosen width 0.0095. One number is the
uncertainty on peai fin, 150 (0.008), and the other number
is an uncertainty on the Planck calibration (0.005).

We applied the four steps of calibration and cleaning
sequentially to the subfield coadds and then combined
them to produce the full-field coadds, which formed in-
puts of the analysis in C25. As described earlier, the anal-
ysis in G25 used the pre-calibration and cleaning full-field
coadds and included the four steps in the forward model.
As shown in G25 (Figure 7), the calibration and cleaning
parameters obtained from the forward model are consis-
tent with the corresponding parameters obtained from
the steps described in this work.



VI. RESIDUAL CALIBRATION BIASES

In this section, we described any (known) biases
that are not removed by the calibration and cleaning
steps described in Section V. We identify two known
residual biases: declination-dependent gain miscalibra-
tion and higher-order T-to-P leakage. We show that the
declination-dependent gain miscalibration has a negligi-
ble impact on the recovered power spectra (Section VI A)
and note that higher-order T-to-P leakage is mitigated
at the spectrum level (Section VIB).

A. Declination-dependent Gain Miscalibration

In the gain calibration step (Section V A), we reduced
the overall gain miscalibration across a subfield by multi-
plying all the pixel values of the subfield T'/Q /U maps by
a single number, but this step did not correct for any spa-
tially dependent gain miscalibration within a subfield. We
expect the T/Q/U maps to have declination-dependent
gain miscalibrations because the gain of a detector gener-
ally increases over the course of a subfield observation as
the telescope moves upward in elevation (toward higher
declination).

The increase of the gain of a detector is caused by a
decrease in the power received by the detector from atmo-
spheric emission as described in Section IT A. Although
splitting the SPT-3G Main field into the four subfields
and observing one subfield at a time significantly helps
with reducing this type of gain change, it is not com-
pletely removed.

We estimated the gain change within a single subfield
observation using the calibrator stares described in Sec-
tion II B that are interspersed with the subfield observa-
tions. A calibrator stare is conducted before each subfield
observation, at the elevation of the bottom of the subfield,
and after each subfield observation, at the elevation of the
top of the subfield. By comparing the amplitudes of the
response of each detector to the calibrator before and af-
ter the subfield observation, we can estimate how much
the gain of each detector changed over the course of the
observation.

Combining measurements of these amplitude changes
from typical calibrator stares with typical weights of the
individual detectors used to bin their timestreams, we
calculated the weighted average of the fractional gain
change over the full detector array to be about 6% in
the 150 GHz coadds across e10. The changes across the
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other three subfields or for the other two frequency bands
are smaller.

Using a toy model simulation that incorporates the
actual measurements of the fractional gain changes and
assumes a linear increase of a gain over the course of
a subfield observation, we simulated the effect of this
declination-dependent gain miscalibration on power spec-
tra and concluded that it is negligible. In this simulation,
we constructed a sawtooth pattern of calibration bias
as a function of declination using the average fractional
gain change over all the 150 GHz detectors for each sub-
field. We arbitrarily chose to assume accurate gains (saw-
tooth function equal to unity) at the low-elevation/high-
declination end of each subfield, which corresponds to
the beginning of an observation. The sawtooth pattern
of calibration bias is shown in the top panel of Figure 11.
We then multiplied an output 7" map from a mock obser-
vation by this declination-dependent function and calcu-
lated the ratio of the spectrum of the modified output
T map to the spectrum of the unmodified map. This
ratio is shown in the bottom panel of Figure 11. Any
mean offset from unity in this ratio would be removed in
the gain calibration step, and the remaining fluctuations
would be only at the level of 0.1%. Based on this result,
we decided not to correct for the residual declination-
dependent gain.

B. Higher-order T-to-P leakage

Although we removed the monopole T-to-P leakage in
the second step of calibration and cleaning, we did not
treat any higher-order leakage. Dipole T-to- P leakage can
occur when two detectors that are sensitive to orthogo-
nal polarization directions and assumed to point in the
same location in the sky actually have a pointing offset,
and this type of leakage contaminates QQ/U maps with
the first-order derivative of a T" map. Quadrupole leak-
age can occur when the two detectors’ beams have dif-
ferent ellipticity, and this type of leakage contaminates
Q@ /U maps with the second-order derivative of a T' map.
When there is correlation between the detector polariza-
tion angle and the differential pointing or ellipticity, the
corresponding leakage does not diminish as the number
of detectors increases. If /U maps contain both types
of leakage, the T'QQ and TU spectra contain terms that
are proportional to /C} T and ¢>C}T.

After removing the monopole T-to-P leakage, we cal-
culated the T'Q and TU spectra again using the half
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FIG. 11. The simulated declination-dependent calibration
bias and its effect on a power spectrum. The top panel shows
the sawtooth pattern of calibration bias that we constructed
in the toy model, and the bottom panel shows the ratio of the
spectrum of the biased map to that of the unbiased one. The
dots in the bottom panel represent a binned version of the
ratio spectrum with the uniform bin width 50, which is the
width used for the analysis in C25. The dashed line indicates
the mean of the ratio spectrum.

coadds and noticed that the spectra were not simply
fluctuations around zero but had nonzero correlation be-
tween T' and Q/U that increases as ¢ increases. This in-
dicates that the @Q/U maps contain higher-order T-to-
P leakage. For example, in Figure 12 we show the ra-
tio C’Z{{lx ho/ CZ{I <o calculated from the full-field full
coadds produced at the end of the four steps of calibra-
tion and cleaning.

Instead of applying additional cleaning steps to reduce
higher-order T-to-P leakage, we chose to treat the effects
of the leakage at the level of power spectra calculated
from the coadds. Details of this treatment can be found
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in C25 (Section IV B2).

