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We presentconstraints on extensions to the ACDM cosmologiaalodel from measurements of the
E-mode polarization autopowespectrum and the temperature-E-mode cross-powarectrum of the
cosmic microwave background (CMB) made using 2018 SPT-3G dHt&. extensions considered vary
the primordial helium abundancethe effective number of relativistic degrees of freedorthe sum of
neutrino massesthe relativistic energy density and mass o# sterile neutrino,and the mean spatial
curvature.We do not find clear evidence forany of these extensionsfrom either the SPT-3G 2018
dataset alone or in combination with baryon acoustic oscillation and Planck d&tae of these model
extensions significantly relax the tension between Hubble-constégtconstraints from the CMB and
from distance-ladder measurements using Cepheids and supernbvaaddition of the SPT-3G 2018
data to Planck reduces the square-roatf the determinants ofthe parametercovariance matrices by
factors of 1.3-2.0 acrossthese models,signaling a substantialreduction in the allowed parameter
volume. We also explore CMB-based constraints ongHrom combined SPT Planck,and ACT DR4
datasets. While individual experiments see some indications of differenéldes between the TT, TE,
and EE spectra,the combined H, constraints are consisterttetween the three spectraF-or the full
combined datasetsye reportH, ¥ 67.49 0.53 km s™' Mpc™, which is the tightestconstrainton H,,
from CMB power spectra to date and in 4.10 tension with the most precise distance-ladder-based
measuremendf Hqy. The SPT-3G survey is planned to continue through déast2023, with existing
maps of combined 2019 and 2020 data already having ~3.5 x lowemoise than the mapsused in
this analysis.

DOI: 10.1103/PhysRevD.104.083509

I. INTRODUCTION CMB has been crucial in establishing the six-parameter
ACDM model as the standard model of cosmology.
Despite its achievementspme questions regarding the
ACDM model remain open, such as: is the preference for
different cosmologies between large and smalangular-
scale CMB data physical [5-9]? What is the origin of the

Measurementsof the cosmic microwave background
(CMB) provide a unique opportunity to learn aboutthe
early universe and its evolution over cosmic time. A
combination of satellite and ground-based observations

have provided a sample-variance-limited view ofCMB tension between high- and low-redshifineasurements of
temperatureanisotropy down to few-arcminute scales, . . .
the expansion rate, and can simple model extensions

beyond which foreground signals dominate [1-4]. The reconcile it [10,11]? The persistence ofthese and other

snapshot of conditions in the early universe provided by t?eensions,as well as unsolved fundamentaphysics prob-

lems, such as the nature of dark matter and dark energy, is
"Ibalkenhol@student.unimelb.edu.au a key motivation for further theoretical study of cosmology
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[12] and construction of more sensitive CMB experi- When analyzing the expansion rate constraints, we
ments [13,14]. choose to compare the CMB results to the distance-ladder
Measurements of the CMB polarization on intermediatemeasurementf R20 using Cepheids and supernovae,
and small angular scales present an excellent opportunitydecause ofthe high precision on H,. We note that the
investigate these questions. The E-mode polarization aut@istance-ladder data calibrated using the tip of the red giant
power spectra (EE) and the temperature-E-mode cross- pranch (TRGB) by Freedman et al. [21] agreeswith
power spectra (TT) contain as much information as the  contemporary CMB experiments as well as R20, although
temperature power spectrum (TT) [15kith extragalactic  the TRGB and Cepheid approaches lead to significantly
foregroundsrelatively dimmer at small angular scales ifferent distances to some supernova-host nearby galaxies
[16-18]. Thus CMB polarization observations can act both 1] There are also independenif, more uncertain,con-
as an importantconsistency check on the stringenton-  ctraints on H o using time-delay cosmography [22,23].
straints derived from temperature data and as a source ofy,\vever for simplicity, we restrict the comparisons in
additional and complementary information on the ACDM s work to the most precise localmeasuremendf H,
model and its extensions. Improving these measurements;is;, R20.
one focus of contemporary ground-based CMB experi-  Thig naner is structured as follows. In Sec. I we review

ments. Precision measurements out to few-arcminute Scajfs jatasets used in this work and the likelihood used to
have been carried out recently by the Atacama Cosm()logéfbtain cosmological parameter constraints. We report con-
E:Zzggp: gég_-R [[[3’7]?;(')‘?2?5:;5 %]é$]nd the South Pole straints on ACDM extensions and evaluate their inferred

P b ’ expansion rates in Sec. lll. We scrutinize Hubble constant

D21 presented TE and EE power spectrum measure- . o .
. constraints from temperature and polarization spectra in
ments from the 2018 observing season of the SPT-3G Sec.V before concluding in Sec.

1500 deg® survey. Fromthe SPT-3G 2018 band-
powers,D21 inferred an expansion rate ofH, ¥4 68.8
1.5km s’ Mpc‘1, under the ACDM model, in line with Il. DATASETS AND FITTING METHODOLOGY
other contemporary CMB experiments [2,10bnd lower A. The SPT-3G 2018 EE=TE dataset
than the distance-ladder measurement of Riess et al. [[11],
hereafterR20] using Cepheidsand supernovaeln this
paperwe consider the implications of the D21 TE and

This work explores the cosmologicalimplications of
the first power spectrum measurements from the SPT-3G

EE bandpowers for extensionsto the ACDM model. instrument,which were presented by D21.The E-mode
We assesswhether these extensionshelp reconcile the ~ @utospectrum and temperature-E-modecross-spectrum

tension between high- and low-redshift probes of the bandpowersare based on observationsof a 1500 deg?
Hubble constant. region taken over four months in 2018 at three frequency

Specifically, we utilize the SPT-3G 2018 bandpower  bands centered on 95, 150, and 220 GHz, which result in
measurements to constrain models with a strong impact d#plarized map depths of 29.6, 21.2, and 75 pK-arcmin
the damping tail, by allowing the effective number of  (averaged across 1000 < | < 2000)espectivelyThe EE
neutrino species N, to vary from the standard model ~and TE bandpowers span the angular multipole range
prediction and by breaking big-bang nucleosynthesis 300 <1< 3000. Despite the truncated 2018 observing
(BBN) consistency to change the primordial helium abun-season, the SPT-3G 2018 bandpowers improve on previous
dance, %. We also constrain the sum of neutrino masses,SPT results across 300 < | < 1400 for EE and 300 < | <
Tm,, the effective mass of one additional sterile neutrino, 1700 for TE [7] and are sample-variance dominated at | <
mef 1 and spatial curvature,QWhile the SPT-3G 2018 1275 and | < 1425 for EE and TE, respectively.The
bandpowers alone can constrain each dhese cosmolo- bandpowers provide precise measurements on the angular
gical extensionswe also look at joint constraints when —scales where hints of physics beyond the standard model
combined with data from the Planck satellite and baryon may hide.
acoustic oscillation (BAO) data. After presenting the We adopt the likelihood used in D21, which accounts for
constraints these datasets place on each modeljnves- the effects of the aberration due to relative motion with
tigate the results for H, more closely and discuss any  respect to the CMB rest frame [24uper-sample lensing
relevant degeneraciesin the full parameter space. [25], polarized foregroundsyncertainty in the calibration
Motivated by the higher values of H,, inferred from the  of the bandpowersand uncertainty in the beam measure-
EE spectra of contemporary CMB experiments [D21], we ments. As in D21, we place priors on many of these terms,
look at constraints on the expansion rate from combined which are listed in Table I. We refer the reader to D21 for a
measurements of the temperature versus polarization spedstailed discussion of the likelihood. As reported in Sec. VI
tra across multiple experiments. Furthermore, we report ttef D21, the cosmological constraints from the SPT-3G
tightest constraint on fifrom CMB power spectra to date 2018 dataset are robust with respect to the choice of priors
by combining the temperature and polarization spectra on the nuisance parametefd/e confirm that this remains
from these datasetgnd reevaluate the Hubble tension.  true for the combination of the SPT-3G and Planck datasets
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TABLE I. The Gaussian priors listed here are used for the SPhandpowers of the two experiments are of similar precision
3G parameterconstraints.The list of parameterswith priors across the angular multipole range 300 < | < 2500with
includes the opticadepth to reionization T, mean-field lensing  ACT DR4 being more precise at | > 2500. The ACT DR4
convergence, the amplitude A3 (in uK?) at 150 GHzand  TE pandpowers are more constraining than the SPT-3G
spectralindex a5 of polarized Galactic dusthe EE power of 2018 data acrossthe full angular multipole range. In
Poisson-distributed poinsourcesD350 ' (in WK 2), absolute  contrast to the SPT-3G 2018 datthe ACT DR4 analysis
temperature calibration factorT,, and absolute polarization  glso includes temperature anisotropy measuremerfgr
calibration factor By the Planck satellite [1,10], we use the BASE_PLIKHM_
TTTEEE_LOWL_LOWE set of bandpowerswhich are cos-
mic-variance limited on large to intermediate angular

