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Measurement of the CMB temperature power spectrum and constraints
on cosmology from the SPT-3G 2018 TT,TE, and EE dataset
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We present a sample-variance-limited measurement of the temperature power spectrum (TT) of the
cosmic microwave background using observations of a ~1500°dedd made by the SPT-3G in 2018.
We report multifrequency power spectrum measurements at 95, 150, and 220 GHz covering the angular
multipole range 750 < | < 3000. We combine this TT measuremendith the published polarization
power spectrum measurements from the 2018 observing season and update their associated covariance
matrix to complete the SPT-3G 2018 TT=TE=EE dataset. This is the first analysis to present
cosmological constraints from SPT TTTE, and EE power spectrum measurements jointh\e blind
the cosmological results and subject the dataset to a series of consistency tests at the power spectrum
and parameter level We find excellent agreementbetween frequencies and spectrum types and our
results are robust to the modeling of astrophysical foregrounds. We report results for ACDM and a series
of extensions, drawing on the following parameters: the amplitude of the gravitational lensing effect on
primary power spectra A , the effective number of neutrino species Ny, the primordial helium
abundance ¥, and the baryon clumping factor due to primordial magnetic fields BWVe find that the
SPT-3G 2018 TT=TE=EE data are well fit by ACDM with a probability to exceed of 15%. For ACDM,
we constrain the expansion rate today to ki 68.3 1.5 km s™' Mpc™' and the combined structure
growth parameter to $5/4 0.797 0.042. The SPT-based results are effectively independent of Planck,
and the cosmologicalparameterconstraints from eitherdatasetare within < 10 of each other.The
addition of temperature data to the SPT-3G TE=EE power spectra improves constraints by 8-27% for
each of the ACDM cosmological parameters When additionally fitting A |, Ngg, or Ngi b Yp, the
posteriors of these parameters tighten by 5-249.the case of primordial magnetic fieldscomplete
TT=TE=EE power spectrum measurements are necessary to break the degeneracy betwegntheand n
spectral index of primordial density perturbations. We report a 95% confidence upper limit from SPT-
3G data of b < 1.0. The cosmological constraints in this work are the tightest from SPT primary power
spectrum measurements to date and the analysis forms a new framework for future SPT analyses.

DOI: 10.1103/PhysRevD.108.023510

I. INTRODUCTION measurement®f the CMB power spectra by satellites

nd ground-based telescopes enable us to determine the six
ree parameters of the standard A cold dark matter (ACDM)
model with exceptional precision and place tight limits on
possible model extensions [1-5]. Improving measurements
of the CMB anisotropies is a key science goal of ground-
based CMB experiments such as the South Pole Telescope

"Corresponding author. (SPT hereafter) [6], the Atacama Cosmology Telescope (ACT

Ibalkenhol@student.unimelb.edu.au hereafter) [7]POLARBEAR[8], and BICEP/Keck [9,10].

The temperature and polarization anisotropies imprinte
in the cosmic microwave background (CMB) during
recombination encode information on the contentsand
dynamics of the early Universe. High-precision
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The Planck satellite has mapped the CMB temperature~1500 deg? in the southern sky divided into four subfields.
anisotropies down to scales of approximately seven We calibrate the time-ordered data (TOD) using a series of
arcminutes to the cosmic-variance limit [11] and contem- calibration observations ofgalactic HIl regions. Sources
porary interestis shifting to polarization data; precision ~ brighter than 50 mJy at 150 GHz are masked and we filter
measurements of small angular scale modes of the TE artie TOD using low- and high-pass filters,as well as a
EE spectra have significant cosmological constraining common-mode filter. The filtered TOD are processed into
power [12]. Neverthelessthe TT power spectrum is two  maps with 2° square pixels using the Lamberazimuthal
orders of magnitude larger than the polarization spectra €qual-area projection. We form a set of N % 30 temperature
and temperature data dominate the constraining power ofand polarization maps with approximately uniform noise
seminal CMB datasets [11,13—16]. Complete TT=TE=EE properties, so-called “bundles.” We calculate cross-spectra
datasets have significantly more constraining powerin ~ between these bundles and bin them into “band powers.”
ACDM compared to TE=EE data alone, based simply on Ve debias the band powers following theasTER frame-
mode-counting argument. Moreover, certain extensions tdvork [20] using a suite of simulations, thereby accounting
the standard model, e.g. primordial magnetic fields, for the effects of the survey mask, the TOD filtering, as well

can only be effectively constrained by full TT=TE=EE as the instrumentbeam and the pixel window function.

In this work, we present cosmological constraints from calibrations through comparison with Planck data [11].
TT=TE=EE power spectrum measurements obtained from The analysis in D21 is designed to maximize sensitivity
observations of an approximately 1500 deggion in the to the polarization spectraon |ntermed|ate gnd small
southern sky made by SPT-3G [18], the latest receiver angular scgles.The common-mode filter qpplled _to the
installed on the SPT, in 2018. The complete SPT-3G 2019 OD heavily suppresses temperature anisotropies on scales
TT=TE=EE dataset comprises previously unpublished TT/arger than a quarter of a degree. We therefore set a
data, which we presenthere, and the polarization power ~Minimum angular multipole for TT spectra off,, % 750.
spectra presented by Dutchegt al. [2] with an updated We make two updates to the calculation of the band
covariance matrix. We present cosmological constraints dPPWer covariance matrixtirst, we account for correlated
ACDM and a series of extensions, drawing on the follow- N0ise between frequencies in intensifyor | < 1000, the
ing parametersthe amplitude of the gravitationalensing ~ atmospheric noise in the 150 and 220 GHz data are highly
effect on primary power spectrg, Ahe effective number of correlated.Bec_ause the noise in the 220 GHz data is an
neutrino species ), the primordial helium abundance,y ©rder of magnitude larger compared to the 150 GHz data,
and the baryon clumping factor due to primordial magnetiéhe former data require precision modeling ofthe noise
fields b. We describe our blinding procedure and present §Arelation. For this reason, we exclude the 150 x 220 GHz

in-depth assessmerf the consistency between frequen- @nd 220 x 220 GHz spectraat | < 1000. Second, we
cies and spectrum types. improve the treatmentof bin-to-bin correlations induced

This paper is structured as follows. In Sec. Il we PY the flat-sky projection step.We detail changes to the
summarizeimportant aspectsof the data and analysis ~covariance matrlx_ and their impact on the results reported
pipeline of D21 and highlight key changes we makeln N D21 in Appendix A.

Sec.lll we present the updated likelihood code including o

the foreground model used for temperature data and details A. Blinding

of the parameterfitting procedure. We demonstrate the In a key change from D21 and past SPT TT, TE, and EE
consistency of the SPT-3G 2018 data in Sec. IV and showanalysis,we blind parameterconstraints untila series of

the TT=TE=EE power spectrain Sec. V. We report consistency tests are passed, which we detail in Sec. IV. Our
cosmologicalconstraints in Sec.VI and summarize our  blinding procedure entails offsetting cosmological results by

findings in Sec.VII. random vectors prior to plotting parameter constraints and
removing axes labels where appropriate. We blind parameter
Il DATA AND ANALYSIS constraints until the following consistency tests are passed:

(1) null tests, (2) comparison of a minimum-variance
Sobrin et al. [19] present the SPT-3G instrument and D2dmbination of band powers to the full multifrequency data
detail the 2018 observations and describe the associated wisdtor, (3) conditional spectrum tests splitby frequency,
processing pipeline. These aspects of the analysis have nd) conditional spectrum tests split by spectrum type
changed. We briefly summarize key aspects here and refassuming ACDM, and (5) comparison of cosmological
the readerto D21 and Sobrin et al. [19] for complete parameterconstraints in ACDM between subsets and the

discussions. full dataset. Note that the last two tests are model dependent;
The data presented here werecollected by SPT-3G in principle, failures of these tests do nopreventcosmo-
during an observation period of four months in 2018. logical inference but invite further analysis within the chosen

The main SPT-3G survey field covers an area of  model.In addition to these quantitative preconditionsg
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test the robustnessof our cosmologicalresults under  The constraints obtained by CosmoPowercang (run at
variations of the likelihood and commit to investigating defaultaccuracy) are within < 0.10 ofeach otherfor all

any significant impact on key results. models. This also highlights that for the analysis of SPT-3G
2018 data the defaultaccuracy settings used itamB are
[ll. PARAMETER FITTING, MODELING, sufficient. The trained CosmoPowermodels are made
AND EXTERNAL DATA publicly available on the SPT websfte.

We use the Markov chain Monte Carlo (MCMC) pack-
age COSMOMC [21]" to obtain cosmological parameter
constralnts We compute theoreticalCMB spectra using We introduce several foreground and nuisance parame-
CAMB [22] and CosmoPower [231s We parametrize the ters into our likelihood. We accountfor the instrumental
ACDM model using the following: the physical density of beam and calibration, aberration due to the relative motion
cold dark matter, Q;h?, and baryons,Q, h?, the optical ~ with respect to the CMB rest frame [28], and super-sample
depth to reionization 1, the amplitude @#nd spectral index lensing [29] in the same way as D21. The polarized
ns of primordial density perturbations (with, Aefined ata foreground modelis minorly updated from D21,and we
pivot scale of 0.05 Mpc'), and a parameter thadpprox-  describe it briefly below. Because we include the TT
imates the sound horizon atecombination 8y [24]. spectrum in this work, we must model the much more

When not combining with Planck data, we include a  complex temperature foregroundsgnd we describe this
Planck-basedGaussianprior on the optical depth to = modeling in detail below. The baseline priors are summa-
reionization of 1% 0.0540 0.0074. This parameteris  rized in Table VIII in Appendix B.
primarily constrained by a bump at | <10 in TE=EE.

Omitting this prior leads to a degeneracy betwegard 1

B. Foreground model and nuisance parameters

as the amplitude of the power spectra overthe angular 1. Temperature foregrounds
multipole range probed by our data depends o And T For the SPT-3G 2018 data with a flux cut for point
mostly through the combination &2, sources of 50 mJy atl50 GHz, extragalactic foregrounds

Similar to D21, we verify that the likelihood is unbiased dominate over the CMB at | = 2650, |= 3000, and
using 100 sets of simulated band powers generated usind = 2450 at 95, 150, and 220 GHz, respectively.We
the data covariance matrix. We obtain the best-fit model fepnstruct a foreground model largely based on the existing
each realization using the likelihood codeWe find that  likelihoods of Reichardt et al. [30], George et al. [31], and
the average value for each cosmological parameter acrosBunkley et al. [32]. We perform a reanalysis of Reichardt
the set of simulations lies within < 1.5 standard errors et al. [30] data using the foreground model described below
(i.e mﬁﬁmﬁﬁfﬁdewatlon of the ensembledivided to derive constraints on nuisance parameters.Where

by 100) of the input value. The likelihood code is made appropriate,we accountfor the different effective band

publicly available on the SPT websitt. centers of the data and the lower flux cut of Reichardt et al.
[30] using the population modelof De Zotti et al. [33].
A. CosmoPower We conservatively widen the constraints from Reichardt

et al. [30] data on amplitude parametersand spectral
dices by factors of 4 and 2, respectively, before adopting
them as priors in the cosmological analysis of SPT-3G data.
We perform an analysis of Planck data on the SPT-3G
survey patch to set priors on the galactic cirrus contribution.
We model the contribution of the galactic cirrus as a
modified blackbody with temperature T4 % 19.6 K
and spectralindex B°™s with a cross-frequency power
spectrum of

Spurio Mancini et al. [23] present CosmoPower, a neur
network-based CMB powerspectrum emulatorAkin to
other emulators(e.g. [25]), once trained, CosmoPower
provides CMB powerspectra in a fraction of the time it
takes to evaluate Boltzmann solvers such asavs [22]
or CLASS [26]. We train CosmoPower on a sebf power
spectra obtained usingcAMB at high accuracy settings
for the ACDM, ACDM p N .4, and ACDM p A, models.

