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We presentcosmologicalconstraints from the analysis oftwo-point correlation functions between
galaxy positions and galaxy lensing measured in Dark Energy Survey (DES) Year 3 data and measurements
of cosmic microwave background (CMB) lensing from the South Pole Telescope (SPT) and Planck. When
jointly analyzing the DES-only two-point functions and the DES cross-correlations with SPT þ Planck
CMB lensing, we find Ωm ¼ 0.344  0.030 and S8 ≡ σ 8ðΩm=0.3Þ0.5 ¼ 0.773  0.016, assuming ΛCDM.
When additionally combining with measurements ofthe CMB lensing autospectrum,we find Ω m ¼
0.306þ0.018

−0.021 and S8 ¼ 0.792  0.012. The high signal-to-noise of the CMB lensing cross-correlations
enables several powerful consistency tests of these results, including comparisons with constraints derived
from cross-correlations only,and comparisons designed to test the robustness of the galaxy lensing and
clustering measurements from DES.Applying these tests to our measurements,we find no evidence of
significant biases in the baseline cosmological constraints from the DES-only analyses or from the joint
analyses with CMB lensing cross-correlations.However,the CMB lensing cross-correlations suggest
possible problems with the correlation function measurements using alternative lens galaxy samples,in
particular the REDMAGIC galaxies and high-redshiftMAGLIM galaxies,consistentwith the findings of
previous studies. We use the CMB lensing cross-correlations to identify directions for further investigating
these problems.

DOI: 10.1103/PhysRevD.107.023531

I. INTRODUCTION

The late-time large scale structure (LSS) of the Universe
is sensitive to a variety of cosmologicalsignals,ranging
from the properties of dark energy and dark matter, to the
masses of the neutrinos. Galaxy imaging surveys probe this
structure using observations of both the positions of
galaxies (which trace the LSS) and the shapes of galaxies
(which are distorted by the gravitational lensing effects of
the LSS). Several galaxy imaging surveys have used two-
point correlations between these measurements to place
constraints on cosmologicalmodels, including the Kilo
Degree Survey (KiDS),the Hyper Suprime Cam Subaru
Strategic Program (HSC-SSP), and the Dark Energy Survey
(DES) [e.g., 1–3]. DES has recently presented cosmologi-
cal constraints from the joint analysis of the three two-point
correlation functions (3 × 2 pt) between measurements of
these probes from the first three years (Y3) of DES data [4].

Surveys of the cosmic microwave background (CMB)
are also able to probe the late-time LSS through the effects

of gravitational lensing. Although CMB photons originate
from the lastscattering surface atredshiftz ∼ 1100,their
paths are perturbed by structure at late times, including the
same LSS measured by galaxy surveys.CMB lensing
provides a highly complementary probe of structure to
galaxy surveys,and cross-correlationsbetween the two
have severalappealing features.For one, currentgalaxy
imaging surveys (like DES) identify galaxies out to z ∼ 1,
but the galaxy lensing measurements with these surveys do
not have significantsensitivity beyond z ≃ 0.75.Without
the high-redshift lensing information,cosmologicalcon-
straints from galaxy surveys at z ≳ 0.75 are therefore
significantly degraded.CMB lensing, however, reaches
peak sensitivity at z ∼ 2. Therefore,by cross-correlating
galaxy surveys with CMB lensing measurements, it is
possible to obtain high-precision measurementsof the
evolution of the matter distribution over a broader range
of redshifts than by using galaxy surveys alone.Cross-
correlations of galaxy surveys with CMB lensing mea-
surements are also expected to be robust to certain types of
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systematic biases.Because the galaxy survey measure-
ments are so different from the CMB lensing measurements
(e.g., they use data measured by differenttelescopes at
different wavelengths,and use different estimators for the
lensing signal), biases in the galaxy surveys are unlikely to
correlate with biases in CMB lensing,making two-point
functions between the two especially robust. Finally, cross-
survey correlations often have different parameter depend-
encies than correlations within a survey, offering the
possibility of improved parameterconstraints via degen-
eracy breaking in joint analyses.

The prospect of obtaining tighter and more robust
cosmologicalconstraints from the late-time matter distri-
bution via cross-correlations is particularly timely given
recent hints of tensions between some cosmological probes.
In particular, recent observationsof late-time structure
from galaxy surveys tend to prefer lower values of
S8 ≡ σ8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωm=0.3

p
than CMB surveys [5–9].This tension

could result from physics beyond the standard cosmologi-
cal constantand cold dark mattermodel (ΛCDM), or it
could result from systematic biases in the analyses.By
cross-correlating galaxy surveys with CMB lensing,we
obtain an independenthandle on the late-time large scale
structure measurements that can be used to investigate the
origins of this possible tension [10–13].Recentanalyses
have also suggested the possibility ofsystematic biases
in galaxy survey measurements[14]. Becausecross-
correlationsbetween galaxy surveysand CMB lensing
are robustto many important sources of systematic error,
they provide a powerful way to ensure that late-time
measurements of structure are unbiased.

This work presents the joint cosmologicalanalysis of
two-point correlations between galaxy positions and galaxy
lensing measured in DES data,and CMB lensing mea-
surements from the South Pole Telescope [SPT, 15] and the
Planck satellite [16]. As part of its 2008-2011 SPT-SZ
survey,SPT obtained high-resolution and high-sensitivity
maps of the CMB that partially overlap with the full DES
footprint [17]. At somewhatlower sensitivity and resolu-
tion, Planck has obtained full-sky maps of the CMB that
overlap completely with the DES footprint. Together, these
CMB maps enable high signal-to-noise estimation of the
CMB lensing signal across the entire DES footprint
[17,18], presenting an opportunity for cross-correlation
studies.