VII. MAP-LEVEL NULL TESTS

In addition to applying the four calibration and
cleaning steps described in Section V to the four
types of coadds (full, half, one-thirtieth, and
signflip-noise) produced from the mapmaking
pipeline to reduce the known biases, we also conducted
a suite of tests, which we call map-level null tests,
using the fifth type of coadds (pre-null) to search for
other potential systematic errors in the four types of
coadds. In this section, we describe the procedure of
the map-level null tests (Section VITA), initial results
from the tests (Section VIIB), a systematic error that
we detected from the initial results and had to mitigate

(Section VIIC), and the final results (Section VIID).

A. Procedure

In a map-level null test, we split the full dataset into
two parts and check their consistency. For each frequency
band, we create difference maps between the two parts.
Any common astrophysical signals are largely removed in
these maps, but a potential systematic error that affects
one part more than the other can be present. We check
whether power spectra of the maps are consistent with
noise fluctuations within expectations or contain excess

power.

1. Data Splits

We split SPT-3G D1 into two parts in six different
ways that are based on different anticipated systematic
effects. We gave these six splits the following names: sun,
moon, azimuth, year, scan, and wafer splits.

We used the sun and moon splits to check whether the
coadds are affected by radiation from those sources. For
each split, the observations taken when the source was
above the horizon form one part, and the observations
taken when the source was below the horizon form the
other part. While we expect the combination of our field
location and our observing strategy to minimize contam-
ination from the Sun and Moon, we usually use null tests
to check this expectation. Details of the observing strat-
egy can be found in Appendix C 1.
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FIG. 12. The cross-spectrum ratio TU/TT calculated from
the half coadds produced at the end of the four calibra-
tion and cleaning steps for each frequency band. The ratio
is binned with the uniform bin width 200, and the error bar
for each bin is the standard error of the data points within
each bin.

We used the azimuth split to check whether the coadds
are affected by thermal radiation from objects near the
horizon such as nearby buildings. Three nearby buildings
are all approximately in the direction corresponding to
the azimuth angle at 153°, and we used this angle to
split the full dataset. For each subfield observation, we
assigned a representative azimuth angle to it, which is the
midpoint of the azimuth range covered by all the scans
of that observation. Then, we used all the observations
whose representative azimuth angles are within £90° of
153° to form one part and all the observations whose
representative azimuth angles are within the other half
of the circle to form the other part.

We used the year split to check whether anything was
significantly different between the data from the 2019 and
2020 austral winter observing seasons. Each part of the
split comprised the observations taken in one of the two
years. We did not hypothesize a particular potential sys-
tematic error associated with either year, and this split
was meant to check any significant difference between the
two years from any cause.

We used the scan and wafer splits to check whether
there are differences between the data from the two tele-
scope scan directions (left-going and right-going scans)
and differences between the data from two sets of detec-
tor wafers, respectively. For the wafer split, we divided
the full detector array, which has ten detector wafers,
into two groups of five detector wafers. We ordered the
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ten detector wafers by the average fractional gain change
over the course of a subfield observation (Section VIA)
across all the 150 GHz detectors on a detector wafer, and
we set the point of split after the fifth detector wafer. The
group that has higher fractional gain changes also shows
a stronger spectral line near 1.42 Hz in its timestreams.
This is the frequency at which the helium gas is com-
pressed and expanded in one of the two Cryomech PT-
415 cryocoolers in the cryogenic system. Therefore, the
wafer split allows us to search for systematic errors asso-
ciated with at least two effects: the elevation-dependence
of a detector gain and the spectral line.

Unlike the other splits, the scan and wafer splits were
applied within each subfield observation. We state in Sec-
tion III B that we used the filter-and-bin pipeline to pro-
duce weighted T'/Q/U maps and a weight map matrix
for each subfield observation, but in fact we divided the
filtered timestreams for each subfield observation into
four subsets and produced weighted T'/Q /U maps and a
weight map matrix for each subset (for each scan direc-
tion and each group of detector wafers). Then, to produce
the full, half, one-thirtieth, and signflip-noise
coadds, we added the four sets of weighted 7'/Q /U maps
and weight matrices for each subfield observation. To pro-
duce the pre-null coadds for the scan (wafer) split, for
each subfield observation we added the weighted T'/Q/U
maps and weight matrices from the two groups of detec-
tor wafers for each scan direction (the two scan direc-
tions for each group of detector wafers), and we collated
the coadded maps and matrices from that scan direction
(group of detector wafers) across all the subfield obser-
vations to form one part of the split.

2. Null Spectra

After defining the six splits, we created difference maps
between the two parts for each split. First, we created 25
bundles of equal depth within each part (the pre-null
coadds). Then, we subtracted each bundle in one part
of the split from a bundle in the other part of the split
to create 25 difference bundles (hereafter null bundles).
We created these bundles to cross-correlate them to re-
veal potential systematic errors common to the bundles
while avoiding the noise bias. This method is similar to
how we estimated the TT/TE/EE spectra of the CMB
in C25, where we cross-correlated the 30 bundles (the
one-thirtieth coadds) described in Section III C.

We primarily focused on the TT/TE/EE spectra of



the null bundles and treated the BB/T B/E B spectra as
out of the scope of this work. This is because the two-
point correlation functions that we mainly intended to
measure from the mid-£ maps were the TT/TE/EE spec-
tra. Using the 25 null bundles, we calculated the cross-
bundle TT/TE/EE spectra between all possible pairs
formed from the bundles and averaged the cross-spectra

as follows:
24
XY _
Cf,avg 25 . 242 Z C 7><]7 (39)
1=1 j=1+1
where i and j denote null bundle numbers, Ce ixj 1s a

spectrum calculated by cross-correlating bundles ¢ and
j using PolSpice, and X,Y € {T, F'}. The apodization
mask that we supplied to PolSpice has tapers near the
borders of the SPT-3G Main field and covers the galaxy
clusters and emissive sources masked in the timestream
high-pass filter. (Tapers also exist around the holes cov-
ering the objects.) We call Ce
all the splits and frequency bands, we obtained 54 null

avg & null spectrum. From
spectra (6 splits x 3 frequency bands x 3 combinations
of T and E).

