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Abstract

We present cosmological constraints based on the cosmic microwave background (CMB) lensing potential power
spectrum measurement from the recent 500 deg® SPTPOL survey, the most precise CMB lensing measurement from the
ground to date. We fit a flat ACDM model to the reconstructed lensing power spectrum alone and in addition with other
data sets: baryon acoustic oscillations (BAO), as well as primary CMB spectra from Planck and SPTPOL. The
cosmological constraints based on SPTPOL and Planck lensing band powers are in good agreement when analyzed alone
and in combination with Planck full-sky primary CMB data. With weak priors on the baryon density and other
parameters, the SPTPOL CMB lensing data alone provide a 4% constraint on 0z Q%> = 0.593 4 0.025. Jointly fitting
with BAO data, we find o5 = 0.779 & 0.023, Q,, = 0.36810032, and Hy = 72.0°31 km s~! Mpc ™!, up to 20 away
from the central values preferred by Planck lensing + BAO. However, we recover good agreement between SPTPOL
and Planck when restricting the analysis to similar scales. We also consider single-parameter extensions to the flat
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ACDM model. The SPTPOL lensing spectrum constrains the spatial curvature to be {x = —0.0007 £ 0.0025 and the
sum of the neutrino masses to be > m, < 0.23 eV at 95% C.L. (with Planck primary CMB and BAO data), in good
agreement with the Planck lensing results. With the differences in the signal-to-noise ratio of the lensing modes and the
angular scales covered in the lensing spectra, this analysis represents an important independent check on the full-sky

Planck lensing measurement.

Unified Astronomy Thesaurus concepts: Cosmological parameters (339); Weak gravitational lensing (1797);

Cosmic microwave background radiation (322)

1. Introduction

Measurements of the gravitational lensing of the cosmic
microwave background (CMB) by large-scale structure (LSS)
provide a unique observational probe of the geometry of the
universe and the growth of structure at high redshifts. As light
travels from the last-scattering surface to us, the paths of the
photons are bent by the gravitational potential of matter. These
deflections are related to the gradient of the gravitational potential
and can be used to reconstruct the gravitational potential
integrated along the line of sight (Lewis & Challinor 2006).
Gravitational lensing of the CMB also provides a powerful tool
for constraining neutrino masses, since massive neutrinos suppress
structure growth (e.g., Lesgourgues & Pastor 2006; Abazajian
et al. 2015). CMB lensing has been measured by a number of
experiments using both temperature and polarization data (e.g.,
Das et al. 2011; van Engelen et al. 2012; Planck Collaboration
XVII 2014; POLARBEAR Collaboration 2014; Story et al. 2015;
Keck Array & BICEP2 Collaborations 2016; Planck Collabora-
tion et al. 2016a; Omori et al. 2017; Sherwin et al. 2017; Planck
Collaboration et al. 2018a; Wu et al. 2019). The most precise
lensing amplitude measurement to date comes from Planck,
which measures the overall lensing amplitude at 400 (Planck
Collaboration et al. 2018a).

Intriguingly, there is a modest level of discordance between the
primary CMB power spectra from Planck and other cosmological
probes within the ACDM model. Relevant to the case of
lensing, the amplitude of density fluctuations oy deduced from
galaxy cluster counts and cosmic shear measurements is slightly
lower than the value suggested by primary CMB Planck data
(e.g., Hildebrandt et al. 2017; Abbott et al. 2019; Bocquet et al.
2019; Hikage et al. 2019; Joudaki et al. 2019; Zubeldia &
Challinor 2019). Tensions within the Planck data set are also
emerging—for example, the amount of lensing inferred from the
smoothing of the acoustic peaks in the Planck CMB power
spectra is larger than the one directly measured through the CMB
lensing potential power spectrum (Planck Collaboration et al.
2018b). Whether these tensions have their origins in unaccounted
for systematics or new physics, or are simply statistical
fluctuations, is not yet clear, and more detailed analyses are
needed in order to shed light on these discrepancies.

One way to probe if these apparent tensions are caused by
systematics is to use measurements from independent experi-
ments. In this work, we infer cosmological parameters using the
high-signal-to-noise ratio (S/N) lensing power spectrum measure-
ment from the 500deg® SPTPOL survey (Wu et al. 2019,
hereafter W19), currently the most precise CMB lensing
measurement from the ground. While measured over only 1%
of the sky, the SPTPOL lensing amplitude uncertainty is only twice
as large as the uncertainty of the Planck lensing measurement
from 67% of the sky. Thus the SPTPOL lensing power spectrum
provides a chance to test for consistency between CMB lensing
measurements performed over different fractions of the sky and
angular scales. In particular, the SPTPOL lensing power spectrum

complements the Planck lensing measurements by extending the
measurement to smaller angular scales. If the two lensing
measurements are consistent, their combination has the potential
to improve our cosmological model constraints.

In this work, we explore the cosmological implications of the
high-significance measurement of the lensing angular power
spectrum from W19. Within the ACDM model, we begin by
comparing cosmological parameters inferred from the SPTPOL
lensing measurements against those from Planck and optical
surveys. We then contrast parameters from lensing measure-
ments and primary CMB measurements. After that, we look at
what these lensing measurements tell us about the curvature of
the universe and the sum of the neutrino masses, as well as
other model extensions using a suite of Monte Carlo Markov
chains. As in W19, we take the best-fit ACDM model for the
PLANCKTT + LOWP + LENSING data set in Planck Collabora-
tion et al. (2016b) to be our fiducial model.

This paper is organized as follows. We outline the principles of
CMB lensing and how the lensing potential can be reconstructed
in Section 2. In Section 3, we explore cosmological parameters
constraints from the lensing data in different models. Finally, we
draw our conclusions in Section 4.

2. Lensing Reconstruction Framework

In this section we briefly review the physics of CMB lensing,
sketch the lensing reconstruction pipeline steps in the context
of SPTPOL, and describe the CMB lensing likelihood modeling.
For a thorough description of the SPTPOL lensing reconstruc-
tion analysis, we refer the reader to W19.

2.1. Basics of CMB Lensing

During their journey from the last-scattering surface to us,
CMB photons are deflected by the gradients of gravitational
potentials associated with the LSS (Blanchard & Schneider
1987; Bernardeau 1997; Lewis & Challinor 2006). As a result,
the unlensed CMB temperature 7' (72) and polarization [Q +
iU](n) anisotropies are remapped according to

X@) = X + d@#)), 1)

where X (77) denotes either the temperature or polarization
fluctuations in a given direction of the sky 7 and the tilde
indicates the lensed quantities. At lowest order, the deflection
field d (2) can be written as the angular gradient of the Weyl
gravitational potential ¥ projected along the line of sight,
d(n) = V¢ (i), where we have introduced the CMB lensing
potential ¢:

n XcmB fx Xems — X) N
=-2 dy———"" "V , Mo — X). 2
o fo XfK(XCMB)fK(X) Ot o = X) @

Here, x is the comoving distance (with xcyp ~ 14,000 Mpc
denoting the distance to the last-scattering surface), fx is the
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angular-diameter distance, and 7, — x is the conformal time.
The divergence of the deflection field gives the lensing
convergence Kk = —%VZ(Z), which quantifies the amount of
local (de)magnification of the CMB fluctuations.