'https://cosmologist.info/cosmomc/. cirrus cirru
httBs :/l[camb. mfg/ Deirrus 1 Aglrrus govbgoub v i P l_ oz,
https /Igithub.com/alessiospuriomancini/cosmopower/. by 6\8"”13!3 v‘""”svg'rrus 80 ’
https /Ipole.uchicago.edu/public/data/balkenhol22/.
®We chose settings similar to the high accuracy settings Hill o1b

et al. [27] use to update ACT DR4 results (cf. Appendix A

therein);we generatecAmB training spectra with irrus 1 ; irpys
(i) k eta max = 144000, yvhere b .A 150 GHz is tI'ilresreference frequgncygoﬂé
(i is the amplitude parameter5"®®the power law index, and
|

i) AccuracyBoost = 2.0,
(iii) ISampleBoost = 2.0,
(iv) 1AccuracyBoost = 2.0. ®https://pole.uchicago.edu/public/data/balkenhol22/.
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g B\,éTdIDéaBéTID:aTIﬂjTCMB with the Planck function Finally, we account for the kinematic Sunyaev-

B,8TP and CMB temperature taken from Fixsen [34]. TheZeldovich (KSZ) effect similar to Reichardt et al. [30]

spectral index, amplitude parameter, and power law indexPy rescaling a combined template forthe homogeneous

are free parameters in this model. [37] and patchy [38] KSZ effects normalized at | ¥4 3000,
We account for Poisson-distributed unresolved radio D[S yig

galaxies and dusty star-forming galaxies with a combined

contribution to each cross-frequency spectrum of DKSZ 1, AKSZD(SZtemplate 36b

. . 2 : .
DIT:Poissons, TTPoisson | where we vary the amplitude parameterAXSZ in the

lvxp 3000vxu 3000 ; likelihood.

oisson;

where we vary the six amplitude parameterggihose,"in 2. Polarization foregrounds
the likelihood.

We adopt the polarization foreground model of D21. We
Following George et al. [31] and Dunkley et al. [32], we pt the polanzati grou

account for Poisson sources in the EE power spectrum and

model the clustering term of the cosmic infrared back-  q)arized galactic dust in the EE and TE data. The priors
ground (CIB) using a modified blackbody spectrum at 25 I he former contaminant are unaltered from D21, while

. . el 7y
with spectralindex p*®¢." Like George etal. [31]1and  \ye amend priors on polarized galactic dust using the

Dunkley et al. [32] we use a power law for the angular  pdated analysis of Planck data within our survey region
dependence of this foreground contaminant: (see Appendix A for details).

CIB-cl
DCIB=cl 1,ACIB-c govbgdub v P N 0'8; C. External datasets

l;vx - - -
" 9ol VGG 80 We use Planck data in combination with SPT-3G 2018
03P  data to derive cosmological constraints. Planck and SPT-3G
data complemenbne another by providing high-precision
where the amplitude $B and spectral indexB®~° are  measurements of the CMB power spectra on large and small
free parametersy§'8 %4 150 GHz is the reference fre-  angular scalesiespectivelySpecifically the SPT-3G data
quency, and the value of the power-law index is motivatedre more precise than Planck for TT at | > 2000for TE
by Addison etal. [35]. at 1>1400, and for EEat 1>1000. We use the
Following Reichardt et al. [30], we account for the = BASE_PLIKHM_TTTEEE LOWL_LOWE Planck dataset [11].
thermal Sunyaev-Zeldovich(TSZ) effect by rescaling We also report joint results for SPT-3G 2018 and WMAP
the power spectrum of Shaw et al. [36] normalized data for key scenarios, to be as independent of Planck data
at | % 3000, DITSZ,templat? at a referencefrequency of S possible. We use the year nine dataset [15] with TT data
VISZ 1, 143 GHz via at2<1<1200, and TE and EE data at24 <| < 800.
0 We exclude polarization data at 1<24, due to the
. possibility of dust contamination [39], and include our
DlTvaZu Va ATSZ fav ISR DlTSZ'templat? 04P  paseline prior on T to constrain the optical depth to
0 reionization instead. This setup is the same that Aiola et al.

where foxP % x coth x=2b - 4 with x % hydkeys and  [5] used for joint ACT DR4 and WMAP constraints.

févbfapb

we vary the amplitude parameter™ in the likelihood. We ignore correlations between SPT-3G and satellite
We model the correlation between the TSZ and CIB  data. Planck and WMAP data cover a large amount of sky
signals following George etl. [31] as not observed by SPT. Moreover, the SPT-3G data are

.......... weighted towards higher |.
eRiimmiifififidieidininininigidiginininigigigiginininiminiididilidiniii
DISZCB 4 -¢ D% DRS,%b  DISZ DRSS | IV. INTERNAL CONSISTENCY AND ROBUSTNESS

OF RESULTS
05p

In this section, we perform null tests, consistency tests on

where ¢ is the correlation parameter, which we vary in thethe final band powers,parameter-levetonsistency tests,
likelihood. We define the sign here, such that ¢ >0 and an assessmentof the robustnessof cosmological

corresponds to a reduction in power 4650 GHz. constraints For each testcategory,we compute a setof
probability-to-exceed (PTEyalues,which we require to

"Note that while the choice of CIB temperature is different lie within some predetermined limits. We require the

from Addison et al. [35], this has a negligible effect given that tlleeTE values t'o !ie above the thre.sh.old 5%=[\l for nullo
SPT band passes are located in the Rayleigh-Jeans region of tfgsts and within the symmetric interval 1202.5=NP%;
spectrum [30,31]. 0100 - 2.5=Nb% for all other tests, where N is the number
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of independent tests, i.e. using the Bonferroni correction for both cases, we find that the best-fit parametersin
the look-elsewhere effed40]. We determine N for each  ACDM shift by < 0.20™T, where d" represents the size
test category individually within the relevansection and  of parameter errors when using only TT data.
conservatively do not correct for the look-elsewhere effect Fourth, we model the effect of detector time constants in
across different test categoriess noted in Sec. Il Athis  the TT scan-direction expectation spectrum.The maps
work was done prior to unblinding parameter constraints. presented in D21 are not corrected for time constants,
which we see in the scan-direction test. We model this null
A. Null tests spectrum as a constant offset between left- and right-going
scans of 2vt, where we assume a uniform on-sky scan speed

effects through six types of nullests Following D21,we ~ Of v 72 0.7 deg s across the survey field and 1 % 4.6 ms

analyze the following data splits (to test for the correspondf the median time constantThis effect does notappear

ing category of systematic errors): azimuth (ground piCk_%ove the noise level in the TE and EE data. Detector time
e

We testthat the data are free of significantsystematic

first/second (chronological effects), left/right (scan-directi hstants act as an effective beam. The maps used for the
dependen’efgects),mogn up/moon )down (gt])ea(m sidelobe am measurementin § IV E of D21 include this eff_ect and
pickup), saturation (decreasedarray responsivity),and therefor_e vyhen we remove the mstrumentbb&_lm during
detectormodule or “wafer” (nonuniform detectorproper- e debiasing proceduraye also remove the signature of
ties). The data are ranked or divided into groups based orfi§{ectortime constants from the data band powersThe
given possible systematic and we take the difference of t o egtztsloge?geCtrum for all other TT null tests is approxi-
map bundles to form null maps. We then calculate the nul " : o

spepctra as the average of nuﬁ map cross-spectra for each tdgaddition to the individual TT, TE, and EE null tests,

and use their distribution to compute uncertainties. We veﬁﬁ/also report resullts for all three spectra (TT=TE=EE) ata

that the average of these spectra isconsistentwith the ingle frequency.We forego quantifying the correlation
expectatic\)/n fo?a given testpusing Ié xtatiétic I between the combined and individual tests and exclude this

We update the null test framework employed by D21 aﬁcombined test in setting the PTE threshold. We assume that
follows. First, we scale null spectra by 131 p 1b=21r and he remaining tests are independent from one another, such

apply the debiasing kernebof the corresponding autofre- that acrossthree frequenciesand three spectrum types

quency spectrum to the nullspectra.This change corre- and six test - categories,there are N % 3 x 3 x 6 % 54

: . independent testdVe require all PTE values to lie above
sponds to a linear transformation and does not change th C :
pass state of tests while making ieasier to interpretthe .05=54 = 0.001. We do not repeat the meta-analyses (i.e.

ampituc o rul specta B e TRl
Second, we cast the TE and EE null spectra in nine bin P ull Sp

. : : PTE values are noexpected to be uniformly distrib-
of width Al % 300 spanning the angular multipole range o . . . .
300 < | < 3060, Whepreas fc?r R Weguse ten bi%s of wigth uted. For this reasonwe do not flag and investigate high

Al % 250 across 750 < | < 3000. This change makes the PTE values in the TT and TT=TE=EE testsDue to the

tests more sensitive to plateaus in power. Furthermore, thi& dates detailed above we expect the PTE values of the TE

allows us to ignore bin-to-bin correlations induced by the and EE null tests to change from D21.

. o . . We report the null test PTE values in Table |. All of the
flat-sky projection step, which only drop to < 20% for bins .
separated by Al = 100. PTE values lie above the set threshold. Across the 72 tests

Third, we add 1% of uncorrelated sample variance to t the lowest PTE value is 0.002 (EE 150 GHz Azimuth test).
4

covariance of the TT null spectra. SPT-3G produces a hi here is no significant mean change to the PTE values of

sianal-to-noise measuremenf the TT bower spectrum e EE and TE reported in D21. The largestindividual
g . P P . change is an increase to the PTE value of the TE 150 GHz
Minor low-level systematic effects may appear above the

. . . - . Azimuth test by 0.683. We have confirmed thatall PTE
noise level, while having a negligible effect on cosmologi-

. ; values also lie above the required threshold when adopting
cal results due to the high sample variance of the TT ' oy Lo it of Al %4 125 for TT and Al % 100 for
Sftif:t.ruﬁn 30ro|ss .the t;]15f90 ld(.gg'zldt' Vl\ale vderlfy this tl;y TE=EE null spectré.We conclude that the data are free of
artinicially displacing the ina ata band powers by significant systematic errors and proceed with the analysis.
vectors mimicking systematic effects and rerunning the

temperature likelihood We asses the potentiampact of
two potential systematic effects:

(1) We asses the impact of unmodeled time constants byIn this section,we perform a series of power-spectrum
injecting a left-right expectation spectrum large  level tests to assess the internal consistency of the SPT-3G

enough to produce a null test failure. 2018 TT=TE=EE dataset. We begin by combining the six
(2) We asses the impact of an overall miscalibration by

increasing the amplitude of TT band powers by the  ®The different bin widths are due to the different | ranges
square root of 1% of their total covariance. covered by temperature and polarization data.

B. Power spectrum tests

023510-6



MEASUREMENT OF THE CMB TEMPERATURE POWER ... PHYS.REV.D 108, 023510 (2023)

TABLE I. Individual null test PTE values for 95, 150, and 220 GHz and TT, TE, and EE spectra. Additionally, we
show the combined TT=TE=EE null test PTE values. All PTE values lie above the required threshold of
0.05=69 x 6P = 0.001.

Azimuth First/Second Left/Right Moon Saturation Wafer
95 GHz
TT 0.116 0.614 0.630 0.991 0.882 0.492
TE 0.294 0.067 0.028 0.938 0.234 0.620
EE 0.765 0.398 0.015 0.866 0.340 0.037
TT=TE=EE 0.284 0.210 0.012 0.999 0.508 0.184
150 GHz
TT 0.075 0.549 0.861 0.305 0.884 0.485
TE 0.879 0.539 0.859 0.894 0.238 0.465
EE 0.002 0.970 0.432 0.486 0.268 0.005
TT=TE=EE 0.012 0.882 0.889 0.667 0.460 0.045
220 GHz
TT 0.310 0.548 0.635 0.635 0.128 0.077
TE 0.420 0.929 0.169 0.834 0.784 0.510
EE 0.991 0.735 0.222 0.835 0.875 0.501
TT=TE=EE 0.751 0.914 0.243 0.931 0.635 0.227

cross-frequency band powerB), for each spectrum type TE, and EE spectra individually we find PTE values of
into @ minimum-variance combinationD™V, that repre-  22%, 12%, and 16%,respectivelyThe PTE value of the
sents our bestforeground-free measuremeotthe CMB ~ combined testis driven low by the 220 GHz datain
anisotropies.Following Planck Collaboration [41] and temperature and polarization. However, all PTE values lie

Mocanu etal. [42] within the 95th percentile and we report no sign of
significant internal inconsistency.
DMV 1, aX CIXBIXTC'D: a7b Second, we perform a conditional spectrum test to probe

the interfrequency agreementithin each spectrum type.

where C is the band power covariance matrix and X is thel NiS test is largely agnostic to the cosmologicalmodel,
design matrix, which is populated with ones and zeros anthough it assumes that the foreground .model describes the
connects the six cross-frequency estimates of the same Clai§ well. We compare each seof multifrequency band
signal per multipole bin in D to the corresponding single PoWwersD™, where v, i denote the frequency combination,
elementin DMV [41]. We subtracthe best-fitforeground to the ensemble of other band powers of the same spectrum

model from the data prior to the above procedurtaough type. Following Planck Collaboration et al[11], we split

