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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 SPT-3G,the
latest instrumentinstalled on the South Pole Telescope.This analysis uses observations of a 1500 deg2

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 ≤ l < 3000, using the multifrequency data to
constructsix semi-independentestimates of each power spectrum and their minimum-variance combi-
nation.These measurements improve upon the previous results of SPTpolacross the multipole ranges
300 ≤ l ≤ 1400 for EE and 300 ≤ l ≤ 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
set is well fit by a ΛCDM cosmologicalmodel with parameter constraints consistentwith those from
Planck and SPTpol data. From SPT-3G data alone, we find H 0 ¼ 68.8  1.5 km s−1 Mpc−1 and
σ8 ¼ 0.789  0.016, with a gravitational lensing amplitude consistentwith the ΛCDM prediction
(AL ¼ 0.98  0.12). We combine the SPT-3G and the Planck data sets and obtain jointconstraints on
the ΛCDM model. The volume of the 68% confidence region in six-dimensional ΛCDM 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 justhalf of a typical
observing season with only part of the focal plane operable,and 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

The cosmic microwave background (CMB)is a rich
source of information about the early Universe and its
evolution overcosmic time.Density fluctuations present
during the epoch of baryon-photon decoupling at z ∼ 1100
imprint a faint temperature anisotropy on the CMB,and
measurementsof the angular power spectrum of these
anisotropiesare a pillar of the standard six-parameter
ΛCDM cosmological model. Satellite measurementsof
the CMB temperature power spectrum are now cosmic
variance limited from the largestangular scales down to
roughly seven arcminutes [1](corresponding to angular
multipoles l ≲ 1600), and ground-basedobservations

extend these measurements to arcminute scales,at which
point other sources of millimeter-wave anisotropy, includ-
ing the cosmic infrared background, radio galaxies, and the
thermal and kinetic Sunyaev-Zel’dovich (SZ) effects, begin
to dominate over the primary CMB temperature signal.
[2,3].

The CMB anisotropies are linearly polarized at the 10%
level as a result of local quadrupole fluctuations atthe
surface of lastscattering [4].The linear polarization map
can be decomposed into two components: even-parity,
curl-free “E-modes” and odd-parity, divergence-free
“B-modes.” Density fluctuations in the early Universe only
create E-mode CMB polarization (to first order in the

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

022003-2



density contrast), while B-modes in the CMB can be
created by tensor perturbations,such as primordialgravi-
tational waves, or gravitational lensing of the E-modes by
intervening large-scale structure [5–7].In this paper we
focus on the brighter E-mode component of this polariza-
tion. The E-mode (EE) polarization power spectrum and
the temperature-E-mode (TE)cross-powerspectrum can
provide tighter constraintson cosmological parameters
than temperature data alone [8], and they can be measured
out to smaller angular scales on account of the low
fractional polarization of extragalacticsources [9–11],
providing a powerful consistency check of ΛCDM.

The CMB temperature and polarization power spectra
have been measured over a wide range of angular scales by
the Planck satellite [1] and ground-based telescopes includ-
ing the Atacama Cosmology Telescope(ACT) [12],
BICEP/Keck [13],POLARBEAR [14,15], and the South
Pole Telescope (SPT)(Ref. [16], hereafterH18) [17].
Several current and upcoming experiments aim to improve
existing power spectrum constraints,including Advanced
ACT [18], BICEP3/BICEP Array [19,20], POLARBEAR-
2/Simons Array [21], the Simons Observatory [22],and
SPT-3G [23].

While the data are generally well described by ΛCDM,
there are mild tensions in parameter constraints between
small and large angular scales [H18, 24,25] and significant
tensions between CMB measurements and late-time cos-
mological probes, most notably in the value of the Hubble
constant H0 [26,27]. Upcoming measurements of the high-
lCMB power spectra may shed light on the origin of these
tensions.

In this paper, we present the first science results from SPT-
3G, the latest survey instrument installed on the South Pole
Telescope [28]. We report measurements of the EE and TE
power spectra over the angular multipole range 300 ≤ l <
3000 from observations of a ∼1500 deg2 region undertaken
during a four-month period of 2018,and we presentthe
resulting constraints on cosmological parameters.

The shortened 2018 observing season is the resultof
telescope downtime at the beginning of the year due to an
issue with the telescopedrive system, which caused
damage to detectorreadoutand rendered approximately
half the focal plane inoperable.We addressed the issue at
the close of 2018 and have since seen normal performance
during the 2019 and 2020 observing seasons. Nevertheless,
the data collected during 2018 is already sufficient to
provide the most sensitive measurements made to date with
SPT over the multipole ranges 300 ≤ l ≤ 1400 for EE and
300 ≤ l ≤ 1700 for TE. The resulting constraints on
cosmologicalparameters from the SPT-3G 2018 power
spectra improve upon those set by SPTpol [H18] and are
competitive with those from other current leading ground-
based experiments [29].

This paper is organized as follows.We begin with an
overview of the SPT-3G instrument in Sec. II. In Sec. III we
discuss the scanning strategy ofthe telescope,low-level

data processing, and the coadded maps. In Sec. IV we detail
the absolute calibration of the maps and the procedure used
for obtaining unbiased measurements ofpower spectra.
Tests for systematic error in the data collection or process-
ing steps are discussed in Sec. V. The method for obtaining
constraints on cosmologicalparameters from the power
spectra measurements is detailed in Sec.VI. We present
final band-power measurements in Sec. VII and discuss the
resulting constraints on cosmological parameters in
Sec.VIII.

II. THE SPT-3G INSTRUMENT

Deployed in early 2017, SPT-3G is the third survey
camera to be installed on SPT.SPT-3G is a significant
upgrade over the previous instruments, utilizing redesigned
wide-field optics to increase the field of view from ∼1 deg2

to 2.8 deg2 and populating the 3.5× larger focal plane area
with multichroic pixels. Light rays from the 10 m primary
mirror are redirected by a 2 m ellipsoidal secondary mirror
and 1 m flat tertiary mirror into the receiver cryostat [30], in
which three 0.72 m diameter anti-reflection-coated alumina
lenses [31] reimage the Gregorian focus onto the detectors.
The SPT-3G receiver can be divided functionally into two
cryostats that share a common vacuum: an optics cryostat
that contains the cold optical elements,and a detector
cryostat that contains the detectors and associated readout
electronics.Each cryostatis cooled to 4 K by its own
dedicated pulse tube cooler,and the detectors are further
cooled to their operating temperature of300 mK by a
custom closed-cycle three-stage helium sorption refriger-
ator manufactured by Chase Research Cryogenics.1 With
the cooling power required by the SPT-3G instrument, the
refrigerator can provide a stable base temperatureof
300 mK for approximately 17 hours before it must be
raised to 4 K for a 4.5 hour recharge cycle.

The 0.43 m diameter focal plane is populated with
∼16 000 transition-edge sensor(TES) bolometersfabri-
cated on ten monolithic 150 mm silicon wafers. Each
detector wafer contains an array of 269 multichroic dual
linearly polarized pixels,with each pixel consisting of a
broadband sinuous antenna coupled to TES bolometers via
superconducting microstrip and in-line band-defining fil-
ters.This pixel architecture was originally developed for
POLARBEAR-2/Simons Array [21] and is also planned for
use by the Simons Observatory [32] and LiteBIRD [33]
experiments.The SPT-3G pixels have three observing
frequency bands,centered at95, 150, and 220 GHz,and
use six TES bolometers in each pixel to measure both
polarization orientations in each band. Details of the
SPT-3G detector wafer fabrication can be found in
Refs. [34,35] and characterization ofthe 2018 deployed
array in Ref. [36]. The detectors are read out using a 68×

1http://www.chasecryogenics.com/.
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frequency-domain multiplexing system jointly developed by
the SPT-3G and POLARBEAR-2 collaborations [37,38].

III. OBSERVATIONS AND DATA REDUCTION

A. Observations
The main SPT-3G survey field is a ∼1500 deg2 region

extending from −42° to −70° declination and from
20h40m0s to 3h20m0s right ascension, illustrated in
Fig. 1. This survey footprint also overlaps the regions
observed by the BICEP/Keck series of experiments [13,20].
We observe the full 1500 deg2 via four 7.5°-tall subfields
centered at −44.75°, −52.25°, −59.75°, and −67.25°
declination,respectively,with each subfield covering the
full RA range. These subfields are chosen so as to
maximize telescope scanning efficiency while minimizing
fluctuations in detector gain due to changes in atmospheric
loading over the course of an observation.

The telescope observes each subfield in a raster pattern,
performing constant-elevation sweeps in azimuth before
making a small step in elevation and repeating.2 Each
sweep of the telescope across the field, referred to as a scan,
is performed at a constant1 deg =s as measured on the
azimuth bearing and takes approximately 100 seconds to
cover the full azimuth range.The telescope performs one
right-going scan and one left-going scan at each elevation
step. A full subfield observation requires approximately
2.5 hours to complete, and two subfields are each observed
three times during one observing day, defined by the
combined fridge hold and cycle time.As the survey field
is constantly above the horizon at the South Pole, the start
of the observing day is allowed to drift with respect to
sidereal time with no penalty to observing efficiency.

B. Relative calibration
We regularly conduct a series of calibration observations

in order to relate the input power on each detector to CMB
fluctuation temperature.This conversion is derived from
observationsof two Galactic HII regions that serve as
relatively compact sources of mm-wave flux, RCW38 and
MAT5a (NGC 3576).RCW38 is located atRA: 8h59m5s

Dec: −47°3003600and is used for the two higher-declination
fields, while MAT5a is located at RA: 11h11m53s Dec:
−61°1804700 and is used for the two lower-declination
fields. Dense scans are taken such thateach pixel in the
focal plane can form a complete map of the source; these
per-detector maps are then compared to calibrated maps of
RCW38 or MAT5a made by the SPT-SZ experiment.
During 2018, such observationsof either RCW38 or

MAT5a were nominally performed once per observing
day, depending on the pairof subfields to be observed,
though in later seasons the cadence has been relaxed to one
dense observation per HII region per week.

Temporalcalibration shifts on shortertime scales are
tracked using detector response to an internalcalibration
source (“the calibrator”) and much shorter (∼10-minute)
observations of the HII regions conducted before and after
each CMB subfield observation. The short HII region
observations also serve to monitor changes in atmospheric
opacity. This procedure 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
and passbands between SPT-3G and SPT-SZ.We expect
these differences to bias the absolute calibration by less
than 10%, and we correct for this bias by comparing fully
coadded maps to Planck (see Sec.IV F).

C. TOD processing
We apply a series of linear processing stepsto the

detector time-ordered data (TOD) to decrease and flatten
the noise in the signal range, which in this analysis
corresponds to approximately 0.3–6 Hz.To reduce com-
puting requirements,SPT-3G data is stored in a custom
streaming file format3 that enables the data from only one
scan of the telescope to be loaded into memory at once, and
all TOD processing steps are performed on a scan-by-scan
basis. Only data taken during the constant-velocity portion
of each scan is used, and the data taken while the telescope
is changing direction is discarded.

FIG. 1. The SPT-3G 1500 deg2 survey field (orange,solid)
overlaid on a Planck map of thermaldust emission [39].Also
shown are the SPTpol 500 deg2 field [H18] (green, dashed) and
the SPT-SZ 2500 deg2 field [40] (gray, dot-dashed).