Equation (2) tells us that CMB lensing probes both the
geometry and the growth of structure of the universe, and as
such, precise measurements of its power spectrum can break
the geometrical degeneracy affecting the primary CMB
(Stompor & Efstathiou 1999) and tighten constraints on the
sum of neutrino masses »_.m, as well as on the amplitude of
density fluctuations og (Smith et al. 2009).

2.2. Lensing Extraction with Quadratic Estimators

Lensing correlates previously independent CMB temperature
and polarization modes between different angular scales on the
sky. This lensing-induced correlation is the basis for lensing
quadratic estimators, which reconstruct the lensing potential ¢
by examining the correlation between CMB Fourier modes
(Zaldarriaga & Seljak 1999; Hu & Okamoto 2002).

The formally optimal estimator (at lowest order in ¢) has the
following form:

3 = f WS XY, 3)

where X and Y are the filtered 7, E, or B fields, and %{2{ L isa
weight function (unique to the XY pair; see Hu & Okamoto 2002
for the exact expressions). We recall that in the W19 lensing
analysis only CMB modes with |£,| > 100 and |£| < 3000 are
used, to account for the impact of time-stream filtering and
mitigate foreground contamination. The input CMB maps are
filtered with an inverse-variance (C ") filter to down-weight noisy
modes and to increase the sensitivity to lensing. In addition, the
unlensed CMB spectra in the weights W[X Y, are replaced with the
lensed ones to cancel higher-order biases (Hanson et al. 2011).

The lensing potential 5)2( " measured with Equation (3) is a
biased estimate of the true lensing potential ¢)L(Y,

o = RE %Y, (4)

where R} is a response function that normalizes the estimator.
As discussed in W19, the response function adopted in this
analysis is first calculated analytically and then corrected
perturbatively with simulations, RyY = Ry !-AnalylieXV-MC
illustrate the cosmological dependence of this response
function, which will be relevant to calculate the corrections
to the lensing likelihood in Section 2.4, we explicitly write
down the analytical response function in the case of an
isotropic filter,

R{Y,Analytic _ deZ V[/Z?:L‘/I/Z?:Lf{f}l[‘, ®)

where F¥ = (G + N*)~!. Note that both the filters F; and
the weight functions W, ,_; are calculated assuming a fiducial
cosmology.

Anisotropic features such as inhomogeneous noise and
coupling of modes due to masking introduce spurious signals
that mimic the effects of lensing. To circumvent this, we

. XV,MF _ . .
remove a mean-field correction ¢, estimated by averaging
¢ reconstructed from many input lensed CMB simulations. The
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final estimate of the lensing potential is
A XY I -xy  -xvMF
L

¢L = ’R—{Y (¢ ¢L )- (6)

Finally, the different lensing estimators XY € {TT, TE, TB,
EE, EB, ET, BT, BE} are combined into a minimum-variance
(MV) estimate using

- XY - XY ,MF
~ MV _ 1 ny¢L - ¢L (7)
L = MC XY, Analytic
RL ZXYRL Y

2.3. Power Spectrum Estimation

Cosmological inference is carried out by comparing the
measured CMB lensing power spectrum to the theoretical
expectations over the parameter space. After obtaining the
unbiased lensing potential #, the raw CMB lensing potential

A XY 2 ZW
power spectrtum Cf ¢ is measured by forming cross-spectra

of &SLX ! and <2>LZ W. The resulting power spectrum is a biased
estimate of the true CMB lensing power spectrum. In W19,
four sources of biases are corrected for (Hu & Okamoto 2002;
Kesden et al. 2003; Hanson et al. 2011):

G = fos[CPP = NOEP — N — AGPPTS. (8)

N{O) is the disconnected (Gaussian) bias term that arises from
chance correlations in the CMB, noise, and foregrounds. We
estimate it with the realization-dependent method described in
Namikawa et al. (2013) that reduces the covariance between
lensing band powers and eliminates the dependency on the
fiducial cosmology at linear order. Secondary contractions of
the connected four-point function source an additional bias
term, known as N, that depends linearly on the true CMB
lensing potential power spectrum and hence on the cosmolo-
gical parameters. In the flat-sky limit, and assuming an
isotropic filtering, it can be evaluated as (Kesden et al. 2003;
Planck Collaboration et al. 2016a)

o1 f da, d*|
L R)L(ZR(L:D (27r)2 (271.)2
x Fy FLFGFRWo g Wy

o0 XC 117D
X LG oy Wittt Wity

+ 9

XD zC
l6—2)] W Woe g1 ©)

where 4§+ & =¢ + ¢, =L. In W19, this bias term is
estimated using simulations, as done in Story et al. (2015).
Foreground emission can introduce biases in the recon-
structed lensing map and the lensing power spectrum,
especially if correlated with the LSS. In particular, thermal
Sunyaev—Zel’dovich (tSZ) effect and cosmic infrared back-
ground (CIB) emission can leak into the reconstructed lensing
map correlating with the lensing potential. In addition, tSZ and
CIB have trispectra that can leak into the CMB lensing
spectrum through the four-point function of the temperature
map. Adopting the bias estimates from van Engelen et al.
(2014), we remove a foreground bias term ACZ’¢’FG from the
temperature components of the MV spectrum that include tSZ
trispectra, CIB trispectra, tSZ>—¢, and CIB?—¢ contributions.
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Figure 1. CMB lensing potential power spectrum measurements from SPTPOL
500 deg2 (Wu et al. 2019, red circles) and from Planck 2018 (Planck
Collaboration et al. 2018a, gray boxes). The black solid line is the lensing
spectrum from the best-fit ACDM model to the 2015 PLANCKTT + LOWP +
LENSING data set.

Higher-order biases like N{» are canceled by the use of
lensed CMB spectra in the lensing weights W;,_; (Hanson
et al. 2011), while biases induced by the non-Gaussianity of the
LSS or by the post-Born corrections are negligible at the
current S/N (e.g., Bohm et al. 2016; Pratten & Lewis 2016;
Beck et al. 2018).

Any non-idealities not captured by the lensing reconstruction
analysis might result in discrepancies between the input theory
and the recovered amplitude in simulations. We refer to this
residual bias as “Monte Carlo bias,” and in our analysis, we
find that the main source of this bias is higher-order coupling
generated by the presence of the point-source mask, and we
rescale the measured lensing power spectrum by a multi-
plicative correction fpg of order 5% to account for this effect.

Finally, the lensing bandpower covariance is estimated using
N, = 400 Monte Carlo sky realizations that have been fully
processed through the lensing analysis pipeline. Specifically,
the input CMB maps are passed through a mock observing
pipeline that uses the pointing information to produce mock
time-ordered data from these simulated skies for each SPT
detector, filters those data in the same fashion as the real data,
and generates maps using the inverse-noise weights from the
real data.

The final CMB lensing band powers used for the
cosmological analysis presented in this paper are shown by
the red circles in Figure 1, together with the 2018 Planck C;’*
measurement.