To judge whether a potential systematic error is de-
tected in a null spectrum, we calculated a x? value and
the associated p-value from a binned version of the spec-
trum and compared the p-value with a predetermined
threshold, which we call peys hereafter. We binned each
null spectrum in the ¢ range between 400 and 4000 with
the uniform bin width 50, which is the same as the bin-
ning scheme used in C25 to measure the TT/TE/EE
spectra of the CMB. We set psys to 0.05/54 (0.00093),
the denominator being the Bonferroni correction [39,
page 569] for the total number of null spectra. A p-value
lower than pgys indicates a potential systematic error that
should be further investigated.

The x? value for a binned null spectrum was calculated
as follows:

( b, avg Cb cxp)2 (40)

=2

b

is the binned version

avg
avg 1O be

where b represents a bin, C’b
of Equation 39, C’b7 exp
in the absence of potential systematlc errors, and af is

is what we expect Cb

an estimate of the variance on C’b ave" We now describe

C’b exp and O'b in detail.
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8. Ezpectation Spectra

We used different C’lfg;p for different splits. For the
sun, moon, azimuth, and year splits, we expected astro-
physical signals to be removed in the null bundles, so we
assumed Cb exp 10 be zero. For the scan and wafer splits,
we did not expect astrophysical signals to be completely
removed and used simulations to model C’b exp-

The null bundles from the scan split contain residual
astrophysical signals because the bundles within the left-
going (right-going) part of the split contain a shifted
version of the signals from the sky to the left (right).
This shift is caused by two effects. One effect is that
the detectors have finite time constants and respond to
changing signals from the sky with a delay as the tele-
scope scans, and we did not correct for this effect in the
timestreams during the mapmaking. The other effect is
that the data acquisition system has an offset between
the time stamp assigned to a detector timestream sam-
ple and the time stamp assigned to the corresponding
telescope pointing timestream sample. The direction of
this offset is such that the right ascension assigned to a
detector timestream sample collected at a given moment
is in fact the right ascension at which the detector was
pointed at a slightly earlier moment.

Coincidentally, the effects of the time offset and the
time constants act in opposite directions and have similar
magnitudes, and their effects nearly cancel, particularly
in the 220 GHz detectors.?® Nevertheless, there is a net
residual shift of astrophysical signals along the scan di-
rection. Additional descriptions of these two effects can
be found in Archipley et al. [40, Section 3.2]. In the next
generation of SPT-3G maps, including the ones used in
that work, we use timestreams that are corrected for both
the detector time constants and the time offset.

To estimate the expected nonzero null spectra associ-
ated with the time constants and time offset, we simu-
lated the effects using mock-observation output maps.
Starting from a set of mock-observed T/Q/U maps,
we decomposed each map into constant-declination
HEALPix rings, created two shifted versions of each ring
(one shifted to the left and the other shifted to the right),
subtracted one version from the other, substituted the
values of the difference ring for the values of the original

28 To first order in 27 f7, where 7 is the detector time constant, the

effect of time constants is also a simple shift.



ring, and calculated the TT/TE/EE spectra of the maps
assembled from the difference rings.

When creating a shifted version of the values in a
HEALPix ring, we used a weighted average of the time
constants over the full detector array for each frequency
band (6.9, 6.5, and 4.3 ms in the 95, 150, and 220 GHz
bands, respectively) and the best estimate of the time
offset (4.6 ms) to modify the values in the ring. We cal-
culated the weighted average for each frequency band by
first estimating an average time constant of each detector
over the two years and then combining the average time
constants of the individual detectors with the weights of
the detectors used in the mapmaking for a typical sub-
field observation. The average time constant of an indi-
vidual detector was estimated from results of the many
calibrator sweeps (Section II B) over the two years.

The null bundles from the wafer split contain resid-
ual astrophysical signals because the timestreams from
the two groups of detector wafers were high-pass filtered
with slightly different ¢, . during the mapmaking. As de-
scribed in Section III B 1, the cutoff frequency of the high-
pass filter used for each scan is a function of the telescope
elevation such that the cutoff frequency is equal to ¢, . =
300. Here, the telescope elevation is defined to be the ele-
vation at which a detector located near the center of the
full detector array is pointed. We use this definition to
calculate the cutoff frequency for each scan and use that
frequency for all the detectors. As a result, that cutoff
frequency is in turn equal to slightly different ¢, . for de-
tectors at different locations of the array. This resulted in
the two groups of detector wafers having slightly different
filter transfer functions because they have different aver-
age elevation, which caused the imperfect cancellation of
astrophysical signals in the null bundles. We estimated
the expected nonzero null spectra by mock-observing a
simulated sky using the pointing information of the two
groups of detector wafers separately and calculating the
TT/TE/EFE spectra of the difference maps.

Although the null bundles from the scan and wafer
splits have nonzero expectation spectra, these spectra do
not represent systematic errors. For the scan split, the ef-
fects of the time constants and time offset make the beam
elongated along the scan direction, but the effects are in-
corporated in our beam measurement because the mea-
surement was made from maps that have the same effects.
For the wafer split, the average of the filter transfer func-
tions from the two groups of wafers is what is needed to
make unbiased measurements of the TT/TE/EFE spec-
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tra of the CMB, and the mock observations described in
Section IT1 D 2 yield the average transfer function because
the pointing information from all the detector wafers was
used.

4. Null Spectrum Variance and p-values

Having described the term C;fg;p

now describe the term 05. We tried two values for this

in Equation 40, we

term. In the first case, we used the variance of the mean

of the 300 cross-spectra calculated from the pairs of the

2

i, », to denote the variance used in

null bundles. We use o
this case. The x?2 calculated with Jf’n indicates how sig-
nificant the deviation of a null spectrum from the expec-
tation is with respect to noise fluctuations in the coadds.
In the second case, we added additional variance to O'i n
This additional variance is a small fraction (0.01%) of the
TT, TE, or EE sample variance (the uncertainty on the
estimate of the true, underlying power spectrum caused
by measuring a finite number of modes from a limited
sky area). We use va nits to denote the variance used in
this case for later convenience.

