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Measurements of the E-mode polarization and temperature-E-mode
correlation of the CMB from SPT-3G 2018 data
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We present measurements of the E-mode (EE) polarization power spectrum and temperature-E-mode
(TE) cross-power spectrum of the cosmic microwave background using data collected by SPTh&G,
latest instrumeninstalled on the South Pole Telescogiéhis analysis uses observations of a 1500 €eg
region at 95, 150, and 220 GHz taken over a four-month period in 2018. We report binned values of the EE
and TE power spectra over the angular multipole range 300 < | < 3000, using the multifrequency data to
constructsix semi-independengstimates of each power spectrum and their minimum-variance combi-
nation. These measurements improve upon the previous results of SP&pobss the multipole ranges
300 =1 <1400 for EE and 300 <1< 1700 for TE, resulting in constraints on cosmological parameters
comparable to those from other current leading ground-based experiments. We find that the SPT-3G data
setis well fit by a ACDM cosmologicalmodel with parameter constraints consistewtth those from
Planck and SPTpol data. From SPT-3G data alone, we find H ; % 68.8 1.5 km s™" Mpc™' and
agg ¥4 0.789 0.016, with a gravitational lensing amplitude consistentwith the ACDM prediction
(AL ¥4 0.98 0.12). We combine the SPT-3G and the Planck data sets and obtain jcimstraints on
the ACDM model. The volume of the 68% confidence region in six-dimensional ACDM parameter space is
reduced by a factor of 1.5 compared to Planck-only constraints, with no significant shifts in central values.
We note thatthe results presented here are obtained from data collected during josltf of a typical
observing season with only part of the focal plane operabie] that the active detector count has since
nearly doubled for observations made with SPT-3G after 2018.

DOI: 10.1103/PhysRevD.104.022003

I. INTRODUCTION extend these measurements to arcminute scastsyhich
point other sources of millimeter-wave anisotropy, includ-

source of information about the early Universe and its ing the cosmig infrared background, radio galaxies, and the
evolution over cosmic time. Density fluctuations present thermal and kinetic Sunyaev-Zel'dovich (SZ) effects, begin
during the epoch of baryon-photon decoupling at z ~ 110d0 dominate over the primary CMB temperature signal.

imprint a faint temperature anisotropy on the CMBand [2,3]. i ) ) . o
measurementsf the angular power spectrum of these The CMB anisotropies are linearly polarized at the 10%

anisotropiesare a pillar of the standard six-parameter level as aresult of local quadrupole fluctuations atthe
ACDM cosmological model. Satellite measurementsf ~ surface of lastscattering [4]. The linear polarization map
the CMB temperature power spectrum are now cosmic  ¢an be decomposed into two components: even-parity,
variance limited from the largesiangular scales down to  curl-free “E-modes” and odd-parity, divergence-free
roughly seven arcminutes [1](corresponding to angular  “B-modes.” Density fluctuations in the early Universe only
multipoles | £ 1600), and ground-basedobservations create E-mode CMB polarization (to first order in the

The cosmic microwave background (CMB)is a rich
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density contrast), while B-modes in the CMB can be data processing, and the coadded maps. In Sec. IV we detail
created by tensor perturbationsuch as primordiagravi-  the absolute calibration of the maps and the procedure used
tational waves, or gravitational lensing of the E-modes byfor obtaining unbiased measurements gfower spectra.
intervening large-scale structure [5-7]In this paper we  Tests for systematic error in the data collection or process-
focus on the brighter E-mode component of this polariza-ing steps are discussed in Sec. V. The method for obtaining
tion. The E-mode (EE) polarization power spectrum and  constraints on cosmologicaparameters from the power

the temperature-E-mode (TEpross-powerspectrum can  gpectra measurements is detailed in Sedl. We present
provide tighter constraintson cosmological parameters  fina| hand-power measurements in Sec. VIl and discuss the

than temperature data alone [8], and they can be measuredyiting constraints on cosmological parametersin
out to smaller angular scaleson account of the low Sec. VIl

fractional polarization of extragalacticsources[9-11],
providing a powerful consistency check of ACDM.
The CMB temperature and polarization power spectra Il. THE SPT-3G INSTRUMENT

have been measured over a wide range of angular scales bbeployed in early 2017, SPT-3G is the third survey

the Planck satelliteéﬂ and ground-based ;[elgsc):opes includsmera to be installed on SPT.SPT-3G is a significant

ing the Atacama Cosmology Telescope(ACT) [12], | : . o .
pgrade over the previous instruments, utilizing redesigned

BICEP/Keck [13], POLARBEAR [14,15], and the South ;¢ fielq optics to increase the field of view from ~1%deg

Pole Telescope (SPT)(Ref.. [161, hereafterHjS) [1.7]' to 2.8 deg and populating the 3.5x larger focal plane area
Several current and upcoming experiments aim to improve

o o : Wwith multichroic pixels. Light rays from the 10 m primary
i‘)g‘?rtlags? OQYSE%);CBt{ ggpc%nstral[qgnzcg;dggb :ég?:g mirror are redirected by a 2 m ellipsoidal secondary mirror
. rray [19,20], -

. . and 1 m flat tertiary mirror into the receiver cryostat [30], in
é/g_lrrI?gs[zA:\%r]ray [21], the Simons Observatory [22]and which three 0.72 m diameter anti-reflection-coated alumina

X . lenses [31] reimage the Gregorian focus onto the detectors.
While the_data are ge_nerally well descrlbeq by ACDM, The SPT-3G receiver can be divided functionally into two
there are mild tensions in parameter constraints between } ;
ryostats that share a common vacuum: an optics cryostat

small and large angular scales [H18, 24,25] and significa ) .
tensions between CMB measurements and late-time cosiﬁ]at containsthe cold optical elements,and a detector

mological probes, most notably in the value of the Hubblecryostat that contains the detectors and associated readout
constant H [26,27]. Upcoming measurements of the high_electronlcs.Each cryostatis cooled to 4 K by its own

: P dedicated pulse tube coolegnd the detectors are further
Lgrl:/sliﬁgwer spectra may shed light on the origin of theseCooled to their operating temperature of300 mK by a

: . ; tom closed-cycle three-stage helium sorption refriger-
In this paper, we present the first science results from S%jr manufactured by Chase Research Cryogeﬂi(With

3G, the latest survey instrument installed on the South Pg ) ; .
Telescope [28]. We report measurements of the EE and fﬁe cooling power required by the SPT-3G instrument, the

. frigerator can provide a stable base temperatureof
power spectra over the angular multipole range 300 < | < re ! g
3000 from observations of a ~1500 deggion undertaken 300 mK for approximately 17 hours before it must be

i i ised to 4 K for a 4.5 hour recharge cycle.
during a four-month period of 2018,and we presenthe >0 _ _ .
resulting constraints on cosmological parameters. The 0.43 m diameter focal plane is populated with

The shortened 2018 observing season is the resulf ~16 000 transition-edge sensofTES) bolometersfabri-

telescope downtime at the beginning of the year due to ancated on ten monolithic 150 mm silicon wafe_rs. !Each
issue with the telescopedrive system, which caused detector wafer contains an array of 269 multichroic dual

damage to detectoreadoutand rendered approximately gneacrllgl ptzjlar_ized pixelf,with eachlp(ijx;al (_:I_OEnSS i;ti?g ofta :
half the focal plane inoperablé/Ve addressed the issue at Proaddand sinuous antenna coupied to olometers via

the close of 2018 and have since seen normal performan é;perco_ndgcting mi_crostrip and in-.Iir_we band-defining fil-
during the 2019 and 2020 observing seasons. Neverthele%gs"-rh'S pixel arc.hltecture was or|g|naII.y developed for
the data collected during 2018 is already sufficient to LARBEAR-Z/Slmons Array [21] and is ?ISO planned for
provide the most sensitive measurements made to date wiff PY the Simons Observatory [32] and LiteBIRD [33]
SPT over the multipole ranges 300 < | < 1400 for EE and €*Periments.The SPT-3G pixels have three observing
300 <1<1700for TE. The resulting constraints on  [requency bandscentered a5, 150, and 220 GHz,and
cosmologicalparameters from the SPT-3G 2018 power US€ Six TES bolometers in each pixel to measure both
spectra improve upon those set by SPTpol [H18] and are polarization orientations in each band. Details of the

competitive with those from other current leading ground-SP T-3G detector wafer fabrication can be found in
based experiments [29]. Refs. [34,35] and characterization othe 2018 deployed

This paper is organized as followsWe begin with an ~ array in Ref. [36]. The detectors are read out using a 68x

overview of the SPT-3G instrument in Sec. Il. In Sec. Il we
discuss the scanning strategy dthe telescopejow-level 'http://www.chasecryogenics.com/.
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frequency-domain multiplexing system jointly developed by
the SPT-3G and POLARBEAR-2 collaborations [37,38].

[ll. OBSERVATIONS AND DATA REDUCTION

A. Observations

The main SPT-3G survey field is a ~1500 dégegion
extending from —42° to —-70° declination and from
20M40m0° to 3M"20M0° right ascension, illustrated in
Fig. 1. This survey footprint also overlapsthe regions
observed by the BICEP/Keck series of experiments [13,20].
We observe the full 1500 degvia four 7.5°-tall subfields
centered at —44.75°, =52.25°, -59.75°, and -67.25°
declination, respectivelywith each subfield covering the
full RArange. These subfields are chosen so as to
maximize telescope scanning efficiency while minimizing

fluctuations in detector gain due to changes in atmospher'ﬁG 1. The SPT-3G 1500 ded survey field (orange, solid)

loading over the course of an observation. overlaid on a Planck map of thermatlust emission [39].Also

The telescope observes each subfield in a raster pattergy, .n are the SPTpol 500 defield [H18] (green, dashed) and
performing constant-elevation sweeps in azimuth before e SpT.S7 2500 dégfield [40] (gray, dot-dashed)
making a small step in elevation and repeating’ Each

sweep of the telescope across the field, referred to as a scan, _ .

is performed ata constant1 deg =s as measured on the MAT5a were nominally performed once per observing
azimuth bearing and takes approximately 100 seconds today, depending on the pairof subfields to be observed,
cover the full azimuth rangeThe telescope performs one though in later seasons the cadence has been relaxed to one
right-going scan and one left-going scan at each elevatiorfl€nse observation per HIl region per week.

step. A full subfield observation requires approximately ~ 1emporalcalibration shifts on shortertime scales are

2.5 hours to complete, and two subfields are each observB@cked using detector response to an internaalibration
three times during one observing day, defined by the ~ Source (“the calibrator”) and much shorter (~10-minute)
combined fridge hold and cycle timeAs the survey field observations of the HIl regions conducted before and after
is constantly above the horizon at the South Pole, the stag@ch CMB subfield observation. The short HIl region
of the observing day is allowed to drift with respectto observations also serve to monitor changes in atmospheric

sidereal time with no penalty to observing efficiency. opacity. This procedurc_a yields a conversion from input
power to CMB fluctuation temperature for every detector

and every observation, subject to statistical variations in the

calibration observations and differences in beam shapes
We regularly conduct a series of calibration observationgnd passbands between SPT-3G and SPT-8% expect

in order to relate the input power on each detector to CMBhese differences to bias the absolute calibration by less

fluctuation temperatureThis conversion is derived from  than 10%, and we correct for this bias by comparing fully

observationsof two Galactic HIl regions that serve as  coadded maps to Planck (see Sdv. F).

relatively compact sources of mm-wave flux, RCW38 and

MAT5a (NGC 3576).RCW38 is located atRA: 8"595° C. TOD processing

Dec: —47°386°%and is used for the two higher-declination

. . . . h .
fields, g)v r;'(!‘oe MAT5a is located at RA: 1111753 Dec:  yetoctor time-ordered data (TOD) to decrease and flatten
~61°1847" and is used for the two lower-declination o ise inthe signal range, which in this  analysis

fields. Dense scans are taken such thatich pixelin the corresponds to approximately 0.3-6 Ho reduce com-

focal plane can form a complete map of the source; thesep%ting requirements SPT-3G data is stored in a custom

per-detector maps are then compared to calibrated maps gfeaming file formatthat enables the data from only one
RCW38 or MAT5a made by the SPT-SZ experiment.  gcan of the telescope to be loaded into memory at once, and

During 2018, such observationsof either RCW38 or 5 TOD processing steps are performed on a scan-by-scan

basis. Only data taken during the constant-velocity portion
2As a result of the telescope’s unique location at the geograpifieach scan is used, and the data taken while the telescope

South Polethere is nearly a direct correspondence between thés changing direction is discarded.

local coordinatesof azimuth and elevation and the celestial

coordinatesof right ascension and (negativedleclination, re-

spectively. 3https://github.com/CMB-S4/spt39_software.