2.4. CMB Lensing Likelihood

We approximate the lensing log-likelihood as Gaussian in
the band powers of the estimated lensing power spectrum:

—2 lIl LO(G)
= SlC00 - cpem@ncy), 16 - crt@, (10)
= i Li Lli LtiLt{ Lb/ Lb/ ’

where C f,v‘&’th (®) is the binned theory spectrum at the position
b

©® in the parameter space. In Equation (10) we ignore the
correlations between the two- and four-point functions since
these have been shown to be negligible at current sensitivities
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(Schmittfull et al. 2013; Peloton et al. 2017). In practice, this
means that when combining the CMB power spectra from
Planck with SPTPOL lensing, we simply multiply their
respective  likelihoods. The covariance matrix C L :ilL j is
calculated using Monte Carlo simulations and includes small
off-diagonal elements. When inverting the covariance matrix,
we neglect the correction from Hartlap et al. (2007), as this is
only a ~2%-3% effect. For completeness, we also point out
that we do not inflate our covariance matrix by a ~4% factor to
account for the Monte Carlo uncertainties arising from using a
finite number of simulations to estimate the mean-field and the
noise biases (Planck Collaboration et al. 2018a).

The fiducial cosmology assumed in the lensing reconstruc-
tion affects the estimated lensing band powers. The underlying
cosmological parameters enter Equation (10) not only through
the theoretical lensing power spectrum Cfd’"h (®) but also
indirectly through the calculation of the response functions R,
and the NV bias. For a given pair of quadratic estimators x and
v, the corrected theory lensing power spectrum can be written
as

_ (RiRDIe 0

Mo = e + N"le — N{"lga. (1)
L (RiR)) lna : t -

Evaluating these quantities at each point in the parameter space
is computationally unfeasible; therefore, we follow the
approach of Planck Collaboration et al. (2016a), Sherwin
et al. (2017), and Simard et al. (2018), and perturbatively
correct the theory spectrum for changes due to the parameter
deviations from the fiducial cosmology. For such small
deviations, we can Taylor-expand the response function and
the N{" bias around the fiducial cosmology and obtain®’

_ OIn(RyRY)
oc),

aN(l)X)‘ iy
L—(C{"lo — C¥lha)

L
= (o + M{L(Cllo — Ciila), (12)

"o (Cllo — Cllra) Co¥la

where summation over repeated indices is implied; j sums over
the CMB power spectra 77T, TE, and EE; while a also sums
over ¢¢, in addition to TT, TE, and EE. The correction matrices
M, can then be pre-computed for the fiducial model and
binned. We make use of the publicly available quicklens®
and lensingbiases® packages to calculate the derivative
with respect to the response function and the N{" bias,
respectively. Finally, for the MV CMB lensing power
spectrum, we coadd the different xy linear corrections
according to the MV weights, as done for the real data. To
give a sense of the magnitude and the spectral dependence of
the different lensing corrections, we show their breakdown in
Figure 2, evaluated for 100 points in the parameter space

41 we neglect the dependence of the Ni” bias on the CMB power spectra.
Also note that we use isotropic approximations to model both the response
function and the Ni” bias.

42 Available at https: //github.com/dhanson/quicklens.

43 Available at https://github.com/JulienPeloton /lensingbiases.
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Figure 2. Ratio of the lensing likelihood corrections, ACY? = M},
(Ci'le — Cf'lfa), to the SPTPOL lensing band powers uncertainties Ji"ﬁ for
the CMB power spectra TT/TE/EE and ¢¢ corrections (blue, yellow, red, and
cyan bands, respectively). The different bands contain the 68% of the
correction distributions evaluated for points © in the parameter space randomly
drawn from the PLANCKTT + LOWP + LENSING cosmology chains from
Planck Collaboration et al. (2016b).

randomly drawn from the Planck chains corresponding to our
fiducial cosmology.

3. Cosmological Parameter Constraints

In this section, we investigate the constraining power of the
SPTPOL lensing data set on cosmology and compare to Planck
lensing constraints.

3.1. Cosmological Inference Framework

Our reference cosmological model is a spatially flat ACDM
model with purely adiabatic scalar primordial fluctuations
and a single family of massive neutrinos with total mass
> m, = 60 meV. This baseline model is described by a set of
six parameters: the physical baryon density {,42, the physical
cold dark matter density (.42, the (approximated) angular size
of the sound horizon at recombination fyc, the optical depth at
reionization 7, the amplitude Ay, and the spectral index n, of
primordial scalar fluctuations calculated at a pivot scale of
k = 0.05 Mpc~'. We will also quote parameters derived from
these six parameters, such as the total matter density £2,,, the
Hubble constant H,, and the amplitude of the matter power
spectrum expressed in terms of og, the rms density fluctuations
within a sphere of radius 8 #~' Mpc. We calculate the lensed
CMB and CMB lensing potential power spectra with the
camb® Boltzmann code (Lewis et al. 2000), while the
parameter posteriors are sampled with the Markov Chain
Monte Carlo CosmoMC™* code (Lewis & Bridle 2002).

4 Available at https: //camb.info (2017 August version). The small-scale
nonlinear matter power spectrum and its effect on the CMB lensing quantities
are calculated with the HMcode of Mead et al. (2015). The effect of the
nonlinear matter power spectrum modeling uncertainties on the estimated
cosmological parameters has been shown to be negligible by Planck
Collaboration et al. (2018a), who compared constraints obtained adopting
both the Takahashi et al. (2012) and Mead et al. (2015) versions of the
halofit model. The impact of modeling differences is found to be negligible,
even when considering the full multipole range 8 < L < 2048.

45 Available at https://cosmologist.info/cosmomc/ (2018 July version).
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In the following, we combine the likelihoods associated with
five different data sets: (i) the 2015 PLANCKTT and LOWP
primary CMB likelihoods (Planck Collaboration et al. 2016c¢);
(i) the 2018 Planck CMB lensing likelihood (Planck
Collaboration et al. 2018a); (iii) the SPTPOL CMB lensing
likelihood*®; (iv) the SPTPOL TEEE likelihood (Henning et al.
2018); and (v) baryonic acoustic oscillation (BAO) likelihoods
from BOSS DR12, SDSS MGS, and 6dFGS galaxy surveys
data (Beutler et al. 2011; Ross et al. 2015; Alam et al. 2017).