; B AVU. [oth
this only matters for the TT spectra since the foreground the data band powers into D % 'B"; D°™%  where
contamination in polarization is negligible. others” indicates the part of the data we use for the

For our first test, we compare the minimum-variance prediction of the remainder.We decompose the best-fit

spectrum to the full set of multifrequency band powers SPectrum, D, and the covariance, C, in the same way. The
and require thathe PTE values lie within [2.5% 97.5%] conditional prediction and the associated covariance are
for each spectrum-typeand the full combination of Vicond 1, [WVil p (vixotherss cothersxotherps 1
TT=TE=EE spectra.This test ensures thatthe data are Driveondys D% p C BC P
consistent with measuring the same underlying signal and x gDothers_ pothergs.
free from any significant unmodeled foreground contami- xvu-cond y xoth
nation. We use the test statistic Crmveontia QU — cureher
x @Cthersxotherpy 1 Cothersxvy 89b
X2 V4 3XOMV - DB C1aXDMY - Db: 88b
We compare this prediction to the measured data band
We obtain x? ¥ 668 for 605 degrees offreedom’ This  powers using a3statistic and require all PTE values to lie
corresponds to a PTE value of 4% for TT=TE=EE. For TTwithin the interval %202.5=NP%; 6100 - 2.5=NpP%, where N
is the number of independent tests. Given that there are six
We follow D21 and use the number of multifrequency band cross-frequency combinations and three spectrum types,

powers minus the number of minimum-variance band powers af@ere are 18 t95t§ in total. However, t_he number of
the number of degrees of freedom. independentests is lower.We conservatively seN V4 5;
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due to the absence of correlated noise in the polarization  Next, we apply the conditional test framework across the
data, the autofrequency EE tests are independent and wedifferent spectrum types and probe the consistency between
discount the remaining EE tests and assume that the TE the TT, TE, and EE data. In contrast to the per-frequency
and TT tests only add one independent test each. We listconditional test, this test is dependent on the cosmological
the PTE values and plot the results for the conditional  model and we carry it out assuming ACDM. As in Planck
residuals in Fig. 1. We find that all PTE values lie within Collaboration etal. [11], this testis performed using the

the required interval; the conditional spectra are in good minimum-variance band powerst-or each spectrumwe
agreementwith the measured data. This agreementis  compare the data minimum-variance combination to the
noteworthy,as across the different spectra we have data conditional prediction given each other spectrum individu-
that are highly correlated (TT on intermediate scales) andally and jointly. We require all PTE values to lie within
uncorrelated beyond the common CMB sample variance the interval 202.5=NP%; 8100 — 2.5=Niafigre N is the

(EE spectra). number of independenttests. Given the mild correlation

TT TE EE
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FIG. 1. Relative conditional residuals, $5°"'- D*p=¢"*"! i e. the difference between conditional predictions for a given set of
multifrequency band powers and the measured data, divided by the square root of the diagonal of the conditional covariance. The blu
shaded region corresponds to the 30 range and the gray shaded area in the first column indicates the TT angular multipole lower limit
The conditional residuals are consistent with zero, as evidenced by the PTE values indicated in the upper right corner of each panel.
speaks to the interfrequency consistency of the SPT-3G 2018 TT=TE=EE dataset.
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TT TE EE
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FIG. 2. Relative conditionaresiduals D}~ DMV:XY p=gfvicond with XY e fTT; TE; EEg, i.e. the difference between condi-

tional predictions for a given set of minimum-variance band powers and the measured data, divided by the square root of the diagonal
the conditional covariance. The blue shaded region corresponds to the 3o range and the gray shaded area in the first column indicate
TT angular multipole range. The spectra used in the conditional prediction are specified in the bottom right corner of each panel and tt
PTE values are indicated in the top right corner of each panel. We find good agreement between the different spectra of the SPT-3G *
TT=TE=EE dataset.

between the temperature and polarization anisotropies, wenproves the numerical stability of the test by reducing the
conservatively set N ¥4 2We show the conditional resid- correlation between the combined amplitude parameter and
uals in Fig. 2 and list the PTE values therein. We find no ns. We use the conventionaleference poinfor A, when
statistically significant outliers when comparing the condi-reporting cosmological results in Sew/l.
tional predictions and the measured data; all PTE values ar&Ve investigate parameter constraints from the following
in the required interval. The series of tests we have carriesubsets of the data: TTTE, and EE spectra individually,
out provide a stringent assessment of the consistency of tihe three sets of autofrequency spectrg95 x 95 GHz,
SPT-3G 2018 TT=TE=EE band powers across frequenciets0 x 150 GHz, and 220 x 220 GHz), large angular scales
and spectra;we conclude that the data are free of any (1 < 1000), and small angular scales (I = 1000). We
significant internal tension athe power-spectrum level.  follow Gratton and Challinor [43] and quantify the sig-
Though the tests above already complete oupassing nificance of the shift of mean parameter values from the full
criteria to proceed with the analysis, we additionally  dataset to a given subset, Ap, using the parameter-1&vel x
investigate the difference spectra in Appendix D. This
allows us to build further expertise with the data. We X2 V4 DpT G Ap; 510b
observe no significantfeatures,such as slopesconstant

offsets,or signal leakage. where G is the difference of the parameter covariances of

the full dataset and a given subset. This formalism takes the
C. Parameter-level tests correlation between parameteconstraintsfrom the full

We now turn to the internal consistency of the SPT-3G datasetand any given subsetinto account. As with the
2018 TT=TE=EE dataset at the parameter level. This testdther tests, we require all PTE values to lie within
explicitly model dependentand is performed in ACDM 14%82.5=Nb%: 8100 — 2.5=Nh#ere N is the number of
using the following parameters: #2, Q.h?, By, ns, and independent testsThe large and small angular scale tests
10°A0k % 0.1 Mpc'be?". Here, A0k ¥ 0.1 Mpc'bis  are independenfrom one another and we conservatively
the amplitude of the primordial power spectrumat assume thathe remaining six subsets only counés one
k % 0.1 Mpc'. This definition provides a better match  independentest setting N % 3
to the scales constrained by the SPT data compared to We plot parameter fluctuations for the standard ACDM
the conventionalreference pointof k % 0.05 Mpc' and  parameters in Fig3 and list the subset % and associated
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FIG. 3. Parameter constraints from the fPT-3G 2018 TT=TE=EE datasé¢black points) and select subsets (colored points as
indicated) in ACDM. The gray boxes indicate the expected 10 fluctuations between each subset and the full dataset, taking the share
data into account. The observed shifts between subsets and the full data are consistent with statistical fluctuations. During the blind st
of this analysis the parameter values along the vertieales were noshown.

PTE values in Table Il. We note thatthe EE parameter D. Robustness of cosmological constraints
constraints deviate the most from the full dataset and have \y¢ verify the robustness of our cosmological results with

the lowest PTE value of any of the subsets. However, thigegpect to variations of the likelihood presented in Sec. Il
PTE value is still above our presetcriterion and we  yyg test the following cases in ACDM: removing the priors
therefore considerthe parametershifts compatible with 5y gach set of amplitude parameters for a given foreground
§tat|st|cal fluctl_Jatlons. We conclude that the data are source;removing the priors on alltemperature amplitude
mterna]ly consistentat the parameterlevel and proceed parameterssimultaneously; widening the CIB spectral
to unblind parameter constraints. index prior by a factor of 2; introducing the CIB power

law index as a free parameter either with a wide uniform

TABLE Il. Parameter-levePyand PTE values between subsetsprior or adopting the result of Addison et al. [35] as a prior;

: : . "
of the data and the full dataset. Note that there are five degree#nchOdl“ICIng ciB dgcorrglatlon pgrameters ¢" for each
freedom as we perform the comparison acrogis?/4Rh?; §c; reguency ban_d with unﬁor?fﬁﬂﬂﬁ?ﬁfﬁﬁﬁﬁﬁﬁﬁ zero and
10°A,8k % 0.1 Mpc'Pe?'; n,, due to the common T prior. unity thgt m.ultlply Eq. (3) py Ct’(“; ignoring the TSZ-CIB
Here, we use 8k % 0.1 Mpc' b, the amplitude of the primordial COrrelation;ignoring galactic cirrus; ignoring or quadru-
power spectrum atk % 0.1 Mpc', to improve the numerical  Pling the beam covariance; adopting the 1 constraint found
stability of the test. All PTE values lie within the required intervly Natale et al. [44] as a prior. In addition to these tests for
of 1:02.5=3b%; 6100 — 2.5=3b% and we conclude that the paragnstraintsfrom the full TT=TE=EE dataset, we also

eter shifts are compatible with statisticiilictuations. investigate the effectof foreground modelvariations on
constraints from TT aloneWe find no significant change

Subset X PTE {0 cosmological constraints for any of the cases tested: all
<1000 4.8 44.7%  parameter shifts are < 0.30, where g indicates the width of
| >1000 4.9 43.4%  the respective TT=TE=EE or TT constraint using baseline
T 10.3 6.7%  priors!® We conclude that none of the likelihood variations
TE 4.9 43.1%

EE 14.8 1.1% o

95 GHz 9.8 8.0% %e also testhe case of removing alpriors on foreground

150 GHz 3.5 61.7%  amplitude parameters when analyzing TT data alone in ACDM p
220 GHz 1.9 86.5% AL and ACDMp N o and report no significant changeto

cosmologicakonstraints.
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above have a significant impact on cosmological con- We report the minimum-variance band powers formed in
straints. Togetherwith the consistency tests atthe band  Sec.IV B in Table Ill and plot them together with other
power level in Sec. IV B, this indicates that our results areselectpower spectrum measurements in Fig. Note that
robust with respectto a mismodeling of the foreground the minimum-variance band powers are only intended for
contamination. plotting purposes and the likelihood uses the fullset of
multifrequency spectralhe uncertainty of the minimum-
variance combination is reduced by 3%, 2-19%, and
V. THE SPT-3G 2018 POWER SPECTRA 4-31% compared to the 150 x 150 GHz TT, TE, and

We report the SPT-3G 2018 TT=TE=EE multifrequencyEE band powers respectivelyThis improvementis con-
band powers in Appendix C and plathe power spectrum  stant acrossscalesfor the sample-variance-limited TT
measurement in Fig. 4. The SPT-3G 2018 TT power spedifsectra and increasesat higher | for the noise-limited
are sample-variance dominated across the entire multipolpolarization spectra.
range.The EE and TE band powers are sample-variance = We can assess the relative weight of each multifrequency
dominated for | < 1275 and | < 1425, respectively. spectrum entering the minimum-variance contribution using

J95x95 [95x150 J95%x220 ] 150 x 150 | 150 x 220 | 220 x 220
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FIG. 4. SPT-3G 2018 multifrequency TT=TE=EE band powers in colors as indicated in the legend, along with the best-fit ACDM

model to the SPT data including foregrounds (solid lines of matching color). The SPT-3G data provide a precision measurement of the
CMB temperature and polarization anisotropies on intermediate and smalllar scales.
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TABLE Ill. The SPT-3G 2018 TT=TE=EE minimum-variance combine to contribute 60% of the total weight at
band powers [} and their associated uncertaintieg for each | %4 1000, which increases to 91% dt' 3000. There is
angular multipole bin. The band powers and errors are quoted i@in abrupt change at | ¥ 1000, i.e. when all multifrequency
units of pK?. spectra are considereavhile at larger angularscales the

95 x 150 GHz frequency combination alone dominates

| Range D5’ o D&® o D" o~ the minimum-variance contribution. This is because (1) the
300-350 9296 10.32 12.87 1.02 95 x 150 GHz and 150 x 150 GHz spectraare highly
350-400 44.06 846 2046 123  coprelated on large angular scales while the former has a
jgg:ggg :ggig ;;g ﬁgg 823 lower noise level and (2) the high degree of correlation
500-550 3548 467 719 039 between 150 and 220 GHz noise leads to a more
550-600 11.07 570 1142 061 complexinterplay between data from althree frequency
600-650 2452 671 2950 114 Cchannels in the minimum-variance combination when the
650-700 -63.28 7.39 38.95 133 150 x 220 GHz and 220 x 220 GHz spectra are available.
700-750 -121.54 6.85 3448 124 For EE and TE, the 95 x 150 GHz and 150 x 150 GHz