T 0.0543 0.0073 scales.Because Planck covered the entire sky and does

Parameter Prior

122‘ 0 0.45 not suffer from atmospheric noise, the Planck constraints at
Agg 0.095 0.012 low angular multipoles are stronger than those from SPT-
Z’%E O_ﬁ;f 88722 3G; conversely because Planck has largebeams and a
80 ) ‘ higher white noise level than SPT-3G the SPT-3G con-
Ore -2.42 0.02 , ) o,
DPs:95795 0.041 0012 straints are stronger dtigher I. SpeC|_f|caIIy,the SPT-3G
S9150x150 0.0115 0.0034 2018 TE bandpowers are more precise than the Planck data
'332_02020x220 ) ' at angular multipoles | > 1400. The Planck EE band-
D500 0.048 0.014 power uncertainties are smaller up to | < 800while the
Dgs8=150 0.0180 0.0054 SPT-3G 2018 EE bandpowers yield better constraints at
DiSox220 0.0157 0.0047 angular multipoles | > 1000.
DS 150x220 0.0190 0.0057 In addition to these three main CMB datasetse also
T Ghz 1 0.0049 compare the SPT-3G 2018 constraints to the results from
T150 GHz 1 0.0050 SPT-SZ and SPTpol [7,26] when probing the consistency
T220 GHz 1 0.0067 between temperature and polarization data. We do not look
S 1 0.0087 at joint parameterconstraints from allthree sets of SPT
E150 GHz 1 0.0081 bandpowers due to the significant sky overlap between the
E220 GHz 1 0.016 surveys.

C. BAO datasets

Baryon acoustic oscillation (BAO)measurements pro-
vide information aboutthe expansion history of the uni-
verse atlate times, which is particularly useful to break
) ) y < ' . degeneracies in the CMB data for modeéxtensions that
two, ?”d removing the prioron the poIarlz_at|on calibrationgffect the late-time dynamics [27,28]. This class of models
We find that the constraints on cosmologicabarameters s of particular interest in the context of the Hubble tension.
do not shift significantly and conclude that our results are \yq yse BAO measurements from the BOSS MGS and
robust with respect to the modelled systematic effects. Wgyrgs surveys, which have mapped the low-redshift
take a closer look at the effect of super-sample lensing | niversein great detail [29-31]. We also include the
in the App(_andix A._ The SPT-3G 2018 IikeIi_hood willbe  BOSS measurements of the Lyman—a foreahd quasars
made publicly available on the SPT websitd and the 4t higher redshifts [32]Together these datasets provide a
NASA Legacy Archive for Microwave Background Data  getailed view of the expansion history of the universe

.2
Analysis? across 0.2 <z < 3.5.

(introduced below),by assuming the ACDM model and
doubling the amplitude of polarized galactic dust or
Poisson sources or setting it to zero, increasing the
uncertainty on the beam measuremenby a factor of

B. Other CMB datasets D. Fitting methodology

We place the SPT-3G 2018 dataset in the wider context \We produce cosmological constraints using the Markov
of contemporary CMB experiments by comparing its Chain Monte Carlo (MCMC) packagecosmomc [33].°
cosmologicalconstraints to the ones produced by ACT  cosmomc uses the Boltzmann codeams [34]* to calcu-
DR4 and Planck [2,10]. The recent ACT DR4 bandpowersate CMB power spectra at each point in parameter space.
[2,3] are comparable in constraining power to SPT-3G 20¥8e use the following parameters to describe the ACDM
while observing a different part of the sky. The EE  model: the density of cold dark matterQ.h?; the baryon

1https://pole.uchicago.edu/puinc/data/dutcher21 . 3https://cosmologist.info/cosmomc/.
2https://lambda.gs.fc.nasa.gov/product/spt/index.cfm. *https://camb.info.
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density, Q,h?; the optical depth to reionization, 1; the  effective sterile neutrino massi@rile(Sec. Il E). Finally,
(approximated)angular scale of the sound horizonat  we discuss the implications of the SPT-3G 2018 data for the
decoupling, §c; the amplitude of primordial density per- spatial curvature parametery On Sec. lll F. We highlight
turbations, A, defined at a pivot scale of 0.05 Mpg and  key results in this section and refer the reader to
the scalar spectral indexs. Appendix B for tables containing the full cosmological

D21 presented constraints on the ACDM model from thparameter constraintd/Ve only report constraints for the
SPT-3G 2018 dataset individually and jointly with Planck full SPT-3G 2018 dataset{inding that the consistency
and BAO data. We expand that analysis by considering obetween low and high angular multipole moments seen in
and two-parameter extensions to the ACDM model, drawiD21 for ACDM also extends to the cosmological models
from these five parameters:the effective number of  considered here.
neutrino speciesN; the primordial fraction of baryonic
mass in helium, ¥; the sum of neutrino masses, 2,nthe
effective mass of sterile neutrinos&ffy, ;s and the spatial

curvature, parametrized by, QThe uncertainties reported ! hich i f lth
in this work on these and core ACDM parameters are € Parametrized by i which is normalized to equal three
68% confidence levels. for a thermal distribution of the three neutrino species in the

; PP : - aenstandard modelof particle physics. The expected value
The optical depth to reionization is constrained prlmarllf‘ ) X
by the reionization bump at | < 10 in polarization.Since 'S Nefr 74 3.044,as there is a smalhon-thermal contribu-