2As a result of the telescope’s unique location at the geographic
South Pole,there is nearly a direct correspondence between the
local coordinatesof azimuth and elevation and the celestial
coordinatesof right ascension and (negative)declination,re-
spectively. 3https://github.com/CMB-S4/spt3g_software.
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The TOD used in this analysis have a sample rate of
76.3 Hz, which while already downsampled by a factor of 2
from the native sample rate of 152.6 Hz, is still faster than
required to measure the angular scales of interest here. To
prevent high-frequency noise from aliasing down into the
signal band when binning data into map pixels, we apply a
Fourier-space filter with functional form eð−l x=l 0Þ6 and low-
pass cutoff l 0 ¼ 6600. The relation between l x and
temporal frequency is determined by on-sky scanning
speed and is recomputed for each scan of the telescope;
at the center of the field, l ¼ 6600 correspondsto
approximately 10 Hz.

We also high-pass filter the data to remove the effects of
slow signals, such as those caused by atmospheric noise or
thermal drifts of the detector cold stage. To do this, we first
fit and subtractup to a 19th-order Legendre polynomial
from the TOD before projecting out Fourier modes corre-
sponding to angular scales below lx ¼ 300.The polyno-
mial subtraction serves to remove lower-order modes that
are not well described by Fourier decomposition,e.g., a
linear slope. During this filtering step, TOD samples in
which a detector was pointed within 50 of a point source
brighter than 50 mJy at 150 GHz are masked in that
detector’s TOD to prevent filter-induced ringing artifacts in
the output map.

We apply one additional filtering step, referred to as the
common-mode(CM) filter, in which the signals from
detectors in a specified group are averaged together,and
the result is then subtracted from each of those detectors’
TOD, thereby removing any common signal. Here we use
all detectorsin the same frequency band on the same
detector wafer to form the common mode, averaging across
polarization orientations.This effectively imposes a high-
pass filter that removes most of the temperature signal on
scales larger than the angular extent of a wafer (l ∼ 500)
while largely preserving the polarization signal. The TOD
samples correspondingto point sourcesbrighter than
50 mJy at 150 GHz are interpolated over during the CM
filter to avoid creating spurious decrements in the map.

D. Data quality cuts
To prevent low-quality data from degrading a map,

detectors with abnormal behavior or properties are flagged
on a per-scan basis during TOD processing. If a detector is
flagged,its data is dropped from the corresponding scan.
Some of the lower-level reasons to flag a detector include a
failure to properly bias or entering a fully superconducting
state during an observation,poor calibration data due to
noise fluctuations or detector operational issues, and read-
out errors during data acquisition. An average of 448
detectors are flagged in each scan for such reasons. We also
flag detectors for irregular TOD features, on average
removing an additional342 detectors per scan due to 1)
abrupt, large deviations from a rolling average, or
“glitches,” with causesincluding cosmic-ray hits and

vibrations within the cryostat,or 2) excess line power in
the 8–10 Hz range, thought to originate from instability in
the detector or readout circuit.

In addition to the cuts above, we do not include one of
the detector wafers in this analysis, as its TOD are
dominated by a series ofnoise lines at multiples of 1.0
and 1.4 Hz, the latter of which corresponds to the frequency
of the pulse-tube cooler used in the cryostat. This wafer has
been replaced for subsequent observing seasons.

After filtering, an inverse-variance weightwi is com-
puted for each detector based on the noise in its TOD from
1–4 Hz. The distribution of weights is examined for
outliers,and detectors with weights three sigma above or
below the mean are flagged, removing on average another
33 detectors from each scan. The map for a given
observation is constructed as a weighted average ofthe
data from all detectors (after filtering and cuts) using this
weight distribution.

Beyond cuts on individual detectors,whole scans are
dropped from the observation data if there are errors in the
telescope pointing information or if fewer than ∼50% of
active bolometers pass cuts.Entire observations are cut if
there was an errorwith data acquisition, if all detectors
were flagged (e.g., due to a failed calibration observation),
or if the helium in the sorption refrigerator ran out during
the observation.After cutting 17 such observations,there
are 562 subfield observations remaining, with an approxi-
mate average of 6600 active detectors equally distributed
among the three frequency bands per observation.

E. Maps
We 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 into 20square 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 athigh signal-to-noise.
The E-mode polarization map itself is shown in Fig. 3. The
noise levels in the coadded maps are measured by differ-
encing two half-depth coadded maps and calculating the
power spectrum of the result, correcting for the transfer
function effects of the TOD filtering described above. The
map depths as a function of l for both temperature and
polarization data are shown in Fig.4; averaged over the
range 1000 < l < 2000, the polarized map depths at95,
150, and 220 GHz are 29.6, 21.2, and 75μ K−arcmin,
respectively.

From the 562 subfield observations, we construct subsets
of partial-depth full-field maps, or “bundles," that are then
used as the basic inputs to the restof the analysis.The
bundles are constructed by chronologically coadding
observationswithin each subfield until the combined
unpolarized weight approaches1=ðNbundlesÞth of the
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unpolarized weight in the full-season coadd, typically
requiring 3–5 observations.The 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 numberof
observations.We chose Nbundles¼ 30 to balance total
number with uniformity across the bundles.

FIG. 2. SPT-3G 2018 150 GHz temperature (top), Stokes Q (middle), and Stokes U (bottom) maps. Note the factor of 10 difference in
color scale between temperature and polarization maps.The data have been filtered to remove features larger than ∼0.5°,and the
polarization maps have been smoothed by a 60 FWHM Gaussian.

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

022003-6



IV. POWER SPECTRUM

We calculate power spectra from the maps in the flat-sky
approximation, in which we relate the Fourier wave
numbersðkx; kyÞ to angular multipole via jkj ¼ l. We
rotate curved-sky Q and U,defined along the longitudes
and latitudes on a sphere,to flat-sky Q0 and U0, defined
along the verticaland horizontal axis of a flatmap,by

Q0 ¼ Q cosð2ψαÞ þ U sinð2ψαÞ;

U0 ¼ −Q sinð2ψαÞ þ U cosð2ψαÞ; ð1Þ

where ψα is the angle measured from the verticalaxis to
north for pixel α as defined by the map projection.The

Fourier transforms of the rotated Q0 and U0 maps are then
used to construct the Fourier-space E-mode map via [44]

El ¼ Q0
l cos 2ϕl þ U 0

l sin 2ϕl ; ð2Þ

where l ¼ ðl x; l yÞ and ϕl ¼ arctanð−lx=l yÞ.

A. Cross-spectra
Following prior SPT analyses,we use the pseudo-Cl

method to compute binned power spectrum estimates,or
“band powers,” and use a cross-spectrum approach [45,46]
to eliminate noise bias. We compute cross-spectra between
pairs of bundles by first multiplying each map by an
apodization mask W,with the product denoted as mX;νi

A ,

FIG. 3. SPT-3G 2018 150 GHz E-mode polarization map. The data have been filtered to remove features larger than ∼0.5°, and the
map has been smoothed by a 60 FWHM Gaussian.

FIG. 4. Temperature and polarization noise power spectra, corrected for the transfer functions of TOD processing. In each subplot, the
left-hand verticalaxis displays the noise in units of μK2, while the right-hand verticalaxis displays the equivalentmap depth in
units of μK-arcmin.
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where X ∈ fT; Eg, A indexes bundle number, and i indexes
frequency band. We then compute sets of cross-spectra via

D̃XY;νi ×ν j
b;A×B ¼

1
Nb

X

l∈b

lðl þ 1Þ
2π

Re½mðX;νi Þ
l;A mðY;νj Þ

l;B ; ð3Þ

for all bundles A ≠ B, where Nb is the number of modes in
each l-bin b. The average of all cross-spectra for a given
spectrum and frequency combination is then used to obtain
the final band powers,D̃XY;νi ×ν j

b . As is customary, here
we report power spectra using the flattened spectrum,
defined as

Dl ≡
lðl þ 1Þ

2π
Cl : ð4Þ

B. Unbiased spectra
To obtain unbiased estimates of power spectra, we follow

the MASTER algorithm (Ref. [47], hereafter H02), briefly
summarized here.The power spectra of maps constructed
as described above yield estimates of the true Cl that have
been biased by TOD- and map-levelprocessing.These
biased or pseudo-Cl , denoted byC̃l , and the true Cl are
related via

hC̃l i ¼
X

l 0

M ll 0F l 0B2
l 0hCl 0i; ð5Þ

in which the brackets denote ensembleaverages,Bl
describesthe effects of the instrument beam and map
pixelization, F l is a transfer function encapsulating the
effects of TOD filtering, and Mll 0 is a matrix describing the
mixing of power that results from incomplete sky coverage.

Following H02, we introduce the binning operator Pbl
and its inverse operation Qlb : if we write the binned
equivalent of Eq. (5) utilizing the shorthand K ll 0 ≡
M ll 0F l 0B2

l 0 and K bb0 ≡ P bl K ll 0Ql 0b0, then an unbiased
estimator of the true power spectrum can be calculated from
the pseudospectra via

cCb ¼ K−1
bb0Pb0l 0C̃l : ð6Þ

To compare the unbinned theory Cth
l to our band powers, we

compute the binned theory spectra as Cth
b ¼ Wbl Cth

l , where
Wbl are the band-power window functions defined as

Wbl ¼ K−1
bb0Pb0l 0K l 0l : ð7Þ

C. Mask and mode-coupling
Prior to computing their Fourier transforms, we multiply

the maps by an apodization mask W to smoothly roll off the
map edges to zero and remove excess power from bright

point sources. The apodization mask is generated in much
the same manner as in H18,using the same mask for all
map bundles across allfrequency bands.First, a binary
mask is created for each bundle by smoothing the coadded
bundle weights with a 50Gaussian, then setting to zero any
pixels with a weight below 30% of the median map weight.
The intersection of all the bundle masks is then edge-
smoothed with a 300 cosine taper.Point sources detected
above 50 mJy at 150 GHz are masked with a 50radius disk
(the same size mask used during TOD processing), and the
cutouts edge-smoothedwith a 100 cosine taper. The
effective area of the final mask, defined as

P
W2Aα where

Aα ¼ 4 arcmin2 is the area of each pixel, is equal to
1614 deg2. This area is larger than the stated survey size
as a result of the inclusion of lower-weight regions along
the map boundaries.

Applying a real-space apodization mask,or imposing
any survey boundary,convolves the Fourier transform of
the effective mask with that of the on-sky signal, coupling
power between formerly independent l-modes. This effect
is encapsulated in the mode-coupling matrix Mll 0. Previous
SPT analyseshave used an analytic calculation of the
mode-coupling matrix in the flat-sky regime, as derived in
H02 for temperature and the Appendix of Ref. [41] (here-
after C15) for polarization (for notationalsimplicity we
omit the XY superscript on Mll 0, though separate matrices
for TE and EE are used in the analysis). In H18 this
calculation was furtherverified for the input range 0 <
l < 500 with the use of curved-sky HEALPix4 [48,49]
simulations.