At relatively low ¢, we measure individual spherical
harmonic modes of the temperature and E-mode polar-
ization anisotropies within the SPT-3G Main field with
high signal-to-noise ratios, and the total variance of our
measurements of the TT/TE/EE spectra of the CMB is
not dominated by noise fluctuations in the coadds but by
the sample variance. The idea of adding a small fraction
of the sample variance when calculating a x? value is to
test whether a potential systematic error detected above
the noise variance is important to the measurements of
the TT/TE/EE spectra of the CMB and the associated
constraints on the cosmological parameters. A potential
systematic error that is still much smaller than the sam-
ple variance should cause negligible biases to the mea-
surements and constraints. In Balkenhol et al. [10, Sec-
tion IV A], we checked that a systematic error at the level
of 1% of the sample variance caused negligible shifts to
constraints on the cosmological parameters. Given that
the noise power spectra from the 2019-2020 dataset are
approximately a factor of ten lower than those from the
2018 dataset, we chose a smaller fraction of the sample
variance, 0.01%, this time.

Given the two p-values calculated from each null spec-
trum, there were three outcomes. First, if the p-value as-
sociated with the y? value calculated using only the noise
variance (05’ ) Was above pgys, we concluded that we did



not detect a potential systematic error. Second, even if
that p-value was below pgys, as long as the other p-value,
the one associated with the y? value calculated using the
inflated variance (O‘a n +S), was above pgys, we concluded
that we detected a potential systematic error at a negli-
gible level and did not prioritize investigations into the
causes. Third, if the p-value obtained with the inflated
variance was still below the pgys, that required further
investigations. In this work, we checked the p-values only
individually and did not perform the uniformity tests of
distributions of p-values used in Dutcher et al. [9, Sec-
tion V A]. This is because, while those tests are based on
the assumption that the p-values from the null spectra
are independent, the addition of the small fraction of the
sample variance adds correlation among p-values.

B. Initial Results

All the 18 null spectra from the sun and moon splits,
15 out of the 18 null spectra from the azimuth and year
splits, and 6 out of the 18 null spectra from the scan
and wafer splits had the first outcome (no detection of
potential systematic errors). Figure 13 shows three null
spectra from the sun split as examples.

The remaining three null spectra from the azimuth and
year splits had the second outcome (a detection of a po-
tential systematic error but still much smaller than the
sample variance). They are the 95 and 150 GHz T'T null
spectra from the azimuth split and the 95 GHz T'T null
spectrum from the year split. Figure 14 shows each null
spectrum with two sets of error bars. The smaller (darker
color) and the larger (shallower color) error bars repre-
sent oy, and op pn4s, respectively. Also shown are the
reduced x? (¥?) and p-value associated with each set of
error bars. For each null spectrum, the p-value calcu-
lated with oa , 1s essentially zero, indicating a detection
of a potential systematic error. With the larger variance,
af’ n+s» however, the p-value increases to well above psys.

Finally, seven null spectra from the scan and wafer
splits revealed large, narrowband contamination at £
close to 600 and had the third outcome. Figure 15 shows
examples of the contamination. In these cases, using
057 n+s Still yielded low p-values. The remaining five null
spectra from the scan and wafer splits also revealed the
contamination but at lower levels, and those spectra tech-
nically had the second outcome because using o
barely yielded high enough p-values.
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FIG. 13. Three 95 GHz null spectra from the sun split as ex-
amples of the spectra that had good p-values. The null spectra
are shown in the Dy convention, where D, = [¢(¢+1)/(27)]C,.
The error bars accompanying each null spectrum represent
0b,n- In each panel, the top left corner indicates the type of
the null spectrum. The bottom right corner shows the reduced
X% (%?) value calculated from the null spectrum and the as-
sociated p-value. The expected null spectra for the sun split
are zero.

C. Narrowband Contamination

The narrowband contamination in the null spectra ap-
pears to originate from narrowband contamination in
timestreams. In the ¢, m space, this contamination is lo-
calized not only at ¢ close to 600 but also at m close
to 400. The localization in m suggests that timestreams
contain contamination localized at frequencies close to
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FIG. 14. The three null spectra that revealed small potential
systematic errors. This figure shows the same types of quan-
tities as Figure 13 except that two sets of error bars (os,, in
a darker shade and o}, 45 in a lighter shade) are shown and
that two sets of X2 values and p-values are printed. The first
set is shown in the first row near the bottom right corner and
was calculated using O’i n- The second set is shown in the sec-
ond row and was calculated using va nts- LThe expected null
spectra for the azimuth and year splits are again simply zero.

1.1 Hz.??

Although the exact physical mechanism causing this
contamination is unclear, we were able to mitigate it by
masking contaminated modes in the ¢, m space (setting

29 Because the speed of a telescope scan is 1 deg/s in right ascension,
a 1 Hz oscillation in a timestream corresponds to an oscillation
in ¢ with m = 360.
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FIG. 15. Three examples of the null spectra from the scan and
wafer splits that revealed large, narrowband contamination at
£ close to 600. The vertical black dashed lines are drawn at £
= 600. This figure shows the same types of quantities as Fig-
ure 14. Although o4, ns is also shown, it is indistinguishable
from o4, . The expected null spectra for the scan and wafer
splits are nonzero and shown as black curves, but they have
much smaller amplitudes compared with the y-axis ranges.

their spherical harmonic coefficients to zero). The masked
region is a rectangle in the £, m space with the following
boundaries: 500 < ¢ < 680 and 350 < m < 425. Figure 16
shows a 2D version of the 220 GHz T'T null spectra from
the scan and wafer splits and the masked region in spher-
ical harmonic space. We obtained the 2D spectra for each
split by cross-correlating a pair of half-depth null coadds,
which we produced by adding the first 12 null bundles
and the last 13 null bundles separately.
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FIG. 16. A 2D version of the 220 GHz TT null spectra from
the scan (top panel) and wafer (bottom panel) splits obtained
by cross-correlating the pair of half-depth null coadds. The
images show the quantity £(£ + 1)/(2m) x |R(aZm, w1 @em, n2)],
where agm, w1 and agm, n2 represent the spherical harmonic
coefficients of the two T null maps for each split. The rectan-
gular region surrounded by the white dashed line is the region
that we masked.