these angular scales are nairobed by the around-based tion to the neutrinos from electron-positron annihilation
CMB expgeriments in this wqg:k,we ad);pt agPIanck-based [3_5,36].5 There are a plethora of hypothe;ize_d partiqles that
prior of T % 0.0543 0.007 [10] for all chains that do not Might change the observediNsuch as axionlike particles,
include Planck data. Without this T prior, the ground-basedlidden photons, gravitinos, or massless Goldstone bosons;
CMB constraints show the expected degeneracy betweerf® €xact change in Neg depends on the nature of the
1 and the amplitude of primordial density perturbations. Particle and its coupling to the standard model [13,38].
We point out that Aiola et al. [2] use the prior T % 0.065 V€ presentconstraintsfrom SPT-3G 2018 data on
0.015, which is why we report slightly different results for ACDM b N ¢ in Table V. We find
ACT DRA4.
When reporting joint constraints from SPT-3G 2018, Nes ¥4 3.70 0.70; o1P
Planck, and ACT DR4, we ignore correlations between
different datasetsunless we combine Planck and ACT  which is within 0.90 of the standard modeprediction of
DR4 temperature data, in which case we restrict the angufaP44. As you can see in Fig. 1, in CMB data constraints,
multipole range of the latter to | > 1800 as recommended higher values of }} tend to lead to higher values of, the
by Aiola et al. [2]. The SPT-3G footprint is approximately slightly raised Ny value translates into a higher expansion
1=17th of the Planck observation regiorand the Planck rate, Hy % 73.5 5.2 km s™' Mpc™'. While this is consis-
polarization spectra are not sample-variance dominated tent with the distance-ladder measuremesftH , by R20
on any of the angularscales probed by SPT-3Gwhich ~ (0.050), the large uncertainty on the result means it is also
further reduces the correlation between the two band powesnsistent with CMB-based¥alues in ACDM. As noted
measurements. A simple simulation of the modes measuriedTable I, this model barely changes the quality of fit
by SPT-3G and Planck seeking to approximate these twocompared to ACDM (Ax ¥ -0.2).
features of the data shows that the correlation is at most at The reported centralvalue for N is consistentwith,
the 10% level and drops off with increasing |. We thereforalthough higher thanthe corresponding Planck and ACT
judge correlations between SPT-3G and Planck data to b®R4 values by 1.10 and 1.7arespectivelyFor the latter
negligible and ignore them. The two ground-based surveyshift, we point out that our MCMC analysis of ACT DR4
SPT-3G and ACT DRA4, observe different parts of the skyyields Ny 74 2.34 0.43, which is less than the standard
model prediction. The shift to lower N compared to
ACDM in ACT DR4is  accompanied by shifts along
Ill. COSMOLOGICAL CONSTRAINTS the degeneracy directions in §2 by —-0.0097 and n, by
We now present constraints on extensions to ACDM. We) 048. The constraints based on SPT-3G 2018 move in
begin by looking at three extensions that test for new lightthe opposite way along these same degeneracy axes, which
relics or inconsistencies with BBNvarying the effective  pjaces the central values of @2 and n, 0.082 and 0.039
number of neutrino specied\¢; (Sec.lll A); varying the
primordial helium abundanceYp (Sec.lll B); or varying 5 .
In our MCMC analysis we have assumed the standard model

both parameters (Sec: [l C). We then turnlour attentign tQ aue of Noy % 3.046 based on Abazajian et 487]. However,
questions about neutrino mass, and examine constraints g{is smallchange has a negligible impaci the results of this

the sum of neutrino masses2m, (Sec.lll D), andan  paper.

A. Effective number of neutrino species, Ny
The relativistic energy density in the early universe can
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— 0.82 SPT-3G + Planck
90 — . . - 70 - Planck =
= Coawls — 0.80 =
| o . .'.'.' o S5 lU
2. 80 ﬁ:& 5 %87
= v -078, C
£ 5
= 70 Micss et al. 2020 0.76 =
"'»—'c'o = 64
i : 0.74
60 — : 62 —
| I. | | | | | |
2 3 4 ) 6 2.5 3.0 3.5
Neff Neff
FIG. 1. Left panel:we show samples in the i vs Ng; plane from SPT-3G 2018 chaing;olored according to §, a parameter

describing the amplitude of matter perturbations today. The color range has been chosen to match the 3a range of the latest KiDS-10
results [39]. For comparison, we also show the Planck 2D marginalized posterior probability (black lines), and the 20 intgyval of the H
measuremerfrom the distance-ladder of R20Lhe dotted grey line is the standard modptediction of Ny ¥4 3.044.Right panel:

constraints from Planck (grey) by itself and jointly with SPT-3G 2018 (blue) in thesHNy plane for a ACDM p N, model. The

inclusion of SPT-3G 2018 data tightens the constraint;doyN 1%. Given the high correlation betwegraht! N, there is a similar
refinement of the Hubble constarbnstraint.Contours indicate the 68% and 95% probability regions.

higher than in ACDM, respectively, andiélightly above Ng+ and correspondingly high values of i that overlap
the standard model prediction. with the distance-laddermeasuremenin R20 (the hori-

Two tensions have been noted between Planck data armbntal grey bands). However, such high values gf dhd
low-redshift measurementsin ACDM one 'Bf?fﬁfilﬁmﬁﬁﬁifﬁfd?ﬁ’fﬁﬁﬁfmﬁqfom by the Planck datg (plgck contours), so the
values of H, and higher values of ;=05 Q,,=0.3 a ension permsfcsalthough at lower _S|gn|f|cance due to the
parameter describing the amplitude of matter perturbationi@rger uncertainty on fiwhen varying Ny for CMB data.
today, from Planck data than from low-redshifts measure-The Sg value for each sample in the SPT-3G chains is
ments [10]. The interplay between the inferred constraints@Presented by the colorwith the color range chosen to

from the SPT-3G 2018 bandpowers opeNHo, and § is ~ rePresentthe 3a range of the cosmic shearanalysis by
illustrated in the left panel of Fig. 1¢Nand H, are highly Heymans et al. [39]. Notablyg @aries perpendicular to the

degeneratesuch thatan increase in Ny leads to higher main degeneracy direction in the data, thus allowiggidN

values of H. The SPT-3G data alone allow high values ofvary does little to reduce the tension in constraints o§.S
The right panel of Fig.1 shows the constraints on {\

and Hy from the SPT-3G 2018 and Planck data@he full
results are listed in Table V. In particular, the joint
constraint on the effective number of neutrino species is

Neg ¥ 2.95 0.17; 32b

TABLE Il. Improvementto the quality of fit for the cosmo-
logical models consideredwith respectto ACDM, Ax?
Xicomp ~ Xacom- We have run 10 minimizers without the
annealer for each modednd find that the 2 of the bestthree

runs typically span a range of the order of 0.4Ve also list the

extra degrees of freedom (d.o.f.) added by each model extensidfflich is within 0.60 of - the standard modelprediction.
compared to ACDM. Adding the SPT-3G 2018 bandpowers to the Planck data

tightens the b and H, constraints by 11% and reduces the

Model Ax? Additional d.of.  square-root of the determinants of the parameter covariance
ACDM b N o -0.2 1 matrices in this 7-parameter model by a factor of 1.5 (see
ACDM b Y p 0.1 1 Table IIl).

ACDM b N b Yp -1.8 2

ACDM p Zn;lﬁv 0.0 1 B. Primordial helium abundance, Yp

Qggm E gfter“ep Nt _8; ? The primordial helium abundance is a direct measure of

the equilibrium abundance of neutrons relative to protons
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during BBN, when the reactions thatinterconvertthem  The measuremenbf Hg is improved by 8%, while the
become slow compared to the expansion rateVirtually ~ uncertainty on the helium fraction is essentially unchanged,
all neutrons end up in helium atoms during this period. yielding

The equilibrium abundance when these reactions freeze out

depends on all known forces and as such measurements of Yp ¥4 0.234 0.012: o4b
the primordial helium abundance are a powerful probe of
our understanding of particle physics. This measurement is consistent with the BBN prediction of

The CMB anisotropies are sensitive to the helium  0.2454 (note the BBN prediction varies with the ACDM
abundance because helium’irst electron hasa higher  parameters)at 0.90, as well as the H Il region-based
binding energy than hydrogen’s, which means that the =~ measuremendf Aver et al. [40] (0.90).
helium recombination happens earlier than hydrogen. As a
consequencéncregsing t.he helium abundancg Iovyers the C. Effective number of neutrino species and
free electron density during hydrogen recomt_)lnqtlon. The primordial helium abundance, N + Yp
presence offewer free electronsreducesthe likelihood

for Thomson scattering.The photon mean-free path is , , X o
increased, leading the CMB power spectra at high | to be Y2Ying Ner and Y. Since BBN makes precise predictions

suppressed astructure on small scalesis washed out. for the primordial helium abundance as a function of the

Therefore, CMB power spectrum measurements can Ieve?—ﬁced[ive nu_mber of ne!.ltrino specie_s an_d_other parameters,
age the change in the Silk damping scale to constrain Y the constrainton N o in Sec. Il A implicitly assumes

The constraints from the SPT-3G 2018 bandpowers onthatany extra relativistic species are presedtring both
ACDM b Y are given in Table VWe find BBN and recombination. Simultaneously varying N
P ' and Yp removes this assumption and allows for indepen-

dent constraints on the relativistic energy density during
each epoch.