Here we employ an alternate means of simulating Mll 0

that additionally captures distortions due to the map
projection. A set of HEALPix skies are generated in a
similar manneras in H18, with each realization formed
from an input spectrum setto zero outside of a selected
Δl ¼ 5 bin; however,here the curved-sky maps are then
reprojected to our flat map projection before applying the
apodization mask.The power spectrum is then computed
in the usual manner,revealing to which multipoles the
Δl ¼ 5 input power has been mixed. One full realization of
the mode-coupling matrix requires 640 individualsimu-
lations to cover the range 0 < l < 3200 in increments of
Δl ¼ 5, and 150 such realizations are averaged to obtain
the final mode-coupling matrix Mll 0.

D. Transfer function
The filter transfer function Fl captures the effects of the

filtering steps discussed in Sec. III C. F l is obtained
through simulations,discussed further in Sec.IV D 1. In
brief, a known input spectrum Cth

l is used to generate
Oð100sÞ of sky realizations and simulated TOD, to which
are then applied the same filtering steps as on the real data.

4http://healpix.sf.net/.
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The output spectra are then compared to the input spectra to
obtain the effects of TOD filtering.

Solving Eq. (5) for F l directly would necessitate
inverting M ll 0, which may be ill conditioned. Instead,
we iteratively solve for Fl using the method prescribed in
H02:

Fð0Þ
l ¼

hC̃sim
l i

w2B2
l Cth

l
;

Fðiþ1Þ
l ¼ FðiÞ

l þ
hC̃sim

l i − M ll 0FðiÞ
l B2

l Cth
l

w2B2
l Cth

l
; ð8Þ

where w2 ≡ 1
Ω

R
d2rW 2 and Ω is the area of the map in

steradians.We find three iterations sufficient to achieve a
stable result.

The iterative approach is unstable for the TE power
spectrum due to zero crossings,so instead we use the
geometric mean of the TT and EE transfer functions in the
same manner as C15 and H18. For cross-frequency power
spectra,a transfer function is computed directly for each
νi × νj spectrum.The TE and EE transfer functions for
150 GHz are shown in Fig. 5, with similar results found for
95 and 220 GHz. The difference between the TE and EE
transfer functions primarily arises from the CM filter,
which removes large-scale power from temperature while
preserving it in polarization. This also causes ∼10%
differences in Fl between the three frequency bands for
l < 1000, which diminishes to <1% at higher multipoles.

1. Simulations
To create the simulations used for recovering the effect of

TOD- and map-level processing on the data, we first
generate 250 Gaussian realizations of the CMB described
by the best-fit ΛCDM model to the base_plikHM_
TTTEEE_lowl_lowE_lensing Planck data set [26].To these
we add foreground contributions using two methods.For
foreground components expected to be roughly Gaussian
distributed (such as the thermaland kinetic SZ effects),
we create Gaussian realizationsof power spectra from
Ref. [50]. These realizations are correlated between
frequencies.We also add Poisson-distributed foregrounds
according to source population models from Ref.[51] for
radio galaxies and from Ref.[52] for dusty star-forming
galaxies, with polarization fractions from Ref. [9] and flux-
frequency scaling relationsfrom Ref. [53]. We neglect
Galactic foregrounds for these simulations, as the expected
polarized power from dust within our survey region is 1–2
orders of magnitude smaller than the E-mode signal over
the multipoles and observing frequencies considered here
(Galactic dust is accounted for in the likelihood; see
Sec.VI). The TE power for all simulated foregrounds is
set to zero. These simulated components are then combined
in multipole space and multiplied by a Gaussian approxi-
mation of the SPT-3G beam (see Sec. IV E), with FWHMs

of 1.70; 1.40; 1.20 at 95, 150, 220 GHz, respectively, before
generating real-space HEALPix sky realizations.These
noiseless mock skies are then used along with recorded
telescope pointing information from every 2018 subfield
observation to generate simulated detector TOD, which are
then processed using the same detector cuts and filtering as
applied to the real data. The resulting “mock observations"
are then bundled and analyzed in exactly the same manner
as the real data.

E. Beam
The beam describes the opticalresponse of the instru-

ment as a function of angle. The maps produced are a
convolution of the beam with the underlying sky,equiv-
alently described as a multiplication in Fourier space by the
beam window function Bl . Bl is estimated in a similar
manner to the composite beam analyses in Refs. [40,41,54],
using point sources in the 1500 deg2 field and five
dedicated Marsobservationstaken during 2018. As in
those analyses,we have treated the beam as axially
symmetric.The errors induced by this approximation are
entirely negligible,as determined using the formalism of
Ref. [55] and the known properties of the SPT beam.

The Mars data are convolved with a Gaussian estimate of
the telescope pointing jitter (approximately 12” rms)
derived from the fitted locations of point sources in
individual observations.The brightness of Mars produces
a high signal-to-noisebeam template out to tens of
arcminutesaway from the peak response;however,we
observe significant evidence for detector nonlinearity at the
peak response in the planet scans. To avoid this, the Mars
maps are first produced individually for left-going and
right-going scans, and any data taken in a scan after Mars
passes within ∼1 beam FWHM is masked,as the falling

FIG. 5. Filter transfer functions for 150 GHz TE and EE power
spectra, computed using 250 TOD simulations of the full SPT-3G
2018 data set.The difference between the TE and EE transfer
functions is caused by the common-mode filter.
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edge of the beam response is most prone to contamination
from detector nonlinearity.

The hole at the location of the peak planetresponse is
filled in by stitching a coadd of point sources that has been
convolved with the Mars disk. The stitching operation
simultaneously fits a relative scale and offset between the
two beam observations using an annular region where both
measurements have high signal-to-noise.Bl is then taken
to be the square root of the azimuthal average of the two-
dimensional(2D) power spectrum of the composite map,
after correcting for the planet disk and pixel window
functions. The normalization of the beam responseis
defined by the map calibration procedure described in
Sec.IV F 1.

Bl and uncertainties for the three frequencies are shown
in Fig. 6. Over the range of multipoles relevantfor this
analysis, the fractional beam uncertainty is less than 1.5%.
The beam covariance is derived from a set of alternate Bl
curves produced by varying the subfield from which the
field sources are drawn,varying which of the five planet
observationsis used, and sampling from the nominal
covariance of the stitching scaling and offsetparameters.
The beam covariance is then added to the band-power
covariance matrix,discussed in Sec.IV H.

F. Absolute calibration

1. Subfield calibration
As this work references separate HIIregions for cali-

brating different halves of the survey field, we calculate and
apply a temperature calibration factorfor each subfield
individually before coadding observations from the four
subfields into a single map.To set the individual temper-
ature calibrations,we compute cross-spectra between our

subfield temperature maps and the Planck PR3 maps5 of the
nearest frequency channel,using 100,143, and 217 GHz
for our 95, 150, and 220 GHz bands,respectively.

The Planck maps are mock observed with TOD filtering
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 maps,and the
corresponding mode-coupling matrix Mps

l;l 0 is used. We
compute the Planck-only and SPT-only power spectra
using cross-spectrabetween half-depth mapsfrom the
respective experiments,and we compute the cross-spectra
between the two experiments using full-depth maps.We
divide out the binned mode-mixing matrix to account for
the cut sky and source masking,and compute the binned
ratio of the power spectra

ϵb ¼
Pb;l BPlanck

l ðPb;l Mps
l;l 0Ql 0;b0Þ−1D̃SPT1×SPT2

b0

Pb;l BSPT
l ðPb;l Mps

l;l 0Ql 0;b0Þ−1D̃SPT×Planck
b0

: ð9Þ

The average of this ratio over 400 ≤ l ≤ 1500 is used to set
the relative temperature calibration between subfields. All
subfield calibration factors are within ≲7% of unity,
consistentwith the expected accuracy ofthe calibration
procedure described in Sec.III B.

We establish uncertainties on the above ratio by combin-
ing a single ΛCDM sky realization with FFP10 noise
simulations for Planck and sign-flip noise realizations for
SPT,generated by coadding realSPT-3G data maps with
random signs.We compute severalsimilar ratios using
other combinations of Planck and SPT data to form the
cross-spectra as a data systematics and pipeline consistency
check. We find agreementto ≲1% in the ratios across
different data spectra inputs over the multipole range
considered. The beam measured in this manner also serves
as a cross-check of our low-l beams; while the results are
consistentwith the position-space measurement,they are
less sensitive as a result of the Planck beam size and map
noise, and are therefore not used to constrain the shape of
the beam response.

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
map calibration described above is expected to be accurate
at the percentlevel, that procedure does notaddress the
absolute amplitude of the Q and U polarization maps. This
motivates the EE power spectrum comparison.While not
strictly necessary, we also adjust the temperature

FIG. 6. One-dimensional multipole-space representation of the
measured instrumentbeam,Bl , with uncertainties indicated by
the shaded regions. The data are normalized to unity at l ¼ 800.

5https://pla.esac.esa.int/.
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calibration to be based on the power spectrum comparison
for symmetry.

We calculate calibration factors for each frequency band
for the temperature(e.g., T95 GHz

cal ) and E-mode (e.g.,
E95 GHz

cal ) maps.The cross-spectra calibration factors are
then TE ∝ ðTcalEcalÞ and EE ∝ ðEcalEcalÞ. The calibration
factors are constructed based on comparing the Planck
combined CMB-only power spectra to the SPT-3G
95 × 95, 150 × 150, and 220 × 220 band powers over
the angular multipole range 300 ≤ l ≤ 1500 using the
Planck bin width of Δl ¼ 30. We apply the SPT-3G
band-powerwindow functions to the unbinned Planck
spectra for this comparison.For temperature,we also
account for foreground contamination by subtracting from
the SPT-3G band powers the best-fitforeground model
from Ref. [3] with additional radio galaxy power from the
different point source mask threshold calculated according
to the model in Ref.[51]. The foreground corrections are
negligible for the EE spectra.We accountfor the uncer-
tainties on the band-power measurements in this compari-
son using the covariance described in Sec. IV H as well as
the uncertainties on the Planck spectra. We also include the
correlated uncertainties in the calibration factors due to the
overall Planck absolute calibration uncertainty (taken to be
0.25% at the map level) and the common sample variance
and Planck noise uncertainty across the three frequencies
for the EE and TT comparisons.

The adjustments to the Tcal factors recomputed in this
manner are all within ∼1% of unity, while the Ecal factors,
which may be thought of as the inverse of the effective
polarization efficiencies, are 1.028, 1.057, and 1.136 for 95,
150, and 220 GHz, respectively.That Ecal is a larger
correction than Tcal is to be expected,as we do nothave
per-detector measurements of polarization properties,and
instead rely on the as-designed values. We note that despite
this, the polarization calibration factors found here are of
roughly the same size as those required for SPTpol in C15
and H18, which did make use of such per-detector
polarization information.

The calibration factors are applied to the maps before
calculation of the final band powers, and we include all six
calibration parameters as nuisance parameters in the like-
lihood when fitting for cosmology, using priors centered on
unity and with widths based on the calculated covariance
matrix. The uncertainties on the six calibration parameters
are given alongside those of other nuisance parameters
in Sec.VI.

G. T-to-P leakage

1. Monopole deprojection
Polarization data can be contaminated by leaked temper-

ature signal caused by a variety of factors, including
mismatched gain between detectors in a polarization pair
and differential beam shapes.As in C15 and H18, we

perform a monopole deprojection, in which a scaled copy
of the T map is removed from the Q and U maps. We
neglect higher-order leakage terms, as they typically
become relevantnear the beam scale (l ∼ 11 000),while
this analysis extends only to l ¼ 3000.