750-800 2531.89 82.90 -121.56 6.65 20.80 0.88 data contribute 65% and 79% at | ¥ 300 and 85% and 82%
800-850 2674.59 78.11 -50.31 4.71 13.47 0.55 atl ¥ 3000, respectivelyThough the 95 x 150 GHz and
850-900  2179.55 7287 37.67 5.07 17.01 0.70 150 x 150 GHz data have a high combined weight,
900-950  1578.46 52.45 56.22  4.89 31.37 1.05 3 wide frequency coverageis essentialto control the

950-1000 1201.33 38.99 13.95 4.83 4044 1.33 g .
1000-1050 1003.98 33.71 -51.61 519 38.49 1.30 ;‘;rsefe’rrﬁ:ggscomam'”at'on and provides sensitivity to

1050-1100 1219.01 35.13 -74.30 4.69 26.27 0.96
1100-1150 1231.40 36.35 -54.77 3.82 15.05 0.64
1150-1200 1202.46 36.99 -10.53 3.28 12.34 0.59 VI. COSMOLOGICAL CONSTRAINTS
1200-1250 907.07 28.30 4.39 3.30 21.73 0.85 A ACDM
1250-1300 771.75 22.69 -15.57 3.36 29.12 1.07 )
1300-1350 727.84 21.05 -47.79 3.42 31.14 1.08 We report constraintson cosmological parametersn
1350-1400 771.56 24.02 -62.26 3.43 2276 0.87 ACDM from SPT-3G 2018 TT=TE=EE in Table \Y)
1400-1450 800.59 23.88 -42.49 3.04 12.82 0.65 gnd show one- and two-dimensional marginalized posterior
1450-1500 748.60 21.56 -12.44 270 10.57 0.62  (jstributions in Fig. 7. The best-fit values for nuisance
]gggjggg 2;2;? 128; —%9156 ggg ;‘112; 8;; parame_ters a_II lie within .‘I2_o of _the centra_l value of their
1600-1650 404.60 12.95 —-14.62 246 2019 091 'eSpective priorand are given in Appendix BWe show
1650-1700 392.84 1113 -32.37 2925 1827 081 residuals betvyeen the minimum-variance data pand powers
1700-1750 393.10 12.46 -25.07 2.20 10.40 0.71 and the best-fit model in Fig. 8 and plot the residuals for all
17501800 374.26 11.31 -15.43 2.05 878 0.65 Mmultifrequency spectra in Appendix E.
1800-1850 353.00 10.17 -956 193 8.78 0.70 We find that the ACDM model provides a good fit to the
1850-1900 267.74 9.01 -3.44 189 995 0.77 data. We report%’ 763.0 across the 728 band powers of
1900-1950 227.93 7.76 -11.16 1.86 1221 0.83 the full dataset. We ignore the effect of nuisance parameters
1950-2000 234.80 7.47 -16.46 1.83 11.11 082  zn( translate this X value to a PTE value of 15%. This
2000-2100 22241 3.97 -14.31 093 6.37 0.42 agreementlso applies to the three spectrum types indi-
2100-2200 168.32 3.53 -4.86 0.87 5.28 0.44 ; >
2200-2300 120.67 264 -561 082 6.79 049 Vidually. For TT, TE, and EE data we report x* (PTE)

0, 0, o)
2300-2400 111.78 244 -924 080 349 051 values of 194.4(60%), 273.4(33%), and 285.5(17%),
2400-2500 88.87 216 -360 077 365 054 respectively! All PTE values lie inthe central 95th
2500-2600 68.44 1.92 -3.78 0.75 254 059 percentileindicating the data are welfit by the standard
2600-2700 60.31 1.78 -3.49 0.76 1.85 0.64 model of cosmology.
27002800 50.13 1.69 -232 0.78 1.63 0.71 The addition of temperature data to the TE=EE spectra
2800-2900 3842 155 -0.52 0.79 1.23 0.80 noticeably improves constraints on all cosmological param-
2900-3000 3151 151 -248 082 -0.29 0.90  gters as shown in Fig. 9. The posteriors,bf @Lh2, ¢,

10°Ae™?", and n tighten by 8%, 12%, 8%, 27%, and 21%,

the_diagonalsof the mixing matrix, X' C'Xp'XTCT, _ "While the foreground modelhelps improve the fit to the
which are shown in Fig. 6. Note that the absolute amplitudesiperature data substantially, determining the effective number
of these elements correspond to the relative weightise ~ of degrees of freedom is not straightforward. If we conservatively
signs depend on the correlation structure and ensure thatdfgunt for 15 additional parameters covering all baseline

. . . isance parameterbar K, the polarization foreground param-
sum of all elements is unity. We find that the 95 x 150 G ers, and the calibration parameters (following D21), we find a

and 150 x 150 GHz spectra generally dominate the  PTE value of 8% for the full datasetand 30% for TT. These
minimum-variancecombination. For TT, these spectra values still indicate that ACDM provides a good fit to the data.
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FIG. 5. SPT-3G 2018 minimum-variance TT=TE=EE band powers (black) along with a selection of contemporary power spectrum
measurements: Planck (blue) [11], SPT-SZ (green, top panel only) [42], SPTpol (green, bottom two panels only, horizontally offset for
clarity) [45], ACT DR4 (orange) [4]POLARBEAR (pink, bottom panel only) [46]. The SPT-3G 2018 best-fit CMB power spectrum is
indicated in gray.The ensemble of CMB data is visually consisterdnd yields a high signal-to-noise measuremesftthe power

spectrum.

respectivelyThe uncertainty on the [ constraint shrinks  This value is in excellentagreementvith the mostrecent

by 12%. We use the determinant of the parameter covari-results from Planck [1] and ACT [5]. Conversely, our result

ance as a metric for the allowed multidimensional volumelies 2.6ag below the most precise localdetermination of

finding a reduction of the five-dimensional allowed paramthe Hubble constant, the Cepheid-calibrated supernovae

eter volume by a factor of 2.7. distance-ladder analysis of Riess et al. [47], as can be seen
Constraints on the expansion rate today based on CMBn Fig. 10. The SPT-3G 2018 TT=TE=EE dataset is

data and supernovaeand distance-ladderanalysesare  effectively independenbf Planck and ACT data so this

discrepantat the 4 — 50 level [1-3,5,47]. With SPT-3G  resultdeepens the Hubble tensio@ur Hy constraintlies

2018 TT=TE=EE data we constrain the Hubble constant t8-60 below the distance-ladder analysis using the tip-of-the-

red-giant-branchapproach by Freedmanet al. [48].

Moreover,it is 2.10 and 1.00 below the resultof Wong

et al. [49] and Birrer et al. [50] using strong-lensing time

Ho % 68.3 1.5kms™ Mpc™': 011P  delays.

023510-13



L. BALKENHOL et al. PHYS.REV.D 108, 023510 (2023)

— 95 x 95 = 150 x 150 This result lies between 3 constraints from Planck data
— 05 x 150 — 150 x 220 and low redshift data as shown in the top panel of Fig. 11;
_ _ our centralvalue is 0.80 below the Planck constrairitl]

95 % 220 220 x 220 and 0.50 and 0.7a higher than the DES-Y3 [52] and KiDS-
1000 [51] results, respectively. Adjusting our definition of
Sg appropriatelywe find agreement at 0.90 with the SZ-
cluster analysis of Bocquet et a[53].

We find the scalar spectral index of primordial fluctua-
tions to be ng ¥4 0.970 0.016, which corresponds to a
1.80 preference foryr< 1. We note that when excising our
measurement of the third acoustic peak of the temperature
power spectrum,i.e. TT data at 1< 1000, we find
ng ¥4 0.994 0.018. The corresponding five-dimensional
parametershift from the baseline resultis a 2.20 event,
where g denotes the number of standard deviations equiv-
alent to the associated PTE for a Gaussian distribution. This
is compatible with a statistical fluctuation and we therefore
expect that the addition of more data to the subset, i.e. our
baseline configuration with TT data atl < 1000, yields
constraints closeto the underlying mean. This matches
what we observe when comparing to the tight constraints of
Planck and WMAP [1,55], which are enabled by the broad
coverage of scales in log | space of satellite datagding
TT data at | < 1000 to the TTI > 1000=TE=EE subset
02k - shifts our n, result towards these tight constraints.

For a less model-dependent check on our TT measure-

EE

———
[ = ] ment at 750 <1< 1000 we compare our minimum-
o, variance band powers to the Planck full-sky power
L LA R L B spectrum.Given that both datasetsare sample-variance
500 1000 1500 2000 2500 dominated on these angular scales, we assume that the SPT
Angular Multipole ¢ data are a subset of the Planck data; we use the difference of

the SPT and Planck band power covariance matrices as the
FIG. 6. Relative weight of each multifrequency spectrum entecovariance of the difference between the two TT datasets.
ing the minimum-variance combination (diagonalementsof  \We report a PTE value of 9%. This indicates that the two
the mixing matrix).The gray shaded areas indicate the differentyower spectrum measurementsre in good agreement
| min cuts of the TT spectra. Overall, the 95 x 150 GHz and 514 e conclude thatthe effect the SPT-3G TT data at

150 x 150 GHz spectra contribute the most weight. For TT datﬁl,< 1000 has on n. is not statistically anomalous
s .

all spectra bar the 220 x 220 GHz band powers are non—negliglbI?N find lent tbet logical
at intermediate | and the 95 x 95 GHz TE data are important on € Tind excellent agreementbetween cosmologica

large angular scales. constraints from SPT-3G 2018 TT=TE=EE and Planck
data. For individual ACDM parameters, all differences are
. < 10. Comparing all five parameters constrained by the
Next, we look at structure growth as parametrized by gpT gata, we find %% 2.6, corresponding to a PTE value
the amplitude of matter fluctuations within a sphere  of 769, This indicates a high level of agreement between
with comoving volume of 8 Mpt' pcmﬂﬁﬁfmﬁ?ﬁ‘fﬁ\‘ﬂ}ﬁﬁ}ﬁﬁﬁfﬁﬁmﬁwo datasets.This is particularly striking given that
structure growth parameteg 8 g Q,,=0.3 The Planck  SPT-3G and Planck constraints are effectively independent
constrainton Sg using primary CMB data lies approxi-  of one another, given the large amount of sky observed by
mately 30 above the results of joint galaxy clustering and Planck that is not observed by SPT and the different
weak lensing analyses [1,51,52] as shown in the bottom weighting of the data as well as the different weightings of
panel of Fig. 11. For SPT-3G 2018 TT=TE=EE we report the TT, TE, and EE spectra. Though we use Planck data to
the following: calibrate our power spectrum measurement, we marginalize
over the temperature calibration and polarization efficiency
in the likelihood analysis. Furthermore, as per Sec. IV D we

g V4 0.797 0.015; find that our cosmological results are robust when replacing
) the Planck-based prior on the optical depth to reionization
Sg 74 0.797 0.042: 012P  with the result of Natale et al. [44]. The agreement between
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TABLE IV. Marginalized constraints and 68% uncertainties on ACDM parameters from SPT-3G 2018 TT=TE=EE, along with joint
constraints from SPT-3G 2018 TT=TE=EE + Planck, SPT-3G 2018 TT=TE=EE + WMAP, and results from Planck alone [1,15]. We
show constraints on the baseline ACDM parameters in the top half of the tabmbining the opticaldepth to reionization and

amplitude of primordial fluctuations into Qe 2". The bottom half shows select derived parameters. Note that we do not use WMAP
polarization data at | < 24 and SPT-3G data alone do not constrain the optical depth to reionization 1; instead, we use a Planck-based
Gaussian prior of T ¥4 0.0540 0.0074.