B. Relative calibration

We apply a series of linear processing stepsto the
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The TOD used in this analysis have a sample rate of vibrations within the cryostator 2) excess line power in
76.3 Hz, which while already downsampled by a factor of the 8-10 Hz range, thought to originate from instability in
from the native sample rate of 152.6 Hz, is still faster thanthe detector or readout circuit.
required to measure the angular scales of interest here. To In addition to the cuts above, we do not include one of
prevent high-frequency noise from aliasing down into the the detector wafers in this analysis, as its TOD are
signal band when binning data into map pixels, we apply @ominated by a series ofnoise lines at multiples of 1.0
Fourier-space filter with functional forri"e='o"¥ and low-  and 1.4 Hz, the latter of which corresponds to the frequency
pass cutoff | 5 ¥4 6600. The relation between | , and  of the pulse-tube cooler used in the cryostat. This wafer has
temporal frequency is determined by on-sky scanning  been replaced for subsequent observing seasons.
speed and is recomputed for each scan of the telescope; After filtering, an inverse-variance weightv; is com-
at the center of the field, | %4 6600 correspondsto  puted for each detector based on the noise in its TOD from
approximately 10 Hz. 1-4 Hz. The distribution of weights is examined for

We also high-pass filter the data to remove the effects @iutliers,and detectors with weights three sigma above or
slow signals, such as those caused by atmospheric noiseblmiow the mean are flagged, removing on average another
thermal drifts of the detector cold stage. To do this, we fird3 detectorsfrom each scan. The map for a given
fit and subtractup to a 19th-order Legendre polynomial observation is constructed as a weighted average difie
from the TOD before projecting out Fourier modes corre- data from all detectors (after filtering and cuts) using this
sponding to angular scales below,l %2 300.The polyno-  weight distribution.
mial subtraction serves to remove lower-order modes that Beyond cuts on individual detectors whole scans are
are not well described by Fourier decompositiore.g.,a  dropped from the observation data if there are errors in the
linear slope. During this filtering step, TOD samples in  telescope pointing information or if fewer than ~50% of
which a detector was pointed within $of a point source  active bolometers pass cutBntire observations are cut if
brighter than 50 mJy at 150 GHz are masked in that there was an errorwith data acquisition, if all detectors
detector’s TOD to prevent filter-induced ringing artifacts invere flagged (e.g., due to a failed calibration observation),
the output map. or if the helium in the sorption refrigerator ran out during

We apply one additional filtering step, referred to as thethe observationAfter cutting 17 such observationghere
common-mode(CM) filter, in which the signals from  are 562 subfield observations remaining, with an approxi-
detectors in a specified group are averaged togethend  mate average of 6600 active detectors equally distributed
the result is then subtracted from each of those detectorsamong the three frequency bands per observation.
TOD, thereby removing any common signal. Here we use
all detectorsin the same frequency band on the same E. Maps
detector wafer to form the common mode, averaging acros
polarization orientationsThis effectively imposes a high-
pass filter that removes most of the temperature signal o
scales larger than the angular extent of a wafer (I ~ 500)
while largely preserving the polarization signal. The TOD
samples correspondingto point sources brighter than
50 mJy at 150 GHz are interpolated over during the CM
filter to avoid creating spurious decrements in the map.

SWe use the same map-making methodology as imple-
mented for SPTpol analyses [16,17,41,42] and described in
Ref. [43], here binning the TOD intd &quare pixels using

the Lambert azimuthal equal-area projection.

The full-season coadded maps of temperature, Stokes Q,
and Stokes U for 150 GHz are shown in Fig. 2. The cross-
hatched patterns in the Q and U polarization maps are
indicative of measuring E-modes ahigh signal-to-noise.

. The E-mode polarization map itself is shown in Fig. 3. The
D. Data quality cuts noise levels in the coadded maps are measured by differ-
To prevent low-quality data from degrading a map, encing two half-depth coadded maps and calculating the
detectors with abnormal behavior or properties are flaggegower spectrum ofthe result, correcting for the transfer
on a per-scan basis during TOD processing. If a detector fanction effects of the TOD filtering described above. The
flagged, its data is dropped from the corresponding scan. map depths as a function of | for both temperature and
Some of the lower-level reasons to flag a detector includepmlarization data are shown in Fig4; averaged over the
failure to properly bias or entering a fully superconductingrange 1000 < | < 2000, the polarized map depths &5,
state during an observationpoor calibration data due to 150, and 220 GHz are 29.6, 21.2, and 75y K—arcmin,
noise fluctuations or detector operational issues, and readespectively.
out errors during data acquisition. An average of 448 From the 562 subfield observations, we construct subsets
detectors are flagged in each scan for such reasons. We afspartial-depth full-field maps, or “bundles," that are then
flag detectors for irregular TOD features, on average used as the basic inputs to the resbf the analysis.The
removing an additional342 detectors per scan due to 1) bundles are constructed by chronologically coadding
abrupt, large deviations froma rolling average, or  observationswithin each subfield until the combined
“glitches,” with causesincluding cosmic-ray hits and  unpolarized weight approaches 1=6N,,nqef" of the
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FIG 2. SPT 3G 2018 150 GHz temperature (tep) Stokes Q (mlddle) and Stokes U (bottom) maps Note the factOr of 10 difference i
color scale between temperature and polarlzatlon mafee data have been flltered to remove features larger than ~0difd the

polarization maps have been smoothed by%F8VHM Gaussian.

unpolarized weight in the full-season coadd, typically
requiring 3-5 observationsThe coadds from each of the
four subfields are then combined to create one full-
field bundle. This approach assureseach bundle has

approximately equal weight and even coverage of the field,
to the extent allowed by the relatively small number of
observations.We chose Npnqies 74 30 to balance total
number with uniformity across the bundles.
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FIG. 4. Temperature and polarization noise power spectra, corrected for the transfer functions of TOD processing. In each subplot, tt
left-hand verticalaxis displays the noise in units of uKk, while the right-hand verticalaxis displays the equivaleninap depth in
units of pK-arcmin.

IV. POWER SPECTRUM Fourier transforms of the rotated’@nd W’ maps are then

We calculate power spectra from the maps in the flat- slyysed to construct the Fourier-space E-mode map via [44]

approximation, in which we relate the Fourier wave
numbers 6k;; k P to angular multipole via jkj 2 1. We
rotate curved-sky Q and Udefined along the longitudes
and latitudes on a sphereto flat-sky Q% and U°, defined
along the verticaland horizontal axis of a flatmap, by

% QY cos 2¢ p U sin 2¢; a2b

where | 72 01 ,; | P and ¢ 7 arctand-L=I /P

A. Cross-spectra

01, Q cosd2 U sind2yb: Following prior SPT analyseswe use the pseudo-¢
Qs Q _ WP p Ino2yb method to compute binned power spectrum estimates,
U%% -Q sind2yb p U cosd2ybp; 01P  “pband powers,” and use a cross-spectrum approach [45,46]

to eliminate noise bias. We compute cross-spectra between
where y is the angle measured from the verticalxis to ~ pairs of bundles by first multiplying each map by an
north for pixel a as defined by the map projection.The  apodization mask W with the product denoted as ni{"",
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where X € fT; Eg, A indexes bundle number, and i indexepoint sources. The apodization mask is generated in much
frequency band. We then compute sets of cross-spectra \tt@e same manner as in H18)sing the same mask for all
map bundles across allfrequency bandsFirst, a binary
BXYivx %ix 18l p 1P Re%?ﬁ(;‘“’m‘w;‘fb- 53b mask is created for each bundle by smoothing the coadded
biAXB Ny _ 2 ? B bundle weights with a%8%aussian, then setting to zero any
pixels with a weight below 30% of the median map weight.
for all bundles A * B, where Nis the number of modes in The intersection of all the bundle masks is then edge-
each I-bin b. The average of all cross-spectra for a given smoothed with a 30 cosine taperPoint sources detected
spectrum and frequency combination is then used to obtaﬁ’ﬂove 50 mJy at 15:() GH(Zj Zre_ma_srgeg withm@dius ;ﬂiSkd "
the final band powers,ﬁév;wxvj_ As is customary, here e same size mask used during processing), and the
‘ cutouts edge-smoothedwith a 10° cosine taper. The
we report power spectra using the flattened spectrum, effective area of the final mask, defined asV2A, where

defined as a9t 0 asy
A, ¥a 4 arcmirt is the area of each pixel, is equal to
_lolp1p 1614 ded. This area is larger than the stated survey size
D, = o G 04P a5 a result of the inclusion of lower-weight regions along

the map boundaries.
Applying a real-space apodization maskor imposing
B. Unbiased spectra any survey boundarygonvolves the Fourier transform of

To obtain unbiased estimates of power spectra, we follcm? effective mask with that of the on-sky signal, c_oupling
the MASTER algorithm (Ref. [47], hereafter H02), briefly POWer between formerly independent I-modes. This effect
summarized hereThe power spectra of maps constructed is encapsulated in the mode-couplllng matmx@\ﬂ’rewous
as described above yield estimates of the truéh@t have SF | analyseshave used an analytic calculation of the

; ; de-coupling matrix in the flat-sky regime, as derived in
been biased by TOD- and map-level processingThese M° ,
biased or pseudo-G denoted byC, , and the true G are HO2 for temperature and the Appendix of Ref. [41] (here-
related via b after C15) for polarization (for notational simplicity we

omit the XY superscript on Mo, though separate matrices
for TE and EE are used in the analysis). In H18 this
calculation was furtherverified for the input range 0 <
| < 500 with the use of  curved-sky HEALPiX [48,49]

in which the  brackets denote ensembleaverages,B, ~ Simulations. _ _
describesthe effects of the instrument beam and map Here we employ an alternate means of simulating M
pixelization, F, is a transfer function encapsulating the ~that additionally captures distortions due to the map
effects of TOD filtering, and bis a matrix describing the Projection. A set of HEALPix skies are generated in a
mixing of power that results from incomplete sky coverag&imilar manneras in H18, with each realization formed

Following H02, we introduce the binning operator § from an |_nput spectrum seto zero outside of a selected
and its inverse operation Q, : if we write the binned Al 4 5 bin; howeverhere the curved-sky maps are then
equivalent of Eq. (5) utilizing the shorthandK; o= reprojected to our flat map projection before applying the
M, o, OB|20 and K= Py Ky 6Q 4 then an unbiased _apod|zat|on maskThe power spectru_m is the_n computed
estimator of the true power spectrum can be calculated fr %De{)u_sual manner,revealing t_o which multlpole_s th_e
the pseudospectra via 4 5 input power has peen mlxed. Oqe f!J|_| reallgatlon of

the mode-coupling matrix requires 640 individuakimu-

lations to cover the range 0 < | < 3200 in increments of
Al 72 5, and 150 such realizations are averaged to obtain
the final mode-coupling matrix N o.