We do not use the latest Planck 2018 primary CMB data
because the Planck 2018 likelihoods were only publicly
released when the analysis and preparation of this manuscript
were near completion. Since the main aim of this work is to
compare the constraining power of the SPTPOL and Planck
lensing data sets, this does not represent an issue as long as we
combine them with the same primary CMB data sets. For
completeness, we recall that the main differences between the
2015 and 2018 Planck releases are an improved processing of
the low-¢ HFI polarization data and the inclusion of polariza-
tion corrections in the high-# likelihood (not used here), whose
principal effect is to lower the central value and tighten the
uncertainty by a factor of 2 on 7. Consequently, the A;e>"
degeneracy causes a 1o decrease of In(10'° Ay) and a ~0.50
increase of Q.2

3.2. Constraints from CMB Lensing Alone

We start by showing the constraints on the baseline ACDM
model using only CMB lensing measurements. In particular,
we focus on the amplitude of the matter power spectrum og and
the total matter density €2,,. When analyzing constraints from
CMB lensing alone, we follow Planck Collaboration et al.
(2018a) and adopt the weak priors shown in Table 1 to avoid
marginalizing over unrealistic values of poorly constrained
parameters. Specifically, we fix the optical depth to reionization
to 7 = 0.055 and place Gaussian priors on the baryon density
Qph* = 0.0222 4 0.0005, motivated by primordial deuterium
abundance D/H measurements in high-redshift metal-poor
quasar absorption systems (Cooke et al. 2018) combined with
big bang nucleosynthesis predictions, and on the spectral index
ny = 0.96 £ 0.02. Moreover, we fix the linear corrections to
the response function to the fiducial cosmology, similar to
Planck Collaboration et al. (2016a), Sherwin et al. (2017), and
Simard et al. (2018).

As shown in Figure 3, the lensing-only constraints project a
well-defined band in the €2,,—og plane:

0323 = 0.593 + 0.025 (SPTPOL lensing only, 68%).
(13)

This parameter combination is measured with a 4.2%
precision and is in excellent agreement with the Planck
lensing-only value of 05Q%% = 0.590 £ 0.020 (3.4% preci-
sion). For comparison, in Figure 3 we also show the constraints
obtained by Simard et al. (2018) with the CMB lensing band
powers from 2500 deg® observed by SPT-SZ + Planck (Omori
et al. 2017), which are again consistent with the SPTPOL ones
and similar in extent.

Assuming that the SPTPOL and Planck lensing measurements
are independent, which is a safe assumption given the relatively
small footprint overlap and the different sensitivity to CMB

46 Details on how to install and use the SPTpol CMB lensing likelihood and
data set are available at https://pole.uchicago.edu/public/data/lensing19/.
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Table 1
Summary of the Priors Imposed on Each Cosmological Parameter in This
Work, When Considering Either Lensing-only Data Sets or Also Including
Primary CMB Measurements

Parameter Lensing Only Lensing + CMB
Qph? N{(0.0222, 0.0005%) U(0.005, 0.1)
Q.h? U(0.001, 0.99) U(0.001, 0.99)
Hy (kms™' Mpc ™) U(40, 100) U(40, 100)

T 0.055 U(0.01, 0.8)
ng N(0.96, 0.02%) U©0.8, 1.2)
In(10'04;) uc.et, 3.91) u.61, 3.91)
>m, (eV) 0.06 0.06 or U(0, 5)
Qk 0 0 or U(—0.3, 0.3)
Ar 1 1 or U(0, 10)
AP? 1 1 or U(0, 10)

Note. Parameters that are fixed are reported by a single number. U(a, b)
denotes a uniform distribution between [a, b], while N(u, 0?) indicates a
Gaussian distribution with mean p and variance o2.

modes due to noise and resolution, we can further combine the
data sets. The parameter that mostly benefits from the joint
analysis is once again 08921'25, which is constrained with an
accuracy of x2.5%:

03Q%% = 0.587 & 0.015  (Planck + SPTPOL
lensing only, 68%). (14)

This corresponds to a factor of 1.33 improvement over Planck
lensing-only statistical uncertainties.

3.3. Comparison with Galaxy Lensing

While the focus of this analysis is interpreting the
gravitational lensing measurements of the CMB, we are also
able to compare our results with measurements of optical weak
lensing, also known as cosmic shear (e.g., Bartelmann &
Schneider 2001). Cosmic shear is complementary to CMB
lensing, as it is sensitive to the evolution of gravitational
potentials at lower redshift and is affected by different
systematics.

In Figure 3 we also show a compilation of recent cosmic
shear constraints on €2, and og from the KiDS*’ (Hildebrandt
et al. 2017), CFHTLenS™*® (Joudaki et al. 2017a), and DES
(Troxel et al. 2018) optical surveys. We follow the Planck
Collaboration et al. (2018a) approach and use the first-year
DES cosmic shear likelihood, data cuts, and nuisance
parameters (and associated priors) described by Troxel et al.
(2018), but use the priors on cosmological parameters shown in
Table 1. Furthermore, we consider a single minimal-mass
neutrino eigenstate.

As can be seen in Figure 3, the statistical power of galaxy
lensing constraints is comparable to that of CMB lensing, but
due to the much lower redshift distribution of the source
galaxies, the degeneracy direction is different and approxi-
mately constrains 6zQ%>. In fact, the parameter combination
that is best constrained by cosmic shear measurements is
Sg = 0g+/€2, /0.3, which is measured at 5% accuracy by DES

47 We make use of the kids450fiducial chains available at https://github.
com/sjoudaki/kids450.

48 Results shown here are based on the fiducialrun chains available at
https: / /www.dropbox.com/s/lku48ron59nvc1m/centralchains.tar.gz?dl1=0.
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Figure 3. Constraints on oy and €2, from CMB lensing (SPTPOL, Planck, SPT-
SZ +Planck) and optical lensing (KiDS-450, CFHTLenS, DES) surveys appear
to be broadly consistent with each other. The different degeneracy direction
between CMB and optical lensing surveys reflects their different redshift
sensitivity to matter fluctuations. The independent high-redshift constraints
from Planck primary CMB power spectra, shown as black contours, are also in
agreement with the lower redshift CMB lensing measurements.

lensing, Sg = 0.7907003. This constraint is ~1.1c lower
than the value inferred from Planck 2018 primary CMB,
Sg = 0.834 £+ 0.016, and consistent with Sg from SPTPOL
lensing, Sg = 0.86 £ 0.11. A similar level of precision has
been achieved by Hikage et al. (2019), who performed a
tomographic analysis of the Hyper Suprime-Cam (HSC) survey

first-year shear catalog and found Sg = 0.777+3931.%°

3.4. Including BAO Information

We next consider the cosmological implication of adding BAO
data to the lensing measurements. In addition to og and §2,,, the
lensing spectrum is sensitive to the expansion rate H since it also
constrains the parameter combination a3 Q%>(€,,4%) %37 (e.g.,
Planck Collaboration et al. 2016a). To break the degeneracy, we
include BAO measurements (and the Gaussian prior on €),h>
from the column “Lensing only” in Table 1), which allow the
BAO measurements to constrain H, and 2,,,.