We presentthe constraintsSPT-3G 2018 places on
which is consistent with the BBN prediction of 0.2454 at ACDM p N .« b Y p in Table V and show the marginalized
0.40 [D21]. The SPT-3G 2018 helium constrainis also 1D and 2D posterior probabilities fogfNand Ys in the left
consistent with the latest CMB results from Planck (0.30, panel of Fig. 2. We find
[10]) and ACT DR4 (0.5a0, [2]), as well as recentmea-
surements of HIl regions of metal-poorgalaxies (0.40, Nei ¥4 5.1 1.2;

[40]). Current measurementof the primordial helium )

abundance areconsistentwith BBN expectations. The Yp % 0.151 0.060: o5k
change to the quality of fit for this model compared to
ACDM is insignificant (Ax? ¥ 0.1, see Table ).

We now look at the constraints when simultaneously

Yp ¥4 0.225 0.052; o3p

The central value of Ny is 1.70 higher than the standard
- ; model prediction of 3.044, while the Yalue is 1.60 lower
We look at_joint constraints from SPT-3G 2018 and than the ACDM prediction of 0.2454; the parameters shift

Planck (see Table V). As noted in Table I, the addition o P

along the degeneracy direction in the N vs Yp plane as
SPT-3G 2018 data t'o the Planck data reduces th? SAYaAreshown in the left panel of Fig. 2. The plot also shows that
root of the determinantsof the parametercovariance

. TR consistency with BBN, as well as departures tg Yalues
matrices in this 7-parametermodel by a factor of 1.4. far below the BBN expectation,are compatible with the
SPT-3G data. The fit quality improves by only’ Ak—-1.8

TABLE lll.  The addition of the SPT-3G bandpowers to the SCTPared to ACDM for two additional parameters (see

Planck power spectra significantly reduces the 68% confidenCﬁTable I!)' The _m'ld preference ls_drlven bY the data at )
volume in parameter space for all extensions considefsdan < 800; removing the lower multipoles shifts the best-fit

approximate measure of the volume reduction, we report here ¥lues toward the ACDM expectations. These apgular-

ratio of the square roots ofthe determinants othe parameter ~scales have been well-measured by Planck, which does not
covariance matrices for Planck-only and Planck p SPT-3G.  share this trend. Similar to Sec. Il A, we find that the shifts

) in the values of )} and ¥, lead to increases in.6f and n

Model Volume Reduction 4 556 and 0.020 compared to ACDMiespectively.

ACDM 1.5 The left panelof Fig. 2 compares the posteriors in the
ACDM b N 1.5 Nei Vs Yp plane from SPT-3G 2018,Planck, and ACT
ﬁggm p LP v 1? DR4. As should be expected,all three show a similar
AGDM E an'ﬁ bYe 13 degeneracy axisyhere increasing i\ decreases ¥ The

off 15 central value of the SPT-3G 2018 constraint is higher along
ACDMb Mysierie ' the Ngg axis (and lower along the ¥ axis) than Planck
ACDM b Qg 2.0 eff ’

which in turn is higher than ACT DR4. Our central value of

083509-7



L. BALKENHOL et al. PHYS.REV.D 104, 083509 (2021)
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FIG. 2. Left: constraints on N and ¥%. The contours indicating the 68% and 95% probability regions inferred from the SPT-3G 2018,
Planck, and ACT DR4 datasets are shown in red (solid), dark grey (dashed), and blue (dash-dotted), respectively. The vertical dotted
grey line indicates the standard model predictigri;N3.044. The solid black line in the lower left panel shows the BBN prediction for
the primordial helium abundance while the light grey band in panelsswhbws the 95% confidence interval of the latest HIl region-
based measuremef0]. Right: successive generations of SPT observations have improved constraintgpowith SPT-3G 2018

achieving a 57% and 15% improvement over SPT-SZ and SPTpol, respectively. The lines show the marginalized 1D pagteriors for N
in the ACDM b N b Y p modelfrom SPT-3G 2018 (redsolid), SPTpol(green,dash-dotted)and SPT-SZ data (bluglashed).

N is 1.80 higher than the Planck valuend larger than  density. The O h? value for ACT DR4 is 2.60 below the

the ACT DR4 value by the same amoun{although itis ~ SPT-3G 2018 result. The low baryon density inferred from
lower than Planck, its associated uncertainty is larger). TH®CT DR4 has been previously noted by Aiola edl. [2],

Yp value from SPT-3G is lower than the Planck and ACT who explain that the shift is related to degeneracies over the
DR4 ones by 1.50 and 1.0arespectively. limited angular multipole range probedRemoving Q h?

To quantify the agreemenbetween SPT-3G 2018 and  from the comparison reduces thé §p 12.7 and raises the
Planck in the full parameter spaceye calculate the §of  PTE to 5%. Outside of the noted variation in the preferred
the differencesin the mean values of the parameters baryon density with ACT DR4, we conclude that the
using the inverse of the sum of parametercovariance parameterconstraintsin the ACDM p N o p Yp model
matrices. We use a combined parameter,10°A;e™", to  are consistent across the three experiments.
accountfor the Planck-based 1 prior used in the SPT-3G ~ The SPT-3G 2018 primordialhelium abundance con-
constraints. Thus the comparison covers seven parametestraintis 1.6a lower than the most precise measurement
0Q,h?%; Q.h?; Byc; 1PAE™"; ng; Negr; Yeb. We find x2 % based on the H Il regions of metal-poorgalaxies [40].
12.3 between the SPT-3G 2018 and Planck datasets, whiéthile the SPT-3G 2018 data alone allow for very high
corresponds to a probability to exceed (PTE) of 9%. This &xpansion rates in the ACDM p Ny b Y p model exten-
within the central 95% confidence interva[2.5%,97.5%] sion, Hy % 80.4 7.2kms~ ' Mpc™!, the addition of
and we conclude that the two datasets are consistent witHPlanck data significantly tightens the H, constraintand
one another. pulls the value down to Hy % 67.7 1.8 kms™" Mpc™".

The same comparison for SPT-3G 2018 and ACT DR4We discuss the results with Planck in more detail below.
yields ¥ ¥ 17.8, which translates to a PTE of 1%. This low Comparison in the ACDM p N o b Y » model shows
PTE is driven by differences in the preferred baryon the improvementacross successive SPT power spectrum
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measurements. We compile the 1D marginalized posterioneutrino hierarchy and the mechanism by which neutrinos
for N¢s as constrained by SPT-SSPTpol,and SPT-3G  attain their mass are key questions. CMB observations
2018 for this two-parameter extension in the right panel ofallow us to constrain the sum of neutrino masses, a2nd
Fig. 2. Across three generations of experiments from SPTare complementary to terrestriaixperimentswhich have
SZ to SPTpol to SPT-3G 2018, the uncertainty on the  so far measured the squared mass splittings and the sign of
effective number of neutrino specieshas shrunk from  one splitting [41-43].
adN,;P ¥4 1.9 to 1.4 to 1.2. Furthermore,we note that We present the constraints on ACDM p Znplaced by
the SPT-SZ and SPTpoldatasets were based on nearly SPT-3G 2018 alone and in combination with BAO and
complete multiyear surveys, whereas the SPT-3G 2018 dBlanck data in Table VI. SPT-3G 2018 alone constrains
was recorded over a four-month period (half of a typical Zm, to 0.69 0.67 eV, with an upper limit of Zm, <
observing season) and data is stikeing collected. 2.0 eV at 95% confidence.We report no change to the
Joint constraintsfrom SPT-3G 2018 and Planck are  quality of fit for this model compared to ACDM (see
given in Table V. Adding the SPT-3G to Planck data  Table II).
reduces the square-root of the determinants of the param- We add BAO measurements to improve the %ncon-
eter covariance matrices in this 8-parametenodel by a  straint. The low-redshiftBAO points significantly reduce
factor of 1.7 (see Table Ill), signalling a substantial the large degeneracy between the expansion rate today
reduction in the allowed parameter volume-or SPT-3G  and sum of the neutrino masses that exists in the SPT-3G
2018 and Planckwe report data alone; the uncertainty on H drops from 5.3 to
0.70 km 8" Mpc™" as can be seen in columns 1 and 3
of Table VI. The upper limit from on ¥m, SPT-3G plus
BAO is

Nog % 3.13 0.30:

Yp ¥4 0.230 0.017: o6p
These values are offset from their standard model predic-
tions by 0.30 and 0.10, respectively.The mean of the
helium fraction posterior is 0.70 less than the H |l region-
based measurement of Aver et [40].