In both C15 and H18, the monopole leakage coefficients
ϵP, where P ∈ fQ; Ug, were calculated by directly com-
paring the respective CTP

l to CTT
l over some range of l, and

the deprojected maps obtained via P0 ¼ P − ϵPT. The same
method used in this analysis would be biased by the high-
pass TOD filter, due to the following effect. In the 2D
Fourier plane,QQ power is oriented along the lx and l y
axes while UU power is oriented at 45°. As the temperature
signal is uncorrelated with Q and U across the sky,the
azimuthal average of the TQ and TU correlations should be
zero (i.e., at each l, the orthogonal lobes of power in the 2D
Fourier plane are of equalmagnitude butopposite sign).
However,as the telescope scanning direction is along lx,
the high-pass filter removes powerfrom low-l x modes,
leaving a residual signal in the TQ azimuthal average that is
highly correlated with TE. As TU modes are oriented
primarily at 45° in the 2D Fourier plane,the loss of l x <
300 power does not change their net-zero azimuthal
average.

To account for the correlation with TE, we fit each of TQ
and TU to a linear combination of TE and TT according to

CTP
l ¼ ϵP;TTCTT

l þ ϵP;TECTE
l : ð10Þ

The ϵP;TT coefficients are then used for monopole depro-
jection in the usual fashion, while the ϵP;TE values are
discarded.

Two tests of this deprojection method are performed
before application to data.First we check that the ϵP;TT

coefficientsare consistentwith zero in noiseless mock
observations. Then, a known amount of T-to-P leakage is
injected in the simulations to verify it can be recovered.
After passing both of these checks, we calculate the leakage
coefficients from real data, obtaining the values in Table I.
We perform the deprojection on the data, though the
resulting shift in band powers is entirely negligible given
the reported band-poweruncertainties.We accordingly
neglect the error on the monopole leakage terms.

2. Leakage from the common-mode filter
Another form of T-to-P leakage results from the CM

filter. As the polarized power is measured using the
difference in signal between orthogonally polarized

TABLE I. T-to-P monopole leakage coefficients.

95 GHz 150 GHz 220 GHz

ϵQ;TT 0.006  0.002 0.005  0.002 0.008  0.010
ϵU;TT 0.008  0.002 0.013  0.002 0.015  0.010
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detectors,subtracting the same common mode from all
detectorsshould not affect the measured polarization.
However,here we have notenforced explicitpair differ-
encing when making polarized maps,allowing the polar-
ized signal in a given map pixel to be formed from detectors
in physically distant focal plane pixels. The CM filter
generally removes a differentamountof power from two
such detectors,thereby affecting the polarization signal.
While the CM filter is empirically seen to reduce polari-
zation noise,it also directly injects some fraction of the
l ∼ 500 (corresponding to the angular extent of a detector
wafer) temperature power into the polarization maps.To
quantify this leakage,we mock observe a setof T-only
simulations and measure the power leaked into EE and TE.
We find the leakage to depend on the particular configu-
ration of detectors used to form the CM, differing in both
sign and magnitude across the three frequency bands, with
maximum amplitudes near l ¼ 500 of 0.20 μK2 for EE
and 10 μK2 for TE.

This CM filter-induced T-to-P leakage is also present in
the simulations used to obtain the filter transfer function.
Although Fl is a multiplicative correction, and this T-to-P
leakage is an additive bias, to first order F l already
removes this leakage; when reconstructing the input
DEE

l;th from simulatedD̃EE
l using Eq.(5), no residualbias

is seen. As will be discussed in Sec. V, realistic changes to
the input spectra used for the simulations do notsignifi-
cantly affect Fl , so this bias will already be reduced to a
negligible level for EE data.

The leakage in TE is not handled so easily, however, as
FTE

l is not constructed specifically from TE spectra,but
rather as the geometric mean of FTT

l and FEE
l . When

reconstructing the inputDTE
l;th from simulatedD̃TE

l using
Eq. (5), a residual bias remains. The same set of simulations
for obtaining Fl is used to calculate the following residual
TE bias, which is then subtracted from the data:

TEbias ¼ D̃TE
l;sim −

X

l 0

M ll 0FTE
l 0 B2

l 0DTE
l;th : ð11Þ

In addition to the check againstvarying input simulation
spectra discussed below, T-only Planck maps correspond-
ing to the SPT-3G coverage region are mock observed to
verify the leakage bias in TE to be expected from the real
sky, with excellent agreement found between those results
and those from the standard set of simulations.

H. Band-power covariance matrix
The band-power covariance matrix captures the uncer-

tainty in individual band powers and their correlations as
well as the correlationsbetween different spectraand
different frequency bands. This covariance matrix includes
contributions from noise and sample variance. We estimate
the noise variance from the set of measured cross-spectra

and the sample variance from the setof 250 signal-only
simulations. In a final step, the uncertainty from the beam
measurement is added. We neglect any contributions from
the simulation-derived corrections discussed in the preced-
ing section.

The calculation of the covariance matrix follows the
generalprocedure outlined in the Appendix of Ref.[56].
The three frequency bands are used to form three auto-
frequency spectra and three cross-frequency spectra for
both EE and TE, giving the covariance matrix a 12 × 12
block structure.The estimate of the covariance is noisy
given the finite number of simulations and observations; we
therefore “condition" the covariance matrix to reduce noise
in both the diagonal and off-diagonal elements.

For the diagonal elements, we expect a fractional
uncertainty of

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2=nobs

p
; for the 30 data bundles in this

analysis, this is 26%. To mitigate this, we extract the
effective number of modes in each l-bin from the signal-
only simulations detailed in Sec. IV D 1, which allows us to
compare the poor noise variance estimates to their expect-
ation values.This comparison yields an estimate ofthe
noise spectra, which we smooth with a Gaussian kernel and
use to assemble an improved estimate of the noise variance.
We add the sample variance contribution to the noise
variance to obtain conditioned diagonals for all covariance
blocks.

To ameliorate the noise of off-diagonal elements,we
condition the underlying correlation matrices. We average
the estimated correlation matrices ofall 12 on-diagonal
blocks and inspect band-diagonal slices (i.e., elements the
same distance away from the diagonal). To account for the
widening of the mode-coupling kernelover the angular
multipole range, we generalize the procedure applied in C15
and H18 and fit second-orderpolynomialsto the band-
diagonal slices. We replace off-diagonal elements with these
fits and set elements further than Δl > 100 from the main
diagonal to zero as correlationsbecome negligible.The
correlation matrix conditioned in this way is then combined
with the previously calculated diagonalelements ofeach
block to construct the conditioned covariance matrix.

We have validated this conditioning approach using a
suite of 1000 flat-sky, single-frequency simulations that
mimic the SPT-3G 2018 data set(30 map bundles,200
transferfunction simulations,1/f noise profile matching
H18 with NT

white ¼ 10 μK-arcmin). We measure the EE and
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
way to the average of the unconditioned matrices across all
simulations,we find that the residuals along the main
diagonals of all covariance blocksare consistentwith
zero.

We further validate the conditioning scheme by ensuring
that its impact on parameter estimation is minimal. We do
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this by considering a ΛCDM þ Neff model, i.e.,introduc-
ing the effective number of neutrino speciesas a free
parameter. This is motivated by the signature of changes to
Neff left in the damping tail of the CMB power spectra, and
that by design the devised conditioning scheme smooths
noise in the covariance more aggressively at small angular
scales. We therefore expect this cosmological model to be a
sensitive test of the conditioning step. We find the best-fit
Neff value while fixing the core ΛCDM parameters to their
input values using a Gaussian likelihood for all simulations.
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 matrices.Across the simulations,we find that
the standard deviations of the resulting two distributions of
best-fit Neff values match.Furthermore,the width of the
distributions are consistentwith a simple Fisher forecast.
We observe no evidence thatthe 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”

ρbeam
bb0 ¼

δDb

Db

δDb0

Db0
; ð12Þ

where

δDb

Db
¼ 1 − 1 þ

δBb

Bb

−2
ð13Þ

represents the effectof the beam uncertainty δBb on the
power spectrum.Model band powers Db are then used to
generate a covariance from the beam correlation matrix:

Cbeam
bb0 ¼ ρbeam

bb0 DbDb0: ð14Þ

Our final results are robust with respect to the beam
covariance assumed,with no effect on cosmological
constraints after increasing the covariance by a factor of 4.

V. TESTS FOR SYSTEMATIC ERRORS

We perform two primary tests on the data and analysis
pipeline, with the first using null tests to probe for
systematic effects in the data,and the second verifying
the robustness ofthe pseudospectrum debiasing pipeline
against changes to the input power spectrum.

A. Null tests
To check that the data are free of systematics above the

noise level, we perform a series of null tests, in which the
data are divided based on a possible source of systematic
error, and the groups of data are then differenced to form a

collection of null maps. The cross-spectra of the null maps
are then compared to the expected nullspectrum if that
systematic were absent. The expectation spectra are calcu-
lated using the same noiseless mock observations detailed
in Sec. IV D 1 used for obtaining Fl . The expected null
spectra are typically consistent with zero, although
differences in e.g., live detector counts can cause nonzero
expectation spectra.

We perform the following null tests, most of which have
also been explored in prior SPT analyses:

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-dependenteffects by
ordering the data chronologically into the beginning
and end of the season.For 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 power.Separate 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-
spectrum calculation. For the Left-Right test,each bundle
is separated into left-going and right-going scans, and these
are differenced to create the null maps. An analogous
procedure is used forthe Wafer null test. For the First-
Second, Moon Up-Moon Down, and Saturation tests, each
observation is assigned a value based on the susceptibility
of that observation to the potentialsource of systematic
error, and the bundles are then rank ordered by the average
of this value acrosstheir constituentobservations.The
halves of the rank-ordered listare then subtracted (i.e.,
bundle 1 from bundle 16, bundle 2 from bundle 17,…,
bundle 15 from bundle 30) to form the null maps. For the
Azimuth test, the normal chronological bundles would
average down any potentialsystematic,as the observing
cadence of the telescope effectively randomizes the
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azimuthal range over which the field is observed.The
observationsare therefore rebundled according to the
separation between theirmean azimuth and the azimuth
corresponding to the Dark Sector Laboratory.

For each null test, we use the average and distribution of
all null cross-spectra to compute the chi-square compared
to the null expectation spectrum, and we then compute the
probability to exceed (PTE) this chi-square value given the
degreesof freedom. An exceedingly low PTE or a
preponderance of low PTEs indicates the data are in larger
disagreement with expectation than random chance would
allow. We perform three checks on the collection of PTEs:
1) the entire table of PTE values is consistentwith a
uniform distribution between 0 and 1 with a Kolmogorov-
Smirnov (KS) test p-value > 0.05, 2) individual PTE
values are larger than 0.05=Ntests, and 3) the combination
of PTEs in each row using Fisher’s method has a PTE
above 0.05=Nrows. We neglectcorrelations between PTE
values when performing these tests, which has the effect of
strengthening the KS and Fisher tests while weakening the
multiple-comparisons-corrected individual PTE test. These
tests and significance thresholds were agreed upon before
looking at the collection of final PTEs to avoid confirma-
tion bias.