Combining SPTPOL lensing with BAO, we obtain the
following ACDM constraints (68%):

Hy = 72.0731 km s~ Mpc™!
og = 0.779 + 0.023
Q= 0.36870932

SPTPOL lensing + BAO,

15)

4 For consistency with the results based on CMB lensing and DES cosmic
shear, here we quote the constraint obtained by fixing the sum of the neutrino
masses to >_m, = 0.06eV.
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Table 2
Constraints on a Subset of ACDM Parameters Using the Planck and SPTPOL
CMB Lensing Data Sets Alone, Jointly Analyzed, or Combined with BAO
Information

Lensing + BAO

Lensing

G'gQS,;QS og HO Qm
SPTPOL  0.593 +0.025  0.779 £0.023 72073}  0.3689932
Planck 0.590 +0.020 0811 +£0.019  67.9711 03039018

Note. All limits in this table are 68% intervals; H is in units of km s7! Mpcfl.

while combining Planck lensing with BAO yields

Hy = 679} km s~ Mpc~!
og = 0.811 + 0.019
Q. = 0.3037591¢

Planck lensing + BAO. (16)

A summary of the constraints from CMB lensing, both
Planck and SPTPOL data sets, and BAO data is provided in
Table 2. In Figure 4 we show the constraints on Q,,h?, og, and
In(10'° A;) obtained with SPTPOL lensing + BAO (red
contours) and Planck lensing + BAO (blue contours). The
SPTPOL + BAO set prefers higher Hy and €2,, than the Planck
+ BAO set. Since the included BAO measurements are the
same for both cases, the differences in the best-fit parameters
are indicative of the different preferences of the two sets of
lensing band powers.

To understand the parameter preferences from the two
experiments, we first note that Hy and €2, correlate positively in
the posterior distribution of the BAO measurements with priors
on ,h? (e.g., Addison et al. 2018). As discussed in Planck
Collaboration et al. (2016a), the shape of the Planck lensing
spectrum constrains Q%°h ~ constant, preferring an anti-
correlation between H, and €2,, and thus breaking degeneracies
of these parameters. The BAO+£2,h? constraints dominate the
Hy—2, degeneracy direction when combined with SPTPOL
CMB lensing. Therefore the preference for higher H, from
SPTPOL lensing when combined with BAO is driven by the
SPTPOL lensing Hy—2,, contours intersecting the BAO Hy—2,,
contours around larger values of Hy and €2, compared to
Planck lensing. Compared to the Planck lensing measurement,
SPTPOL lensing does not measure the peak of the lensing
spectrum. The peak of the lensing spectrum is sensitive to the
scale of matter-radiation equality and effectively constrains
the matter density €2,,h>. Without measurements of the peak,
the SPTPOL lensing measurement allows for a broader
degeneracy between 2,h> and A,. Indeed, the best-fit ,,h>
and In(10'0 A,) from the SPTPOL lensing measurement are ~ 1o
higher and ~1.40 lower compared to the best fits of Planck’s
lensing measurements. With this preference for a high €,,h>
from the SPTPOL lensing spectrum, the constraints on H, and
Q,, when combined with BAO are driven high compared to
Planck lensing.

To confirm this intuition, we rerun the Planck lensing +
BAO chain, discarding the first three band powers covering
the peak of the lensing power spectrum. This leaves us with
six band powers between 135 < L < 400 for a naive

S/N ~ >, (CP/ACP?)? ~ 25 (for comparison, SPTPOL
gives us S/N ~ 18). As expected, we find that removing the
information about the peak of C;’* results in a broadening of the
A,—Q,,h? degeneracy and the contours overlap with the SPTPOL
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Planck Lens (8 < L < 400)
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Figure 4. Constraints within the ACDM model on ©Q,,42, gz, In(10'° A) from
CMB lensing alone and in combination with BAO measurements. We also
show the effect of discarding the information about the peak of the CMB
lensing power spectrum on the parameter degeneracies (see Planck lensing
130 < L < 400 + BAO). Contours contain 68% and 95% of the posteriors.

ones (see Figure 4). Specifically, we find the following
constraints:

Hy = 72.6733 km s~' Mpc~!| Planck lensing
og = 0.814 £+ 0.019 135 < L < 400 + BAO,
Q= 0.37975:939 17

in agreement with SPTPOL lensing + BAO.

Recall that our SPTPOL CMB lensing + BAO constraints are
more sensitive to the low-redshift (z < 4) universe compared to
the primary CMB. It is then interesting to compare the
constraints on Hy from CMB lensing + BAO to values inferred
from the primary CMB and to direct measurements H,.

Given the degeneracy between the H and €2, from the BAO
data and the preference for high €2, of SPTPOL lensing data, the
best-fit Hy from SPTPOL lensing + BAO is 72.0°%1 km s™'
Mpc . This sits between the supernovae and strong gravita-
tional lensing time-delay H, values from SHOES/HOLiCOW
(Riess et al. 2019; Wong et al. 2019) and the supernovae-based
CCHP H values (Freedman et al. 2019), and is within ~ 10 of
both measurements. Compared to that inferred from Planck’s
primary CMB spectra (67.27 +0.60, Planck Collaboration
et al. 2018b, TT+TE+EE+LOWE), the SPTPOL lensing + BAO
Hy value is also ~20 high.50 Note, however, the H, value
depends on the L range of the data, as discussed earlier. This
CMB lensing measurement, when combined with BAO + Quh?
prior, provides a separate inference on Hy utilizing information
from the low-redshift universe.

30 We also note that, thanks to the Hy—2,, degeneracy in the CMB lensing +
BAO data case, the matter density value €2, inferred from SPTPOL lensing +
BAO data is similarly larger, at the ~1.5 o level, than the one suggested by
primary CMB (0.3166 £ 0.0084; Planck Collaboration et al. 2018b, TT+TE
+EE+LOWE).
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Let us now look at the constraint on the og parameter. The
value of the amplitude of matter fluctuations suggested by
SPTPOL + BAO is o3 = 0.779 + 0.023. This is consistent, at
the 1.1o level, with the full-sky Planck lensing result of
og = 0.811 + 0.019 and 1.80 lower than the primary CMB
result of og = 0.829 £ 0.015. The SPTPOL + BAO preference
for a lower og simply represents another way of stating the
preference for a lower A,. Interestingly, as also alluded in
Section 3.3, there are indications that the og value inferred from
LSS probes, such as clusters (e.g., de Haan et al. 2016; Bocquet
et al. 2019), cosmic shear (e.g., Hildebrandt et al. 2017;
Joudaki et al. 2017a, 2017b; Abbott et al. 2019; Planck
Collaboration et al. 2018a; Hikage et al. 2019), and redshift
space distortions (e.g., Gil-Marin et al. 2017), are lower than
what Planck would suggest, although the difference is not as
significant as the H, tension.

3.5. Joint Constraints from Primary CMB Power Spectrum and
Lensing

Adding primary CMB anisotropy information constrains the
angular acoustic scale 0y to high precision and, in turn, breaks
the degeneracy between 2, g, and H, that affects the CMB
lensing-only constraints. Conversely, CMB lensing data can
improve constraints on the amplitude parameters, for example
by breaking the A;e~>" degeneracy through lensing smoothing
effects, and on those limited by geometrical degeneracies when
measured from primary CMB alone.