SPT-3G 2018 SPT-3G 2018 + Planck ~ SPT-3G 2018 + WMAP Planck
Q,h? 0.02224 b 0.00032 0.02233 p 0.00013 0.02240 p 0.00020 0.02236 p 0.00015
Q h2 0.1166 p 0.0038 0.1201 b 0.0012 0.1171 p 0.0027 0.1202 p 0.0014
1008, 1.04025 b 0.00074 1.04075 b 0.00028 1.04016 b 0.00067 1.04090 b 0.00031
10PAE 2 1.871 b 0.030 1.884 b 0.010 1.867 b 0.016 1.884 b 0.012
ne 0.970 b 0.016 0.9649 b 0.0041 0.9671 b 0.0063 0.9649 p 0.0044
Ho [km s Mpc] 68.3p 1.5 67.24 b 0.54 68.2p 1.1 67.27 p 0.60
To o eremmerer e 10015 0.8099 b 0.0067 0.796 b 0.012 0.8120 p 0.0073
S=oq ijaffgﬁ'ﬁ'ﬁ'ﬁ'ﬁ'f@‘f@@@ 042 0.832 b 0.014 0.799 p 0.031 0.834 b 0.016
Q, 0.700 b 0.021 0.6835 b 0.0075 0.698 b 0.015 0.6834 p 0.0084
Age=Gyr 13.815 p 0.047 13.807 b 0.021 13.804 b 0.037 13.800 p 0.024

SPT-3G and Planck data is notonly a strong argument SPT and Planck data, the shift to central values of
for the consistency and robustness dfoth experiments’ parameter constraints compared to Planck alone is small.
cosmological results, but implies consistency of the ACDM The SPT-3G 2018 data are in good agreement with
model across angular scales and temperature and polari- WWMAP and we report a PTE value for a five-dimensional
zation spectra. parameter-spacecomparison of 95%. Combining the

We find acceptable agreement between constraints froPT-3G and WMAP data yields constraints largely inde-
SPT-3G 2018 TT=TE=EE and ACT DR4. Acrossthe pendentof Planck, which we list in Table IV. We report
five ACDM parameters constrained by the ground-based Hy % 68.2 1.1 km s~' Mpc™, which lies 3.20 below the
experiments, we find%% 10.4, which translates to a PTE distance-ladder analysis of Riess et al. [47] and deepens the
value of 6%. Interestingly, the largest difference is g Hubble tension.We reporta constrainton the combined
which controls the positions of acoustic peaks; CMB datastructure growth parameter 0f;34 0.799 0.031, which
constrain this parameter with great precision and SPT-3Gis compatible with Planck, as well as DES Y3 and KiDS-
2018 TT=TE=EE yields a 0.07% measurement. ACT datal000 data and the SZ-cluster analysis of Bocquet et al. [53]
yield a value 2.00 and 1.70 larger than SPT-3G and  Wwithin 10. [1,51,52]. The addition of the low | power
Planck data, respectively. Aiola et al. [5] note an offset in spectrum measuremenf WMAP to SPT-3G data refines
the cosmological parameter constraints on pand Q,h?  our nyconstraint by 62%. We repogt’ 0.9671 0.0063,
when comparing Planck and ACT resullts (also visible in Which disfavors a scale-invariant Harrison-Zel'dovich spec-
Fig. 7) Due to the degeneracy of these parameters with trum at 5.20. For comparison, from WMAP data alone we
eMC! the observed offset between ACT and SPT-3G infer Ng Y4 0.967 0012, which is 2.80 from Unlty, the
constraints is likely related and from a similar origin. ~ addition of SPT data tightens theconstraint derived from
Regardlessthe multidimensional test indicates thatthe ~ VWMAP data alone by 46%.

observed parameter shifts are compatible with statistical
fluctuations. B. Gravitational lensing, A_

We report joint constraints from SPT-3G 2018 The lensing of CMB photons emitted at the surface of
TT=TE=EE and Planck data in Table IVand find |ast scattering by intervening large scale structure causes
Ho % 67.24 0.54 kms™'Mpc™'. This is a refinement a characteristic distortion of the CMB anisotropies lead-
of the Planck constrainton Hy by 11%. The precision  ing to changes in the power spectrum:a smoothing of
measuremenbf the CMB anisotropies at small angular  acoustic peaks and a transfer of power to the damping tail.
scales in temperature and polarization provided by SPT-3hough the magnitude of this effect is derived from
shrinks the Planck posteriors by approximately 10% for the values of cosmological parametersin the ACDM
each ACDM parameter. Across the six-dimensional paramaodel, marginalizing over the effect of lensing on the
eter space we report a reduction of the allowed volume bypeimary CMB power spectra assesses the compatibility
factor of 1.7; for comparison, only adding the SPT TE=EEof the data with the standard model [56-58]. Planck
data to Planck leads to a reduction of the allowed parame@ullaboration et al. [1] find a preference for increased
volume by a factor of 1.4. Due to the excellent agreementlefising at 2.8a.
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FIG. 7. Marginalized one- and two- dimensional posterior distributions for the SPT-3G 2018 TT=TE=EE dataset (blue contours),
Planck (black line contours)and ACT DR4 (gray contours) in ACDMThe constraints derived from SPT-3G data are in excellent
agreement with the Planck constraints, including §off ke SPT-3G and ACT data have similar constraining power and the differences
in their constraints are compatible with statistidalctuations.

We marginalize over an artificial scaling of the  which is compatible with the standard model prediction of
lensing power spectrumthat smears the primary unity at 1.30. Adding A, does notlead to a statistically
CMB, A_, and report parameterconstraints in Table V.  significant improvement to the goodness of fit compared to
We find ACDM (Ax? ¥4 —1.3).

The SPT-3G 2018 TT band powers provide a sample-
variance-limited measuremenbf the third and higher

AL 7 0.87 0.11; 013P  order acoustic peaksyhich helps constrain cosmological
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FIG. 8. Residuals of the SPT-3G 2018 TT=TE=EE minimum-variance data band powers to the best-fit ACDM model. Note that the
SPT-3G band powers are correlated by up to 40% for neighboring bins. The standard model fits the data well ahdawdBfaort x
723 degrees of freedonResiduals for the fullarray of multifrequency band powers are shown in Appendix E.

parameters in this modelThe A constraintimproves by We report joint constraints from SPT-3G 2018 and Planck
24% for TT=TE=EE compared to TE=EE as shown in  data in Table V. We find A| ¥4 1.078 0.054, which is
Fig. 9. Across all six dimensions,the allowed parameter within 1.50 of the standard model prediction. Adding SPT-
volume shrinks by a factor of 3.1. 3G to Planck data lowers the significance of tdeviation

In this model the SPT-3G and Planck constraints slightliyom unity and constraints on other cosmological parameters
diverge.Planck data yield A %4 1.180 0.065, whichis  shift closer to the Planck only ACDM results. The width of
2.50 away from our result. Neverthelesscomparing the  the A posterior shrinks by 18% when adding SPT-3G to
two datasets acrossthe full six-dimensionalparameter Planck data and the seven-dimensiomdbwed parameter
space gives X ¥ 10.2, which translates to a PTE value  volume decreases by a factor of 2.0.
of 12% and indicates that the parameter shifts are consistenfVe revisit the investigation of lensing convergence on the
with statistical fluctuations. SPT-3G survey patch from Balkenhet al. [3] using the
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FIG. 9. Ratio of the widths of marginalized posteriors from SPT- SPT-3G 2018 4 ————
3G 2018 TT=TE=EE and TE=EE for select ACDM parameters
(left half) and extension parameters (right half). The addition of TT Planck —
data leads to improvements on core ACDM parameters between
8-27% and the H and g posteriors tighten by 12% and 15%, SPT-3G 2018 + Planck - —
respectivelyFor ACDM pb A, ACDM b N4, and ACDM p
Neit b Yp we report improvementsfor extension parameters SPT-3G 2018 + WMAP + :
between 5-24%.In the caseof primordial magneticfields, ACT DR4 4 -
ACDM p b, TE=EE data alone suffers from a degeneracy
between g and b and only the addition of TT data allows for DES Y3 3x2 4 —e—o
a meaningful constraint. The vertical axis is split and the improve-
ment on b shown only for visualization purposes. DES Y3 + SPT 6x2 ——
KiDS-1000 | —e—
complete SPT-3G 2018 TT=TE=EE datasetVe analyze . — ———
joint constraints from SPT-3G 2018 and Planck data in 0.75 0.80 0.85
N\CDM foregoing the baseline Gaussian prioon k. We Ss = 08/ /0.3

adjust the sign of the k definition in Sec. Il to match Motloch
and Hu [59] and the appendix of Balkenhol et al. [3]. We . 11. Top panel: constraints in theve Q, plane from SPT-
3G 2018 (red),Planck (black line),a joint analysis of DES Y3
10%kgpT_36 % —0.93 0.59: 314p 9alaxy position and lensing data and SPT and Planck CMB
lensing data (6 x 2, blue) [54], and DES Y3 joint galaxy density
and weak lensing data (B ?ﬁfiﬁﬁ%ﬁﬁ%}ifﬂ?ﬁ?ﬁﬁﬂmﬁmed structure
growth parameter,g& o5 Q,,=0.3 varies perpendicular to the
degeneracy direction of the DES datBottom panel:a compi-
- lation of Sg constraints using differentosmologicaldatasets:
SPT-3G 2018, Planck [1], WMAP [15], ACT DR4 [5], DES Y3
SPT-3G 2018 + WMAP ~ — [52], DES Y3 + SPT [54], and KiDS-1000 [51]. Note thatall
-
—

SPT-3G 2018 A

SPT-3G 2018 + Planck A

constraints are produced assuming ACDM. The central value of

Planck 1 the SPT-3G constraint lies between those of low-redshift analyses
ACT DR4 - and Planck.
1 1 1
65 70 75
Hy [kms~! Mpc~!] While the sign matches the result of Balkenhol et al. [3], our

central value is compatible with zero at 1.60. We conclude
FIG. 10. Comp"ation of |—b constraints from combinations of that this test prOVideS no Significant evidence that the SPT-3G
different CMB datasets assuming ACDM: SPT-3G 2018, Planckurvey field aligns with a local density anomaly.
[1], WMAP [15], ACT DRA4 [5]. The vertical gray band indicates
the 20 constraint from the most precise supernovae and distance
ladderanalysis [47]. SPT-3G 2018 data allow fora precision
constrainton H, effectively independerftom Planck data that Additional relativistic particles in the early universe, e.g.,
deepens the Hubble tension. axionlike particles, hidden photons,gravitinos, massless

C. Effective number of neutrino species, N
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TABLE V. Constraints on ACDM model extensions Ry, and N b Y p from SPT-3G 2018 TT=TE=EE alone and in combination

with Planck data.

A

Neir

Nei p Y

SPT-3G 2018 SPT-3G 2018 + Planck SPT-3G 2018 SPT-3G 2018 + Planck SPT-3G 2018 SPT-3G 2018 + Planck

Qph? 0.02213 0.00033 0.02243 0.00015 0.02254 0.00046 0.02229 0.00020 0.02235 0.00050 0.02228 0.00020
Qgh? 0.1222 0.0060 0.1190 0.0014 0.1235 0.0089 0.1194 0.0028 0.139 0.018 0.1208 0.0042
1008,c 1.03982 0.00081 1.04087 0.00029 1.03980 0.00092 1.04083 0.00039  1.0359 0.0030 1.0404 0.0011
10°Ae™ 1.905 0.041 1.879 0.011 1.886 0.037 1.881 0.016 1.918 0.046 1.884 0.017
Ns 0.956 0.020 0.9677 0.0043 1.001 0.040 0.9628 0.0084 0.985 0.043 0.9630 0.0080
AL 0.87 0.11 1.078 0.054

Nt 3.55 0.58 3.00 0.18 47 13 3.09 0.28
Yp 0.165 0.058 0.238 0.016
Ho kms'Mpc™'] 66.1 2.3 67.73 0.64 71.7 43 66.9 1.4 775 7.2 67.4 1.7

Os b ﬁiﬁiﬁiﬁiﬁiﬁi@fﬁéﬁﬁ%@ﬁﬂﬁi 0.8031 0.0085 0.817 0.029 0.807 0.010 0.831 0.035 0.810 0.012
=05 0Q,=0.3 . . 0.816 0.018 0.799 0.043 0.831 0.015 0.791 0.043 0.832 0.015
Qn 0.666 0.037 0.6901 0.0087 0.713 0.026 0.6821 0.0098 0.727 0.029 0.6832 0.0098
Age=Gyr 13.861 0.058 13.789 0.024 13.36 0.54 13.86 0.19 12.59 0.89 13.78 0.25

Goldstone bosonsadditional neutrino speciesas well as
other forms of energy injection imprint on the CMB power

numberof neutrino speciesNg, which is 3.044 in the
standard model [60-64].
We report constraints on the ACDM b Ng¢ model in

Table V,finding

helium abundance, Nggt + Yp
spectra. At the parameter level, this modifies the effective Varying Nos alone assumes thainy additional relativ-

D. Effective number of neutrino species and primordial

istic species present at recombination were also present at
big bang nucleosynthesis.By simultaneously marginal-
izing over the primordial helium abundancg, We remove

this assumption and flexibly probe the relativistic energy

density in the early Universe [63,65].
We present constraints from SPT-3G 2018 TT=TE=EE

. . . . . in Table V.We report
This result is compatible with the standard model predic-

tion at 0.9a. The best-fit ACDM p N o+ model does not
improve on the good fitto the SPT-3G data achieved by
ACDM significantly (Ax? ¥ =0.2).