The null test PTEs are collected in Table II. The
distribution of PTEs is consistent with a uniform distribu-
tion with a KS test p-value of 0.76. With 36 tests and six
rows, the individual PTE threshold is 0.0014, and the row
threshold is 0.0083; although the Azimuth test for 150 GHz
EE and Wafer test for 95 GHz EE are marginal, all of the
tests pass the agreed-upon criteria, and we conclude that the
listed systematics do notaffect the data in a statistically
significant way.

B. Sensitivity to cosmological model
Any corrections to the data based on simulations, such as

F l or additive bias corrections, should be robust against the
chosen inputcosmology to the simulations.The simula-
tions in Sec. IV D 1 were constructed to match the true sky
as closely as possible,so we can be confident that the
resulting simulations will yield valid results; however,we

still want to test that the pipeline is stable againstsmall
variations to the input power spectra.

We create an additional set of simulations with a contrived
cosmology chosen to be ∼5σ discrepantwith the results
found in H18, with parameter values Ωbh2 ¼ 0.02,
Ωch2 ¼ 0.14, H0 ¼ 61 km s−1 Mpc−1 , lnð1010AsÞ ¼ 3.12,
ns ¼ 0.9, and τ ¼ 0.06. Additionally, the foreground power
is doubled in comparison to the standard set of simulations.
Fifty noiseless realizations of this cosmology are supplied to
the mock-observing pipeline,and the resulting C̃l are
debiased using the transfer function and TE bias corrections
derived from the standard setof simulations.The input
spectra are recovered to well within the uncertainties on the
reported data band powers, and we therefore find no
measurable bias due to Fl or the TEbias correction.

VI. PARAMETER FITTING AND MODELING

We obtain cosmological parameter constraints using the
Markov chain Monte Carlo (MCMC) package CosmoMC
[57].6 The theoreticalCMB spectra are calculated using
CAMB [58],7 and are modified to account for the effects of
instrumental calibration,aberration due to relative motion
with respect to the CMB rest frame [59], and super-sample
lensing [60]. We also add terms representing Galactic dust
emission and polarized dusty and radio galaxies.

We parametrize the ΛCDM model as follows: the density
of cold dark matter Ωch2; the baryon density Ωbh2; the
amplitude of primordial density perturbations, As, the tilt of
the power spectrum,ns, defined at a pivot scale of
0.05 Mpc−1 ; the optical depth to reionization τ; and
CosmoMC’s internalproxy for the angular scale of the
sound horizon at decoupling, θMC. For the range of angular
multipoles considered here,τ is degenerate with As; we
therefore use large-scalepolarization information from
Planck [26] to inform a Gaussian prior of τ ¼ 0.0543
0.0073, and we report constraints on the combined amplitude
parameter 109Ase−2τ in this work. Widening the prior to

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

6https://cosmologist.info/cosmomc/.
7https://camb.info/.
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τ ¼ 0.065  0.015 based on a recent analysis of Planck and
WMAP data by Ref. [61] has no significant effect on
cosmological parameter constraints.

We account for aberration in a manner similar to Ref. [2]
and H18 by modifying the theory spectrum as

Cl → C l − Cl
d ln Cl

d ln l
βhcos θi; ð15Þ

where β ¼ 1.23 × 10−3 is the velocity of the Local Group
with respect to the rest frame of the CMB,and hcos θi ¼
−0.39 is the mean angular separation between the CMB
dipole and the SPT-3G survey field. For super-sample
lensing, we follow the procedure laid out by C15 and H18,
modifying the CMB spectrum resulting from a set of
parameters p as

ĈXY
l ðp; κÞ ¼ CXY

l ðpÞ −
∂l 2CXY

l ðpÞ
∂ ln l

κ
l 2 ; ð16Þ

where the nuisance parameter κ quantifies the mean lensing
convergence across the survey field. We apply a Gaussian
prior on κ centered on zero with standard deviation
σκ ¼ 4.5 × 10−4, with the uncertainty estimated from the
survey size [60].

The power from Galactic dustis assumed to follow a
modified blackbody spectrum with T dust ¼ 19.6 K and
βdust ¼ 1.59 and is modeled according to the relation from
Refs.[62,63]:

DXY
l;dust ¼ AXY

80
l
80

αXYþ2
; ð17Þ

where AXY
80 is the amplitude of the spectrum at l ¼ 80 at

150 GHz, and αXY is the angular power dust spectral index.
Based on Ref. [62], we apply a Gaussian prior on αXY with
a central value of −2.42 and uncertainty 0.02. We estimate
the properties ofpolarized Galactic duston the SPT-3G
1500 deg2 field using Planck observations in the frequency
bands 100, 143, 217, and 353 GHz. We assumethe
aforementioned spectralenergy distribution and fitto the
amplitude using the ten cross-frequency spectra obtained
from an optimal combination of all possible half-mission
map cross-spectra.Taking into account Planck color
corrections [63],pessimistic calibration errors and assum-
ing the Planck best-fit cosmology, we constrain the
amplitude of polarized Galactic dust to be AEE

80 ¼ 0.095 
0.012 and ATE

80 ¼ 0.184  0.072, which we adopt as
Gaussian priors in our MCMC analysis. We further check
that the constraints remain stable when also fitting for βdust
and αEE, the fit values of which are in good agreement with
our chosen values.

The EE power spectrum of the emission from a Poisson
distribution of partially polarized synchrotron and dusty
galaxies can be described as

Dl ¼ Dps
3000

l
3000

2
: ð18Þ

The TE signal from these galaxies is expected to be zero, as
the polarization angles are uncorrelated between galaxies.
In the baseline case,we apply Gaussian priors to the six
Dps;νi ×ν j

3000 parameters based on the temperature values from
Ref. [3], which we adjust for our flux cut following the
model of Ref.[51] and scale by the polarization fractions
reported by Ref. [9]. The prior width is dominated by
uncertainty in the mean squared polarization fraction,
which we conservatively double to yield 30%.

We find that our cosmological parameter constraints are
insensitive to the details of the foreground priors, with no
significant shifts in the results when the Poisson terms or
the polarized Galactic dust amplitudes are doubled or set to
zero. We conclude that over our multipole range the band
powers are largely insensitive to both of these foreground
sources.The priors discussed in this section are summa-
rized in Table III.

We verify that our likelihood is unbiased by analyzing a
set of 100 simulated spectra. Mock band powers are created
by adding random noise realizations based on ourdata
covariance matrix to the latestPlanck best-fitmodel.We
use the likelihood to obtain the best-fit model for each
realization, and we find that for all cosmological

TABLE III. Gaussian priors used for the MCMC fit, including
the optical depth to reionization τ,mean-field lensing conver-
gence κ,the amplitude AXY

80 (in μK 2) at 150 GHz and spectral
index αXY

80 of polarized Galactic dust, the EE power of Poisson-
distributed point sources Dps;νi ×ν j

3000 (in μK2), absolute temperature
calibration factor Tνi

cal, and absolute polarization calibration factor
Eνi

cal.

Parameter Prior

τ 0.0543  0.0073
100κ 0  0.045
AEE

80 0.095  0.012
αEE −2.42  0.02
ATE

80 0.184  0.072
αTE −2.42  0.02
Dps; 95×95

3000
0.041  0.012

Dps; 150×150
3000

0.0115  0.0034
Dps; 220×220

3000
0.048  0.014

Dps;95×150
3000

0.0180  0.0054
Dps; 95×220

3000
0.0157  0.0047

Dps; 150×220
3000

0.0190  0.0057
T95 GHz

cal 1.0  0.0049
T150 GHz

cal 1.0  0.0050
T220 GHz

cal 1.0  0.0067
E95 GHz

cal 1.0  0.0087
E150 GHz

cal 1.0  0.0081
E220 GHz

cal 1.0  0.016
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parameters,the mean of the ensemble of simulations lies
within one standard error of the input value.

VII. THE SPT-3G 2018 POWER SPECTRA

A. Band powers
We present band powers and uncertainties for the six EE

and TE cross-frequency power spectra, plotted in Fig. 7 and
listed in full in the Appendix. The band powers span the
multipole range 300 ≤ l < 3000, with bin widths of Δl ¼
50 for l < 2000 and Δl ¼ 100 for l > 2000. The 44 band
powers for each spectrum are measured with each of the six
frequency combinations of95, 150, and 220 GHz data,
resulting in 528 band-power values in total.

With 150 × 150 GHz alone, we measure the first seven
acoustic peaks of the EE spectrum with 3–4 band powers
per peak and signal-to-noise ≥6.4 on each band power. The
band powers are sample variance dominated atl < 1275
for EE and l < 1425 for TE.

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

DMV ¼ ðX⊺C−1XÞ−1X ⊺C−1D: ð19Þ

Here, D and C are the multifrequency band powers and
covariance matrix,and X is a 528 × 88 design matrix,in
which each column is equal to 1 in the six elements

corresponding to a power spectrum measurement in that l-
space bin and zero elsewhere. In this construction, we have
made the simplifying assumption thatthe polarized fore-
ground power is negligible within the band-power uncer-
tainties. Relative to the most-sensitive single-frequency
band, the 150 × 150 GHz band powers, the minimum-
variance band powers have uncertainties 5–10% smaller at
l < 1000 and 20–30% smaller at l > 2000.

The minimum-variance EE and TE band powers and
associated errors are summarized in Table IV and plotted in
Fig. 8 along with measurementsfrom several recent
experiments. These minimum-variance band powers, mea-
sured using only four months of SPT-3G data with slightly
over half the number of detectors relative to subsequent
observing seasons,are already the most constraining
measurements made to date by an instrument on SPT over
the multipole ranges 300 ≤ l ≤ 1400 for EE and 300 ≤
l ≤ 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 measuring the 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,

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 ΛCDM model. The plotted uncertainties are the square root of the diagonal elements of the covariance matrix and do not include
beam or calibration uncertainties.A small l offset has been applied to each pointfor plotting purposes.
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χ2 ¼ ðD − MÞ⊺C−1ðD − MÞ; ð20Þ

where M ¼ XDMV . We find a χ2 of 438.1 for 440 degrees of
freedom (528 multifrequency band powers −88 minimum-

variance band powers). The PTE for this χ2 is 0.52. If the EE
and TE band powers are evaluated separately, the PTEs are
0.18 and 0.71, respectively. This indicates that the measure-
ments from different frequency bandsand their cross-
correlations are consistentwith a common signal,with no
evidence for significant contamination due to foregrounds or
unmodeled systematics.

We further investigate the internalconsistency ofthe
SPT-3G 2018 EE=TE data set by subdividing it and
examining the parameterconstraintsfrom each of the
seven data splits: the 95, 150, and 220 GHz auto-frequency
spectra, the l < 1000 and l > 1000 data, and the EE and
TE spectra individually. We quantify the consistency of
each subset with respect to the full model by calculating the
parameter-level χ2 and associated PTEs in Table V, follow-
ing the methodology of Ref.[24]:

χ2 ¼ Δp⊺C−1
p Δp; ð21Þ

where Δp is the vector of parameter differences between
the full data set and a given subset. Following Ref. [65], Cp
is the difference of the associated parametercovariance
matrices, whereby we account for the correlation between
the full data set and the subset. The comparison is carried
out over the parameters ðΩbh2; Ωch2; θMC; 109Ase−2τ ; nsÞ.