The joint constraints on {2, and og from the combination of
Planck primary CMB and CMB lensing data are shown in
Figure 5. Note that in this case, we use the priors shown in the
right column of Table 1 and apply both the response function
and Nil) linear corrections to the lensing likelihood, as
discussed in Section 2.4. When primary CMB data are
included, the lensing power spectrum shape is almost fixed,
but the amplitude still has freedom to increase (decrease)
because matter density is allowed to increase (decrease)
through the acoustic-scale degeneracy in the primary CMB.
CMB lensing data, either from SPTPOL or Planck, tend to pull
down the og value inferred from Planck primary CMB, as also
hinted by Figure 3. In particular, we find og = 0.829 4+ 0.015
from primary CMB alone (PLANCKTT + LOWP, 68%) and
og = 0.816 &+ 0.012 (PLANCKTT + LOWP + SPTPOL lensing,
68%) and oy = 0.820 + 0.010 (PLANCKTT + LOWP + Planck
lensing, 68%). For completeness, we note that that the og value
inferred from Planck 2018 primary CMB data alone reduces
to og = 0.812 + 0.009 (2018 PLANCKTT+LOWE, Planck
Collaboration et al. 2018b), thanks to a more precise and
lower value of the optical depth, as mentioned in Section 3.1.
Finally, we note that the geometrical information from BAO
further improves constraints on §2,, by roughly 40% for all data
sets considered.

3.6. Lensing Amplitudes

Gravitational lensing is responsible for transferring CMB
power from large to small scales and for smearing the acoustic
peaks. Both these effects have been accurately observed and
measured in CMB power spectra (e.g., Reichardt et al. 2009;
Story et al. 2013; Louis et al. 2017; Henning et al. 2018; Planck
Collaboration et al. 2018b).

A well-known internal tension in Planck is the preference (at
~2.50 significance) of a slightly larger amount of lensing, as
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Figure 5. Constraints on §2,, and og in the base ACDM model from Planck
primary CMB alone (orange contours) and in combination with Planck and
SPTPOL CMB lensing data (blue and purple contours, respectively). Contours
contain 68% and 95% of the posteriors.

measured from the smoothing of the acoustic peaks, than what
is predicted given ACDM (Planck Collaboration et al.
2016b, 2018b). At the same time, we note that similar analyses
of the SPT CMB temperature (Story et al. 2013; Aylor et al.
2017) and polarization (Henning et al. 2018) spectra have
found no evidence of this enhanced peak smoothing effect,
reporting a mild preference (=~10) for a lower lensing power
than predicted.”'

The CMB lensing measurement from W19 represents an
independent cross-check on the Planck lensing amplitude
measurement. To this end, we follow Planck Collaboration
et al. (2018a), Simard et al. (2018), and introduce two
phenomenologically motivated lensing amplitude parameters,
Ay and AJ?. The former is an unphysical parameter that scales
the lensing power spectrum both in the acoustic peak smearing
and the lens reconstruction, while the latter only scales the
theory lens reconstruction at every point in the parameter space.

Marginalizing over A; effectively removes the lensing
information from extra peak smoothing beyond ACDM in the
PLANCKTT two-point function. Then, when both parameters are
allowed to vary, the combination A; X Al“M quantifies the
overall amplitude of the measured lensing power with respect
to ACDM expectations, when the inferred ACDM parameters
are insensitive to the observed level of peak smearing.

We start the comparison between Planck and SPTPOL lensing
by fixing A; to unity. The preference for A; > 1 in Planck
temperature data pulls the cosmological parameters to a region
of the parameter space with a higher intrinsic CMB lensing
power spectrum. This, in turn, leads the inferred lensing
amplitude A/’ to lower values. Specifically, we find

AP? = 0.89075957  SPTPOL Lensing, 68%, (18)

AP? =0.970 + 0.039 Planck Lensing, 68%, (19)

3! The significance of the SPT data preference for low lensing power when
compared to Planck can be exacerbated if super-sample and intra-sample
lensing covariances are neglected; see Motloch & Hu (2019).
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Table 3
Constraints on Several Extensions to the Base Six Parameters ACDM Model for Combinations of Primary CMB and Lensing Power Spectra from Planck and SPTPOL

TT + lowP TT + lowP + SPTPOL Lens TT + lowP + Planck Lens SPTPOL TEEE + lowP + SPTPOL Lens

AP 0.89075:957 0.970 + 0.039 1.13404)

AP? 0.817 + 0.065 0.87610942 127508

AL 12225097 1.233+0973 0.705033

AL x AP? 0.995 + 0.090 1.076 + 0.063 1.036 + 0.136

Ym, V) <0.196 <0.229 <0.223 <0.420

Sm, (V) <0.430 <0.453 <0.394 <0.620

AL 1.28+319 1155393 1112987 103509

Qx —0.0509939 —0.009979343, —0.00847530%3

(0.0005 £ 0.0026) (0.0007 £ 0.0025)

(0.0002 £ 0.0026)

Note. Horizontal lines separate the different cosmological models that have been analyzed. All limits are 68% except on ) _m,,, for which we report the 95% upper
limits. Note that the results for cosmological runs with varying Y m, also include BAO information in addition to the data sets shown in the first row. The number in

parenthesis in the {x run also shows the effect of the BAO data inclusion.

both in combination with PLANCKTT and LOWP. As can be
seen, Planck lensing is consistent within 1o to the ACDM
expectations based on Planck primary CMB, while the SPTPOL
measurement is about 1.8 lower than A]"* = 1. Note that the
SPTPOL-based Ag’¢ value quoted here (Equation (18)) differs
from Af@ = 0.944 £ 0.058 (stat) reported in W19 because
here we marginalize over the six ACDM cosmological
parameters. An indication of a mild lensing power deficit was
also seen in the SPT-SZ + Planck lensing measurement from
Omori et al. (2017), for which Simard et al. (2018) estimate
Ai/"b = 0.91 + 0.06, consistent with both the SPTPOL and
Planck values presented here.

An informative check to perform is replacing PLANCKTT
with the SPTPOL TEEE data set. This way we can test the impact
of primary CMB on the inferred lensing power spectrum
amplitude. As expected, the mild SPTPOL preference for less
lensing smoothing pushes the inferred four-point lensing
amplitude to values ~1o0 above unity:

AP? = 1.13*313  SPTPOL Lensing, 68%. (20)

The constraints on A from different combinations of data sets
are reported in Table 3.

The next question we would like to answer is whether the
lensing power observed in the four-point function is consistent
with ACDM expectations when the peak smoothing effect,
from either Planck or SPTPOL primary CMB, is not reflected on
the cosmological constraints. To investigate this aspect, we
show in Figure 6 the posterior distributions on A; and
Ap x Af? using Planck primary CMB in combination with
Planck and SPTPOL lensing data sets (purple and orange
contours, respectively). y

When letting both A; and A;® free to vary, we obtain (with
PLANCKTT and LOWP, 68%)

AL X AP® =0.995 + 0.090 SPTPOL Lensing,  (21)
AL x AP? = 1.076 £ 0.063 Planck Lensing. (22)

These values show that both lensing data sets appear consistent
with the cosmological parameters implied by the two-point
function once peak smearing effects are marginalized over.
Finally, the SPTPOL lensing data set is also consistent with

1.8
Planck TT + lowP + SPTpol Lens
B Planck TT + lowP + SPT-SZ+ Planck Lens (Simard+18)
1.67 Planck TT + lowP + Planck Lens
SPTpol TEEE + lowP + SPTpol Lens
N 1.4
<
<t
x 1.2 = - Q\\\
~ .
: -5
1.0 v )
-
\
0.8
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T
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Figure 6. CMB lensing and primary CMB power spectra are sensitive to the
lensing effects in different ways. The acoustic peak smoothing induced by
lensing on Planck primary CMB favors models with A, > 1. When the peak
smearing information has been marginalized over, the amplitude of the lensing
trispectrum relative to the best-fit ACDM parameters is consistent with
expectations independent of the data set combination. The results based on the
SPT-SZ + Planck lensing map from Omori et al. (2017) presented in Simard
et al. (2018) are also consistent with the SPTPOL constraints.