. X
|’C| | % M” OF| OBlzohq 0|, 65b

| 0

€, ¥4 K;lPpg o : 86b

To compare the unbinned theofyt€ our band powers, we
compute the binned theory spectra #sCW,, C", where

W,, are the band-power window functions defined as D. Transfer function

The filter transfer function F captures the effects of the
Wi ¥a K loPpa oK g : d7b filtering steps discussed in Sec. Il C. F, is obtained
through simulations discussed further in SeclV D 1. In
brief, a known input spectrum G" is used to generate
C. Mask and mode-coupling 006100sb of sky realizations and simulated TOD, to which
Prior to computing their Fourier transforms, we multiply@'® then applied the same filtering steps as on the real data.
the maps by an apodization mask W to smoothly roll off the
map edges to zero and remove excess power from bright “*http:/healpix.sf.net/.
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The output spectra are then compared to the input spectra t6°
obtain the effects of TOD filtering.

Solving Eq. (5) for F, directly would necessitate 0.8
inverting M, o, which may be ill conditioned. Instead,
we iteratively solve for [ using the method prescribed in

HO2: 06 /
rf;isimi - o)

w
Fo0Py, 1
" " wB2CP
Asimi 6iBr2 ~th
sib1b 4, 6P RCP™Mi — My, oF, DBl cn 024
FPPP % F"p w,B2C ;o8P [
R — EE
where w, = 1 d?rW?2 and Q is the area of the map in R 1000 1500 2000 2500 3000
steradiansWe find three iterations sufficient to achieve a L

stable _result.. . FIG. 5. Filter transfer functions for 150 GHz TE and EE power

The iterative approach is lunstablfa forthe TE power spectra, computed using 250 TOD simulations of the full SPT-3G
spectrum due to zero crossings,so instead we use the 2018 data setThe difference between the TE and EE transfer
geometric mean of the TT and EE transfer functions in thgunctions is caused by the common-mode filter.

same manner as C15 and H18. For cross-frequency power

spectra,a transfer function is computed directly for each )
of 1.7% 1.4 1.2 at 95, 150, 220 GHz, respectively, before

v; x v; spectrum.The TE and EE transfer functions for k ’ PeL
150 GHz are shown in Fig. 5, with similar results found fofenerating real-space HEALPix sky realizations.These

95 and 220 GHz. The difference between the TE and EE noiseless mock skies are then used along with recorded
transfer functions primarily arises from the CM filter, telescope pointing information from every 2018 subfield

which removes large-scale power from temperature Whileobservation to generate simulated detector TOD, which are
preserving it in polarization. This also causes ~10% then processed using the same detector cuts and filtering as

differences in F between the three frequency bands for applied to the real data. The resulting “mock observations"

I < 1000, which diminishes to <1% at higher multipoles. "€ then bundled and analyzed in exactly the same manner
as the real data.

1. Simulations

To create the simulations used for recovering the effect of E. Beam

TOD- and map-level processing on the data, we first The beam describes the opticaksponse of the instru-
generate 250 Gaussian realizations of the CMB describednent as a function of angle. The maps produced are a

by the best-fit ACDM model to the base_plikim_  convolution of the beam with the underlying skygequiv-
TTTEEE lowl_lowE_lensing Planck data set [26]To these ~ alently described as a multiplication in Fourier space by the
we add foreground contributions using two methodSor ~ beam window function B . B, is estimated in a similar
foreground components expected to be roughly Gaussianmanner to the composite beam analyses in Refs. [40,41,54],
distributed (such as the thermabnd kinetic SZ effects), using point sourcesin the 1500 deg field and five

we create Gaussian realizationsof power spectra from  dedicated Mars observationstaken during 2018. As in

Ref. [50]. These realizations are correlated between those analyses,we have treated the beam as axially
frequenciesWe also add Poisson-distributed foregrounds symmetric.The errors induced by this approximation are
according to source population models from Rgh1] for  entirely negligible,as determined using the formalism of
radio galaxies and from Ref.[52] for dusty star-forming  Ref. [55] and the known properties of the SPT beam.
galaxies, with polarization fractions from Ref. [9] and flux- The Mars data are convolved with a Gaussian estimate of
frequency scaling relationsfrom Ref. [53]. We neglect the telescope pointing jitter (approximately 12” rms)
Galactic foregrounds for these simulations, as the expectelgrived from the fitted locations of point sourcesin
polarized power from dust within our survey region is 1-2individual observationsThe brightness of Mars produces
orders of magnitude smaller than the E-mode signal overa high signal-to-noisebeam template out to tens of

the multipoles and observing frequencies considered herearcminutesaway from the peak response;however,we
(Galactic dust is accounted for in the likelihood; see observe significant evidence for detector nonlinearity at the
Sec.VI). The TE power for all simulated foregrounds is peak response in the planet scans. To avoid this, the Mars
set to zero. These simulated components are then combimedps are first produced individually for left-going and

in multipole space and multiplied by a Gaussian approxi- right-going scans, and any data taken in a scan after Mars
mation of the SPT-3G beam (see Sec. IV E), with FWHMgpasses within ~1 beam FWHM is maskedas the falling
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1.1

- 220 GHz

95 GHz
150 GHz

subfield temperature maps and the Planck PR3 ofdbe
nearest frequency channelsing 100,143, and 217 GHz
for our 95, 150, and 220 GHz bandsrespectively.

The Planck maps are mock observed with TOD filtering

1.0 _—
= N identical to the real data, though with larger masked regions
around point sources to account for the larger Planck beam.
An apodization mask with larger pointsource cutouts is
applied to both the mock-Planck and SPT mapand the
corresponding mode-coupling matrix IW o iIs used. We

SO compute the Planck-only and SPT-only power spectra

o using cross-spectrebetween half-depth mapsfrom the

0.7 respective experimentand we compute the cross-spectra
between the two experiments using full-depth map§Ve
divide out the binned mode-mixing matrix to account for

the cut sky and source maskinggnd compute the binned

FIG. 6. One-dimensional multipole-space representation of théatlo of the power spectra
measured instrumerdeam,B, , with uncertainties indicated by
the shaded regions. The data are normalized to unity at | 74 800.

0.9 1 ~ S

Beam Response B,

0.8 1 S

1600 2000 2400 2800

Multipole £
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s < SPT,xSPT,
1 Pb;l BrlanC‘ﬁPb;l M[)l OQI O’bob_1 Db0 1 2 .
4 v i :
Py BSPT8Ry; MPF (Q opebs T DS TPIanck

o9p

edge of the beam response is most prone to contaminati
from detector nonlinearity.
The hole atthe location of the peak planetesponse is

OPhe average of this ratio over 400 < | < 1500 is used to set
the relative temperature calibration between subfields. All

subfield calibration factors are within <7% of  unity,

filled in by st!tching a coadc_i of point sources that he_13 beeEonsistentwith the expected accuracy ofthe calibration
convolved with the Mars disk. The stitching operation procedure described in Sedl B.

simultaneously fits a relative scale and offset between the |y, ostaplish uncertainties on the above ratio by combin-
two beam observations using an annular region where bofly . ;016 ACDM sky realization with FFP10 noise
measurements have high signal-to-noiBg. is then taken

) simulations for Planck and sign-flip noise realizations for
to be the square root of the azimuthal average of the two-SPT generated by coadding re8PT-3G data maps with
dimensional(2D) power spectrum of the composite map, ’

. . . . random signs. We compute severalsimilar ratios using
?ftert_corre_lczﬂng for thﬁ p{gnet ?Itshk atr;d pixel WIndo_w other combinations of Planck and SPT data to form the
unctions. 1he normaiization ot the beam responseis cross-spectra as a data systematics and pipeline consistency
defined by the map calibration procedure described in check. We find agreementto 1% in the ratios across
Sec.VF 1. different data spectrainputs over the multipole range

B, and uncertainties for the three frequencies are ShOwct,‘onsidered. The beam measured in this manner also serves
in Fig. 6. Over the range of multipoles relevantfor this

Ivsis. the fracti b tainty is | than 1.5 s a cross-check of our low-I beams; while the results are
analysis, the fractional beam uncertainty IS 1€ss than 1.5 7. ygistentwith the position-space measuremethey are
The beam covariance is derived from a set of alterngte B

) ) ; less sensitive as a result of the Planck beam size and map
eurves produced by varylng.the sgbﬂeld from_ which the noise, and are therefore not used to constrain the shape of
field sources are drawnyarying which of the five planet the beam response
observationsis used, and sampling from the nominal '
covariance of the stitching scaling and offsgtarameters.
The beam covariance is then added to the band-power
covariance matrixdiscussed in SedV H.

2. Full-field calibration

We determine the final calibration of the SPT-3G
temperature and E-mode maps by comparing the measured
SPT-3G TT and EE power spectra to the full-sky,fore-
ground-corrected Planck power spectra. Note that while the

1. Subfield calibration map calibration described above is expected to be accurate

As this work references separate Hitegions for cali- at the percentl'evel, that procedure does.no*e'lddress the .
brating different halves of the survey field, we calculate arigPsolute amplitude of the Q and U polarization maps. This
apply a temperature calibration factorfor each subfield ~Motivates the EE power spectrum comparisafihile not
individually before coadding observations from the four  Strictly necessary,we also adjust the temperature
subfields into a single mapTo set the individual temper-
ature calibrationsywe compute cross-spectra between our

F. Absolute calibration

*https://pla.esac.esa.int/.
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calibration to be based on the power spectrum comparisoperform a monopole deprojection, in which a scaled copy
for symmetry. of the T map is removed from the Q and U maps. We

We calculate calibration factors for each frequency bandeglect higher-order leakage terms, as they typically
for the temperature(e.g., T2, and E-mode (e.g., become relevantear the beam scale (I ~ 11 000)while
EY CH?) maps. The cross-spectra calibration factors are this analysis extends only to | % 3000.

then TE o 8T.aEcalP and EE « 8E,EqyP. The calibration  In both C15 and H18, the monopole leakage coefficients
factors are constructed based on comparing the Planck €°, where P € fQ; Ug, were calculated by directly com-
combined CMB-only power spectrato the SPT-3G paring the respective'Cto GTT over some range of |, and
95 x 95, 150 x 150, and 220 x 220 band powers over  the deprojected maps obtained V&P — € T. The same
the angular multipole range 300 < | < 1500 using the method used in this analysis would be biased by the high-
Planck bin width of Al %2 30. We apply the SPT-3G  pass TOD filter, due to the following effect. In the 2D
band-powerwindow functions to the unbinned Planck  Fourier plane QQ power is oriented along the } and |,
spectrafor this comparison.For temperature,we also  axes while UU power is oriented at 45°. As the temperature
account for foreground contamination by subtracting fromsignal is uncorrelated with Q and U across the sky,the
the SPT-3G band powers the best-fitftoreground model  azimuthal average of the TQ and TU correlations should be
from Ref. [3] with additional radio galaxy power from the zero (i.e., at each I, the orthogonal lobes of power in the 2D
different point source mask threshold calculated accordingourier plane are of equaimagnitude butopposite sign).
to the model in Ref.[51]. The foreground corrections are However,as the telescope scanning direction is along |
negligible for the EE spectra.We accountfor the uncer-  the high-pass filter removes powerfrom low-I , modes,
tainties on the band-power measurements in this comparileaving a residual signal in the TQ azimuthal average that is
son using the covariance described in Sec. IV H as well asighly correlated with TE. As TU modes are oriented
the uncertainties on the Planck spectra. We also include tpegmarily at 45° in the 2D Fourier planethe loss of |, <
correlated uncertainties in the calibration factors due to thB00 power does not change their net-zero azimuthal
overall Planck absolute calibration uncertainty (taken to baverage.
0.25% at the map level) and the common sample variance To account for the correlation with TE, we fit each of TQ
and Planck noise uncertainty across the three frequencieand TU to a linear combination of TE and TT according to
for the EE and TT comparisons.
The adjustments to the T, factors recomputed in this ClP v TTCIT p ePTECE: o10p
manner are all within ~1% of unity, while the; factors,
which may be thought of as the inverse of the effective  The €T coefficients are then used for monopole depro-
polarization efficiencies, are 1.028, 1.057, and 1.136 for 9fgction in the usual fashion, while the eT& values are
150, and 220 GHz, respectively.That E; is alarger discarded.
correction than T, is to be expectedas we do nothave Two tests of this deprojection method are performed
per-detector measurements of polarization propert@s]  before application to data.First we check thatthe €T
instead rely on the as-designed values. We note that despit@fficients are consistentwith zero in noiseless mock
this, the polarization calibration factors found here are of observations. Then, a known amount of T-to-P leakage is
roughly the same size as those required for SPTpol in C1fmjected in the simulations to verify it can be recovered.
and H18, which did make use of such per-detector After passing both of these checks, we calculate the leakage
polarization information. coefficients from real data, obtaining the values in Table I.
The calibration factors are applied to the maps before We perform the deprojection on the data, though the
calculation of the final band powers, and we include all sixesulting shiftin band powers is entirely negligible given
calibration parameters as nuisance parameters in the likethe reported band-poweruncertainties.\WWe accordingly
lihood when fitting for cosmology, using priors centered omeglect the error on the monopole leakage terms.
unity and with widths based on the calculated covariance
matrix. The uncertainties on the six calibration parameters 2. Leakage from the common-mode filter
are given alongside those of other nuisance parameters