With this harmonic-space mask, we removed the large
peaks in the null spectra from the scan and wafer splits
and obtained good p-values with O’in for all but three
null spectra from these two splits. The three null spectra
that still had low p-values are the 95 GHz T'T null spec-
trum from the wafer split and the 95 and 150 GHz T'T
null spectra from the scan split. Regardless, the p-values
increased to well above psys when we used the o7 |, as
shown in Figure 17. We also recalculated the null spec-
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tra from the other four splits using this harmonic-space
mask and checked that using the mask did not move any
p-values to below pgys.

While we do not have a full understanding of the con-
tamination, we list here several pieces of information that
we gathered on how the contamination appears in the
null bundles. First, this contamination appears mostly
near the left and right edges of the SPT-3G Main field:
null spectra from the scan and wafer splits calculated
using only the central 1000 deg? of the field (the full ex-
tent in declination but from 21740™0° to 2"20™0° instead
of from 20"40™0° to 3"20™0° in right ascension) do not
show the peaks seen in the null spectra calculated from
the full area of the field. Second, the phase of the 1.1 Hz
oscillation at either edge of the field appears to be the
same regardless of declination: when a full-depth 7" null
map for either split is projected in the Cartesian projec-
tion and filtered with a bandpass filter to highlight the
contaminated region of harmonic space, the troughs and
peaks of the 1.1 Hz plane wave occur in the same map
columns (x location) independent of map row (y loca-
tion). Third, the contamination appears to be localized
not only within the range of right ascension near the left
or right edge of the field but also within the range of
declination that covers el0 and ell. The contamination
appears only in elO in the null bundles from the scan
split and only in €10 and el1l for the wafer split. Fourth,
the frequency of the contamination appears to decrease
slightly as the telescope elevation increases.

The third and fourth points are illustrated in Figure 18,
which shows power spectral densities of 95 GHz null bun-
dles for each split in a combined Fourier-real-space pro-
jection. The z-axis of each panel is the effective frequency
of pixel values on a constant-declination HEALPix ring
projected back into time-ordered data using the tele-
scope scan rate at that declination; the y-axis of each
panel is the ring declination. The color scale indicates
the amplitude of the (squared) one-dimensional FFT of
the timestream created from the ring pixel values. The
figure shows that the frequency of the ~1.1 Hz oscillation
drifts to slightly lower values as the declination changes
and that the contamination disappears abruptly at cer-
tain declination values.

Finally, a 1.1 Hz line was detected in the power spectral
densities of both the telescope elevation and azimuth en-
coder readings, but that line has different phenomenology
from that of the contamination in the null bundles. The
line in the elevation and azimuth timestreams is present
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FIG. 17. The three null spectra from the scan and wafer splits
that still had low p-values after the harmonic-space mask was
applied and when O’i » was used but had high enough p-values
when 057 nts is used. This figure shows the same types of
quantities as Figures 14 and 15. The expected null spectra
are shown as the black curves.

in all the subfields instead of only €10 and el1 and does
not have a frequency drift.

The findings listed above point to a physical source of
the contamination having to do with the telescope drive
system, in particular the onset of scanning. The local-
ization of the contamination in right ascension and its
phase stability in declination are consistent with an os-
cillation that is excited at the start of a scan and decays
as the scan proceeds. For an oscillation in elevation, at-
mospheric emission that is modulated at ~1.1 Hz would
be responsible for the excess power in the null bundles.
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FIG. 18. Power spectral densities of 95 GHz null bundles from
the scan (top panel) and wafer (bottom panel) splits obtained
by cross-correlating a pair of half-depth coadds of the null
bundles on a ring-by-ring basis using the constant-declination
HEALPix rings. In each panel, each row shows the power
spectral density for one constant-declination ring as a func-
tion of frequency. The red regions intersecting the vertical
dotted line, which represents 1.1 Hz, are visual representa-
tions of the contamination discovered in the null spectra in
this declination-frequency space. Two contours that have con-
stant ¢, are also shown.

The declination localization is consistent with the tele-
scope being more or less balanced at different elevation.
This could also explain the drift in frequency with decli-
nation, though this is difficult to reconcile with the lack
of drift in the oscillation frequency seen in the elevation
and azimuth encoder data.

Regardless of the true physical cause, these findings



also point to potentially more efficient ways to mitigate
the contamination, albeit at the possible cost of higher
complexity in the analysis. For instance, the line could be
notched in the timestreams with a filter that is only ac-
tive in the right ascension and declination ranges in which
the contamination is worst and that has a declination-
dependent notch frequency. This would remove less over-
all bandwidth than the masking in the ¢, m space, but it
would cause a position-dependent transfer function. For
the SPT-3G D1 mid-¢ maps, we decided not to develop
such a filter and remake maps but to move forward with
the power spectrum analyses by applying the harmonic-
space mask instead.

D. Final Results

We recalculated all the 54 null spectra and the asso-
ciated p-values after using the harmonic-space mask de-
scribed in Section VII C. With this mask, all but five null
spectra yield p-values above pgys with ag’ n- The five null
spectra with low p-values are all T'T' null spectra; they
are from the azimuth split (95 and 150 GHz), wafer split
(95 GHz), and the scan split (95 and 150 GHz).** For
those five null spectra, using o7 ,, | , increases the p-values
to above pyys. As a result, all 54 null spectra yield high
enough p-values with O'i niss and we conclude that no
significant sources of potential systematic errors are de-
tected from the null tests after using the harmonic-space
mask.