The addition of sample-variance-limited measure-
ments of the damping tail of the TT power spectrum
improves on the cosmological constraints achieved by
SPT-3G 2018 TE=EE in this model. As shown Fig. 9,
the posterior of N tightens by 14% when adding the
SPT-3G 2018 TT band powers. The allowed volume
across the full six-dimensional parameter space shrinks
by a factor of 2.8. ces when using TT=TE=EE vs TE=EE data, we find that

We find good agreemenbn N between the SPT-3G  the allowed parameter volume is reduced by a factor of 2.4
and Planck data with the central values separated by 1.0dhrough the inclusion of temperature band powers. The N
Comparing all six parameters simultaneously,we find  and Y, uncertainties shrink by 5% and 15%, respectively,
x? ¥4 3.3, which translates to a PTE value of 77%. The  which we show in Fig. 9.
parameter constraints are compatible with statistical Again, we find good agreementbetween SPT-3G and
fluctuations. Planck data in this model: across the full seven-

We list joint constraints from SPT-3G 2018 and Planck dimensionalparameterspace we reporty? % 4.5, which
in Table V and report Ni ¥4 3.00 0.18. This constraint translates to a PTE value of 72%. Theah Y% constraints
on the effective number of neutrino species is in excellentof the two datasets are compatibleat 1.40 and 1.30,
agreemeniwith the standard model prediction of 3.044  respectively. We conclude that the differences in parameter
(0.20). While the addition of the SPT-3G to the Planck constraints are compatible with statistical fluctuations.
datasebnly leads to a marginaimprovementof the N« Joint constraintsfrom SPT-3G 2018 and Planck are
constraint (4%), the allowed seven-dimensional parametegiven in Table V. We report Nt ¥4 3.09 0.28 and
volume is reduced by a factor of 1.5. Yp %2 0.238 0.016. The central values of the joint

Negt ¥ 3.55 0.58: 315p

Neg v 4.7 1.3;

Yp ¥4 0.165 0.058: 816b
The central values of the N and Yp constraintsare
compatible with the standard modelpredictions at1.3a
and 1.4ag,respectivelyWe reportno significantimprove-
ment to the goodness of fit for this model over ACDM
(Ax? V4 —2.1 for two additional parameters).

Comparing the determinants of the parameter covarian-
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TABLE VI.  Constraintson primordial magnetic fields from SPT-3G 2018 TT/TE/EE  --=- Planck
SPT-3G 2018 TT=TE=EE alone and in combination with Planck R SPT-3G 2018 TT = ACT DR4
data. For consistency, we report results for,jQd8owever, the SPT-3G 2018 TE/EE

assumptions around recombination used in this approximation to
the sound horizon fail in this model [24]. Hence, we also report
results for the accurate angulascale of the sound horizon at
recombination;1000 .

SPT-3G 2018 SPT-3G 2018 + Planck

Quh? 0.02216 0.00032 0.02234 0.00013
Q.h? 0.1185 0.0039 0.1210 0.0013
1008,¢ 1.0475 0.0049 1.0442 0.0024
10°Ae™ % 1.87 0.03 1.8830 0.0097
Ng 0.964 0.017 0.9610 0.0043
b <1.0 <0.37
0 T T 1
Ho [kms'Mpc']  70.0 1.9 68.10 0.74 0.0 0.5 1.0 1.5 2.0
oA 0.809 0.017 0.8137 0.0065 baryon clumping factor b
S 0.794 0.041 0.828 0.012
Qp _ 0.710 0.021 0.6894 0.0076 FIG. 12. Marginalized one-dimensional posterior distributions
Age=Gyr 13.62 0.14 13.706 0.071 for the SPT-3G 2018 TT=TE=EE (black solid line)TT (light
1000 1.04040 0.00075 1.04086 0.00029

blue dash-dotted line), and TE=EE (orange long dashed line) on
the clumping factor b induced by primordial magnetic fields. We
also show the constraints from Planck primary CMB and lensing
data (dark blue shoridashed line) and ACT DR4 (gray dotted
SPT-3G and Planck N and Y5 constraints lie within 0.2g line). The combination of TT and TE=EE spectra allows us to
and 0.50 of their standard model predictions, respectivelyPreak degeneracies and set a tight constraint ofte SPT-3G
and improve on the Planck only results by 9% and 8%, @and ACT data have similar constraining power.
respectively Across the full eight-dimensionaparameter
space,the addition of SPT-3G to Planck data leads to a
reduction of the allowed parametervolume by a factor  this model; we find i % 70.0 1.9 km s~ Mpc™, which
of 1.8. remains 1.30 below the distance-ladder analysis of Riess
et al. [47]. We find no improvement to the goodness of fit
: : P for this model compared to ACDM (A % 0).
E. anor.dlal r.nagnet|c f|§ld§ Measurements of the full TT=TE=EE power spectra are
The presence of primordial magnetic fields (PMFs),  crycial in this model. Galli et al. [17] point out a
i.e. magnetic fields prior to recombinationjncreases the degeneracy between b and n; 1°A.e?" that prohibits
inhomogeneity ofthe baryon density,p,. This so-called  mganingful constraints on b if only TT or only TE=EE
baryon clumping effect is parametrized by b= ,oyer spectrum measurements are available (see Fig.
Sh@i — hp,i?P=hgi?, such thatb % 0 corresponds to no therein). Therefore, while Galli et al. [17] report an
PMFs. With other cosmological parameters fixed, increasgffective nonconstrainton b using the SPT-3G 2018
ing b > 0 changes the width of the visibility function and TE=EE datasetof D21, the addition of TT data in this
shifts it to h|gher redshlfts, i.e. recombination occurs work allows for a meaningfulConstraint’which we Visu-
sooner, which leads one to infer higher values of fom  3jize in Fig. 9.
CMB data [17,66-68]. Because the distribution of baryons pye to the sensitivity of the b constraint to thevalues
in the early Universe is  not known precisely, we use  inferred from temperature and polarization data we confirm
the three-zone toy modelput forward by Jedamzik and  that our result is consistentwith expectations based on
Abel [66] and Jedamzik and Pogosian [68]. simulations. The upper limit we report for the data is within
We list constraintson ACDM b b from the SPT-3G 209 of what we infer from simulated band powers centered
2018 TT=TE=EE data in Table VI and show the margin- on p 4 0.

alized one-dimensional posterior for b in Fig. 12. We find a we find good agreemenbetween SPT-3G and Planck

95% confidence upper limit of constraints in this model. Across the full seven-dimensional
parameter space we report ¥ 2.3, which translates to a
b<1.0: 017P  PTE value of 88%.We report joint constraints from SPT-

3G 2018 and Planck data on ACDM p b in Table VI. We
The tight limit on the PMF-induced baryon clumping limitsfind a 95% confidence upper limit of b <0.37. The
the possibility of resolving the Hubble tension through  addition of the SPT-3G data to Planck tightens the b upper
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limit by 40% and reduces the volume of the allowed of b <1.0. Our findings reflect that joint analysesof

parameter space by a factor of 2.5. TT=TE=EE power spectrum measurements yield a sub-
stantial increase in constraining power over TE=EE alone;
VIl. CONCLUSION this approach is key to distinguishing between significant

deviations from the standard model and statistical fluctua-

In this work, we presenta measurementfthe CMB oo 2 provides further ways to test the data for

temperature power spectrum using SPT-3G data recordegystematic effects.

in 2018. The TT band powers are sample-variance limite The framework presented here will be used for ongoing
acrossthe reported angular multipole range of 750 < ;3\ 55 of SPT-3G data recorded in the 2019 and 2020
|.< 3000. Together with the already qu“Shed polar|.za- observing seasonsThese observations include measure-
tion data [D21] from the same observing season, this ments of the same ~1500 dégsurvey field used here, but
completes the SPT-3G 2018 TT=TE=EE dataset. We ;o0 4 map noise ~3.5x smallerMoreover,extended
a”?'yze the internal con3|st9ncy of the data using a survey data from these seasonscover an additional
variety of tools: null tests,dlﬁgrence spectra,comple- ~2800 deg?, reducing sample variance and improving
ment spectra (across frequencies and spectrum types), measuremént@f the power spectrum on large angular

m\é C%?gzr'?ggrsr’]::tdagfgggnﬁ Ler::r\:gz:bzeggi Lsr'nvye es scales. The combined SPT-3G measurements presented in
9 9 q » SP YPCS+his work represent a significant improvement for cosmo-

and angular multipoles. . . )
We present cosmological parameter constraints from thlgglcal constraints from ground-based CMB datend are

SPT-3G 2018 TT=TE=EE band powersThis is the first an important demonstration for future experiments, such as

analysis using SPT-only measurements of all three primarCyMB_S4 [69].

CMB power spectra and the complete dataset provides the
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TABLE VII. Comparison of marginalized constraints and 68% errors of ACDM free and derived parameters from
SPT-3G 2018 TE=EE data using the originahd updated likelihood.

SPT-3G 2018 TE=EE (Original) SPT-3G 2018 TE=EE (Updated)

Q,h? 0.02241 0.00032 0.02218 0.00035
Q.h? 0.1152 0.0037 0.1145 0.0043
100Qc 1.03963 0.00073 1.04013 0.00081
10°A ™ 1.811 0.040 1.800 0.041
Ng 1.000 0.019 1.008 0.021
Ho [km s Mpc™] 68.7 1.5 69.0 1.7

Og .\ feeren oo ee oo on o o or o o ot oo 0.788 0.016 0.786 0.018
S = 08p fgglnfflif(l{fgflfflfflfflfflfflfflfflfflfflffl 0.779 0.042 0772 0.047
Qp 0.706 0.021 0.710 0.023
Age=Gyr 13.809 0.049 13.813 0.052
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APPENDIX A: UPDATES TO THE Only HEALPIX Sky, mask the map USing the data apOdization
POLARIZATION ANALYSIS PIPELINE mask, and project the curved-sky map into a flat-sky map.

We estimate the correlation matrix using the scatter of the
We make two key updates to the analysis of the TE=ERower spectra of the 1,000 flat-sky mapsThe recovered
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| %750 and p < 0.4 at | 2 2000. This correlation is high  The parameter uncertainties generally widen with the
compared to pastand contemporary ground-based CMB updated covariance, by at most 15% for Q.2 The

addition of TT data to the updated covariance allows

for as good as or better parameter constraints than

http:/healpix.sf.net/. reported in D21.
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— Original TE/EE Likelihood —— Updated TE/EE Likelihood
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FIG. 13. Marginalized posterior distributions for core ACDM andyHrom the original (black) and updated (blue) SPT-3G 2018
TE=EE likelihood. The posteriors widen slightly; the largest change is a 15% correctiontd theétainty. The shift to the central
values of parameter constraints are less than the size of the new error bars.

APPENDIX B: BASELINE PRIORS

We presentthe baseline priors used in the likelihood

We fit combinations of the cross-spectra of the 14317,

353, and 545 GHz Planck PR3 half-mission maps [80]
analysis and the best-fitalues of nuisance parameters in calculated on the SPT-3G survey field to the best-fit Planck
ACDM in Table VIII. CMB spectrum plus galactic dustand extragalactic fore-

We briefly present updates made to the galactic dust préspunds. We ensure the resulting constraints on the galactic
calculation of D21 here. We model the spectral dependendgst parameters are robust with respect to the modeling of
of galactic dust using a modified black-body spectrum andxtragalactic foregrounds and the bin width of the cross-
retain the angular dependence of D2ile. using a power  spectrum band powers. We conservativelywiden the
law. The spectra are normalized at 150 GHz and | 7 80. constraints the data provide on the galactic dust amplitudes

TABLE VIII.  Overview of nuisance parameters in the SPT-3G 2018 likelihood and baseline pridasissian

priors are listed as N 6y; abwhere p is the mean and o the standard deviationBest-fit values for nuisance
parameters are given in brackets. All amplitude parameters are in unit€ of Kbest-fit values of all nuisance
parameters lie within 1.20 of the central values of their priors. The prior on the optical depth to reionization is not
used when including Planck data in the analysis.