. Another form of T-to-P leakage results from the CM
in Sec. VI.

filter. As the polarized power is measured using the

difference in signal between orthogonally polarized
G. T-to-P leakage

1. Monopole deprojection TABLE I. T-to-P monopole leakage coefficients.

Polarization data can be contaminated by leaked temper- 95 GHz 150 GHz 220 GHz
ature signal caused by a variety of factors, including T 0.006 0.002 0.005 0.002 0.008 0.010
mismatched gain between detectors in a polarization pair _ .1 ' ’ ' ' ' '

. . . ; . .002 .013 0.002 0.015 0.010
and differential beam shapesAs in C15 and H18, we © 0.008 0.00 0
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detectors,subtracting the same common mode from all  and the sample variance from the sedf 250 signal-only
detectorsshould not affect the measured polarization. simulations. In a final step, the uncertainty from the beam
However,here we have notenforced explicitpair differ- ~ measurement is added. We neglect any contributions from
encing when making polarized mapsllowing the polar-  the simulation-derived corrections discussed in the preced-
ized signal in a given map pixel to be formed from detectdrg section.
in physically distant focal plane pixels. The CM filter The calculation of the covariance matrix follows the
generally removes a differerdmountof power from two  generalprocedure outlined in the Appendix of Ref[56].
such detectorsthereby affecting the polarization signal. The three frequency bands are used to form three auto-
While the CM filter is empirically seen to reduce polari- frequency spectra and three cross-frequency spectra for
zation noise, it also directly injects some fraction of the  both EE and TE, giving the covariance matrix a 12 x 12
| ~ 500 (corresponding to the angular extent of a detector block structure. The estimate of the covariance is noisy
wafer) temperature power into the polarization map$o  given the finite number of simulations and observations; we
quantify this leakage,we mock observe a setof T-only  therefore “condition” the covariance matrix to reduce noise
simulations and measure the power leaked into EE and Tia.both the diagonal and off-diagonal elements.
We find the leakage to depend on the particular configu-  For the diaﬁ%ﬁ*fﬁfﬁmﬁmﬁimﬁifﬁﬁﬁﬁd a fractional
ration of detectors used to form the CM, differing in both uncertainty of  2=n,,¢ for the 30 data bundles in this
sign and magnitude across the three frequency bands, witinalysis, this is 26%. To mitigate this, we extract the
maximum amplitudes near | ¥4 500 of 0.20 uK? for EE  effective number of modes in each I-bin from the signal-
and 10 pk? for TE. only simulations detailed in Sec. IV D 1, which allows us to
This CM filter-induced T-to-P leakage is also present incompare the poor noise variance estimates to their expect-
the simulations used to obtain the filter transfer function. ation values. This comparison yields an estimate ofthe
Although F; is a multiplicative correction, and this T-to-P noise spectra, which we smooth with a Gaussian kernel and
leakageis an additive bias, to first order F, already use to assemble an improved estimate of the noise variance.
removes this leakage; when reconstructingthe input ~ We add the sample variance contribution to the noise
Dl';EtE from simulatedDFE using Eq. (5), no residualbias  variance to obtain conditioned diagonals for all covariance

is seen. As will be discussed in Sec. V, realistic changes ®jocks.

the input spectra used for the simulations do natignifi- To ameliorate the noise of off-diagonal elements,we
cantly affect F, so this bias will already be reduced to a condition the underlying correlation matrices. We average
negligible level for EE data. the estimated correlation matrices oll 12 on-diagonal

The leakage in TE is not handled so easily, however, ablocks and inspect band-diagonal slices (i.e., elements the
FTE is not constructed specifically from TE spectraput ~ Same distance away from the diagonal). To account for the
rather as the geometric mean of FFT and FIEE When Widening of the mOde-COUpIing kernelover the angular
reconstructing the inputD]E from simulated DJE using multipole range, we generalize the procedure applied in C15

Eq. (5), a residual bias remains. The same set of simulati}. H1E? apd fit V?/econcli-ordeffoc;ynomiallstlo the ?anc.it-h th
for obtaining F is used to calculate the following residual lagonal slices. VVe replace ofi-diagonal elements wi ese

TE bias, which is then subtracted from the data: fiFs and set elements further than Al > 100 fr(_)n_1 the main
diagonalto zero as correlationsbecome negligible.The
correlation matrix conditioned in this way is then combined
with the previously calculated diagonatlements ofeach
block to construct the conditioned covariance matrix.

In addition to the check againsvarying input simulation We have validated this conditioning approach using a
spectra discussed below, T-only Planck maps corresponduite of 1000 flat-sky, single-frequency simulations that
ing to the SPT-3G coverage region are mock observed tomimic the SPT-3G 2018 data sef(30 map bundles,200
verify the leakage bias in TE to be expected from the realtransferfunction simulations, 1/f noise profile matching

sky, with excellent agreement found between those results! 18 with Ny ¥ 10 puK-arcmin). We measure the EE and
and those from the standard set of simulations. TE spectrum for each simulation, estimate the band-power

covariance matrix using the distribution of the bundle

cross-spectra, and apply the conditioning scheme described

above. Comparing the covariance matrices obtained in this
The band-power covariance matrix captures the uncer-way to the average of the unconditioned matrices across all

tainty in individual band powers and their correlations as simulations, we find that the residuals along the main

well as the correlations between different spectraand  diagonals of all covariance blocksare consistentwith

different frequency bands. This covariance matrix includegero.

contributions from noise and sample variance. We estimate We further validate the conditioning scheme by ensuring

the noise variance from the set of measured cross-spectréhat its impact on parameter estimation is minimal. We do

N X

| 0

H. Band-power covariance matrix
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this by considering a ACDM p N¢ model, i.e.,introduc-
ing the effective number of neutrino speciesas a free

collection of null maps. The cross-spectra of the null maps
are then compared to the expected nulspectrum if that

parameter. This is motivated by the signature of changes $gstematic were absent. The expectation spectra are calcu-
Nes left in the damping tail of the CMB power spectra, andated using the same noiseless mock observations detailed

that by design the devised conditioning scheme smooths in

Sec. IV D 1 used for obtaining F, . The expected null

noise in the covariance more aggressively at small angulapectra are typically consistent with zero, although
scales. We therefore expect this cosmological model to belifferences in e.g., live detector counts can cause nonzero
sensitive test of the conditioning step. We find the best-fitexpectation spectra.

Nir value while fixing the core ACDM parameters to their

We perform the following null tests, most of which have

input values using a Gaussian likelihood for all simulationgalso been explored in prior SPT analyses:

We perform this calculation twice for each realization: once
using the realization’s conditioned band-power covariance
matrix and once using the average ofall unconditioned
covariance matricesicross the simulationswe find that

the standard deviations of the resulting two distributions of
best-fit N values match Furthermore the width of the
distributions are consistentith a simple Fisher forecast.
We observe no evidence thahe conditioning procedure
introduces a bias to parameter constraints.

The uncertainty from the beam measurement is added to
the band-power covariance matrix described above using
the same procedure as in Refs [40,54, C15]. First, we
construct a “beam correlation matrix”

0D, 0Dy
eam1 ~=b .
pﬁbo Va D, Dy 012b
where
-2
% a1- 1D 6Bi'° 013b
b b

represents the effeabf the beam uncertainty 8B on the
power spectrumModel band powers ) are then used to
generate a covariance from the beam correlation matrix:
Cbeam 1, 28Dy 014p
Our final results are robust with respect to the beam
covariance assumed,with no effect on cosmological

Azimuth: We test for sensitivity to ground signals by
ordering the data based on the average azimuth of the
observation.We divide azimuth according to the
direction of the Dark Sector Laboratory, the building
connected to the telescope, which we expect to be the
dominant source of any ground-based pickup.

First-Second: This tests for time-dependemiffects by
ordering the data chronologically into the beginning
and end of the seasonFor 2018, this is degenerate
with splitting the data based on if the Sun was below
or above the horizon, and therefore tests for both Sun
contamination and long time-scale drifts.

Left-Right: This divides each observation into left-going
scans and right-going scans, and is intended to test for
asymmetricscanning or effects due to the eleva-
tion steps.

Moon up—Moon down: We test for additional beam
sidelobe pickup by dividing the data based on whether
the Moon was above or below the horizon.

Saturation: We test for effects of decreasedarray
responsivity by ordering the data based on the average
numberof detectors flagged as saturated during an
observation.

Wafer: We test for effects due to differing detector
propertiesby dividing the wafers into two groups
based on optical responseto the calibrator and
bolometer saturation poweiSeparate maps for each
observation are made from the two sets of wafers.

With the exception of the Azimuth test, the null tests use

the same chronological bundles as used in the cross-

constraints after increasing the covariance by a factor of &pectrum calculation. For the Left-Right testach bundle

is
V. TESTS FOR SYSTEMATIC ERRORS

separated into left-going and right-going scans, and these

are differenced to create the null maps. An analogous

f ) ._procedure is used forthe Wafer null test. For the First-
We perform two primary tests on the data and analysis ge.5n4. Moon Up-Moon Down, and Saturation tests, each

pipeline, with the first using null tests to probe for
systematic effects in the data,and the second verifying
the robustness othe pseudospectrum debiasing pipeline
against changes to the input power spectrum.

observation is assigned a value based on the susceptibility
of
error, and the bundles are then rank ordered by the average
of this value acrosstheir constituentobservations.The

that observation to the potentialsource of systematic

halves of the rank-ordered listare then subtracted (i.e.,

A. Null tests

bundle 1 from bundle 16, bundle 2 from bundle 17, ...,

To check that the data are free of systematics above thbundle 15 from bundle 30) to form the null maps. For the
noise level, we perform a series of null tests, in which the Azimuth test, the normal chronological bundles would
data are divided based on a possible source of systemati@verage down any potentiabystematicas the observing
error, and the groups of data are then differenced to form eadence of the telescope effectively randomizes the
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TABLE II. Individual null test PTE values and the combined PTE value for each test across all frequencies and
spectra.
95 GHz 150 GHz 220 GHz Combined Row
TE EE TE EE TE EE PTE

Azimuth 0.5974 0.4939 0.1969 0.0054 0.9023 0.8598 0.1636
First-Second 0.3131 0.6800 0.2594 0.9825 0.6745 0.4779 0.7779

Left-Right 0.3207 0.2285 0.6895 0.6761 0.3906 0.5617 0.6346

Moon Up-Down 0.8127 0.9954 0.7333 0.4974 0.9175 0.7619 0.9943

Saturation 0.0962 0.8606 0.1186 0.4727 0.6097 0.4083 0.3320

Wafer 0.1091 0.0038 0.4806 0.0432 0.6597 0.5993 0.0140

azimuthal range over which the field is observed.The  still want to test that the pipeline is stable againssmall
observationsare therefore rebundled according to the  variations to the input power spectra.
separation between theimean azimuth and the azimuth We create an additional set of simulations with a contrived
corresponding to the Dark Sector Laboratory. cosmology chosen to be ~5a discrepantith the results