ACDM expectations when Planck primary CMB is replaced
with SPTPOL TEEE, with information from peak smoothing
marginalized over:

A x AJ® =1.036 + 0.136 SPTPOL Lensing, 68%. (23)

The individual constraints on A, and AL‘M’ when both are
allowed to vary are summarized in Table 3. Note how both
Planck and SPTPOL preferences for A, = 1 are preserved even
when A° is included as an additional parameter. This
demonstrates that the driver of A; best-fit values is the features
in both the Planck and SPTPOL two-point CMB spectra.

3.7. Massive Neutrinos

We now turn to examine what CMB lensing measurements tell
us about fundamental physics, specifically about neutrino proper-
ties. Despite the fact that neutrino oscillation measurements have
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established that neutrinos are massive, their absolute mass scale
and the relative ordering of the mass eigenstates—the so-called
neutrino hierarchy—are still largely unknown. Neutrino oscilla-
tion experiments are sensitive to the squared mass differences and
suggest that the sum of the neutrino masses is ) _m, > 58 meV in
the normal hierarchy and >100 meV in the inverted hierarchy (de
Salas et al. 2018 and references therein). Interestingly, the current
generation of long baseline neutrino oscillation experiments such
as T2K>? and NOvA,>? which are mostly sensitive to the mass
hierarchy, have found a mild preference for the normal
hierarchy (Abe et al. 2017; Acero et al. 2019).

In the context of neutrino studies, cosmological observations
greatly complement laboratory measurements as they enable a
constraint of the sum of the neutrino masses (e.g., Vagnozzi
et al. 2017). In particular, the CMB lensing potential power
spectrum is sensitive to Y _m,,, since massive neutrinos suppress
the growth of structure below the neutrino free-streaming
length, resulting in a scale-dependent suppression of Cf"p.

Let us first look at the constraints on > m, from primary
CMB alone. Planck constrains the sum of the neutrino masses
to >m, < 0.69 eV at 95% level (PLANCKTT + LOWP). This
upper limit can be further improved by adding data on the BAO
scale, as the low-redshift information allows us to break
parameter degeneracies, for instance between > m, and H.
With this setup, we obtain > m, < 0.20 eV (95%), which is
shown by the black solid line in Figure 7. (For the remainder of
this subsection, we always include BAO data unless otherwise
stated.) As mentioned in Section 3.6, the amount of lensing
inferred from primary CMB is larger than the one directly
measured through the amplitude of the lensing power spectrum.
Therefore, the constraints on ) m, from primary CMB alone
(+BAO) are tighter when CMB lensing is not included. This is
because increasing the neutrino mass corresponds to a decrease
in the acoustic peak smearing expected within ACDM.

In fact, after the inclusion of CMB lensing information, we
obtain

> m, < 0.23eV (PLANCKTT 4+ LOWP + BAO

-+ SPTPOL lensing, 95%), 24)
S m, < 0.22eV (PLANCKTT + LOWP + BAO
+ Planck lensing, 95%), (25)

shown as the solid orange and cyan lines in Figure 7. These
results are in good agreement with each other. For a direct
comparison with the previous SPT-SZ lensing measurement,
Simard et al. (2018) find a 95% upper limit on the sum of
the neutrino masses of > m, < 0.70 eV, while we obtain
> m, < 0.72eV when replacing SPT-SZ +Planck lensing
with SPTPOL lensing, both without BAO.

An instructive test to check the stability of the neutrino mass
constraints with respect to changes in the primary CMB is
replacing the PLANCKTT likelihood with the SPTPOL TEEE one
from Henning et al. (2018). This test is especially interesting
because, as we have already mentioned, the Planck and SPTPOL
primary CMB measurements are known to favor a different
amount of lensing from the smoothing of the acoustic peaks. In
fact, this data set combination (the solid green line in Figure 7)

52 hitps: //t2k-experiment.org/
3 https: / /novaexperiment.fnal.gov/
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Figure 7. Constraints on the sum of the neutrino masses > m, when Planck
primary CMB and BAO information is exploited (black line) and when either
SPTPOL lensing (orange line) or Planck lensing (cyan line) is included in the
cosmological analysis. If we replace the Planck primary CMB with the SPTPOL
TEEE measurement from Henning et al. (2018) and include SPTPOL lensing and
BAO, we obtain the green curve. Dashed lines show instead the results when
we marginalize over the lensing information in the primary CMB (i.e., we let
A, free to vary).

suggests

>m, < 0.42eV (SPTPOL TEEE + LOWP + BAO

-+ SPTPOL lensing, 95%), (26)
which is larger than what is found using the temperature and large-
scale polarization from Planck. Differently from PLANCKTT
measurement, the high-£ SPTPOL TEEE spectra prefer slightly less
lensing than in base ACDM (1.4¢ below A; = 1.0 and 2.90 lower
than the value preferred by PLANCKTT). In turn, the lensing power
deficit is interpreted as a larger neutrino mass due to their structure
suppression effect, pushing the constraints on > m, to larger
values.

Finally, we free the lensing amplitude parameter A; and
investigate the SPTPOL lensing constraining power when we
marginalize over the effect on ) m, from excess peak
smoothing of the primary Planck two-point measurements. This
is particularly interesting in light of Planck’s A; being 2.50 high
compared to ACDM expectation (Planck Collaboration et al.
2018b). The results are shown as the dashed lines in Figure 7
with the same color coding introduced above.

When using PLANCKTT as the primary CMB, A; takes on
values greater than 1 due to the significant constraining power
of the two-point power spectrum. This, compared to when A; is
fixed to 1, lets the matter parameters take on lower values and
allows for a larger value of > m,. As a result, the 95% C.L.
upper limits on > m, from both Planck lensing and SPTPOL
lensing increase to

> m, < 0.45eV (PLANCKTT + LOWP + BAO

+ SPTPOL lensing[A; free], 95%), (27)


https://t2k-experiment.org/
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S m, < 0.39eV (PLANCKTT + LOWP + BAO

+ Planck lensing[A; free], 95%). (28)

As can be noted from Table 3, when CMB lensing likelihood is
included in the cosmological inference, the central value of A, is
still larger than unity (e.g., A, = 1.1570% for SPTPOL lensing),
while for primary CMB + BAO we find A, = 1.287019.