Table VI shows two p-values for each of the 54 null
spectra, one calculated using o7, and the other calcu-
lated using oa n+s- I addition, we show all 54 null spec-
tra with and without the harmonic-space mask in Ap-
pendix C2.

VIII. CONCLUSION

We have described the production and validation of
a set of maps of the millimeter-wave sky from SPT-3G,
the third-generation camera on the South Pole Telescope.
The maps are in frequency bands centered at 95, 150, and
220 GHz.

30 The 95 GHz T'T null spectrum from the year split had a low
p-value slightly below psys in the initial version, but using the
harmonic-space mask happened to increase value slightly to

above psys.
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These maps are based on a dataset that we call SPT-
3G D1, which denotes the observations that we conducted
on the SPT-3G Main field, covering 4% of the sky, dur-
ing the 2019 and 2020 austral winter observing seasons.
The SPT-3G Main field is divided into four subfields,
and SPT-3G D1 comprises 3286 two-hour subfield obser-
vations. In each subfield observation, on average 10 697
detectors, which were divided nearly equally among the
three frequency bands, passed quality checks and were
used for the mapmaking.

To convert the detector timestream samples acquired
during each subfield observation into the pixel values of
maps of the T', @, and U Stokes parameters, we used the
filter-and-bin approach as has been traditionally done in
SPT mapmaking. We applied a high-pass filter to the
timestreams to reduce low-frequency correlated noise. We
chose 300 as the scan-direction cutoff multipole number.
We binned the filtered timestreams into HEALPix Ngiqe
8192 and ProjZEA 0.56" pixels.

Having produced T'/Q /U maps for each subfield obser-
vation, we combined the individual observations maps for
each subfield in different ways to produce data products
needed for different analysis tasks, calibrated and cleaned
the coadds for each frequency band and subfield to re-
duce known biases, and combined the calibrated/cleaned
coadds across the subfields. The different types of coadds
include full-depth coadds, half-depth coadds, and noise
maps. The calibration and cleaning steps comprise gain
calibration, monopole T-to-P leakage removal, polariza-
tion angle calibration, and polarization amplitude cali-
bration. White noise levels of the full-depth T maps are
5.4, 4.4, and 16.2 yuK—arcmin in the 95, 150, and 220 GHz
bands, respectively, and for the /U maps 8.4, 6.6, and
25.8 pK—arcmin.

After the calibration and cleaning, two types of known
biases still remain in the coadds: declination-dependent
gain miscalibration and higher-order T-to- P leakage. The
former is not concerning because we expect it to cause
a negligible calibration bias to the TT/TE/EE spectra
of the CMB measured from the coadds. The latter is a
non-negligible effect, and we corrected for it at the level
of power spectra instead of maps.

In addition to reducing the known biases through the
calibration and cleaning steps, we searched for potential
systematic errors in the coadds with null tests. We im-
plemented tests based on six types of splits in total (sun,
moon, azimuth, year, scan, and wafer) and calculated
the TT/TE/EFE null spectra for each frequency band.
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TABLE VI. The p-values of each of the 54 null spectra calculated with o7 ,, (the number on the left in each cell) and with
0% nys (the number on the right).

Azimuth

Year

Moon

Sun

0.0000/0.9589
0.0000/0.2518
0.3249/0.3496

0.0010/0.4029
0.0600/0.8184
0.1485/0.1671

0.7456,/1.0000
0.5877/0.9990
0.8124,/0.8319

0.7905/1.0000
0.7156/0.9870
0.9374,/0.9405

0.1881/0.7263
0.7522/0.9747
0.0647/0.0671

0.8483/0.9982
0.2411/0.7424
0.3132/0.3172

0.1640/0.6739
0.9205/0.9867
0.9608/0.9616

0.4837/0.8939
0.9141/0.9746
0.3375,/0.3420

Walfer Scan
95 GHz 0.0000,/0.9987 0.0000/0.9992
TT 150 GHz 0.0140/0.9853 0.0000,/0.4300
220 GHz 0.9148/0.9270 0.1037/0.1190
95 GHz 0.0529/0.9724 0.1482/0.9853
TE 150 GHz 0.0418/0.3591 0.0050/0.1407
220 GHz 0.5917,/0.6000 0.1821/0.1857
95 GHz 0.5155/0.5939 0.3169,/0.3888
EFE 150 GHz 0.0420,/0.1049 0.0047/0.0177
220 GHz 0.7650/0.7656 0.3431/0.3439

0.4728/0.5835
0.7176/0.8169
0.0049,/0.0049

0.0283/0.0499
0.1931/0.3210
0.6052/0.6057

0.6685,/0.7302
0.6285/0.7530
0.4272/0.4274

0.4273/0.4892
0.1080/0.1658
0.4786/0.4788

From the scan and wafer splits, we detected a significant
narrowband contamination at ¢ close to 600 and miti-
gated it by masking contaminated modes in harmonic
space when calculating power spectra from the coadds.
With that mask, 49 out of the 54 null spectra yielded
p-values above our predetermined threshold for passing.
Although we detected potential systematic errors in the
other five null spectra, all of which are TT" null spectra,
the amount by which each null spectrum deviates from
the expectation beyond noise is well below the expected
sample variance on our measurements of the T7T spec-
trum of the CMB. Therefore, we concluded that all the
null test results were acceptable.

These maps were used for new and significantly im-
proved SPT-3G measurements of temperature and FE-
mode polarization anisotropies and gravitational lensing
of the CMB, which are presented in G25, C25, and O26.
We make the maps and supporting data products that
enable post-map analyses, such as power spectrum es-
timation, lensing reconstruction, and cross-correlation,
publicly available. The exact data products released and
their locations are described in Appendix A. The released
maps represent the deepest wide-area, high-resolution
CMB temperature and polarization data available, and
they can be used for a wide range of applications, in-
cluding multi-wavelength cross-correlation and stacking
studies, estimates of higher-order statistics of CMB pri-
mary and secondary anisotropies, and tests of new probes
that require deep maps.
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Appendix A: Data Availability

We make the SPT-3G D1 mid-¢ HEALPix maps
and ancillary products available through the Laboratory
Computing Resource Center at Argonne National Labo-
ratory (ANL LCRC). A webpage containing instructions
for accessing the data products and example code for us-
ing them can be found at the SPT website.?!