For each null test, we use the average and distribution éund in H18, with parametervalues Qyh? % 0.02,
all null cross-spectra to compute the chi-square compared)_h? ¥ 0.14,H, % 61 km ' Mpc™, In610%Ap V4 3.12,
to the null expectation spectrum, and we then compute tha, 14 0.9, and 1 % 0.06. Additionally, the foreground power
probability to exceed (PTE) this chi-square value given th& doubled in comparison to the standard set of simulations.
degreesof freedom. An exceedingly low PTEor a  Fifty noiseless realizations of this cosmology are supplied to
p_reponderance pf low PTEs_ indicates the data are in larggfe mock-observing pipeline,and the resulting €, are
disagreement with expectation than random chance wouldepjiased using the transfer function and TE bias corrections
allow. We perform three checks on the collection of PTEsgerived from the standard setof simulations.The input
1) the entire table of PTE values is consistentwitha  gpectra are recovered to well within the uncertainties on the
uniform distribution between 0 and 1 with a Kolmogorov- reported data band powers, and we therefore find no

values are larger than 0.0535],, and 3) the combination

of PTEs in each row using Fisher’'s method has a PTE
above 0.05=N,,s. We neglectcorrelations between PTE VI. PARAMETER FITTING AND MODELING
values when performing these tests, which has the effect of We obtain cosmological parameter constraints using the
strengthening the KS and Fisher tests while weakening thilarkov chain Monte Carlo (MCMC) package CosmoMC
multiple-comparisons-corrected individual PTE test. Thesg57].% The theoretical CMB spectra are calculated using
tests and significance thresholds were agreed upon befor€AMB [58],” and are modified to account for the effects of
looking at the collection of final PTEs to avoid confirma- instrumental calibrationaberration due to relative motion
tion bias. with respect to the CMB rest frame [59], and super-sample
The null test PTEs are collected in Table Il. The lensing [60]. We also add terms representing Galactic dust
distribution of PTEs is consistent with a uniform distribu- emission and polarized dusty and radio galaxies.
tion with a KS test p-value of 0.76. With 36 tests and six =~ We parametrize the ACDM model as follows: the density
rows, the individual PTE threshold is 0.0014, and the row of cold dark matter Q.h?; the baryon density Qh?; the
threshold is 0.0083; although the Azimuth test for 150 GHamplitude of primordial density perturbations, the tilt of
EE and Wafer test for 95 GHz EE are marginal, all of the the power spectrum,n,, defined at a pivot scale of
tests pass the agreed-upon criteria, and we conclude thatglgs Mpc?; the optical depth to reionization T; and
listed systematics do nofffect the data in a statistically CosmoMC'’s internalproxy for the angular scale of the

significant way. sound horizon at decouplingy®. For the range of angular
multipoles considered heret is degenerate with A;; we
B. Sensitivity to cosmological model therefore use large-scalepolarization information from

Any corrections to the data based on simulations, such B&gnck [26] to inform a Gaussian prior of 77 0.0543
F, or additive bias corrections, should be robust against tR0073, and we report constraints on the combined amplitude
chosen inputcosmology to the simulationsThe simula- ~ parameter 19Ae™" in this work. Widening the prior to
tions in Sec. IV D 1 were constructed to match the true sky
as closely as possible,so we can be confident that the ®https://cosmologist.info/cosmomc/.
resulting simulations will yield valid results; howevene "https://camb.info/.
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T % 0.065 0.015 based on a recent analysis of Planck an@dABLE Ill. Gaussian priors used for the MCMC fit, including
wMAP data by Ref. [61] has no significant effect on  the optical depth to reionization 1, mean-field lensing conver-

cosmological parameter constraints. gence K,the amplitude %g (in |JK2) at 150 GHz and spectral
We account for aberration in a manner similar to Ref. [dhdex d of polarized Galactic dust, the EE power of Poisson-
and H18 by modifying the theory spectrum as distributed point L~7ources§€};‘oxvj (in pK?), absolute temperature
calibration factor :l;,, and absolute polarization calibration factor
Vi
G -, -c NG ghoos 6 515 oot
dinl Parameter Prior
where B ¥ 1.23 x 10 is the velocity of the Local Group 1 0.0543 0.0073
with respect to the rest frame of the CMBand hcos 6i %2 100k 0 0.045
-0.39 is the mean angular separation between the CMB A§§ 0.095 0.012
dipole and the SPT-3G survey field. For super-sample Oee -2.42 0.02
lensing, we follow the procedure laid out by C15 and H18A46 0.184 0.072
modifying the CMB spectrum resulting from aset of  %TE ~2.42 0.02
DPs; 96%95 0.041 0.012
parameters p as 3000
Dgg;og)50"150 0.0115 0.0034
A ol 2CXYopbk DS 220x220 0.048 0.014
Cleép; Kb V4 ¢Y6p|3 —Wlpl—z; 616b Dgg%%xﬁo 0.0180 0.0054
_ B Dgg;og5"220 0.0157 0.0047
where the nuisance parameter k quantifies the mean lensggg: 150x220 0.0190 0.0057
convergence across the survey field. We apply a Gaussiapss o 1.0 0.0049
prior on kK centered on zero with standard deviation T??—,'o GHz 10 0.0050
o, ¥ 4.5 x 10%, with the uncertainty estimated from the 1550 cHz 1.0 0.0067
survey size [60]. EgglGHz 1.0 0.0087
The power from Galactic dustis assumed to follow a %0 cHz 1.0 0.0081
modified blackbody spectrum with T g5 % 19.6 Kand £330 e 10 0.016
Baust 4 1.59 and is modeled according to the relation from==2
Refs.[62,63]:
| 2
axyb2 ,ypes L C.
DX, % A g) " 817 Or % Daoo 3560 o18p

v _ \ The TE signal from these galaxies is expected to be zero, as
where A7’ is the amplitude of the spectrum at 1% 80 at  the polarization angles are uncorrelated between galaxies.
150 GHz, and g is the angular power dust spectral index|n the baseline casewe apply Gaussian priors to the six

Based on Ref. [62], we apply a Gaussian prior gpwith Dfoo, ! parameters based on the temperature values from

a central vglue of —2.4_12 and unce_rtalnty 0.02. We estimatgy ¢ [3], which we adjust for our flux cut following the
the properties ofpolarized Galactic dusion the SPT-3G 1,4 of Ref.[51] and scale by the polarization fractions
1500 ded field using Planck observations in the frequencyeported by Ref. [9]. The prior width is dominated by
bands 100, 143, 217, and 353 GHz. We assumethe  ncertainty in the mean squared polarization fraction,
aforementioned spectranergy distribution and fitto the  \yhich we conservatively double to yield 30%.
amplitude using the ten cross-frequency spectra obtained e find that our cosmological parameter constraints are
from an optimal combination of all possible half-mission  jhsensitive to the details of the foreground priors, with no
map cross-spectra.Taking into account Planck color  sjgnificant shifts in the results when the Poisson terms or
corrections [63]pessimistic calibration errors and assum- the polarized Galactic dust amplitudes are doubled or set to
ing the Planck best-fit cosmology, we constrain the  zero. We conclude that over our multipole range the band
amplitude of polarized Galactic dust to bg% 0.095 powers are largely insensitive to both of these foreground
0.012 and AJ§ % 0.184 0.072, which we adopt as  sourcesThe priors discussed in this section are summa-
Gaussian priors in our MCMC analysis. We further checkrized in Table IlI.
that the constraints remain stable when also fitting fior; B We verify that our likelihood is unbiased by analyzing a
and g, the fit values of which are in good agreement witlset of 100 simulated spectra. Mock band powers are created
our chosen values. by adding random noise realizations based on ourdata

The EE power spectrum of the emission from a Poissortovariance matrix to the latesPlanck best-fitmodel. We
distribution of partially polarized synchrotron and dusty use the likelihood to obtain the best-fit model for each
galaxies can be described as realization, and we find that for all cosmological
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parametersthe mean of the ensemble of simulations lies corresponding to a power spectrum measurement in that |-

within one standard error of the input value.

VIl. THE SPT-3G 2018 POWER SPECTRA

A. Band powers

space bin and zero elsewhere. In this construction, we have
made the simplifying assumption thate polarized fore-
ground power is negligible within the band-power uncer-
tainties. Relative to the most-sensitive single-frequency
band, the 150 x 150 GHz band powers, the minimum-

We present band powers and uncertainties for the six Efariance band powers have uncertainties 5-10% smaller at
and TE cross-frequency power spectra, plotted in Fig. 7 and 1000 and 20-30% smaller at | > 2000.

listed in full in the Appendix. The band powers span the
multipole range 300 < | < 3000, with bin widths of Al %4

The minimum-variance EE and TE band powers and
associated errors are summarized in Table IV and plotted in

50 for | <2000 and Al 7 100 for | > 2000. The 44 band  Fig. 8 along with measurementsrom several recent
powers for each spectrum are measured with each of the gikeriments. These minimum-variance band powers, mea-

frequency combinations o5, 150, and 220 GHz data,
resulting in 528 band-power values in total.

sured using only four months of SPT-3G data with slightly
over half the number of detectors relative to subsequent

With 150 x 150 GHz alone, we measure the first sevengpserving seasons,are already the most constraining
acoustic peaks of the EE spectrum with 3-4 band powersmeasyrements made to date by an instrument on SPT over

per peak and signal-to-noise 26.4 on each band power. Thg,

band powers are sample variance dominated at1275
for EE and | < 1425 for TE.

We also construct a set of minimum-varianceband
powers.Following Ref. [64], the minimum-variance band
powers D"V can be expressed as

DMV 14 6X'C'XP 'XTC'D: 019b
Here, D and C are the multifrequency band powers and
covariance matrixand X is a 528 x 88 design matrixjn
which each columnis equal to 1 in the six elements

multipole ranges 300 < | < 1400 for EE and 300 <
| <1700 for TE, and are competitive with other current
leading measurements.

B. Internal consistency

The minimum-variance construction above assumes the
multifrequency band powers are measuringthe same
underlying signal and that polarized foregrounds are
negligible. We test this assumption by examining the
chi-squareof the multifrequency band powers to the
minimum-variance band powers,

40 ' Ny
- AW A N
o ok o n'ﬁ M, |I
= M 3 A b 1 ¥ |H| 'lﬂ | |
™ AL i
Q07 LS T
_20-
100 - l
—_ _ ﬂ
T 50
X \ L '-
S —s0- KA J ¥ H ;
A | . #
~1001
N
_150 T T T T T T
0 500 1000 1500 2000 2500 3000
Multipole £
|  95x95 95x150 | 95x220 | 150x150 |  150x220 220x220

FIG. 7. SPT-3G EE and TE band-power measurements from the six auto- and cross-frequency power spectra overlaid on the Planck
best-fit ACDM model. The plotted uncertainties are the square root of the diagonal elements of the covariance matrix and do not inclu

beam or calibration uncertaintied. small | offset has been applied to each poifir plotting purposes.

022003-16



MEASUREMENTS OF THE E-MODE POLARIZATION AND ...