All seven data splits are firmly within the central 95% con-
fidence interval ½2.5%; 97.5% and we conclude that there is
no evidence for significant internal tension in the data set. We
will return to these data splits in Sec. VIII A, when we look at
the effect of each subset on the cosmological constraints of
the ensemble.

VIII. COSMOLOGICAL CONSTRAINTS

A. SPT-3G
The cosmologicalparameter constraints from the 2018

SPT-3G EE and TE multifrequency band powers are
summarized in Table VI.We present the one-dimensional
(1D) and 2D marginalized posterior probabilities for
ΛCDM parameters and H 0 in Fig. 9. Constraintson
nuisance parameters are driven by the priors discussed in

TABLE IV. Minimum-varianceband powers Db and their
associated uncertainties σ forthe TE and EE power spectra.
We also report the band-power window-function-weighted multi-
pole l eff for each l range. The band powers and errors are quoted
in units of μK2. The reported uncertainties are the square root of
the diagonal elements of the covariance matrix and do not include
beam or calibration uncertainties.

l Range l TE
eff DTE

b σTE l EE
eff DEE

b σEE

300–349 326 103.7 11.3 325 14.1 1.0
350–399 376 39.8 8.4 375 20.4 1.2
400–449 426 −47.8 7.0 425 19.0 1.1
450–499 475 −72.1 6.0 475 12.0 0.6
500–549 523 −35.1 4.7 524 7.2 0.4
550–599 574 10.2 5.6 575 11.6 0.6
600–649 625 23.6 6.6 624 29.7 1.1
650–699 675 −63.7 7.3 674 39.0 1.3
700–749 725 −120.8 6.8 725 34.5 1.2
750–799 774 −121.2 6.6 774 20.7 0.9
800–849 824 −49.2 4.7 824 13.5 0.6
850–899 874 38.0 5.0 874 17.1 0.7
900–949 924 56.6 4.9 924 31.6 1.0
950–999 974 13.3 4.8 974 40.6 1.3
1000–1049 1024 −52.3 5.2 1024 38.5 1.3
1050–1099 1075 −74.0 4.7 1075 26.2 1.0
1100–1149 1124 −54.2 3.8 1124 15.0 0.6
1150–1199 1174 −10.0 3.3 1174 12.4 0.6
1200–1249 1224 4.4 3.3 1224 21.9 0.9
1250–1299 1274 −15.9 3.3 1275 29.2 1.1
1300–1349 1324 −47.8 3.4 1325 31.1 1.1
1350–1399 1374 −61.7 3.4 1374 22.7 0.9
1400–1449 1424 −42.0 3.0 1424 12.8 0.7
1450–1499 1474 −11.9 2.7 1474 10.6 0.6
1500–1549 1524 9.1 2.5 1524 14.4 0.7
1550–1599 1574 −0.4 2.5 1574 21.4 0.9
1600–1649 1624 −14.7 2.4 1624 20.2 0.9
1650–1699 1674 −32.4 2.2 1674 18.2 0.8
1700–1749 1724 −24.9 2.2 1724 10.3 0.7
1750–1799 1775 −15.2 2.0 1775 8.8 0.7
1800–1849 1824 −9.4 1.9 1825 8.9 0.7
1850–1899 1874 −3.5 1.9 1874 10.0 0.8
1900–1949 1924 −11.3 1.8 1924 12.3 0.8
1950–1999 1975 −16.3 1.8 1975 11.1 0.8
2000–2099 2050 −14.2 0.9 2049 6.4 0.4
2100–2199 2151 −4.8 0.9 2148 5.3 0.5
2200–2299 2250 −5.6 0.8 2248 6.8 0.5
2300–2399 2349 −9.2 0.8 2348 3.5 0.5
2400–2499 2450 −3.6 0.8 2448 3.7 0.6
2500–2599 2549 −3.7 0.8 2548 2.6 0.6
2600–2699 2649 −3.5 0.8 2648 1.9 0.7
2700–2799 2749 −2.1 0.8 2748 1.7 0.8
2800–2899 2849 −0.5 0.8 2848 1.2 0.9
2900–2999 2949 −2.3 0.8 2948 −0.1 1.0

TABLE V. Parameter-level χ2 difference and PTE
between subsets ofthe data and the full data set.We do the
comparison in the five-dimensional parameter space,
ðΩbh2; Ωch2; θMC; 109Ase−2τ ; nsÞ,due to the common τ prior.

Subset χ2 PTE

EE 4.69 45.45%
TE 8.96 11.06%
l ≤ 1000 7.82 16.64%
l > 1000 7.70 17.34%
95 GHz 6.68 24.57%
150 GHz 3.75 58.54%
220 GHz 2.35 79.92%
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FIG. 8. The minimum-variance SPT-3G EE and TE band powers (red) overlaid on the Planck best-fit ΛCDM model, along with the
recent measurements from Planck [1], ACT [12], POLARBEAR [15], and SPTpol H18. The Planck EE band powers are restricted to
l < 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 ΛCDM free and derived parameters from SPT-3G with and withoutthe
addition of BAO measurements, from SPT-3G þ Planck, and from Planck alone [26]. Best-fit values are given in parentheses. Note that
SPT-3G alone does notconstrain the opticaldepth to reionization τ,but uses a Planck-based Gaussian prior of 0.0543  0.0073.

SPT-3G SPT-3G  BAO SPT-3G  Planck Planck

Free
Ωbh2 0.02242  0.00033 (0.02243) 0.02240  0.00032 (0.02241) 0.02241  0.00013 (0.0224) 0.02236  0.00015
Ωch2 0.1150  0.0037 (0.115) 0.1162  0.0015 (0.1162) 0.1196  0.0013 (0.1195) 0.1202  0.0014
100θMC 1.03961  0.00071 (1.03964) 1.03951  0.00066 (1.03952) 1.04074  0.00028 (1.04073) 1.04090  0.00031
109Ase−2τ 1.819  0.038 (1.821) 1.826  0.036 (1.826) 1.879  0.011 (1.877) 1.884  0.012
ns 0.999  0.019 (0.999) 0.996  0.018 (0.996) 0.9666  0.0042 (0.9672) 0.9649  0.0044
Derived
ΩΛ 0.708  0.020 (0.708) 0.7011  0.0083 (0.7014) 0.6867  0.0077 (0.6871) 0.6834  0.0084
H0 68.8  1.5 (68.8) 68.27  0.63 (68.29) 67.48  0.55 (67.49) 67.27  0.60
σ8 0.789  0.016 (0.789) 0.7935  0.0099 (0.7933) 0.8084  0.0069 (0.8095) 0.8120  0.0073
S8 0.779  0.041 (0.779) 0.792  0.018 (0.791) 0.826  0.015 (0.827) 0.834  0.016
Age=Gyr 13.808  0.051 (13.807) 13.819  0.038 (13.818) 13.797  0.022 (13.798) 13.800  0.024
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Sec. VI, with all central values well within 1σ of their
respective prior.

We find the value of the Hubble parameter at present day
to be

H0 ¼ 68.8  1.5 km=s=Mpc; ð22Þ

in good agreement with other CMB and ΛCDM-based
measurements [12,26] as well as with local distance ladder
measurementscalibrated using the tip of the red giant

branch (TRGB) [66]. Conversely,this value disagrees at
2.5σ with the value of H0 ¼ 74.03  1.42 km=s=Mpc
found by Ref. [27] using Cepheid-calibrated distance
ladder measurements.It is also 1.8σ and 0.9σ lower than
the value of the Hubble constantmeasured via the time
delays of gravitationally lensed quasars by Refs.[67,68],
respectively. Our result represents yet another CMB-based
measurement,largely independent of Planck and also
relying on CMB polarization information, that prefers a
low value of H0 relative to local measurements.

FIG. 9. Marginalized constraints on ΛCDM parameters and the Hubble constant for the SPT-3G 2018 EE=TE,SPTpol H18,and
Planck [1] data sets.SPT-3G produces consistently tighter constraints than SPTpol.We expect the results of the two analyses to be
mildly correlated due to their shared sky area.The results from SPT-3G are statistically consistentwith the findings of Planck.
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We find the root-mean-square fluctuation in the linear
matter density field on 8 Mpc=h scales at present day, σ8,
to be

σ8 ¼ 0.789  0.016: ð23Þ

This is 1.3σ lower than the most recent Planck result and 0.3σ
higher than the joint constraint from the latest SPTpol lensing
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-
3G 2018 value is in good agreementwith local structure

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 ΛCDM model. Uncertainties are the square root of the diagonal elements of the covariance matrix and do not include
beam or calibration uncertainties.

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 ΛCDM model. Uncertainties are the square root of the diagonal elements of the covariance matrix and do not include
beam or calibration uncertainties.
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measurements:it is 1.0σ higher than the latest constraints
from the Kilo-Degree Survey (KiDS) [70], 0.5σ lower than
the Dark Energy Survey (DES) Year 1 results [71] and 0.2σ
higher than the SZ-selected galaxy cluster measurement from
the SPT-SZ survey [72]. This agreement also holds true for
the combined growth structure parameter.SPT-3G 2018
infers S8 ¼ σ8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωm=0.3

p
¼ 0.779  0.041, which is within

0.3σ, 0.1σ and 1.3σ of the KiDS, DES, and Planck results,
respectively.Adjusting the definition of S8 to match the
findings of Ref. [72] based on SZ clusters, we find the values
to agree within 0.5σ.

Adding information from BAO measurements [73,74]
does not shift the best-fit values of ΛCDM parameters
appreciably.However, it tightens the constraint on the
density of cold dark matter by a factor of 2.4. This
translatesinto a refined measurementof the Hubble
constant of H0 ¼ 68.27  0.63 km=s=Mpc, which is com-
parable to the precision of Planck and disfavors an
expansion rate atpresentday greater than 70 km=s=Mpc
at 2.8σ.The constraints on matter clustering are similarly
improved through the inclusion of BAO data by a factor of
1.6 to 0.794  0.010 for σ8 and by a factor of 2.2 for S8 to
0.792  0.018. The joint SPT-3G and BAO constraint on
σ8 is within 1.2σ of the latest result of KiDS, 0.4σ of DES,
0.3σ of SZ clusters, and 1.5σ of Planck. Furthermore, this
result is consistentwith the joint SPTpol lensing and
BAO constraint on σ8 at 0.6σ. The joint SPT-3G and
BAO constraint on S8 is within 1.0σ of the latest result of
KiDS, 0.6σ of DES, 1.0σ of SZ clusters, and 1.7σ of
Planck.

From SPT-3G data alone, we constrain ns ¼
0.999  0.019. While this is slightly higher than the
Planck result,a 1.8σ offsetis not statistically anomalous,
especially when analyzed in the contextof the full five-
dimensional parameter space. Nevertheless, we point out that
other ground-based CMB experiments have observed similar
trends:the constraints from ACT DR4 [29] and SPTpol
500 deg2 H18 lie 1.1σ and 1.3σ above the Planck value,
respectively, though we expect the SPTpol result to be mildly
correlated with ours due to the shared sky area. We explore
this facet of the data further in Sec. VIII C.