The original HEALPix maps, which have Ngq. = 8192
and . ~ 16000, are provided. We provide the full,
half, one-thirtieth, signflip-noise, and pre-null
coadds (Section IITC1).

The ancillary data products are grouped into two cat-
egories. One category comprises the products that were
used to correct the biased power spectra calculated from
the maps to obtain the band powers reported in C25.
These products include the beams, filter transfer func-
tions, ag, masks, filtering-artifact biases, and inpaint-
ing biases, and the £, of these data products is 4000.
The other category includes products that can be more
widely applied to analyses of the maps and support £ up
to 16 000. These products include beams, filter transfer
functions, and apodization masks.

We also provide the mock-observation input and out-
put maps (Section IIID). We provide the 500 sets of
standard input and output maps. We also provide the
110 sets of output maps produced without the masking
in the high-pass filter.

Appendix B: Additional Details of the Mapmaking

We describe additional details related to Section III.
We show additional figures related to the four test map-
making runs conducted to inform the decision on the
high-pass filter cutoff (Appendix B1), describe major
changes in the mapmaking parameters between the SPT-
3G D1 mid-¢ mapmaking run and the counterpart for

31 nttps://pole.uchicago.edu/public/Data%20Releases.html
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the 2018 dataset (Appendix B2), describe the procedure
to manipulate weight map matrices when generating the
signflip-noise coadds (Appendix B3), and show ad-
ditional figures of the full coadds (Appendix B4).

1. High-pass Filter Cutoff

We show two additional figures, Figures 19 and 20, re-
lated to the considerations behind the decision of setting
£, . to 300 described in Section IIIB 1. These figures are
similar to Figures 3 and 4 and show the 2D EE noise
power spectra instead of the T'T" ones.

In addition, we present the results of a semi-analytical
model for the aliasing or leakage of atmospheric noise
from low frequencies in detector time-ordered data to
high angular frequencies in sky maps. This model will be
described in detail in an upcoming publication; we sum-
marize the main features here. Underpinning this model
are three assumptions: 1) the frozen-screen approxima-
tion to the atmosphere (Section IIIB1); 2) the atmo-
spheric fluctuations have a well-defined angular correla-
tion function (as would be expected for Kolmogorov tur-
bulence, see, e.g., [50]); 3) the atmospheric noise seen by
the telescope in each scan is an independent realization
of the underlying atmospheric noise power spectrum, un-
correlated with the atmospheric noise in any other scan.
The combination of #1 and #3 is assumed to be achieved
by a wind speed that is low enough that the modulation
of the atmospheric signal in detector data is dominated
by the telescope scan, not the motion due to wind, but
high enough that, during the time the telescope takes to
turn around between scans, the atmosphere has shifted
relative to the background sky by an angle larger than
the largest angle of interest in the analysis.

In this scenario, the noise from the atmosphere ap-
pears in SPT-3G data in each scan as a snapshot of
the instantaneous realization of the atmosphere during
that scan, superimposed on the background astronom-
ical sky. In the limit of a detector array with infinite
extent and infinitely fine sampling (and identically zero
wind), this snapshot would be an unbiased representation
of the true atmospheric screen, but, for a real detector
array, the information in the cross-scan direction will be
limited by both the array height and the finite sampling
of cross-scan positions. The semi-analytic model for the
noise in SPT-3G assumes that, in each scan, the camera
“observes” a “sky” of noise with some underlying power
spectrum in the scan direction. The noise is assumed to
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FIG. 19. The 2D EFE noise power spectra in the 150 GHz band obtained from the four test mapmaking runs. Unlike the TT
version (Figure 3), a linear scale is used here with a different arbitrary normalization. In the linear scale, it can be more clearly

seen that the modes that lie between m ~ £/3 and m ~ £/2 are noisier than the modes that lie outside the region. This is

because the observations used for the test mapmaking runs were not balanced well across the subfields and is not a fundamental

property of SPT data.

be correlated in the cross-scan direction with some known
correlation function, which can be anywhere from a Dirac
d-function (if we are modeling, for example uncorrelated
detector or readout 1/f noise) to a product of the true
one-dimensional atmosphere correlation function and the
true cross-scan-direction distribution of detector posi-

tions (weighted inversely by the measured detector vari-
ance). The noise is simulated directly on a map pixel grid
(made possible by the constant-declination scan strategy
of SPT), and the resulting simulated map data are fil-
tered with the map-space version of the timestream fil-
tering described in Section III. In Figure 21), we show
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FIG. 20. The ratio of each 2D power spectrum shown in Fig-
ure 19 to the power spectrum in the ¢, . = 300 case along
four constant-¢ slices.

the prediction of the model for the 150 GHz TT power
spectrum and a scan-direction high-pass filter cutoff of
£y, . = 50. The relevant “noise bump” features are repro-
duced at reasonably high fidelity by this simple model,
indicating that the source of these features is reasonably
well understood. Adding a sub-dominant but non-zero
wind component to the model is expected to improve the
fidelity further.

2. Changes from the 2018 Mapmaking

We highlight two major changes in the filter-and-bin
parameters between the SPT-3G D1 mid-¢ maps and the
maps produced for the 2018 analyses (Dutcher et al. [9]
and Pan et al. [11]).

One change is related to the high-pass filter. In ad-
dition to the polynomial and sinusoid subtraction, the
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FIG. 21. The comparison between the 1D T'T noise spectrum
obtained from the mapmaking run with ¢, . = 50 and the
simulated spectrum obtained from the model.