PHYS.REV.D 104, 022003 (2021)

TABLE IV.  Minimum-varianceband powers D, and their
associated uncertainties o fothe TE and EE power spectra.
We also report the band-power window-function-weighted multeomparison in the five-dimensional parameter space,
pole | o for each | range. The band powers and errors are quotéd),h?; Q.h?%; §,c; 1PAe™"; n,p,due to the common T prior.

in units of yK2. The reported uncertainties are the square root of

TABLE V. Parameter-level 2 difference and PTE
between subsets ofhe data and the full data set.We do the

the diagonal elements of the covariance matrix and do not inclRidset X2 PTE
beam or calibration uncertainties. EE 4.69 45.45%
0,
Range  1ff D o= 1§ DF = [y 750 16.64%
300-349 326 103.7 113 325 141 1.0 | >1000 7.70 17.34%
350-399 376 39.8 8.4 375 204 1.2 95 GHz 6.68 24.57%
400-449 426 -478 7.0 425 190 1.1 150 GHz 3.75 58.54%
450-499 475 =721 6.0 475 120 0.6 220 GHz 2.35 79.92%
500-549 523 -35.1 4.7 524 72 04
550-599 574 10.2 5.6 575 116 0.6
600-649 625 236 6.6 624 297 11 yarance band powers). The PTE for s %52. If the EE
650-699 675 -637 7.3 674 390 13 ,h4TE pand powers are evaluated separately, the PTEs are
700-749 725 -120.8 6.8 725 345 1.2 . S
750799 774 1212 66 774 207 09 0.18 and 0.71_, respectively. This indicates tha.t the measure-
800-849 824 -492 47 824 135 06 ments from different _frequ_ency bandsand_ their cross-
850-899 874 380 50 874 171 0.7 correlations are consistewith a common signalwith no
900-949 924 566 49 924 316 1.0 evidence for significant contamination due to foregrounds or
950-999 974 13.3 48 974 406 1.3 unmodeled systematics.
1000-1049 1024 -52.3 52 1024 385 1.3 We further investigate the internalconsistency ofthe
1050-1099 1075 -74.0 47 1075 262 1.0 SPT-3G 2018 EE=TE data set by subdividingit and
1100-1149 1124  -542 3.8 1124 150 0.6  examining the parameterconstraintsfrom each of the
1150-1199 1174 -10.0 33 1174 124 0.6  geyen data splits: the 95, 150, and 220 GHz auto-frequency
1200-1249 1224 44 33 1224 219 0.9 ghacirg, the | < 1000 and | > 1000 data, and the EE and
1588_1223 1%;3 :1?2 gi 13;2 g?f ” TE spectra individually. We quantify the consistency of
1350-1399 1374 -617 3.4 1374 227 0.9 each subset with respect to.the full moqel by calculating the
1400-1449 1424 -420 30 1424 128 07 Pparameter-level3@and associated PTEs in Table V, follow-
1450-1499 1474 -11.9 2.7 1474 106 0.6 ingthe methodology of Ref[24]:
1500-1549 1524 9.1 25 1524 144 0.7
1550-1599 1574 -04 25 1574 214 09 X2 % Dp'C' Ap; 821p
1600-1649 1624 -14.7 24 1624 202 09
1650-1699 1674  -324 22 1674 182 0.8  where Ap is the vector of parameter differences between
1700-1749 1724~ -249 22 1724 103 07  the full data set and a given subset. Following Ref. [65], C
1750-1799 1775 -152 20 1775 88 07 is the difference of the associated parameterovariance
1800-1849 1824 -9.4 1.9 1825 89 07 . .
1850-1899 1874 35 19 1874 100 o0g Matrices, whereby we account for the correlgtlon.betwelen
1900-1949 1924 -11.3 18 1924 123 o048 thefull data setand the subset. The comparison is carried
1950-1999 1975 -163 1.8 1975 111 0.8 outover the parameters §&%; Q.h% Gc; 10AE™"; nb.
20002099 2050 -142 09 2049 64 04 All seven data splits are firmly within the central 95% con-
2100-2199 2151 -4.8 0.9 2148 53 05 fidence interval ¥22.5%; 97.5% and we conclude that there is
2200-2299 2250 -56 0.8 2248 6.8 0.5 no evidence for significant internal tension in the data set. We
2300-2399 2349 92 08 2348 35 0.5  will return to these data splits in Sec. VIII A, when we look at
2400-2499 2450  -36 0.8 2448 37 06  the effect of each subset on the cosmological constraints of
2500-2599 2549 -3.7 0.8 2548 26 0.6 the ensemble.
2600-2699 2649 -3.5 0.8 2648 1.9 07
2700-2799 2749 -2.1 0.8 2748 1.7 0.8
2800-2899 2849  -0.5 0.8 2848 12 0.9 VIIl. COSMOLOGICAL CONSTRAINTS
2900-2999 2949 -2.3 0.8 2948 -041 1.0 A. SPT-3G
The cosmologicalparameter constraints from the 2018
W2 % 8D - MBC-13D - Mb: 520b SPT-3G EE and TE multifrequency band powers are

summarized in Table VIWe present the one-dimensional
(1D) and 2D marginalized posterior probabilities for

where M ¥ XDV, We find a%of 438.1 for 440 degrees of ACDM parameters and H in Fig. 9. Constraintson
freedom (528 multifrequency band powers —88 minimum-nuisance parameters are driven by the priors discussed in
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FIG. 8. The minimum-variance SPT-3G EE and TE band powers (red) overlaid on the Planck best-fit ACDM model, along with the
recent measurements from Planck [1], ACT [12], POLARBEAR [15], and SPTpol H18. The Planck EE band powers are restricted to
| < 1500. The uncertainties shown for the SPT-3G band powers are the square root of the diagonal elements of the covariance matrix
and do notinclude beam or calibration uncertainties.

TABLE VI.

Marginalized constraints and 68% errors of ACDM free and derived parameters from SPT-3G with and witheut

addition of BAO measurements, from SPT-3G p Planck, and from Planck alone [26]. Best-fit values are given in parentheses. Note th:
SPT-3G alone does nafonstrain the opticatlepth to reionization Tput uses a Planck-based Gaussian prior of 0.0543 0.0073.

SPT-3G

SPT-3G BAO

SPT-3G Planck

Planck

Qph? 0.02242
Q.h? 0.1150
100Qyc 1.03961
10°A,e7%" 1.819
ng 0.999
Derived

Qn 0.708
Ho 68.8
Og 0.789
Ss 0.779
Age=Gyr 13.808

0.00033 (0.02243)
0.0037 (0.115)
0.00071 (1.03964)
0.038 (1.821)
0.019 (0.999)

0.020 (0.708)
1.5 (68.8)
0.016 (0.789)
0.041 (0.779)
0.051 (13.807)

Free
0.02240 0.00032 (0.02241)
0.1162 0.0015 (0.1162)
1.03951 0.00066 (1.03952)
1.826 0.036 (1.826)
0.996 0.018 (0.996)

0.7011 0.0083 (0.7014)
68.27 0.63 (68.29)
0.7935 0.0099 (0.7933)
0.792 0.018 (0.791)
13.819 0.038 (13.818)

0.02241
0.1196
1.04074
1.879
0.9666

0.6867
67.48
0.8084
0.826
13.797

0.00013 (0.0224)
0.0013 (0.1195)
0.00028 (1.04073)
0.011 (1.877)
0.0042 (0.9672)

0.0077 (0.6871)
0.55 (67.49)
0.0069 (0.8095)
0.015 (0.827)
0.022 (13.798)

0.02236 0.00015

0.1202 0.0014

1.04090 0.00031

1.884 0.012
0.9649 0.0044

0.6834 0.0084
67.27 0.60

0.8120 0.0073
0.834 0.016
13.800 0.024
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FIG. 9. Marginalized constraints on ACDM parameters and the Hubble constant for the SPT-3G 2018 EESPTpol H18,and
Planck [1] data setsSPT-3G produces consistently tighter constraints than SPTpelexpect the results of the two analyses to be
mildly correlated due to their shared sky areBhe results from SPT-3G are statistically consistesith the findings of Planck.

Sec. VI, with all central values well within 10 of their  branch (TRGB) [66]. Converselythis value disagrees at

respective prior. 2.50 with the value of Hg % 74.03 1.42 km=s=Mpc
We find the value of the Hubble parameter at present dégund by Ref. [27] using Cepheid-calibrated distance
to be ladder measurementd. is also 1.80 and 0.90 lower than
the value of the Hubble constantmeasured via the time

Hy 72 68.8 1.5 km=s=Mpc; 022b delays of gravitationally lensed quasars by Ref{§7,68],

respectively. Our result represents yet another CMB-based
in good agreementwith other CMB and ACDM-based = measurementjargely independent of Planck and also
measurements [12,26] as well as with local distance laddeelying on CMB polarization information, that prefers a
measurementgalibrated using the tip of the red giant  low value of Hy relative to local measurements.
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FIG. 10. Minimum-variance EE band powers formed from the six auto- and cross-frequency power spectra and the residuals against
the SPT-3G best-fit ACDM model. Uncertainties are the square root of the diagonal elements of the covariance matrix and do not inclt

beam or calibration uncertainties.

We find the root-mean-square fluctuation in the linear This is 1.30 lower than the most recent Planck result and 0.30
matter density field on 8 Mpc=h scales at present day, o higher than the joint constraint from the latest SPTpol lensing

to be

og /4 0.789 0.016:

power spectrum and baryon acoustic oscillation (BAO) data

[69], though we expect a mild correlation with the latter result

due to the partially shared sky area of the surveys. The SPT-
023P 3G 2018 value is in good agreementvith local structure
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FIG. 11. Minimum-variance TE band powers formed from the six auto- and cross-frequency power spectra and the residuals against
the SPT-3G best-fit ACDM model. Uncertainties are the square root of the diagonal elements of the covariance matrix and do not inclt

beam or calibration uncertainties.
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measurementst is 1.00 higher than the latest constraints parametersin translating this to the PTE of 0.61.
from the Kilo-Degree Survey (KiDS) [70], 0.50 lower thanComparing the best-fit model to the EE (TE) band powers
the Dark Energy Survey (DES) Year 1 results [71] and 0.2adividually we find y¢ V4 273.26224.2b. We conclude that
higher than the SZ-selected galaxy cluster measurement fre\CDM model provides a good fit to the SPT-3G 2018
the SPT-SZ survey [72]. This agreement also holds true fdata set. The EE and TE minimum-variance band powers
the combinecbgw#m%%%%ﬁmﬁﬁﬁPT-BG 2018 and residuals to the best-fimodel are shown in Figs.10
infers § %4 05 Q,=0.3% 0.779 0.041, which is within ~ and 11,respectively.

0.30, 0.10 and 1.30 of the KiDS, DES, and Planck results,

respectively Adjusting the definition of Sg to match the B. Gravitational lensing and A |
findings of Ref. [72] based on SZ clusters, we find the valueg),r view of the z ¥ 1100 Universe is distorted by the
to agree within 0.50. gravitationallensing of CMB photons due to intervening

Adding information from BAO measurements [73,74]  matter between us and the surface of last scatterifiis
does not shift the best-fit values of ACDM parameters  54ds information about the low-redshift Universe and
appreciably.However, it tightens the constrainton the  resuits in a smoothing of the acoustic peaks of the CMB
density of cold dark matter by a factor of 2.4. This  power spectra. The magnitude of this effect is determined
translatesinto a refined measurementof the Hubble by the power spectrum of the lensing potentialyhich is
constant of H % 68.27 0.63 km=s=Mpc, which is com-  derived from the six ACDM parameters in the standard
parable to the precision of Planck and disfavors an  cosmological modelWhen allowing for a free scaling of
expansion rate apresentday greater than 70 km=s=Mpc the lensing power spectrum, represented by the parameter
at 2.80.The constraints on matter clustering are similarly A, [75], CMB power spectra from Planck have shown a
improved through the inclusion of BAO data by a factor ofpreference for lensing 2.8c beyond the ACDM prediction
1.6 t0 0.794 0.010 for gg and by a factor of 2.2 forg30  of unity with A % 1.180 0.065 [26]. H18 reported an
0.792 0.018. The joint SPT-3G and BAO constrainton A value below unity at 1.40 with A % 0.81 0.14.
ag is within 1.20 of the latest result of KiDS, 0.4g of DES, Introducing the lensing amplitude as a free parameter in
0.30 of SZ clusters, and 1.50 of Planck. Furthermore, thisour analysis the SPT-3G 2018 EE=TE data set produces
result is consistentwith the joint SPTpol lensing and  the constraints summarized in Table VII. The core ACDM

BAO constraint on og at 0.60. The joint SPT-3G and  model parameters do not shift appreciably, and we report a
BAO constraint on gis within 1.00 of the latest result of  |ensing amplitude of

KiDS, 0.60 of DES, 1.00 of SZ clusters, and 1.70 of
Planck. A 7 0.98 0.12: 024p

From SPT-3G data alone, we constrain ng % _ .
0.999 0.019. While this is slightly higher than the ' ¢ conclude thatthe SPT-3G 2018 EE=TE data setis
consistent with the level of gravitational lensing expected

Planck result,a 1.80 offsetis not statistically anomalous, . !
) ) ' by the standard model. The reported lensing amplitude falls
especially when analyzed in the contextf the full five- A o
n 1.50 of the Planck result. It is similar to the findings

. . . ithi
dimensional parameter space. Nevertheless, we point out\c’)?-u 18, though we expecta mild degree of correlation

other ground-based CMB experiments have observed similar :
trends-the constraints from ACT DR4 [29] and SPTpol & veen that result and ours due to their shared sky area.