Parameter Prior Description

General

T N 60.0540; 0.0074p Optical depth to reionization

100k N 60; 0.045b740.0 Super-sample lensing convergence
Temperature

Agirrus N 61.88; 0.48b%21.93 Galactic cirrus amplitude

qeirus N 6-2.53; 0.05b%2—-2.53 Galactic cirrus power law index

poirrus N 61.48; 0.02P721.48 Galactic cirrus spectrahdex
Dg&l)sosgg& N 651.3; 9.4p562.61 TT Poisson power for 95 x 95 GHz
Dg&l)sosggjﬂso N 622.4; 7.1p%227.9 TT Poisson power for 95 x 150 GHz
Dg&i)%s;ggj;zo N 620.7; 5.9p7224.3 TT Poisson power for 95 x 220 GHz
Dggg)zs;?ggxso N 615.3; 4.1p%216.7 TT Poisson power for 150 x 150 GHz
D?F”gg)%sgggjzzo N 628.4; 4.2p"528.6 TT Poisson power for 150 x 220 GHz
Dg’&i)%s;gggjzzo N 676.0; 14.9p%278.5 TT Poisson power for 220 x 220 GHz
Ag(ljB-C'_ N 63.2; 1.8p%55.2 CIB clustering amplitude

pCiB-dl, N 62.26; 0.38p%21.85 CIB clustering spectraindex

ATSZ N 03.2; 2.4b%%4.7 TSZ amplitude

4 N 60.18; 0.33p%20.09 TSZ-CIB correlation

AKSZ N 83.7; 4.6b"23.7 KSZ amplitude
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TABLE VIIl. (Continued)

Parameter Prior Description

Polarization

Dg’ggsos:ggfg% N 80.041; 0.012p20.041 EE Poisson power for 95 x 95 GHz
Dg’gg)%s;ggﬁ%o N 80.0180; 0.0054b%20.0177 EE Poisson power for 95 x 150 GHz
Dgg(i)%s;gg?fz'fzo N 60.0157; 0.0047pb20.0157 EE Poisson power for 95 x 220 GHz
Dg&l)sosqgoExﬁso N 80.0115; 0.0034p%20.0115 EE Poisson power for 150 x 150 GHz
DESB%S;?%EJZZO N 60.0190; 0.0057p%20.0188 EE Poisson power for 150 x 220 GHz
DE’&B%S;%%EXEZO N 60.048; 0.014b%20.048 EE Poisson power for 220 x 220 GHz

AlS N 60.120; 0.051p%20.138 TE amplitude of polarized galactic dust
Ot N 6-2.42; 0.04P%.-2.42 TE power law index of polarized galactic dust
Bre N 81.51; 0.04b%21.51 TE spectralindex of polarized galactic dust
AEE N 60.05; 0.022b%20.052 EE amplitude of polarized galactic dust
Ogg N 8-2.42; 0.04P%:-2.42 EE power law index of polarized galactic dust
Bee N 81.51; 0.04P%21.51 EE spectralindex of polarized galactic dust
Calibration

T GHz N 81.0; 0.0056b%:1.0 Temperature calibration at 95 GHz

T80 GHz N 61.0; 0.0056b%20.9975 Temperature calibration at 150 GHz

T220 GHz N 61.0; 0.0075b%20.9930 Temperature calibration at 220 GHz

E25 chz N 81.0; 0.0087b%1.0009 Polarization calibration at 95 GHz

E150 GHz N 61.0; 0.0082b%21.0020 Polarization calibration at 150 GHz

E220 GHz N 61.0; 0.016pP?%21.019 Polarization calibration at 220 GHz

by a factor of 3 before adopting them as priors in our cosmological analysis. The baseline priors on galactic dust are listed

in Table VIII.

APPENDIX C: MULTIFREQUENCY BAND POWERS

We present the full multifrequency power spectrum measurements in Tables IX-XI below.

TABLE IX. TT multifrequency band power measurements, Bnd associated uncertaintieg, (both in units of pk) for a given

angular multipole range and the window function-weighted multipolg.|

| Range . 95x95GHz 95x150 GHz 95x220GHz 150 x 150 GHz 150 x 220 GHz 220 x 220 GHz
Dp Ob Dy Op Dy Op Dy Op Dy Ob Dy Op
750-800 775 2549.3 839 2556.1 84.1 25835 92.3 2567.7 85.3
800-850 825 26735 79.2 26820 79.3 26828 874 2694.6 80.5
850-900 874 21915 73.7 21859 739 21858 80.9 21875 751
900-950 925 15944 531 1602.2 53.2 16413 594 1618.7 54.2
950-1000 974 12158 39.5 1211.3 396 12134 446 1211.0 404
1000-1050 1024 1024.5 34.4 1014.3 34.2 1009.6 38.7 1009.8 348 10141 404 1050.0 52.3
1050-1100 1074 1244.8 35.8 1237.7 355 12474 396 1236.6 36.0 12546 411 1291.8 519
1100-1150 1124 1243.4 37.1 1238.0 36.7 1223.3 40.7 12404 372 1236.7 420 1266.1 52.1
1150-1200 1174 1223.5 37.7 1214.2 37.3 12123 408 12112 377 12161 419 1239.0 50.9
1200-1250 1224 940.3 29.0 926.8 28.6 943.7 322 9215 291 950.9 33.3 1011.0 424
1250-1300 1274 792.3 235 780.9 229 766.8 26.1 7786 23.2 776.3 26.9 798.8 359
1300-1350 1324 753.0 21.8 7448 21.3 746.0 24.6 7441 217 7578 254 809.8 33.9
1350-1400 1374 797.3 248 786.4 24.2 7759 26.9 7828 244 7837 276 811.3 351
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TABLE IX. (Continued)

| Range | o 95x95GHz 95x150GHz 95 x220 GHz 150 x 150 GHz 150 x 220 GHz 220 x 220 GHz
Dy Op Dy Op Dy Op Dy Op Dy Op Dy Op
1400-1450 1424 828.7 24.7 818.0 241 819.6 26.8 818.0 244 833.5 27.6 881.0 34.9
1450-1500 1474 7745 224 766.8 21.7 7726 245 766.1 221 783.2 252 8256 32.6
1500-1550 1524 653.0 196 643.3 19.0 656.6 21.5 642.3 19.2 666.9 22.0 7242 29.2
1550-1600 1574 517.8 14.8 501.6 141 4976 16.7 4954 14.2 503.3 17.2 550.5 24.9
1600-1650 1624 436.4 13.7 4211 131 4121 155 416.6 13.3 421.8 16.0 467.8 23.6
1650-1700 1674 4265 119 4129 113 4114 142 407.7 116 420.2 147 4736 22.8
1700-1750 1724 4244 13.2 413.2 12.6 412.0 15.3 411.3 12.9 422.7 15.8 484.8 23.6
1750-1800 1775 408.9 12.0 3953 114 4046 14.2 3943 117 417.0 147 4775 225
1800-1850 1824 3905 11.0 3721 10.3 362.0 129 3654 10.5 370.0 133 4151 21.0
1850-1900 1874 309.6 9.9 2884 9.1 283.1 11.7 280.1 9.3 2911 119 356.4 19.6
1900-1950 1925 264.0 8.7 2503 7.9 253.7 10.4 247.9 8.0 2655 105 317.3 184
1950-2000 1974 2794 8.5 256.6 7.6 241.7 101 248.9 7.7 253.0 10.2 319.1 18.2
2000-2100 2051 264.0 4.5 245.8 4.0 242.7 5.4 241.3 4.1 253.9 55 317.3 10.0
2100-2200 2152 2151 41 192.8 3.6 189.5 5.0 186.1 3.7 198.8 5.0 2514 9.8
2200-2300 2250 170.0 34 146.2 27 1453 4.3 141.5 2.8 157.5 4.2 240.8 9.3
2300-2400 2350 158.6 3.2 138.8 25 1324 4.2 135.5 2.5 155.4 3.9 230.5 9.3
2400-2500 2451 1426 3.0 1179 23 1205 39 111.4 2.2 132.1 3.6 216.0 9.2
2500-2600 2550 128.0 2.9 98.7 2.1 93.8 3.8 91.8 2.0 107.7 3.4 178.6 9.3
2600-2700 2649 122.7 2.9 91.6 1.9 84.8 3.8 85.7 1.9 106.1 3.2 191.6 9.4
2700-2800 2750 1185 2.9 85.1 1.9 75.1 3.9 74.6 1.7 87.9 3.2 183.0 9.7
2800-2900 2850 107.3 2.9 74.8 1.8 718 3.9 64.9 1.6 89.7 3.1 2075 10.1
2900-3000 2947 109.5 3.1 70.5 1.8 59.8 4.1 58.4 1.6 75.6 3.1 154.3 105

TABLE X. TE multifrequency band power measuremeidg, and associated uncertaintieg, (both in units of pke) for a given
angular multipole range and the window function-weighted multipolg.I The data have been minorly updated from D21.

| Range | o 95x95GHz 95x150 GHz 95x220GHz 150 x 150 GHz 150 x 220 GHz 220 x 220 GHz
Dp Op Dy Op Dy Op Dy Op Dy Op Dy Op
300-350 326 88.7 12.0 933 12.2 99.7 13.9  101.1 12.7 110.2 14.4 113.2 20.3
350-400 375 43.8 8.8 425 8.7 36.6 10.7 427 9.2 40.7 11.3 39.9 17.2
400450 425 -449 76 -456 7.3 -43.0 9.2 -47.8 7.5 -47.0 9.5 -43.2 15.0
450-500 475 -69.1 6.7 -69.0 6.3 -64.9 79 -=70.0 6.4 -64.4 8.0 -53.0 13.2
500-550 525 -341 55 =347 50 -48.2 6.7 -3438 5.2 -46.6 6.7 -57.9 121
550-600 575 11.9 6.2 11.3 5.9 15.2 7.4 10.5 6.1 15.5 7.5 20.7 12.3
600-650 625 24.2 70 239 6.7 21.5 8.2 24.5 7.0 23.0 8.3 21.3 12.7
650-700 674 -63.6 77 -63.4 74 -58.0 8.7 -63.1 7.5 -59.1 8.8 -59.7 12.9
700-750 725 -1199 7.3 -121.2 6.9 -1140 83 -1228 70 -1157 8.3 -104.7 126
750-800 774 -121.7 7.3 -120.7 6.7 -124.1 83 -1214 6.8 -126.0 82 -1241 128
800-850 824 -52.8 56 -50.6 48 -43.2 6.8 -48.6 5.0 -39.9 6.7 -25.5 12.0
850-900 874 41.2 58 38.5 5.1 38.5 6.9 36.7 5.3 37.2 6.9 36.6 11.8
900-950 924 547 55 56.1 4.9 58.9 6.6 56.9 5.1 61.3 6.6 70.1 11.2
950-1000 974 125 5.3 13.1 49 144 6.3 13.9 5.0 13.7 6.3 17.9 10.6
1000-1050 1024 -52.2 56 -51.9 52 -554 6.5 -51.8 5.4 -55.7 6.5 -56.4 10.5
1050-1100 1074 -75.8 53 =747 47 -719 6.2 -73.7 4.9 -72.0 6.1 -69.8 10.4
1100-1150 1124 -48.4 46 -52.8 39 -584 56 -55.9 4.1 -60.2 5.5 -65.8 10.1
1150-1200 1174 -9.7 42 -101 3.4 -6.9 52 -10.8 3.6 -7.1 5.1 -1.9 9.9
1200-1250 1224 4.9 4.1 4.3 3.4 4.2 5.1 4.3 3.6 4.3 5.0 8.3 9.7
1250-1300 1274 -15.4 41 -158 34 -17.2 51 -16.1 3.6 -16.7 49 -16.3 9.5
1300-1350 1324 -47.3 42 -48.2 3.5 -43.6 51 -491 3.6 -42.8 5.0 -39.5 9.5
1350-1400 1374 -62.0 43 -62.0 35 =553 53 -63.0 3.7 -56.7 5.1 -47.3 9.9
1400-1450 1424 -41.2 41 -419 3.1 -41.2 52 -429 3.3 -41.0 5.0 -30.7 10.1
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TABLE X. (Continued)

95x95GHz 95x150GHz 95 x220 GHz 150 x 150 GHz 150 x 220 GHz 220 x 220 GHz
Dy Cp Dy Op Dy Op Dp Op Dy Op Dp Op