More generally,our results match those ofother con-
temporary CMB experiments.Given the small shared sky
area between SPT-3G 2018 and Planck, we neglect
correlationsand quantify the difference across the five
independent ΛCDM model parameters. We obtain
χ2 ¼ 8.8, which corresponds to a PTE of 0.12 and indicates
that the two data sets are consistent.

We confirm that the SPT-3G 2018 data set is consistent
with the ΛCDM model by comparing the full set of
multifrequency EE and TE band powers to the best-fit
ΛCDM model. We quantify the goodnessof fit by
calculating the associated χ2 over the 528 band powers,
finding χ2 ¼ 513.0.Since nuisance parameters are domi-
nated by their priors,we account for the five free ΛCDM

parametersin translating this to the PTE of 0.61.
Comparing the best-fit model to the EE (TE) band powers
individually we find χ2 ¼ 273.2ð224.2Þ. We conclude that
the ΛCDM model provides a good fit to the SPT-3G 2018
data set. The EE and TE minimum-variance band powers
and residuals to the best-fitmodel are shown in Figs.10
and 11,respectively.

B. Gravitational lensing and A L

Our view of the z ¼ 1100 Universe is distorted by the
gravitationallensing of CMB photons due to intervening
matter between us and the surface of last scattering.This
adds information about the low-redshift Universe and
results in a smoothing of the acoustic peaks of the CMB
power spectra. The magnitude of this effect is determined
by the power spectrum of the lensing potential,which is
derived from the six ΛCDM parameters in the standard
cosmological model.When allowing for a free scaling of
the lensing power spectrum, represented by the parameter
AL [75], CMB power spectra from Planck have shown a
preference for lensing 2.8σ beyond the ΛCDM prediction
of unity with A L ¼ 1.180  0.065 [26]. H18 reported an
AL value below unity at 1.4σ with AL ¼ 0.81  0.14.

Introducing the lensing amplitude as a free parameter in
our analysis,the SPT-3G 2018 EE=TE data set produces
the constraints summarized in Table VII. The core ΛCDM
model parameters do not shift appreciably, and we report a
lensing amplitude of

AL ¼ 0.98  0.12: ð24Þ

We conclude thatthe SPT-3G 2018 EE=TE data setis
consistent with the level of gravitational lensing expected
by the standard model. The reported lensing amplitude falls
within 1.5σ of the Planck result. It is similar to the findings
of H18, though we expecta mild degree of correlation
between that result and ours due to their shared sky area.

TABLE VII. Marginalized ΛCDM þ AL parameter constraints
and 68% errors from SPT-3G. Best-fit values are given in
parentheses.

SPT-3G

Free
Ωbh2 0.02242  0.00033 (0.02242)
Ωch2 0.1161  0.0056 (0.1165)
100θMC 1.03956  0.00081 (1.03949)
109Ase−2τ 1.827  0.045 (1.83)
ns 0.995  0.024 (0.993)
AL 0.98  0.12 (0.96)

Derived
ΩΛ 0.701  0.032 (0.699)
H0 68.4  2.3 (68.2)
σ8 0.793  0.022 (0.795)
S8 0.792  0.062 (0.795)
Age=Gyr 13.814  0.062 (13.82)
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C. Interpretation of data split preferences
One motivation for studying the CMB polarization

anisotropies is that comparing results from the temperature
and polarization power spectra yields a stringent test of the
ΛCDM cosmologicalmodel.Thus while we did not find
the parameter differences between subsets of the SPT-3G
data to be statistically significantin Sec. VII B, it is still
interesting to examine these parameter shifts for possible
hints of physics beyond the standard cosmological model.
We show the parameter constraints from each data split in
Fig. 12. We continue to quantify the significance of
parametershifts as introduced in Sec. VII B, by using
the difference of the parameter covariances of the full data
set and the given data split.

Examining the best-fit ΛCDM parameters of the different
subsets of the SPT-3G 2018 EE=TE data setreveals two
interesting features. First, the high-l data set prefers a scalar
spectral index above unity, ns ¼ 1.048  0.031, which
corresponds to a 2.0σ shiftfrom the full data set.With
ns ¼ 1.053  0.052, the EE spectra prefer a higher scalar
spectral index than the high-l data set. However, due to their
comparatively poor constraining power for this parameter,
the EE constraint is only offset by 1.1σ from the full
data set. The higher value of ns lowers the combined
amplitude parameter,as the two are mildly degenerate
over the limited l-range: the high-l data prefers
109Ase−2τ ¼ 1.750  0.055. These values lie 2.0σ and
1.8σ away from the baseline constraints,respectively.
Focusing on the scalarspectralindex and the combined
amplitude parameter individually, the probability of a shift of
the observed size or larger from the full data set constraint is

2.4% and 3.7%,respectively.We repeatthat fluctuations
of this size are statistically not uncommon,especially
when viewed in the context of the full five-dimensional
parameter space.

A raised scalar spectralindex corresponds to a power
increase in the damping tail compared to intermediate
angular scales. The damping tail is sensitive to an array of

FIG. 12. Parameter constraints from various subsets of the SPT-3G 2018 EE=TE data set. The gray boxes correspond to the expected
level of statisticalfluctuation [65].

FIG. 13. Constraints on the Hubble constantand cold dark
matter density from contemporary CMB experiments.For each
experiment,the constraints from EE and TE power spectra are
shown in orange and in blue, respectively. The results highlighted
here are from this work, H18, Ref. [12] and Ref. [26]. We point
out the similarities across experiments,though we note that we
expectour results to be mildly correlated with H18 due to the
shared sky area. We also show the 1σ constraints on H0 from the
most recent Cepheid-calibrated distance ladder measurement (red
band) [27] and the latest Planck TT-based constraints (gray band)
[26] for reference.
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interesting physics beyond the standard model,such as
extra energy injection in the early Universe.This can be
explored by allowing the number of relativistic species at
recombination,Neff, to vary from the standard model
prediction, breaking big bang nucleosynthesis consistency
by changing the primordial helium abundance, YP, or both.
We will explore the constraints the SPT-3G 2018 EE=TE
data set places on these ΛCDM model extensions in a
forthcoming paper.

The second interesting feature ofthe data splits is a
preference in the EE spectra for a lower cold dark matter

density, Ωch2 ¼ 0.0987  0.0084, than the TE spectra,
Ωch2 ¼ 0.1259  0.0063. These values are 2.2σ and 2.1σ
away from the full data set constraints, respectively.
Consequently, different constraints of the Hubble constant
are obtained:H0 ¼ 76.4  4.1 km=s=Mpc from the EE
spectra and H 0 ¼ 65.0  2.1 km=s=Mpc from the TE
spectra.Adding BAO information regularizes the matter
density fluctuations and consequently the Hubble constant
values: EE spectra then prefer H0 ¼ 68.7  1.0 km=s=Mpc
and TE spectra H0 ¼ 67.82  0.66 km=s=Mpc. While this
signals that solutions to the Hubble tension are difficult to

FIG. 14. Joint marginalized constraints on ΛCDM parameters and the Hubble constant from the SPT-3G 2018 EE=TE þ Planck [1]
data sets.Planck-only constraints are shown for comparison.
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achieve within the ΛCDM model,model extensions may
reconcile the discrepancy between high- and low-redshift
probes [76].

A different way of reconciling the matter content inferred
by EE and TE spectra, and through this their constraints on
the Hubble constant, is by allowing for a free amplitude of
the lensing power spectrum. The matter content implies the
strength of lensing-induced acoustic-peaksmoothing,
which results in a mild degeneracy between the matter
density and AL . This effect was seen in H18, where
differences in constraints on cosmologicalparameters to
Planck were alleviated through this model extension. Indeed,
we find for SPT-3G 2018 that the EE spectra prefer AL ¼
0.71þ0.32

−0.30 and the TE spectra AL ¼ 0.99þ0.30
−0.29, while con-

straints on Ωch2 are brought closer together. This is mirrored
by the Hubble constant, which is constrained to H0 ¼ 68.1 
9.3 km=s=Mpc and H0 ¼ 64.6  3.9 km=s=Mpc by the EE
and TE spectra, respectively.

Similar trends for low- and high-multipole data as well as
EE and TE spectra were reported by Ref.[29] and H18,
though we repeat that we expect a mild degree of
correlation between H18 and our results due to the shared
sky area. We compile the different Hubble constant
measurements in Fig.13. While the statistical evidence
is currently too low, if future polarization measurements
amplify this potential tension with cosmologicalparame-
ters inferred from the temperature anisotropies, these trends
may be signs for physics beyond the standard modelof
cosmology.

D. SPT-3G + Planck
The Planck data set provides the most precise measure-

ment of the temperature and polarization anisotropies of the
CMB on large angular scales,while the SPT-3G 2018
EE=TE data setprovides sensitive information on inter-
mediate and smallangular scales.The two data sets thus
naturally complement each other, and we may obtain joint
constraintsby combining them at the likelihood level.
Given the small area shared by the two surveys, we expect
correlations to be negligible.

We report joint constraints on ΛCDM parameters from
the base_plikHM_TTTEEE_lowl_lowE Planck and SPT-3G
2018 EE=TE data sets in Table VI. We present the
associated 1D and 2D marginalized posteriors in Fig.14.
The inclusion of SPT-3G data does notalter the Planck
best-fit values significantly.

We use the determinantsof the ΛCDM parameter
covariancematrices as a measureof the marginalized
parameter-space volume.The ratio of the matrix determi-
nants for SPT-3G 2018 EE=TE combined with Planck to
Planck-alone is 0.46. This corresponds to a reduction of the
68% confidence region in six-dimensional ΛCDM param-
eter space by a factor of 1.5.

IX. CONCLUSION

In this work we have presented the first results from SPT-
3G data. Analyzing 2018 data alone,we have produced
high-precision measurements of the CMB E-mode angular
auto-power and temperature-E-mode cross-power spectra
over the multipole range 300 ≤ l < 3000. The reported
band powers are the first multifrequency EE and TE
measurementsproduced by an instrument on SPT, and
they improve upon previous SPT measurements across the
multipole ranges 300 ≤ l ≤ 1400 for EE and 300 ≤ l ≤
1700 for TE, resulting in tighter constraints on cosmo-
logical parameters.

The SPT-3G 2018 EE=TE data set is consistent with the
ΛCDM model. Analyzing constraints from the 95, 150, and
220 GHz auto-frequency spectra, the l < 1000 versus l >
1000 data, and the EE and TE spectra individually, we find
no signs of significant internal tension.

The constraints on ΛCDM modelparameters generally
agree with other contemporary CMB experiments.We
report a value of the Hubble constant of H0 ¼ 68.8
1.5 km=s=Mpc, in line with the CMB-based measurements
of Planck and ACT, as well as TRGB-calibrated local
distance ladderdata. This is in contrast with the higher
values found by Cepheid-calibrated distance ladder data and
time-delay measurements from gravitationally lensed qua-
sars. However, we note an interesting trend in CMB-based
constraints from severalexperiments,including our own,
which have consistently found high values of the Hubble
constantwhen analyzing EE polarization spectra. The
current level of tension between polarization- and temper-
ature-based constraints is notstatistically significant,but
presents an interesting direction for further investigation. The
SPT-3G 2018 data set constrainsmatter-clusteringto
σ8 ¼ 0.789  0.016, S8 ¼ 0.779  0.041, which is consis-
tent with other CMB-based measurements and low-redshift
probes.