On the other hand, when using the SPTPOL TEEE
measurement instead of PLANCKTT, A;, instead of having a
1.40 lower value as would be preferred by SPTPOL TEEE, takes
on the value A; = 1.037)33. Thus the best-fit posterior values
in this A;-free chain are similar to the A; = 1 chain. However,
since > m, and A; are degenerate (positively correlated),
including A; as a free parameter essentially broadens the
posterior distribution of » m,. Therefore, we obtain a larger
upper limit on > m,. Specifically, we find

> m, < 0.62eV (SPTPOL TEEE + LOWP + BAO

+ SPTPOL lensing[A, free], 95%). (29)
The constraint on the sum of neutrino masses from SPTPOL
lensing is consistent with Planck lensing, allowing slightly
higher neutrino mass because of the overall smaller lensing
amplitude.

3.8. Spatial Curvature

A general prediction of inflationary models is the flatness of
the spatial hyper-surfaces of the background metric. A main
hindrance in determining the geometry of the universe solely
from primary CMB observations is the well-known geometrical
degeneracy (Efstathiou & Bond 1999). This degeneracy arises
because the shape of the CMB anisotropy spectrum mainly
depends on two physical scales—the sound horizon at
recombination and the angular-diameter distance to the last-
scattering surface—so that cosmological models with similar
matter content and angular-diameter distance to the last-
scattering surface will produce nearly indistinguishable CMB
power spectra.

The geometrical degeneracy is manifest when looking at the
colored scattered points in Figure 8 that have been obtained
using only Planck primary CMB data. In particular, the
PLANCKTT preference for larger A; values allows the
degeneracy to extend to regions of the parameter space with
low Hubble constant and negative curvature. This picture can
be greatly improved by using either internal CMB data alone,
specifically by adding measurements of CMB lensing that
break the geometrical degeneracy, or through the inclusion of
BAO data. The constraint on spatial curvature from Planck
primary CMB only is 2 = —0.043t8;8%§, favoring a positive
curvature at about 1.5¢. Instead, the inclusion of SPTPOL CMB
lensing yields

Qx = —0.009913913, (PLANCKTT + LOWP

+ SPTPOL lensing, 68%), (30)
in agreement with the Planck lensing based result of Qx =
—0.008470:99%3.

Finally, external data like BAO also provide consistent
results when combined with primary CMB Planck data (see
Figure 8). By jointly analyzing PLANCKTT + LOWP + SPTPOL
lensing + BAO, we find Qg = —0.0007 £ 0.0025, a sub-
percent measurement of the spatial curvature of the universe.
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Figure 8. Constraints on curvature and total matter density from primary CMB
(scattered points color-coded by Hubble constant value). Closed universe
models with high curvature are inconsistent with lensing measurements (solid
red and dashed purple lines, SPTPOL and Planck lensing respectively) and ruled
out by BAO data (dotted green line). The joint analysis of Planck primary
CMB, SPTPOL lensing, and BAO is fully consistent with a flat universe (blue
shaded contour).

4. Conclusions

The lensing band powers presented by Wu et al. (2019) are
currently the most precise measurement of the CMB lensing
power spectrum from the ground. As such, the band powers
present a valuable, independent check on the full-sky Planck
lensing measurement, and also extend the measurement to
smaller angular scales. In this work, we investigate the
cosmological implications of these data, and explore the
tensions that are emerging between the high- and low-redshift
universe within the ACDM framework.

Overall, the constraints based on SPTPOL lensing are in close
agreement with the ones obtained on the full-sky with Planck.
For example, using only SPTPOL CMB lensing data, we find a
4.2% constraint on 0gQ%* = 0.593 + 0.025, matching the
Planck based value of 0gQ%* = 0.590 + 0.020. If we further
combine the SPTPOL and Planck lensing likelihoods, we
improve the constraint precision from CMB lensing alone to
2.5%, 0gQ%% = 0.587 + 0.015. When complementing the
SPTPOL lensing likelihood with BAO data, the constraints
tighten to oy = 0.779 + 0.023 and €, = 0.36870932, which
when compared to similar constraints using Planck lensing
with BAO data are ~1.50 lower and higher, respectively. We
identify the lack of information about the peak of the CMB
lensing spectrum from the SPTPOL data to be the driving factor
of this difference.

The SPTPOL lensing band powers also provide an informa-
tive cross-check on the internal Planck tension that exists
between the amount of lensing directly measured from the four-
point function reconstruction and the one inferred from the
acoustic peak smearing. In particular, the lensing amplitude
measured from SPTPOL is consistent (albeit ~10 low) with the
one inferred from the Planck lensing reconstruction and in
tension with that deduced from CMB peak smearing. When the
sensitivity to lensing is removed from the peak smearing effect
in the CMB two-point function, the SPTPOL data match the
amount of lensing predicted by the observed primary CMB
anisotropies.
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When combined with Planck primary CMB data, the SPTPOL
lensing and Planck lensing constraints agree. Among the single-
parameter extensions to the ACDM model that we consider, the
spatial curvature is constrained to be {x = —0.0007 £ 0.0025,
while the sum of the neutrino masses Y m, < 0.23eV at 95%
confidence (both including BAO data).

The preference for a larger lensing signal in the Planck CMB
two-point function is known to drive tighter constraints on the
sum of the neutrino masses (Planck Collaboration et al. 2018b).
If we remove the two-point lensing signal from the PLANCKTT
peak smearing by marginalizing over A;, the constraint on
>_m, broadens to > m, < 0.45eV. Conversely, when repla-
cing the Planck primary CMB with the SPTPOL TEEE band
powers from Henning et al. (2018), which favor A; < 1, we
find }~m, < 0.42 eV (fixing A, to unity).

The cosmological constraints presented in this paper are also
in excellent agreement with those obtained from the SPT-SZ
temperature-based lensing reconstruction over 2500 deg?
(Omori et al. 2017; Simard et al. 2018), of which the SPTPOL
footprint is a subset.

CMB lensing measurements are becoming increasingly
important to precision tests of cosmology. In the upcoming
years, high-S/N lensing measurements will provide invaluable
insights on the growth of structure and the sum of the
neutrino masses. Current experiments like SPT-3G (Benson
et al. 2014; Bender et al. 2018), as well as future ground-based
observations from Simons Observatory (The Simons Observa-
tory Collaboration et al. 2018) and CMB-S4 (CMB-S4
Collaboration et al. 2016), are projected to significantly
improve constraints on the sum of neutrino masses through
CMB lensing, with CMB-S4 obtaining a sufficient sensitivity
(~20 meV>*) to detect the minimum mass in the normal
hierarchy at a significance of 30. Estimating and removing the
CMB lensing signal, a process known as delensing (e.g., Smith
et al. 2009; Manzotti et al. 2017), will also be crucial to
searches for prunordlal grav1tat10na1 waves from inflation. The
ultra-low-noise maps of 1500 deg” of sky from the ongoing
SPT-3G survey, the latest instrument on the South Pole
Telescope (Benson et al. 2014; Bender et al. 2018), will
dramatically improve the lensing reconstruction across this area
and our knowledge of high-redshift structure growth.
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54 Note that this forecast includes projected measurements of the BAO scale
from the DESI redshift survey.
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