1450-1500 1474 -109 39 -11.8 28 -86 50 -13.0 3.0 -9.9 4.7 -4.2 10.0
1500-1550 1524 8.5 3.6 9.1 2.6 4.8 4.7 10.2 2.8 5.9 4.5 -7.3 9.7
1550-1600 1574 -3.8 35 -038 26 4.2 4.5 1.1 2.8 0.3 4.3 -5.1 9.4
1600-1650 1624 -13.9 34 -154 26 -157 44 -145 27 133 4.1 -8.0 9.3
1650-1700 1674 -31.1 3.3 -32.0 24 -324 43 -331 25 =317 40 -329 9.4
1700-1750 1724 -22.0 34 -24.0 23 -259 44 -26.0 25 267 4.1 -25.0 9.7
1750-1800 1775 -158 3.3 -15.2 22 -176 44 147 24 174 40 -214 9.9
1800-1850 1824 -14.2 3.2 -10.0 2.1 =71 4.3 -8.4 2.2 -7.3 3.9 34 9.8
1850-1900 1874 -3.9 3.1 -33 20 -5.1 4.1 -3.4 2.2 -3.3 3.8 -126 9.7
-11.2 20 -10.8 41 -113

| Range | oif

1900-1950 1924 -11.9 3.0 2.1 -10.9 3.7 -13.9 9.7
1950-2000 1975 -15.1 3.1 -164 20 -17.8 41 -164 2.1 -17.2 3.7 -18.6 10.0
2000-2100 2050 -16.1 1.7 -14.2 1.0 -146 23 -13.7 1.1 -13.9 20 177 5.6
2100-2200 2150 -5.4 16 -438 1.0 -91 2.3 -4.3 1.1 -5.8 2.0 3.5 5.9
2200-2300 2250 -7.7 16 -64 09 -39 2.3 -5.0 1.0 -3.6 1.9 -8.8 6.1
2300-2400 2350 -8.9 1.7 -8.8 09 -10.5 24 -9.3 1.0 -10.5 19 -196 6.4
2400-2500 2450 -7.5 1.7 -47 09 -57 2.4 -2.3 0.9 -0.4 1.9 0.3 6.7
2500-2600 2550 -0.9 1.7 -42 09 -40 2.5 -3.6 0.9 -5.1 1.9 -141 7.0
2600-2700 2649 -4.9 1.8 -33 09 -6.6 2.6 -3.2 0.9 -3.7 1.9 -2.4 7.4
2700-2800 2749 1.5 19 -21 1.0 52 2.8 -3.8 0.9 1.9 2.0 16.4 7.9
2800-2900 2849 2.5 2.1 0.2 1.0 -0.2 3.0 -0.7 1.0 -54 2.1 -3.9 8.4
2900-3000 2946 -7.8 23 -23 1.1 -5.5 3.2 -2.2 1.0 0.8 2.2 16.9 9.0

TABLE XI. EE multifrequency band power measurements, &hd associated uncertaintieg, (both in units of pk) for a given
angular multipole range and the window function-weighted multipolg.I The data have been minorly updated from D21.

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

| Range | off

Dy Op Dp Op Dy Op Dy Op Do Op Dy Op
300-350 325 13.1 1.1 12.7 1.1 11.9 1.3 13.0 1.1 12.5 1.3 11.7 2.0
350-400 375 197 1.3 20.4 1.3 18.7 1.5 20.9 1.3 19.5 1.5 17.5 2.3
400-450 425 19.0 1.2 18.7 1.1 17.7 1.3 18.9 1.1 18.1 1.3 17.2 2.1
450-500 475 11.2 0.7 11.9 0.7 11.0 0.9 12.4 0.7 10.9 0.9 9.2 1.7
500-550 524 71 0.5 7.2 0.4 7.5 0.6 6.9 0.4 8.1 0.6 9.1 15
550-600 575 111 0.7 11.2 0.6 121 0.9 11.7 0.7 11.6 0.9 11.2 1.9
600-650 624 29.1 1.3 29.3 1.2 28.7 1.5 29.8 1.2 29.2 1.4 33.3 25
650-700 674 39.0 15 38.9 1.3 38.9 1.7 38.5 1.4 39.0 1.7 39.7 2.9
700-750 725 337 1.4 34.2 1.3 32.6 1.7 34.7 1.3 33.5 1.6 31.5 29
750-800 774 21.2 1.1 20.7 0.9 21.7 1.3 20.2 0.9 20.9 1.2 22.2 27
800-850 824 13.2 0.8 13.3 0.6 13.0 1.0 13.6 0.6 13.1 0.9 13.2 25
850-900 874 16.9 0.9 17.1 0.7 17.6 1.2 16.9 0.8 17.4 1.1 18.6 2.9
900-950 924 31.8 1.3 31.3 1.1 30.3 1.6 31.3 1.1 31.7 1.5 28.8 3.4
950-1000 974 41.3 1.6 40.2 1.4 40.1 2.0 40.3 1.4 39.1 1.9 35.8 3.9
1000-1050 1024 39.4 1.6 38.2 1.3 38.7 2.0 38.1 1.4 36.6 1.9 39.6 4.1
1050-1100 1075 26.1 1.3 26.1 1.0 24.6 1.7 26.1 1.1 24.8 1.5 19.8 3.9
1100-1150 1124 15.5 1.0 15.1 0.7 14.4 1.4 14.8 0.7 13.6 1.2 10.4 3.8
1150-1200 1174 13.1 1.0 12.2 0.7 10.7 1.4 12.5 0.7 11.8 1.2 12.2 4.0
1200-1250 1224 20.6 1.3 21.7 0.9 23.6 1.7 21.9 1.0 21.9 1.5 17.5 4.5
1250-1300 1275 29.9 1.5 29.0 1.1 28.1 2.0 29.3 1.2 26.4 1.8 26.1 5.0
1300-1350 1325 31.2 1.6 30.7 1.1 28.1 2.1 31.8 1.2 27.9 1.9 23.7 54
1350-1400 1374 241 1.4 22.3 1.0 21.8 2.0 22.0 1.0 24.5 1.7 38.9 5.6
1400-1450 1424 14.2 1.3 12.9 0.8 11.7 1.9 12.4 0.8 111 1.5 5.3 57
1450-1500 1474 10.9 1.3 10.1 0.7 11.3 2.0 10.3 0.8 13.2 1.5 18.7 6.1

(Table continued)
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TABLE XI. (Continued)

95 x95GHz 95 x 150 GHz 95x220 GHz 150 x 150 GHz 150 x 220 GHz 220 x 220 GHz

| Range | off
Dy Op Dy Op Dy Op Dy Op Dy Op Dy Op

1500-1550 1524 15.0 1.4 15.3 0.8 12.4 2.2 14.0 0.9 10.9 1.7 7.8 6.5
1550-1600 1574 22.1 1.6 20.8 1.0 21.8 2.4 20.9 1.0 23.7 2.0 23.1 7.0
1600-1650 1624 17.6 1.7 19.9 1.0 20.2 2.6 20.5 1.1 21.3 2.1 23.3 7.4
1650-1700 1674 19.2 1.7 18.3 1.0 14.4 2.6 17.9 1.0 18.5 2.0 12.6 7.7
1700-1750 1724 7.4 1.7 10.1 0.9 10.7 2.6 10.4 0.9 13.9 1.9 0.3 8.1
1750-1800 1775 10.1 1.7 8.7 0.9 111 2.7 8.4 0.9 79 1.9 14.5 8.6
1800-1850 1825 8.3 1.8 9.0 0.9 5.7 2.9 9.5 0.9 53 2.1 -0.4 9.1
1850-1900 1874 9.7 2.0 9.7 1.0 9.5 3.1 9.7 1.0 12.8 2.3 13.8 9.7
1900-1950 1924 12.7 21 12.8 1.1 17.9 3.3 11.8 1.1 7.6 2.4 0.6 10.3
1950-2000 1975 12.4 2.2 10.1 1.1 8.8 3.4 11.3 1.1 13.7 25 6.0 10.9
2000-2100 2049 6.7 1.2 6.2 0.6 7.7 2.0 6.3 0.6 6.1 1.4 4.7 6.4
2100-2200 2148 53 1.3 55 0.7 1.0 2.2 53 0.6 5.2 1.5 9.1 7.2
2200-2300 2249 7.4 1.5 7.6 0.7 6.6 2.5 5.9 0.7 7.0 1.7 8.6 8.1
2300-2400 2349 1.2 1.7 2.6 0.8 41 2.8 4.8 0.7 1.0 1.8 13.0 8.8
2400-2500 2449 6.6 1.9 4.0 0.9 52 3.0 2.6 0.8 51 1.9 -0.9 9.7
2500-2600 2549 2.7 2.1 25 0.9 04 3.3 2.6 0.9 3.0 2.1 -2.5 10.6
2600-2700 2649 5.8 2.3 0.5 1.0 0.0 3.7 2.3 0.9 2.2 2. 10.3 11.6
2700-2800 2749 -0.8 2.6 0.8 1.2 9.1 4.1 2.0 1.0 3.5 2.6 -5.3 12.8
2800-2900 2849 0.9 3.0 3.1 1.3 4.6 4.6 0.5 1.2 -3.2 2.9 -6.2 14.0
2900-3000 2946 -2.0 3.4 -2.6 1.5 -7.2 51 1.0 1.3 7.3 3.2 -4.2 15.5

APPENDIX D: DIFFERENCE SPECTRA

We follow Planck Collaboration et al. [41] and form difference sped4 N\ D - D', whereD " are foreground-
subtracted multifrequency band powers. The covariance of a difference specttff i A CH*<"AT, where @ is the
2 x 2 matrix of the relevant covariance blocks and A V4 dl; —1b.

We show the TT, TE, and EE difference spectra in Figs. 14-16, respectively.While we observe no significant
features, such as slopes, constant offsets, or signal leakage, the TT difference spectra show a dip at | = 2350. This is
caused by a bifurcation of the multifrequency spectra over a region of Al = 300 width, with higher frequencies seeing a
stronger signal. This feature is not present in the polarization spectra. It is not clear what is causing this bifurcation; for
unmodeled foreground contaminationye expect to see a slope in the difference spectra, rather than a well-localized
feature. Ultimately, this feature is not statistically significant: comparing the 45 difference spectra to zero using @ x
statistic, the lowest PTE value is 5% (150 x 220 GHz — 95 x 95 GHz TT). We conclude that the difference spectra are
consistent with zero and take this as further evidence that the multifrequency band powers are consistent with measuring
the same underlying signal.
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FIG. 14. Relative TT difference spectra as indicated by the row and column labels, i.e. diﬁerencé%@d’rﬂd&d by the square

root of the associated covariantﬁé‘,‘;ﬁ. The blue shading indicates the range of 1 — 30 fluctuations, while gray indicates data excluded
in the analysis. We conservatively exclude all TT data at | < 750. This is motivated by the shape of the transfer function, which slowly
rises and plateaus at | = 750; the common-mode filter removes TT power on large and intermediate angular scales. We further exclud
150 x 220 GHz and 220 x 220 GHz TT spectra at | < 1000, based on our model for correlated atmospheric noise. The PTE values are
indicated in the top right corner of each panel. All PTE values are in the 95th percentile and the multifrequency spectra are in good
agreementith one another.
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FIG. 15. Relative TE difference spectra as indicated by the row and column labels, i.e. differenc@ﬁﬁ‘écﬁna’d&d by the square

root of the associated covarian@é‘f;ﬂ. The blue shading indicates the range of 1 — 30 fluctuations and PTE values are given in the top
right corner of each panel. All PTE values are in the 95th percentile and the multifrequency spectra are in good agreement with one
another.
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FIG. 16. Relative EE difference spectra as indicated by the row and column labels, i.e. differencﬁﬁ‘édixddéd by the square

root of the associated covarianc‘g\%(f“g. The blue shading indicates the range of 1 — 30 fluctuations. The multifrequency spectra are in
good agreement with one another, as evidenced by the PTE values (given in the top right corner of each panel) which all lie in the 95t
percentile.
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APPENDIX E: MULTIFREQUENCY RESIDUALS

We show the residuals of the SPT-3G 2018 TT=TE=EE multifrequency band powers to the besAf@DM model
in Fig. 17.
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FIG. 17. Relative residuals of the SPT-3G 2018 TT=TE=EE multifrequency band powers to the best-fit ACDM model, i.e. difference
between the SPT-3G data and the model prediction scaled by the error bar of the band powers measurement. The blue shading indic:
the range of 1 - 30 fluctuations. Note that the SPT-3G band powers are correlated by up to 40% for neighboring bins. The residuals a
consistent with zero and the standard model provides a gootbfithe data.
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