Expanding the ΛCDM model to allow for a modified
amplitude of the lensing powerspectrum does notshift
parameter constraints appreciably. With AL ¼ 0.98  0.12,
the SPT-3G 2018 data setis consistentwith the standard
model prediction.

By combining the SPT-3G 2018 EE=TE and Planck data
sets at the likelihood level, we mildly improve the mar-
ginalized 1D constraints over Planck data alone. The
volume of the 68% confidence region is reduced by a
factor of 1.5 in six-dimensional ΛCDM parameter space.

Last, we note that the high-precision measurements
presented in this work use only one half of one observing
season of data, which was taken with nearly half the
number of currently operating detectors notcontributing.
With SPT-3G operating at its full capacity since the start of
2019, we now have data from two full observing seasons on
disk, with combined map depths 3 − 4× deeper than what
was used in this analysis. Future SPT-3G resultswill

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

022003-24



measure the CMB polarization power spectra with exqui-
site sensitivity on intermediate and smallangular scales,
constraining physics beyond the standard model with
unprecedented precision.
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APPENDIX: EE AND TE BAND-POWER TABLES

The EE and TE band powers from the six sets of cross-
frequency power spectraare presented in Tables VIII
and IX, respectively.
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TABLE VIII. EE band powers Db for the six cross-frequency powerspectra,along with angularmultipole range,band-power
window-function-weighted multipole leff, and associated uncertainty, σ. The band powers and errors are quoted in units of μK2. The
reported uncertainties are the square root of the diagonal elements of the covariance matrix and do not include beam or calibration
uncertainties.

95 × 95 GHz 95 × 150 GHz 95 × 220 GHz 150 × 150 GHz 150 × 220 GHz 220 × 220 GHz

l Range l eff Db σ Db σ Db σ Db σ Db σ Db σ

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 19.7 1.3 20.5 1.3 19.0 1.5 21.1 1.3 19.9 1.5 18.0 2.3
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 11.2 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 11.1 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 29.0 1.3 29.4 1.2 29.1 1.5 30.1 1.2 29.8 1.4 34.3 2.6
650–699 674 39.0 1.5 39.1 1.3 39.5 1.7 38.9 1.4 39.7 1.7 40.9 2.9
700–749 725 33.6 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 21.2 1.1 20.8 0.9 22.0 1.3 20.4 0.9 21.3 1.2 22.8 2.7
800–849 824 13.2 0.8 13.3 0.6 13.2 1.0 13.7 0.6 13.4 0.9 13.6 2.6
850–899 874 16.9 0.9 17.2 0.7 17.8 1.2 17.0 0.8 17.7 1.1 19.1 2.9
900–949 924 31.8 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 41.2 1.6 40.4 1.4 40.7 2.0 40.7 1.4 39.9 1.9 36.9 4.0
1000–1049 1024 39.4 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 15.5 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 13.1 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 20.6 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 29.9 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 31.2 1.6 30.9 1.1 28.5 2.2 32.1 1.2 28.5 1.9 24.4 5.5
1350–1399 1374 24.1 1.4 22.4 1.0 22.2 2.1 22.2 1.0 25.0 1.8 40.0 5.7
1400–1449 1424 14.1 1.3 13.0 0.8 11.9 1.9 12.6 0.8 11.3 1.6 5.5 5.9
1450–1499 1474 10.9 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 15.0 1.4 15.4 0.8 12.6 2.2 14.1 0.9 11.1 1.8 8.0 6.7
1550–1599 1574 22.1 1.6 20.9 1.0 22.1 2.4 21.1 1.0 24.1 2.0 23.8 7.2
1600–1649 1624 17.6 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 2.9 9.6 0.9 5.4 2.1 −0.4 9.4
1850–1899 1874 9.7 2.0 9.8 1.0 9.6 3.2 9.8 1.0 13.1 2.3 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 2.4 0.6 10.6
1950–1999 1975 12.4 2.2 10.2 1.1 8.9 3.5 11.4 1.1 13.9 2.5 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 2.3 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 2.9 4.9 0.8 1.0 1.9 13.3 9.4
2400–2499 2448 6.8 2.0 4.0 0.9 5.2 3.2 2.6 0.8 5.2 2.1 −0.8 10.4
2500–2599 2548 2.9 2.2 2.5 1.0 0.2 3.5 2.6 0.9 3.0 2.3 −2.5 11.5
2600–2699 2648 5.9 2.5 0.5 1.1 −0.1 4.0 2.3 1.0 2.1 2.5 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 3.6 −2.4 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 Db for the six cross-frequency power spectra, along with angular multipole range, band-power window-
function-weighted multipole leff, and associated uncertainty, σ. The band powers and errors are quoted in units of μK2. The reported
uncertainties are the square root of the diagonal elements of the covariance matrix and do not include beam or calibration uncertainties.

95 × 95 GHz 95 × 150 GHz 95 × 220 GHz 150 × 150 GHz 150 × 220 GHz 220 × 220 GHz

l Range l eff Db σ Db σ Db σ Db σ Db σ Db σ

300–349 326 88.4 12.0 93.2 12.1 99.8 13.7 101.1 12.7 110.5 14.0 113.7 20.3
350–399 376 43.6 8.8 42.4 8.7 36.6 10.5 42.7 9.2 40.8 10.7 40.1 17.2
400–449 426 −44.7 7.6 −45.6 7.3 −43.0 9.0 −47.8 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 −70.0 6.4 −64.5 7.7 −53.2 13.2
500–549 523 −34.0 5.5 −34.6 5.0 −48.2 6.7 −34.8 5.2 −46.7 6.7 −58.2 12.2
550–599 574 11.8 6.2 11.2 5.8 15.2 7.4 10.5 6.1 15.6 7.3 20.8 12.4
600–649 625 24.1 7.0 23.8 6.7 21.5 8.1 24.5 7.0 23.1 8.1 21.4 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 −119.5 7.3 −120.9 6.9 −114.0 8.2 −122.8 7.0 −116.0 8.1 −105.2 12.7
750–799 774 −121.2 7.2 −120.4 6.7 −124.1 8.3 −121.3 6.8 −126.2 8.1 −124.6 12.9
800–849 824 −52.6 5.6 −50.5 4.8 −43.2 6.8 −48.6 5.0 −40.0 6.7 −25.6 12.1
850–899 874 41.0 5.8 38.5 5.1 38.5 6.9 36.6 5.3 37.2 6.8 36.7 11.9
900–949 924 54.5 5.5 56.0 4.9 58.9 6.6 56.9 5.1 61.5 6.5 70.4 11.3
950–999 974 12.4 5.3 13.1 4.8 14.4 6.3 13.9 5.0 13.8 6.2 18.0 10.6
1000–1049 1024 −52.0 5.6 −51.8 5.2 −55.5 6.5 −51.7 5.4 −55.8 6.4 −56.7 10.6
1050–1099 1075 −75.6 5.3 −74.6 4.7 −71.9 6.2 −73.7 4.9 −72.1 6.1 −70.1 10.4
1100–1149 1124 −48.3 4.6 −52.7 3.9 −58.4 5.6 −55.9 4.1 −60.3 5.5 −66.0 10.2
1150–1199 1174 −9.7 4.2 −10.1 3.4 −6.9 5.3 −10.8 3.6 −7.1 5.1 −1.9 10.0
1200–1249 1224 4.9 4.1 4.3 3.4 4.2 5.1 4.3 3.6 4.3 5.0 8.3 9.8
1250–1299 1274 −15.4 4.1 −15.7 3.4 −17.2 5.0 −16.0 3.6 −16.7 4.9 −16.4 9.6
1300–1349 1324 −47.1 4.2 −48.1 3.5 −43.6 5.1 −49.1 3.7 −42.9 4.9 −39.7 9.6
1350–1399 1374 −61.8 4.3 −61.8 3.5 −55.3 5.3 −63.0 3.7 −56.8 5.1 −47.5 10.0
1400–1449 1424 −41.0 4.1 −41.8 3.1 −41.2 5.2 −42.8 3.3 −41.1 5.0 −30.8 10.2
1450–1499 1474 −10.9 3.8 −11.8 2.8 −8.6 5.0 −13.0 3.0 −9.9 4.8 −4.2 10.1
1500–1549 1524 8.4 3.6 9.0 2.6 4.8 4.7 10.2 2.8 5.9 4.5 −7.4 9.8
1550–1599 1574 −3.8 3.5 −0.8 2.6 −4.2 4.5 1.1 2.8 0.3 4.3 −5.1 9.5
1600–1649 1624 −13.9 3.4 −15.4 2.5 −15.8 4.3 −14.5 2.7 −13.3 4.1 −8.0 9.4
1650–1699 1674 −31.0 3.3 −32.0 2.4 −32.4 4.3 −33.1 2.5 −31.7 4.0 −33.1 9.5
1700–1749 1724 −21.9 3.3 −24.0 2.3 −25.9 4.4 −25.9 2.5 −26.7 4.1 −25.1 9.8
1750–1799 1775 −15.7 3.3 −15.1 2.2 −17.6 4.4 −14.7 2.4 −17.4 4.1 −21.5 10.0
1800–1849 1824 −14.1 3.2 −10.0 2.1 −7.1 4.3 −8.4 2.2 −7.3 3.9 3.4 9.9
1850–1899 1874 −3.8 3.0 −3.3 2.0 −5.1 4.1 −3.4 2.2 −3.3 3.8 −12.6 9.8
1900–1949 1924 −11.8 3.0 −11.2 2.0 −10.8 4.1 −11.3 2.2 −11.0 3.7 −14.0 9.8
1950–1999 1975 −15.0 3.0 −16.4 2.0 −17.8 4.1 −16.3 2.1 −17.3 3.7 −18.7 10.1
2000–2099 2050 −16.0 1.7 −14.2 1.0 −14.6 2.3 −13.8 1.1 −14.0 2.1 −17.6 5.8
2100–2199 2151 −5.4 1.6 −4.7 1.0 −9.1 2.3 −4.3 1.1 −5.8 2.1 3.7 6.1
2200–2299 2250 −7.6 1.6 −6.3 1.0 −3.9 2.3 −5.0 1.0 −3.6 2.0 −9.2 6.4
2300–2399 2349 −8.9 1.6 −8.8 1.0 −10.6 2.4 −9.3 1.0 −10.5 2.0 −19.6 6.7
2400–2499 2450 −7.4 1.7 −4.7 0.9 −5.8 2.4 −2.3 1.0 −0.4 2.0 0.1 7.0
2500–2599 2549 −0.9 1.7 −4.2 0.9 −4.0 2.5 −3.6 1.0 −5.1 2.0 −14.3 7.4
2600–2699 2649 −5.0 1.8 −3.3 1.0 −6.5 2.7 −3.2 1.0 −3.5 2.1 −2.0 7.9
2700–2799 2749 1.5 1.9 −2.1 1.0 5.5 2.9 −3.8 1.0 1.9 2.2 16.3 8.5
2800–2899 2849 2.4 2.1 0.2 1.1 −0.3 3.1 −0.7 1.0 −5.5 2.3 −3.6 9.2
2900–2999 2949 −6.9 2.3 −1.8 1.1 −5.3 3.3 −2.1 1.1 0.2 2.4 15.6 9.7
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