500 deg H18 lie 1.10 and 1.30 above the Planck value,
respectively, though we expect the SPTpol result to be mild¥gLE VII. Marginalized ACDM p A parameter constraints
correlated with ours due to the shared sky area. We explcted 68% errors from SPT-3G. Best-fit values are given in
this facet of the data further in Sec. VIII C. parentheses.

More generally,our results match those ofother con- SPT-3G
temporary CMB experimentsGiven the small shared sky
area between SPT-3G 2018 and Planck, we neglect
correlationsand quantify the difference acrossthe five
independent ACDM model parameters. We obtain

Free
Qph? 0.02242 0.00033 (0.02242)
Q.h? 0.1161 0.0056 (0.1165)
1.03956 0.00081 (1.03949)

X2 V4 8.8, which corresponds to a PTE of 0.12 and indicatqggAsg_zT 1.827 0.045 (1.83)
that the two data sets are consistent. N, 0.995 0.024 (0.993)
We confirm that the SPT-3G 2018 data set is consistenp, 0.98 0.12 (0.96)

with the  ACDM model by comparing the full set of Derived

multifrequency EE and TE band powers to the best-fit  Qx 0.701 0.032 (0.699)
ACDM model. We quantify the goodnessof fit by Hp 68.4 2.3 (68.2)
calculating the associated?(over the 528 band powers, s 0.793 0.022 (0.795)

0.792 0.062 (0.795)

. . 2 1 . . ._
finding x= ¥4 513.0.Since nuisance parameters are domi Age=Gyr 13.814 0.062 (13.82)

nated by their priorswe account for the five free ACDM
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FIG. 12. Parameter constraints from various subsets of the SPT-3G 2018 EE=TE data set. The gray boxes correspond to the expect:
level of statisticalfluctuation [65].

C. Interpretation of data split preferences 2.4% and 3.7%,respectivelyWe repeatthat fluctuations

One motivation for studying the CMB polarization of this _size are statistically not uncom.mon,'espegially
anisotropies is that comparing results from the temperatuténen viewed in the contextof the full five-dimensional
and polarization power spectra yields a stringent test of tHe@rameter space.

ACDM cosmologicalmodel. Thus while we did notfind A raised scalar spectraindex corresponds to a power

the parameter differences between subsets of the SPT-3dicrease in the damping tail compared to intermediate

data to be statistically significantn Sec. VII B, it is still ~ angular scales. The damping tail is sensitive to an array of

interesting to examine these parameter shifts for possible

hints of physics beyond the standard cosmological model.

We show the parameter constraints from each data splitin .12 | { { 1 -

Fig. 12. We continue to quantify the significance of £ } I

parametershifts as introduced in Sec. VII B, by using ¢ 0.10 - * { -

the difference of the parameter covariances of the full data , , , _TE

set and the given data split. 80 - Riess et al. 2019
Examining the best-fit ACDM parameters of the different * Planck TT 2018

subsets of the SPT-3G 2018 EE=TE data sedveals two T { { I

interesting features. First, the high-I data set prefers a scalar I I ®

spectralindex above unity, ng ¥4 1.048 0.031, which {

corresponds to a 2.00 shiftfrom the full data set. With s S 5 .

ns ¥ 1.053 0.052, the EE spectra prefer a higher scalar &Y S8 V(f\Q o

spectral index than the high-I data set. However, due to their
comparatively poor constraining power for this parameterFIG. 13. Constraints on the Hubble constanind cold dark
the EE constraint is only offset by 1.1g from the full matter density from contemporary CMB experimenksr each
data set. The higher value of ng lowers the combined ~ €xperimentthe constraints from EE and TE power spectra are
; ; hown in orange and in blue, respectively. The results highlighted

amplitude parameteras the two are mildly degenerate S ge , Fesp y gnhlig
over the limited l-range: the high-l ydatg prefers here are from this work, H18, Ref. [12] and Ref. [26]. We point

_ ' . out the similarities across experimentapugh we note that we
10°Ae?" %4 1.750 0.055. Thesevalues lie 2.0 and

. : . expectour results to be mildly correlated with H18 due to the
1.80 away from the baseline constraints,respectively. gngreq sky area. We also show the 10 constraints frorhi the

Focu'sing on the Scale'lrspe'ctralindex and the .c'ombined _most recent Cepheid-calibrated distance ladder measurement (red
amplitude parameter individually, the probability of a shift Béind) [27] and the latest Planck TT-based constraints (gray band)
the observed size or larger from the full data set constraini for reference.
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FIG. 14. Joint marginalized constraints on ACDM parameters and the Hubble constant from the SPT-3G 2018 EE=TE p Planck [1]
data setsPlanck-only constraints are shown for comparison.

interesting physics beyond the standard modekuch as  density, Q.h? % 0.0987 0.0084, than the TE spectra,
extra energy injection in the early UniverseThis canbe  Q.h? % 0.1259 0.0063. These values are 2.20 and 2.10
explored by allowing the number of relativistic species at away from the full data set constraints, respectively.
recombination,Ng, to vary from the standard model Consequently, different constraints of the Hubble constant
prediction, breaking big bang nucleosynthesis consistencyre obtained:Hy ¥4 76.4 4.1 km=s=Mpc from the EE
by changing the primordial helium abundancg, &f both.  spectraand H 2 65.0 2.1 km=s=Mpc from the TE
We will explore the constraints the SPT-3G 2018 EE=TE spectra.Adding BAO information regularizes the matter
data set places on these ACDM model extensions ina  density fluctuations and consequently the Hubble constant
forthcoming paper. values: EE spectra then prefep it 68.7 1.0 km=s=Mpc
The second interesting feature ofthe data splitsisa  and TE spectra H 67.82 0.66 km=s=Mpc. While this
preference in the EE spectra for a lower cold dark matter signals that solutions to the Hubble tension are difficult to

022003-23



D. DUTCHER et al. PHYS.REV.D 104, 022003 (2021)

achieve within the ACDM model,model extensions may IX. CONCLUSION
reconcile the discrepancy between high- and low-redshift

probes [76]. G data. Analyzing 2018 data alone,we have produced

A different way of reconciling the matter content inferre iqh-precision measurements of the CMB E-mode anaular
by EE and TE spectra, and through this their constraints Jhan-p u gu

the Hubble constant, is by allowing for a free amplitude o uto-power and temperature-E-mode cross-power specira

the lensing power spectrum. The matter content implies tkgé/er the multipole range 300 < | < 3000. The reported

Lo i ; and powers are the first multifrequency EE and TE
strength of lensing-induced acoustic-peak smoothing, X
. . . measurementproduced by an instrumenton SPT, and
which results in a mild degeneracy between the matter

density and A, . This effect was seen in H18, where they improve upon previous SPT measurements across the

differences in constraints on cosmologicglarameters to multipole ranges 300 < | < 1400 for EE and 300 <1<
g 1700 for TE, resulting in tighter constraints on cosmo-

Planck were alleviated through this model extension. Indqg ical parameters

we find for SPT-3G 2018 that the EE spectra prefer’A  “T6 SPT-3G 2018 EE=TE data set is consistent with the

0.71835 and the TE spectra A % 0.9903, while con-  ACDM model. Analyzing constraints from the 95, 150, and

straints on ¢h? are brought closer together. This is mirroreg20 GHz auto-frequency spectra, the | < 1000 versus | >

by the Hubble constant, which is constraineg’to@8.1 1000 data, and the EE and TE spectra individually, we find

9.3 km=s=Mpc and 14 64.6 3.9 km=s=Mpc by the EE  no signs of significant internal tension.

and TE spectra, respectively. The constraints on ACDM modeparameters generally
Similar trends for low- and high-multipole data as well asgree with other contemporary CMB experiments.We

EE and TE spectra were reported by Ref29] and H18,  report a value of the Hubble constant of H, ' 68.8

though we repeat that we expect a mild degreeof 1.5 km=s=Mpc, in line with the CMB-based measurements

correlation between H18 and our results due to the sharedf Planck and ACT, as well as TRGB-calibrated local

sky area. We compile the different Hubble constant distance ladderata. This is in contrast with the higher

measurements in Fig.13. While the statistical evidence values found by Cepheid-calibrated distance ladder data and

is currently too low, if future polarization measurements time-delay measurements from gravitationally lensed qua-

amplify this potential tension with cosmologicaparame- sars. However, we note an interesting trend in CMB-based

ters inferred from the temperature anisotropies, these treratstraints from severatxperimentsjncluding our own,

may be signs for physics beyond the standard modelf  which have consistently found high values of the Hubble

cosmology. constantwhen analyzing EE polarization spectra. The

current level of tension between polarization- and temper-
D. SPT-3G + Planck ature-based constraints is naitatistically significant,but

] ) presents an interesting direction for further investigation. The
The Planck data set provides the most precise measurpT.3G 2018 data set constrains matter-clusteringto

ment of the temperature and polarization anisotropies of the 1, 0.789 0.016, Sg % 0.779 0.041, which is consis-
CMB on large angular scales,while the SPT-3G 2018 tent with other CMB-based measurements and low-redshift
EE=TE data setprovides sensitive information on inter-  yropes.

mediate and smallngular scalesThe two data sets thus Expanding the ACDM modelto allow for a modified
naturally complement each other, and we may obtain joingmpiitude of the lensing powerspectrum does notshift

In this work we have presented the first results from SPT-

constraintsby combining them at the likelihood level. parameter constraints appreciably. With'A0.98 0.12,
Given the small area shared by the two surveys, we expeffe SPT-3G 2018 data séé consistentwith the standard
correlations to be negligible. model prediction.

We report joint constraints on ACDM parameters from By combining the SPT-3G 2018 EE=TE and Planck data
the base_plikim_TTTEEE lowl_lowE Planck and SPT-3G  sets atthe likelihood level, we mildly improve the mar-
2018 EE=TE data setsin Table VI. We presentthe  ginalized 1D constraints over Planck data alone. The
associated 1D and 2D marginalized posteriors in Figt.  volume of the 68% confidence region is reduced by a
The inclusion of SPT-3G data does notlter the Planck  factor of 1.5 in six-dimensional ACDM parameter space.
best-fit values significantly. Last, we note that the high-precision measurements

We use the determinantsof the ACDM parameter  presented in this work use only one half of one observing
covariancematrices as a measureof the marginalized season of data, which was taken with nearly half the
parameter-space volumeéhe ratio of the matrix determi-  number of currently operating detectors nafontributing.
nants for SPT-3G 2018 EE=TE combined with Planck to With SPT-3G operating at its full capacity since the start of
Planck-alone is 0.46. This corresponds to a reduction of t2€19, we now have data from two full observing seasons on
68% confidence region in six-dimensional ACDM param- disk, with combined map depths 3 — 4x deeper than what
eter space by a factor of 1.5. was used in this analysis. Future SPT-3G resultswill
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TABLE VIII.  EE band powers D, for the six cross-frequency powespectra,along with angularmultipole range,band-power
window-function-weighted multipole.k, and associated uncertainty, o. The band powers and errors are quoted in units BigiK
reported uncertainties are the square root of the diagonal elements of the covariance matrix and do not include beam or calibration
uncertainties.