2m, < 0.30 eV 895% CLbp: o7p

This limit is weaker than the 95% CL upper limits of
0.13 eV and 0.24 eV set by Planck and ACT DR4 in
) combination with BAO measurementsrespectively.We
D. Neutrino masses,2m, show the associated marginalized 1D posteriors for all three
The neutrino sector is one of the least understood areasdlatasets in the lefpanel of Fig. 3. As can be seen there,
of the standard modelof particle physics. Determining  some of the difference in the upper limits is due to where

NH | NH or IH L ().82
SPT-3G + BAO L 0.80
Planck + BAO — 0.780cOQ
\ \ 0.76
\ .
N 0.74
0.0 0.1 0.2 0.3 0.4
Ym, [eV]

FIG. 3. Left: the CMB and BAO data place upper limits on the sum of neutrino masses;emesults from combining BAO data

with SPT-3G 2018, ACT DR4, and Planck are shown in red (solid), black (dashed), and blue (dash-dotted), respectively. The hatched
region is ruled out by neutrino oscillation observations, which requjre @06 eV in the normal hierarchy and gm0.1 eV in the

inverted hierarchy. The allowed mass-ranges of the normal hierarchy (NH) and inverted hierarchy (IH) are also marked on the top of tl
plot. Right: lower neutrino masses are correlated with higher values of the Hubble constant. The colored points shoy fvatues for H
samples from the SPT-3G 2018 p BAO chains. The color repregfamtth8t chain sample, with the color scale chosen to cover the 3o
band of the latest KiDS-1000 results [39]. The black lines show the 2D marginalized 68% and 95% posterior probability from Planck.
The dark (light) grey region corresponds to the 10 (20) band for the R20 distance-ladder Hubble measurement. As in the left panel, th
hatched region indicates the mass range ruled lopheutrino oscillation observations.
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the posteriors peak, with the SPT-3G posterior reaching itseutrino with an abundance and distribution across momen-
maximum at ~0.11 eV. tum arising from its mixing with active neutrinos.

We highlight the interplay between the joint constraints We consider both a thermadistribution and,as in the
from SPT-3G 2018 and BAO data on the sum of the Dodelson-Widrow (DW) mechanism [47],a distribution
neutrino masses 2nHubble constant §j and a parameter proportionalto that of the active neutrinos with a scaling
describing the amplitude of density perturbations todgy, Sfactor dependenbn the mixing angle between the active
in the right panelof Fig. 3. Massive neutrinos offemo  and sterile neutrinosSince the two scenarios are cosmo-
resolution to the Hubble tensionincreasing the neutrino logically equivalent, we sample over the effective mass
mass lowers the expansion rate inferred from the CMB anei¢ . %4 94.1Q), h? €V, which maps to the physical
increases the gap between early- and late-time probes. The. .. according to physical, o eff SANg S, where

combination of the SPT-3G 2018 and BAO datasets rlJIeSAN is the deviation g:‘e{"hee effect;is\t/eer”number of neutrino
out Hy > 70 km s' Mpc™' at 2.90,leaving a 3.5 rift to eff

th t t dist ladd by R20 species from the standard model prediction, and a ¥4 —-3=4
ne most recent distance-laddermeasuremeniy for a thermal distribution of sterile neutrino momenta or
(indicated in grey in the figure). It is interesting to note

. Y4 —1 for the DW mechanism.
tl'\l;];g) Igr:QeHir;%:r?é?ast:Ipa[gg]sEgvi\;\n{rfgesg]n?:zl:rrsgiiﬁts qu Sterile_ngu_trinos with physical masses 210 eV be_come
relative to the Planck cc;nstraintsi creasing the value of non-relativistic well before recombination andgpending
. ner 9 on their mass, mimic warm or cold dark matter. To
H at fixed 2m, also decreases the inferreg lue, thus void this regime, we focus our analysis on the region
improving the consistency with the local measurements 0? SNLe: e : that d hvsical
Hy from R20 and of § from Heymans efal. [39]. n Ngf;’ nﬁister"‘P space that corresponds to a physical mass
The parameterconstraints from combining SPT-3G  Of Mie- < 2 eV, assuming a thermal distribution of
2018, Planck, and BAO data on ACDM b Zprare shown sterile neutrino momentd. Since sterile ne_u’_trir_los in this
in Table VI. The addition of Planck power spectrum data region of parameterspace would be relativistic at last-
reduces the upper limibn =m, by more than a factor of = scatteringwe would expect them to increase JN.
two to: We presentthe constraintsthe SPT-3G 2018 dataset
places by itself and in combination with BAO on ACDM p

Zm, <0.13 eV 895% CLp: o8p  meft in Table VII. The SPT-3G 2018 dataseis con-

v;sterile
sistentwith the null hypothesis of no sterile neutrinos,

The Planck large-scale temperature data adds informatio%onstraining AN < 1.8 and m ef;ter'le< 15eVat 95%
: vsteri .

from both the late time integrated Sachs-Wolfe effect and confidence.Including BAO data tightens these 95% CL
the observed peak smoothing, which depends on the limits to

amount of gravitational lensing. Previous works have noted

that one reason the Planck data favor low neutrino masses AN .« < 1.6:
is the excess peak-smoothing observed in the Planck TT efft = =%
bandpowers [10,44]. Removing the Planck TT bandpowers M ie< 0.50 eV: o9p

(keeping Planck TE and EE) from the data combination

relaxes the upper limiby 50% to ¥m, < 0.20 eV. As an  As noted in Table I, we find that the quality of fit for
approximate estimate of how much information is added Byiis model does not change significantly from ACDM

the SPT-3G data, we calculate the ratio for the square-rodfdx? % 0.1). The Planck and ACT DR4 datasets also yield
of the determinants of the parameter covariance matricesno evidence for sterile neutrinos: in combination with BAO
when adding the SPT-3G 2018 dataset to Planck (includiripta we infer ANy < 0.29n€™, . < 0.24; eV from Planck
the TT bandpowers) and BAO data to be 1.3 (see Table lbhd ANy < 0.58; nfff . < 0.32 eV from ACT DR4.