2018 mapmaking included common-mode subtraction by
observing band and detector wafer. This is a very ef-
ficient means of removing atmospheric noise from the
timestreams because the SPT-3G detector beams are
nearly overlapping at the mean height of water vapor
in the atmosphere (see Coerver et al. [50, Section 5.1] for
details). It also was an effective means to reduce corre-
lated low-frequency noise in 2018 timestreams that we
attributed to vibrations in the stage supporting the full
detector array, induced by telescope motion. The stage
was replaced by a stiffer version between the 2018 and
2019 austral winter observing seasons, as described in
S22 (Section 3.1). The common-mode filter did, how-
ever, induce a type of temperature-to-polarization leak-
age, which complicated the analysis in Dutcher et al. [9,
Section IV G 2]. For this reason, and because the stage-
related noise was no longer an issue, we chose to skip the
common-mode filter step when producing the SPT-3G
D1 mid-¢ maps.

Another change is related to the pixelization scheme.
The 2018 analyses—and all previous power spectrum
analyses on datasets from the SPTpol and SPT-SZ
cameras—used a flat-sky projection and two-dimensional
fast Fourier transforms as an approximation to spher-
ical harmonic transforms (SHTs) on the curved sky.
While this was adequate for the smaller patches of sky
treated in the SPTpol and SPT-SZ works, on the 1500-
square-degree SPT-3G Main field, we found two signifi-
cant non-idealities related to the flat-sky approximation.
(Although the SPT-SZ data analyzed in Story et al. [51]



cover 2500 square degrees, the analysis was performed in
19 individual patches of < 200 square degrees each.)

First, we found that the projection resulted in ex-
cess off-diagonal correlation between bandpowers (binned
power spectra) in adjacent bins [10, Appendix A]. Second
and relatedly, we found that we could no longer trust the
analytical calculation of the mode-coupling matrix that
was found to be highly accurate on the 500-square-degree
sky patch analyzed in Henning et al. [52], and we had
to use expensive simulations instead [9, Section IV C].
For these reasons, we chose to measure the TT/TE/EE
spectra from SPT-3G D1 using a pixelization scheme
that works well with sky curvature and using full SHTs.
As described in Section IIIB5, we chose HEALPix for
the curved-sky pixelization and HEALPix-based tools (in
particular Polspice) to perform fast SHTs and estimate
angular power spectra (including correcting for certain
masking effects).

3. Weight Map Matrix

We describe the exact procedure that we used to ma-
nipulate the weight map matrices in the production of
the signflip-noise coadds described in Section III C. In
that section, we describe the two additional steps needed
to produce the coadds. In the first step, because the
individual-observation maps contain weighted T/Q/U
maps as defined in the beginning of Section III C, the sub-
traction was done by weighting the full coadds by the
weight map matrix associated with each subfield observa-
tion. In the second step, we multiplied only the weighted
T/Q/U and not the weight map matrix by +1 or —1. In
an equation form, the production of a signflip-noise
coadd is the following:

N = (W) ™" Z ¢; (S} — W;Ss),

J

(B1)

where SV = [T}V (n) QY (n) U}Y (ﬁ)]T and contains the
weighted T'/Q/U maps from observation j, W; is the
weight map matrix associated with that observation, Sg,
is the full coadd, ¢; is +1 or —1, and W,y is the weight
map matrix associated with the full coadd.

4. Additional Figures of Coadds

We show additional map figures of the full coadds.
In Figure 22, we expand Figure 6 to show the T/Q/U
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maps of the 150 GHz full coadd. In Figure 23, we show
a version of Figure 9 that shows the unfiltered Planck
and ACT maps and the SPT-3G D1 low-£ maps.

Appendix C: Additional Details of the Null Tests

We describe additional details related to Section VII.
We describe the effects of the Sun on our observing strat-
egy (Appendix C1) and show additional figures of the
null spectra (Appendix C2).

1. Sun Avoidance

First, we describe our observing strategy The observ-
ing strategy includes a sun-avoidance criterion, which
partially defines an austral winter observing season. The
criterion is approximately equivalent to a minimum dis-
tance in right ascension of 4" between the edge of the
SPT-3G Main field and the Sun. When the Sun is closer
to the field than this, features pointing in the direction
of the Sun are visible by eye in maps made with min-
imal filtering. These features stem from a sidelobe pat-
tern caused by diffraction off of the gaps between primary
mirror panels [3]. We have found empirically that these
features appear on or around December 1 and are un-
detectable before that date, hence the boundary of late
November for the observing season. The Sun stays close
enough to the field to cause these features until it sets
(at the South Pole) around March 21, hence the start
of the season shortly thereafter. Thus, in approximately
two out of the eight months (from South Pole sunrise
around September 21 to the end of the observing sea-
son in late November) we take data with the Sun above
the horizon. We apply no active moon-avoidance strat-
egy; the Moon is a factor of 20 dimmer than the Sun at
millimeter wavelengths, and the distance of the SPT-3G
Main field from the Ecliptic plane enforces an effective
~15-degree minimum Moon distance.

2. Full Sets of Null Spectra

We show two additional figures related to the null
spectra (Section VIT A 2). Each figure shows all 54 spec-
tra. Figure 24 shows the initial null spectra, without
the harmonic-space mask (Section VII C), and Figure 25
shows the final null spectra, after masking.
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FIG. 23. A version of Figure 9 that compares large angular-scale CMB anisotropies. The ACT and Planck maps are not filtered.
The SPT maps are the low-¢ full coadd instead of the mid-¢ one. High-S/N objects in the SPT T map look elongated in the
horizontal direction because the low-¢ maps were produced with a timestream low-pass filter that has a much lower ¢, . at

3000 as opposed to 13000 used for the mid-¢ maps.

Each figure contains 54 panels. The panels in the top,
middle, and bottom three rows show the null spectra from
the wafer and scan, azimuth and year, and sun and moon
splits, respectively. Each panel shows the same types of
quantities as Figure 14. The p-values shown in Figure 25
are the same as the ones shown in Table VI. For the

220 GHz null spectra, the tick labels need to be multi-
plied by 10.
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FIG. 25. All the final null spectra, which were calculated with the harmonic-space mask.
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