95 x 95 GHz 95 x 150 GHz 95 x220 GHz 150 x 150 GHz 150 x 220 GHz 220 x 220 GHz

| Range | off Dy a Dy o) Dy a Dy a Dy o) Dy o)

300-349 325 13.1 1.1 12.8 1.1 12.1 1.3 13.2 1.1 12.7 1.3 12.1 2.0
350-399 375 197 13 20.5 1.3 19.0 1.5 211 1.3 19.9 1.5 18.0 23
400-449 425 19.0 1.2 18.8 1.1 17.9 1.3 19.1 1.1 18.4 1.3 17.7 2.1
450-499 475 112 0.7 12.0 0.7 11.1 0.9 12.5 0.7 11.1 0.9 9.4 1.7
500-549 524 7.1 0.5 7.3 0.4 7.6 0.7 7.0 0.4 8.3 0.6 9.4 1.6
550-599 575 111 0.7 11.3 0.6 12.2 0.9 11.8 0.7 11.8 0.9 11.5 1.9
600-649 624 290 13 29.4 1.2 291 1.5 30.1 1.2 29.8 1.4 34.3 2.6
650-699 674 390 15 39.1 1.3 39.5 1.7 38.9 1.4 39.7 1.7 40.9 29
700-749 725 336 1.4 34.4 1.3 33.1 1.7 35.0 1.3 34.1 1.6 32.4 3.0
750-799 774 212 11 20.8 0.9 22.0 1.3 20.4 0.9 21.3 1.2 22.8 2.7
800-849 824 132 0.8 13.3 0.6 13.2 1.0 13.7 0.6 13.4 0.9 13.6 26
850-899 874 169 09 17.2 0.7 17.8 1.2 17.0 0.8 17.7 1.1 19.1 29
900-949 924 318 1.3 31.4 1.1 30.8 1.7 31.6 1.1 32.3 1.6 29.6 3.5
950-999 974 412 16 40.4 1.4 40.7 2.0 40.7 1.4 39.9 1.9 36.9 4.0
1000-1049 1024 394 1.6 38.4 1.3 39.3 2.0 38.5 1.4 37.3 1.9 40.7 4.2
1050-1099 1075 26.1 1.3 26.3 1.0 24.9 1.7 26.4 1.1 25.3 1.6 20.4 4.0
1100-1149 1124 155 1.0 15.2 0.7 14.6 1.4 15.0 0.7 13.9 1.2 10.7 3.9
1150-1199 1174 131 1.0 12.3 0.7 10.8 1.5 12.6 0.7 12.1 1.2 12.6 4.1
1200-1249 1224 206 1.3 21.8 0.9 23.9 1.8 22.1 1.0 22.3 1.6 18.0 4.6
1250-1299 1275 299 1.5 29.2 1.1 28.5 2.1 29.6 1.2 26.9 1.9 26.9 5.2
1300-1349 1325 312 1.6 30.9 1.1 28.5 22 32.1 1.2 28.5 1.9 24.4 55
1350-1399 1374 241 1.4 22.4 1.0 22.2 2.1 22.2 1.0 25.0 1.8 40.0 57
1400-1449 1424 141 1.3 13.0 0.8 11.9 1.9 12.6 0.8 11.3 1.6 55 5.9
1450-1499 1474 109 1.3 10.2 0.7 11.4 2.0 10.4 0.8 13.4 1.6 19.2 6.2
1500-1549 1524 150 1.4 15.4 0.8 12.6 22 14.1 0.9 11.1 1.8 8.0 6.7
1550-1599 1574 22.1 1.6 20.9 1.0 221 24 211 1.0 241 2.0 23.8 7.2
1600-1649 1624 176 1.7 20.0 1.1 20.4 2.6 20.7 1.1 21.7 2.1 24.0 7.6
1650-1699 1674 19.2 1.7 18.4 1.0 14.7 2.6 18.1 1.0 18.9 2.0 12.9 8.0
1700-1749 1724 7.4 1.7 10.2 0.9 10.8 2.6 10.6 0.9 14.2 2.0 0.3 8.3
1750-1799 1775 10.1 1.7 8.7 0.9 11.3 2.7 8.5 0.9 8.0 2.0 14.9 8.8
1800-1849 1825 8.3 1.8 9.0 0.9 5.8 29 9.6 0.9 5.4 2.1 -0.4 9.4
18501899 1874 9.7 2.0 9.8 1.0 9.6 3.2 9.8 1.0 13.1 23 14.2 10.0
1900-1949 1924 12.7 2.1 12.9 1.1 18.2 3.3 12.0 1.1 7.8 24 0.6 10.6
1950-1999 1975 124 2.2 10.2 1.1 8.9 3.5 11.4 1.1 13.9 25 6.2 11.2
2000-2099 2049 6.7 1.2 6.3 0.6 7.9 2.0 6.3 0.6 6.2 1.4 4.9 6.7
2100-2199 2148 5.3 1.4 5.6 0.7 1.1 23 5.4 0.7 5.4 1.6 9.0 7.6
2200-2299 2248 7.3 1.6 7.6 0.8 6.8 2.6 6.0 0.7 7.2 1.8 8.7 8.6
2300-2399 2348 1.2 1.8 2.6 0.8 4.2 29 4.9 0.8 1.0 1.9 13.3 9.4
2400-2499 2448 6.8 2.0 4.0 0.9 52 3.2 2.6 0.8 5.2 2.1 -0.8 10.4
2500-2599 2548 2.9 22 25 1.0 0.2 3.5 2.6 0.9 3.0 23 -2.5 11.5
2600-2699 2648 59 25 0.5 1.1 -0.1 4.0 23 1.0 2.1 25 10.5 12.6
2700-2799 2748 -0.9 2.8 0.8 1.3 9.5 4.5 2.0 1.1 3.4 2.8 -6.4 14.1
2800-2899 2848 0.6 3.2 3.0 1.4 4.5 5.0 0.5 1.3 -3.2 3.2 -5.8 15.7
2900-2999 2948 -1.2 36 -24 1.6 -7.2 5.6 1.0 1.4 7.4 3.5 -3.6 17.1
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TABLE IX. TE band powers Dfor the six cross-frequency power spectra, along with angular multipole range, band-power window-
function-weighted multipole J¢, and associated uncertainty, . The band powers and errors are quoted in unis Tigikeported
uncertainties are the square root of the diagonal elements of the covariance matrix and do not include beam or calibration uncertaintie

95 x 95 GHz 95 x 150 GHz 95x220 GHz 150 x 150 GHz 150 x 220 GHz 220 x 220 GHz

| Range | off Db g Db (0} Db g Db ag Db g Db g

300-349 326 88.4 12.0 93.2 121 99.8 13.7 101.1 127 110.5 14.0 113.7 20.3
350-399 376 436 8.8 424 8.7 36.6 10.5 427 9.2 40.8 10.7 401 17.2
400-449 426 447 7.6 -456 7.3 -43.0 9.0 -478 7.5 -47 1 9.0 -43.4 15.0
450-499 475 -68.8 6.7 -68.9 6.2 -65.0 7.8 -700 64 -645 7.7 -53.2 13.2
500-549 523 -34.0 5.5 -346 5.0 -48.2 6.7 -348 5.2 -46.7 6.7 -58.2 122
550-599 574 11.8 6.2 112 5.8 152 7.4 10.5 6.1 156 7.3 20.8 124
600-649 625 241 7.0 23.8 6.7 215 8.1 245 7.0 23.1 8.1 214 12.8
650-699 675 -63.3 7.7 -63.3 7.4 -58.0 8.7 -63.1 7.5 -59.2 8.6 -60.0 13.0

700-749 725 -1195 73 -1209 69 -1140 82 -1228 7.0 -116.0 8.1 -105.2 127
750-799 774 -121.2 7.2 -1204 6.7 -1241 83 -121.3 6.8 -126.2 8.1 -1246 129

800-849 824 -526 56 -505 438 -43.2 6.8 -486 5.0 -40.0 6.7 -25.6 121
850-899 874 41.0 538 385 5.1 385 6.9 366 5.3 372 6.8 36.7 11.9
900-949 924 545 55 56.0 4.9 589 6.6 56.9 5.1 615 6.5 704 11.3
950-999 974 124 53 13.1 4.8 144 6.3 13.9 6.0 13.8 6.2 18.0 10.6
1000-1049 1024 -52.0 56 -51.8 52 -5565 6.5 -517 54 -556.8 6.4 -56.7 10.6
1050-1099 1075 -75.6 53 -746 4.7 -719 6.2 -73.7 4.9 -721 641 -70.1 104
1100-1149 1124 -483 4.6 -52.7 3.9 -584 5.6 -55.9 4.1 -60.3 5.5 -66.0 10.2
1150-1199 1174 -9.7 42 -101 34 -6.9 53 -10.8 3.6 -71 5.1 -1.9 10.0
1200-1249 1224 49 41 43 34 42 5.1 43 3.6 43 50 83 98
1250-1299 1274 -154 41 -15.7 34 -172 5.0 -16.0 3.6 -16.7 4.9 -16.4 9.6
1300-1349 1324 471 42 -481 35 -43.6 5.1 -491 3.7 -429 49 -39.7 96
1350-1399 1374 -61.8 43 -618 35 -56.3 53 -63.0 3.7 -56.8 5.1 -47.5 10.0
1400-1449 1424 -41.0 41 -41.8 3.1 -41.2 52 -428 3.3 -411 5.0 -30.8 10.2
1450-1499 1474 -109 38 -11.8 238 -8.6 5.0 -13.0 3.0 -9.9 48 -4.2 101
1500-1549 1524 84 3.6 9.0 26 48 4.7 102 2.8 59 45 -74 98
1550-1599 1574 -38 3.5 -0.8 26 -42 45 1.1 28 0.3 43 -5.1 95
1600-1649 1624 -139 34 -1564 25 -15.8 43 -145 27 -13.3 41 -8.0 94
1650-1699 1674 -31.0 3.3 -32.0 24 -324 43 -331 25 -31.7 4.0 -331 9.5
1700-1749 1724 -219 33 -240 23 -259 44 -259 25 -26.7 41 -251 9.8
1750-1799 1775 -157 3.3 -1561 22 -17.6 4.4 -14.7 24 -17.4 41 -21.5 10.0
1800-1849 1824 -141 3.2 -10.0 21 -71 43 -84 22 -7.3 3.9 34 99
1850-1899 1874 -3.8 3.0 -3.3 20 -5.1 4.1 -34 22 -3.3 3.8 -126 9.8
1900-1949 1924 -11.8 3.0 -11.2 20 -10.8 4.1 -113 2. -11.0 37 -14.0 9.8
1950-1999 1975 -15.0 3.0 -164 2.0 -17.8 4.1 -16.3 2.1 -173 3.7 -18.7 101
2000-2099 2050 -16.0 1.7 -142 1.0 -146 23 -13.8 1.1 -14.0 21 -176 5.8
2100-2199 2151 -54 16 -47 1.0 -91 23 -43 1.1 -58 21 3.7 6.1
2200-2299 2250 -76 1.6 -6.3 1.0 -39 23 -5.0 1.0 -36 20 -9.2 64
2300-2399 2349 -89 16 -88 1.0 -106 24 -93 1.0 -10.5 2.0 -19.6 6.7
2400-2499 2450 =74 17 -47 0.9 -58 24 -23 1.0 -04 20 01 7.0
2500-2599 2549 -09 17 -42 09 -40 25 -36 1.0 -51 20 -143 7.4
2600-2699 2649 -50 1.8 -3.3 1.0 -6.5 27 -3.2 1.0 -35 2.1 -20 7.9
2700-2799 2749 1.5 1.9 -21 1.0 55 29 -3.8 1.0 19 22 16.3 85
2800-2899 2849 24 21 02 1.1 -0.3 3.1 -0.7 1.0 -55 23 -3.6 9.2
2900-2999 2949 -6.9 23 -1.8 1.1 -53 33 -2.1 1.1 02 24 15.6 9.7
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