;sterile

substantially reduces the allowed parameter volume. in the Ny vs nT_ . plane in Fig. 4, where the degeneracy
) ) off of these parameters with kgl can be observedWe report
E. Sterile Neutrinos, mie e Ho % 71.6 2.2 kms™' Mpc™', which is higher than the

Sterile neutrinos are a hypothesized species of neutrind§CDM value due to the increase in the effective number of
that do not interactthrough the weak forcepnly gravita-  neutrino species, similar to Sec. Il A. While an increase to
tionally. We investigate the model formulated by the Pland%,; of the size needed to reconcile lateand early-time
collaboration,which we describe briefly here (for more  probes of H is allowed by the SPT-3G 2018 dataset, it is
details see Planck Collaboration et al. [10,45,46]). Motivatgidfavored by Planck [10].
by the results of Acero et al. [43], we assume minimal
neutrino masses in the normahass hierarchywhich we ®The results only change slightly if we assumethe DW

approximate as two massless and one massive active negti#i@rio for this prior instead of a thermal distribution of sterile
with a mass of 0.06 eV. To these we add one massive sterédetrino momenta.
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5.5 7 SPT-3G
5.0 — Planck
' SPT-3G + Planck
gﬁ 4.5 SPT-3G + Planck + BAO
4.0 —
3.5 14
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m?/i,fsterile [eV] QK

FIG. 4. The SPT-3G 2018 and BAO constrain the energy dendits. 5. Marginalized 2D 68% and 95% posterior probability
and effective mass of a sterile neutrino; higher valueg:détdl  contoursin the H ; vs Qx plane for SPT-3G (red), Planck

to correlate with higher values @;‘gtgme The colored points show (dark grey), SPT-3G p Planck (blue),and the combination of

the values of §§ and rﬁgterilefrom samples in the SPT-3G 2018 bSPT—3G 2018, Planck, and BAO data (black lines). The SPT-3G

BAO chains, with the color determined by each sampleikiél data by itself_ places constraints comlpetitive with Planck

The color scale is chosen to cover the 3o range of the R20 dis gurvature, in pa_1rt due to the upturnlln the degeneracy between
ladder result. The black lines denote the 2D marginalized 68% Jtid@nd Ho as ( increasesThe combined SPT-3G 2018 and
95% probability regions for these data. The dark grey dashed lied!ck data resultsin a curvature constraint consistentwith

and light grey solid lines correspond to a constant physical mad@&#ftandard modelprediction at 1.80. While this raisesthe

0.1, 0.25, 0.5, 1 eV (clockwise) assuming a thermal distribution"ESflerred Ho va_l1ue co_r?p.ared to .Plalnck-onlly copstralnts'to

the sterile neutrino momenta and the Dodelson-Widrow mechaf0-6 3.4 km s™ Mpc™, it remains in tension with the dis-

nism [47], respectivelyThe solid grey region is excluded by the t@nce-ladder measuremeny R20, for which we show the 20
prior milermal< 2 eV, interval in the horizontagrey bandsat 3.50.

CMB data alone. However,adding CMB lensing or BAO
Joint constraints from SPT-3G 201&Janck,and BAO  data drives the posterior back to Q% 0 [10].

data on sterile neutrinos are given in Table VIIWe find We report constraints on ACDM p Q« from SPT-3G

95% CL upper limits of 2018 alone and jointly with BAO data in Table VIII. From
SPT-3G 2018 alone we determing (¥ 0.0075:918. This
AN < 0.30; is perfectly consistentwith a flat universe.We highlight
me o< 0.20 eV: 810p that the marginalized confidence interval fqr @ close to

N o the precision of the Planck data (4 —0.044391%). The
The addition of Planck data reduces the upper limit gn N precision of this result is not simply a reflection of the
five-fold, and as a resulttightens the posterior on H to quality of the SPT-3G 2018 dataset, but also due to
68.30 0.70 kms™ Mpc™'. The CMB-preferred value of increasing slope ofthe degeneracy between fland Q«
Ho remains in tension with the distance-ladder measure- gpservable in Fig. 5. This model barely changes the quality
ment of R20 at 3.50. Finally, as an indicator of the extent {g fit compared to ACDM (Ay? % —0.3, see Table I1).
which SPT-3G data reduces the allowed parameter volume \jith the primary CMB information alone, spatial
in the 8-dimensionalspace,we once again calculate the  cyrvatureis degenerate with the Hubble constant; the
square-root of the determinants of the parameter covariarg&metric impactof an open universe on the distance to
matrices, finding a reduction by a factor of 1.6 when addingg last-scattering surface can be compensated foy a
the SPT-3G 2018 dataséb Planck and BAO data. higher expansion rate. Adding BAO information breaks this
degeneracy, and for SPT-3G 2018 plus BAO data we report
F. Spatial curvature, Qg

Inflation in the early universe should suppressany Qk 7 -0.0014 0.0037: o11p
primordial spatial curvature, leading to a flat universe
today to well below the precision of current measurementd he centralvalue is consistentvith flatness at0.40. The
While primary CMB observations can test this assumptioBAO data also reduces the error on thegHtietermination
they suffer from geometric degeneracies which limit their from adHgp % 8.5 km¥ Mpc™' by a factor of 11 to
precision. The Planck dataset prominently gives support faBH,p % 0.76 kms Mpc™ for the SPT-3G 2018 dataset.
a closed universe at well over 20 when considering primafhe combination of SPT-3G 2018 and BAO data constrains
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Ho t068.11 0.76 kms =" Mpc™'. Given the inferred  seenin Table Ill, this extension shows the largest improve-
curvature is nearly zero, it is unsurprising thatthe H, = ment from the SPT-3G data. The joint constraint og Id
central value is basically unchanged from the resultin ~ 60.6 3.4 kms ~' Mpc™!, whichis 3.50 lower than the

the standard 6-parameteflat ACDM model. The mean distance-ladder measurement by R20.

value of Hy is 3.40 lower than the R20 distance-ladder Combining the two CMB datasets with BAO information

measurement. yields
The SPT-3G 2018 and Planck parameter posteriors are
statistically consistentin the ACDM p Qx model. We Qg ¥4 0.0009 0.0018; 012p

compute the parameter-levgf between the two datasets

across the six free cosmological parameters as in Sec. |lIv@hich is consistentwith flatness (0.50).The addition of

and find ¥ % 13.0 (PTE % 4.3%). The largest differences BAO data also tightens the H, constraintto 68.05

are in (x and §,¢, which are degenerate with one another0.67 kms' Mpc™. This value is in tension with the latest

and offset along this degeneracy direction by 1.8ag in bothdistance-ladder measurement at 3.50.

parameters. However, we point out again that, as illustrated

by the curved ellipses in Fig. 5, the posteriors on IV. H, FROM TEMPERATURE AND

these parameters are nolvell-described by a simple N- POLARIZATION DATA

dimensional Gaussian assumed in a covariancematrix

formalism. Therefore, this result only provides a qualitative WWe now turn our attention to the observation made by

view of the more complex parameter space. D21 that current EE power spectrum measurements are
We combine the SPT-3G 2018 and Planck data, reportconsistent with comparatively high values gf Fits to the

ing joint parameter constraints in Table VIII. The interplayEE power spectra from SPT-3G 2018, SPTpol, Planck, and

of the different datasets is illustrated in Fig.5. We find ~ ACT DR4 yield Hy %4 76.4 4.1, 73.4 3.3, 69.9 2.7,

that the inclusion of SPT data pulls the inferred curvature and 71.8 4.4 km s™" Mpc™', respectively [[1,2,7] D21].

value toward flatness: Qx ¥ —-0.020 0.011. The Qx  These values are alithin < 1.10 of the distance-ladder

constraint is refined by 56% compared to the Planck resulheasuremenbf Hy by R20. As stated by D21, this

and its central value is within 1.80 of the standard model inconsistency between cosmologicatonstraintsderived

prediction of zero. This large improvement is in part owedfrom temperature and polarization data might hint at new

to the aforementioned offset in the Q ¢ vs Byc plane  physics to resolve the Hubble tension.

between the individual constraintsfrom SPT-3G 2018 Although an interesting lead, the current evidence for such

and Planck and the shift of the constraintin the highly an inconsistency in individual experiments is low (see D21

non-Gaussian parameter space. We approximate the red&ec. 7, Planck Collaboration et al. [10] Sec. lll, Choi et al. [3]

tion in the allowed parameter volume by again looking at §12). To increase the statisticalveight, we combine the

the ratio of the square-rootof the determinantsof the = measured bandpowers from recent experiments at the like-

parametercovariance matrices when adding the SPT-3G lihood level and present constraints based only on the TT,

2018 dataseto Planck, finding a ratio of 2.0. As can be  TE, or EE spectra.For the TT results we use SPT-SZ,

B SPT-SZ + Planck + ACT DR4 TT SPT-3G + Planck + ACT DR4 EE
B SPT-3G + Planck + ACT DR4 TE —— SPT-3G + Planck + ACT DR4 TT+TE+EE
T? - s L L ]
Ly T -
i (] S + —+ —
‘; es M 1 1 i
% 66F v o Ty T | ]
H 0.022 0.024 0.11 0.12 1.039 1.042  0.95 1.00 1.85 1.90
Oh? Q.h? 1008 ,¢ N 10°A,e727

FIG. 6. Comparison of the 2D marginalized posteriors from joint constraints from collections of TT (dark grey; SPT-SZ, Planck, ACT
DR4 | > 1800), TE (red; SPT-3G 2018, Planck, ACT DR4), and EE (blue; SPT-3G 2018, Planck, ACT DR4) power spectra for each
ACDM parameter vs Ig. The solid black contours show constraints from the combination of TT, TE, and EE spectra from SPT-3G
2018, Planck, and ACT DRA4. The light grey band indicates the 2c interval of the distance-ladder measurgnbgriRa0HDespite

the raised expansion rate inferred from each individual EE spectrum, the joint result is consistent with the TT and TE data and remain
in 2.20 tension with the low-redshift measurement gf Fihe low acoustic scale value inferred from the EE spectra is driven by the
Planck data (see Figh of Planck Collaboration et al[10]). Contours indicate the 68% and 95% probability regions.
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TABLE IV. We find consistent constraints on the Hubble constglor the three spectra, TT, TE, and EE, from
combinations of SPTPlanck,and ACT DR4 datasets.

Spectra Datasets Ho Y2km$ Mpc™!

TT SPT-SZ p Planck b ACT DR4 (1 > 1800) 68.85 0.97

TE SPT-3G 2018 p Planck p ACT DR4 67.95 0.94

EE SPT-3G 2018 p Planck p ACT DR4 69.2 1.2

TTpTEpPEE SPT-3G 2018 p Planck p ACT DR4 67.49 0.53
Planck, and ACT DR4 data, with the ACT DR4 spectrum V. CONCLUSION

limited to the multipole range | > 1800 as recommended In this work, we have presented constraints on cosmo-

by Aiola et al. [2] in order to avoid correlations with the loqi )
. ogical models beyond ACDM using the SPT-3G 2018
Planck data. For the TE and EE specira, we combine the ower spectra, paying attention to the results in the context

SPT-3G 2018, Planck, and ACT DR4 data. The parametegf the Hubble tension. The multifrequency EE and TE

posteriors for the three sets of spectra are plotted in bandpowers from SPT-3G provide a high-precision meas-

Fig. 6 and tabu_lated in Table IV. The joint constra|r11ts uremgntof the CMB at intcar?rmediate ar?d cfmallangular

on the expanS|o[11 rate f(1)r the three cases1are Ho scales. As such, the bandpowers allow us to place tight con-

68.85 0.97 km s~ Mpc™ for TT-only, Ho % 67.95 straints on physics beyond the standard model. We look for

0.94 km ' Mpc™" for TE-only, and H,% 69.2 evidence of models with additional (or fewer) light and

1.2 km " Mpc™ for EE-only. There is no significant shift free-streaming degrees ofreedom, or with nonstandard

toward hlgher expansion rates in the polarization data. W%BN helium production. Introducing M as a free param-

note that the result from the combined EE data is lower thgfer, we determine Ny % 3.70 0.70 from SPT-3G 2018

the value inferred from each individual datasetAs dis-  data, which is consistent with the standard model prediction

cussed by Addison [48] and shown by Fig. 1 of that work,of 3.044 at 0.90. Instead varying Yp, we findY p %

this is because the ground-based experiments are most 0.225 0.052, which agrees well with the BBN prediction

consistent with the lower end of the Planckohbarameter  of 0.2454. Varying the two parameters simultaneously

ellipses. We conclude that the temperature and polarizatigields N % 5.1 1.2 and Yp % 0.151 0.060. Both

constraints painta consistentpicture of a low expansion  values are within 20 of their ACDM values. When adding

rate, and do not suggest possible explanations for the gaphe SPT-3G data to Planck, the constraints tightegst&:N

between the Cepheid and supernova distance-ladder meat.3 0.3 and Y p % 0.230 0.017. For the ACDM p N

surements of R20 and CMB data. model, the SPT-3G data tighten the Planck-only constraints
In the late stages of completing this work, Addison [48]on Nyt and H, by 11%. We see no significant evidence for

published a similar, though more extensive, analysis invesrew light relics or inconsistencies with BBN.

tigating the H constraints produced by combining EE We also look at the implications of the SPT-3G 2018 data

power spectra of different experiments. While Addison [48br the sum of the neutrino masses. Joint constraints from

use the SPTpol500d bandpowerstheir results are fairly SPT-3G 2018 and BAO data limit the sum of neutrino

similar to ours. Addison [48] report a combined constraintmasses to 2m< 0.30 eV at 95% confidenceAdding the

on Hyof 68.7 1.3 km s~' Mpc™" which is consistent with Planck power spectrum data reduces the 95% CL limit

our result of 69.2 1.2 km §" Mpc™'. Note that the results to Xm, <0.13 eV.

are not independent, as they use the same data from PlanckVe explore the possibility of an additional sterile

and ACT DR4. Moreover,the SPTpoland SPT-3G 2018 neutrino, while assuming minimalmasses in the normal

datasets produce similar cosmological constraints by therhierarchy for the three known neutrino specielsrom the

selves as pointed ouby D21, which is partly due to the ~ SPT-3G 2018 data alone we derive a 95% CL upper limit on

shared sky area between the two surveys. the effective mass of ;< 1.5 €V and on the increase
We combine the SPT-3G 201&lanck,and ACT DR4  to the effective number of neutrino species of AN 1.8.

temperature and polarization spectra to obtain the most Adding BAO data significantly tightens these constraints to

precise constraint of {Hfrom CMB power spectra to date. AN off < 1.6 and nefl, . < 0.50 eV.

;sterile

We report K % 67.49 0.53 km s™' Mpc™". This resultis ~ The SPT-3G 2018 datasetis consistentwith a flat

4.10 lower than the low-redshift measuremendf Ho % universe. We find Q % 0.00£3:918 which is comparable

73.2 1.3 km s™'Mpc™" by R20; the Hubble tension to the precision of Planck dataAdding Planck and BAO
remains. data refines the constraintoy an order of magnitude to
Qk 2 0.0009 0.0018.

"We exclude SPT-SZ and SPTpol from this comparison due to Varying N or Qi allows for higher values of glwith
the shared survey area with SPT-3G. the SPT-3G 2018 data. In the first case, the higher values of
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H, are connected to the slight preference for higher valuesom the

of Ngi as well as increased uncertaintiegompared to
ACDM constraints. The increasein uncertainty is the
main effect in the curvature case where the uncertainty
on Hy, is increased by a factor of 5.3.In both cases the
higher values of H, are disfavored by the addition of
Planck or BAO data.
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1.0450 i T T T T T T centered on zero with a width thatdepends on the field
area,as we have done throughout this work.
1.0425 | Motloch and Hu [54] demonstrate that tike- 6 degen-
' eracy can be broken without resorting to a prior on «
§ through the inclusion of Planck data, which due to its large
= 1.0400 — sky coverage is insensitive to super-sample lensing. Com-
S bining SPT-3G 2018 and Planck data yields an estimate of
the mean convergence on the SPT-3G survey field,
1.0375 ]
103ESPT—3G Y —1.60 0.56: 0A2b
] ]
1.0350 -3 -2 -1 0 1 9 3 1« is 2.90 away from zero and would imply
) 5 " footprintcoincides with a local under-
Mean Lensing Convergence, 10°% dens. . . *he expected ACDM cosmic variance
FIG. 7. Constraints in the vs B¢ plane from SPT-3G 2018 zgfosrzg;lz 2 20 ‘ as mentioned above), this
without (blue contour) and with (solid black line) a prior on the W SF’.T-3G- ~ing thi i
mean convergenceéContours indicate the 68% and 95% prob- . e ru_n' only « ng this resuas a
ability regions.Using SPT-3G 2018 data alone the two param- Prior onk instead of the zero-c.. - used throughout

eters are degenerate with one another, unless a prior is placedtBis work (see Table I). As expected,u.c ~onstraint

the mean convergence. The red band indicates the 20 range oti#fs high to 1.04126 0.00078, which is close 0 the

latest Planck value fog@. From the joint constraints from SPT- Planck result(1.04090 0.00031). The centralvalues of

3G 2018 and Planck without a priorofdashed black lines) we other ACDM parameters only shifslightly (<0.10). The

infer k < 0 at 2.90. inferred H, changes from68.8 1.5kms ~'Mpc™
t069.2 1.5kms~"Mpc™.

Gaussian prior centered on zero with width 4.5 xf0as APPENDIX B: PARAMETER TABLES
shown in Table I. The prior width is based on the geometry ,
of the survey field [25]. We present the full parameter constraints from SPT-3G

degenerataN'th e MC as can be seen in F|g 7. Th'S on /\CDM eXtenSionS in the fO”OW|ng tab|eS We ShOW

degeneracy was already noted by Motloch and Hu [54] ~results for ACDM p N, ACDMp Y, and ACDM p
using the example of the SPTpol 500d datasethich for ~ Nest P Y in Table V. We show constraints on ACDM p
this purpose is similar to the SPT-3G datasefhe k-6  Zm, and ACDM b mg,_._in Tables VI and VII, respec-

degeneracy can be broken by imposing a prior on Kk tively. Constraints on ACDM p Qare given in Table VIII.

TABLE V. Constraints on ACDM modeéxtensions Ny, Yp, and Ny p Y p from SPT-3G 2018 alone and jointly with Planck.

Nt Yp Newr b Yp

SPT-3G SPT-3G SPT-3G SPT-3G SPT-3G SPT-3G

2018 2018 p Planck 2018 2018 p Planck 2018 2018 p Planck
Free
Qph? 0.02275 0.00048 0.02232 0.00020 0.02231 0.00050 0.02229 0.00019 0.02256 0.00049 0.02230 0.00020
Q.h? 0.1232 0.0097 0.1183 0.0027 0.1152 0.0037 0.1197 0.0013 0.141 0.016 0.1210 0.0045
1008,c 1.03913 0.00089 1.04086 0.00039 1.0390 0.0018 1.04034 0.00051 1.0345 0.0027 1.0400 0.0011
10°A,e™?  1.828 0.041 1.873 0.016 1.824 0.038 1.876 0.012 1.866 0.046 1.879 0.018
ng 1.038 0.046 0.9629 0.0079 0.984 0.044 0.9615 0.0068 1.019 0.046 0.9627 0.0079
Nest 3.70 0.70 2.95 0.17 — — 5112 3.13 0.30
Yp — — 0.225 0.052 0.234 0.012 0.151 0.060 0.230 0.017
Derived
Hg 735 5.2 66.8 1.3 684 1.7 67.20 0.63 804 7.2 67.7 1.8
Qn 0.726 0.028 0.6833 0.0095 0.704 0.022 0.6839 0.0083 0.743 0.027 0.6854 0.0099
Og 0.812 0.030 0.804 0.010 0.786 0.020 0.8058 0.0077 0.829 p 0.808 p
Sg 0.774 0.042 0.826 0.015 0.780 0.041 0.827 0.015 0.765 0.042 0.827 0.014
Age=Gyr  13.22 0.63 13.90 0.18 13.84 0.10 13.822 0.034 12.32 0.80 13.75 0.27

083509-15



L. BALKENHOL et al.

PHYS.REV. D 104, 083509 (2021)

TABLE VI. Combined constraints on ACDM modeixtension ¥m from the SPT-3G 2018Planck,and BAO datasets.
Zm,

SPT-3G 2018 SPT-3G 2018 p Planck SPT-3G 2018 p BAO SPT-3G 2018 p Planck p BAO
Free
Qph? 0.02239 0.00033 0.02239 0.00014 0.02244 0.00032 0.02246 0.00012
Q.h? 0.1179 0.0042 0.1197 0.0013 0.1152 0.0019 0.11885 0.00099
100Qyc 1.03907 0.00082 1.04070 0.00029 1.03956 0.00066 1.04082 0.00027
10°Ae™% 1.838 0.041 1.880 0.011 1.824 0.036 1.877 0.010
Ng 0.980 0.026 0.9662 0.0043 0.997 0.018 0.9682 0.0037
zm, <2.0 <0.29 <0.30 <0.13
Derived
Hg 62.7 5.3 67.1 1.1 68.02 0.70 67.92 0.52
Qp 0.61 0.11 0.681 0.015 0.6991 0.0087 0.6924 0.0067
(o 0.686 0.089 0.801 0.021 0.774 0.025 0.810 0.011
S 0.764 0.045 0.825 0.016 0.775 0.027 0.820 0.013
Age=Gyr 14.11 0.27 13.820 0.059 13.847 0.052 13.779 0.027
TABLE VII.  Combined constraints on ACDM modelxtension i from the SPT-3G 2018Planck,and BAO datasets.

ms;f;terile

SPT-3G 2018 SPT-3G 2018 p Planck SPT-3G 2018 p BAO SPT-3G 2018 p Planck p BAO
Free
Qph? 0.02284 0.00042 0.02248 0.00014 0.02281 0.00039 0.02256 0.00013
Q.h? 0.1278 0.0079 0.1210 0.0019 0.1269 0.0077 0.1201 0.0018
1008,¢c 1.03858 0.00082 1.04052 0.00032 1.03877 0.00078 1.04066 0.00031
10°Ae™ 1.841 0.042 1.888 0.013 1.844 0.037 1.883 0.012
Ng 1.042 0.036 0.9690 0.0053 1.038 0.031 0.9725 0.0050
AN g <1.8 <0.30 <1.6 <0.30
ms;fgterile <15 <0.44 <0.50 <0.20
Derived
Ho 71.0 4.4 67.47 0.81 716 2.2 68.30 0.70
Qp 0.686 0.044 0.680 0.011 0.7020 0.0086 0.6911 0.0065
Og 0.741 0.063 0.787 0.021 0.777 0.030 0.798 0.013
Ss 0.753 0.047 0.813 0.018 0.774 0.031 0.810 0.014
Age=Gyr 13.16 0.41 13.713 0.073 13.20 0.37 13.687 0.085
TABLE VIIl.  Combined constraints on ACDM modelxtension Q from the SPT-3G 2018Planck,and BAO datasets.

Qg

SPT-3G 2018 SPT-3G 2018 p Planck SPT-3G 2018 p BAO SPT-3G 2018 p Planck p BAO
Free
Qph? 0.02241 0.00033 0.02251 0.00015 0.02243 0.00033 0.02242 0.00014
Q.h? 0.1162 0.0055 0.1184 0.0014 0.1149 0.0038 0.1192 0.0013
1008,¢c 1.03956 0.00081 1.04086 0.00030 1.03960 0.00073 1.04075 0.00028
10°Ae™ 1.828 0.045 1.875 0.011 1.822 0.039 1.877 0.011
Qg 0-001381813 -0.020 0.011 -0.0014 0.0037 0.0009 0.0018
Derived
Ho 70.8 8.5 60.6 3.4 68.11 0.76 68.05 0.67
Qp 0.710 0.046 0.630 0.032 0.704 0.011 0.6918 0.0059
Og 0.794 0.030 0.789 0.012 0.788 0.017 0.8082 0.0077
Ss 0.772 0.068 0.897 0.039 0.785 0.027 0.818 0.012
Age=Gyr 13.65 0.92 14.57 0.39 13.88 0.16 13.751 0.077
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