From the measurementsof galaxy positions (used to
compute the galaxy overdensity,δg), galaxy lensing (γ,or
γt for the tangential shear), and CMB lensing (κCMB), it is
possible to form six two-point functions: galaxy clustering
(hδgδgi), galaxy-galaxy lensing (hδgγi), cosmic shear (hγγi),
galaxy density-CMB lensing cross-correlation (hδgκCMBi),
galaxy shear-CMB lensing cross-correlation (hγκCMBi), and
the CMB lensing auto-correlation (hκCMBκCMBi). All six of
the above will be considered here (hereafter, we refer to this
combination as 6 × 2 pt). The five two-point functions

excluding the CMB lensing autocorrelation (referred to as
5 × 2 pt) all probe structure below about at z ≲ 1.25, and are
highly correlated.This combination,which we measure
using DES,SPT,and Planck data is the primary focus of
this work. The CMB lensing autocorrelation measurements
used in this analysis are derived from all-sky Planck data, and
are minimally correlated with the 5 × 2 ptmeasurements
owing to their small (fractional) sky overlap and sensitivity to
higher redshifts [18].We therefore treatthe CMB lensing
autocorrelation as an externalprobe,and combine itwith
5 × 2 pt at the likelihood level.

As highlighted above, one of the key reasons to consider
cross-correlations of galaxy surveys with CMB lensing is to
improve robustness to systematic uncertainties.We will
therefore also analyze various subsetsof the 6 × 2 pt
probes for the purposes of testing robustness and exploring
sensitivity to possible systematicerrors. Of particular
interest for these tests is the unexpected discovery in
DES Y3 data of discrepancies in the galaxy bias values
preferred by the clustering and lensing measurements.
The DES Y3 analysis considered two galaxy samples
for the purposes of measuring δg: MAGLIM andREDMAGIC.
TheMAGLIM galaxies at z ≲ 0.8 were used for the baseline
cosmologicalresults presented in [4]. Surprisingly, the
galaxy bias values inferred forREDMAGIC galaxies from
their clustering were found to be roughly 10% lower than
the bias values inferred from lensing [19], with this
discrepancy increasing forthe highest-redshiftgalaxies.
There is no known physicalexplanation for this discrep-
ancy, but tests in [19] suggest that it may be connected to
observationalsystematics imparting additionalclustering
power. MAGLIM galaxiesat high redshift (z ≳ 0.8) also
showed a discrepancy between clustering and lensing [20].
Further investigating these discrepancies is one of the main
goals of the present analysis.

The analysis presented here makes severalsignificant
improvements relative to previous cross-correlation analy-
ses between DES and SPT/Planck measurements of CMB
lensing [21–27]. First, the DES data have significantly
expanded in going from Y1 observations to Y3,covering
roughly a factor of three largerarea.Second,the CMB
lensing maps from SPT/Planck have been remade with
severalimprovements (described in more detailin [18]).
Foremostamong these is that we have used the CMB
lensing estimator from [28] to reduce contamination in the
lensing maps from the thermalSunyaev-Zel’dovich (tSZ)
effect. This contamination wasthe dominant source of
systematic uncertainty for the analysis of [27], and required
us to remove a significant fraction of the small-scale
measurements from our analysis to ensure that our results
were unbiased. As a result, the total signal-to-noise of the
CMB lensing cross-correlations was significantly reduced.
Using a CMB lensing map that is immune to contamination
from the tSZ effect allows us to extract signal from a
wider range of angular scalesand hence improve our
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signal-to-noise ratio.Finally, we have also implemented
severalimprovements to the modeling ofthe correlation
functions,which are described in more detail in [18].

The analysis presented here is the last in a series of three
papers:In [18, hereafterPaperI] we described the con-
struction of the combined, tSZ-cleaned SPT þ Planck
CMB lensing map and the methodology of the cosmologi-
cal analysis. In [12, hereafterPaper II], we presented
the measurements of the cross-correlation probes
hδgκCMBi þ hγ tκCMBi, a series of diagnostic tests of the
measurements,and cosmological constraints from this
cross-correlation combination.In this paper (PaperIII),
we present the joint cosmological constraints from all the
6 × 2 pt probes,and tests of consistency between various
combinations of two-point functions.

The plan of the paper is as follows. In Sec. II we describe
the datasets from DES, SPT and Planck that we use in this
analysis, and in Sec. III we provide an abridged summary
of our model for the correlation function measurements. In
Sec. IV, we present cosmological constraints from the joint
analysis of cross-correlationsbetween DES and CMB
lensing measurements from SPT and Planck,and discuss
several tests of the robustness of these constraints enabled
by the cross-correlationmeasurements.We conclude
in Sec.V.

II. DATA FROM DES, SPT AND PLANCK

DES [29] is a photometric survey in five broadband
filters (grizY), with a footprint of nearly 5000 deg2 of the
southern sky, imaging hundreds of millions of galaxies. It
employs the 570-megapixel Dark Energy Camera [DECam,
30] on the Cerro Tololo Inter-American Observatory
(CTIO) 4 m Blanco telescope in Chile.We use data from
the first three years (Y3) of DES observations. The
foundation of the various DES Y3 data products is the
Y3 Gold catalog described in [31], which achieves a depth
of S=N ∼ 10 for extended objects up to i ∼ 23.0 over an
unmasked area of 4143 deg2. In this work, we consider two
types of galaxy samples:lens galaxies thatare used as
biased tracers of the underlying density field,and source
galaxies which are used to measure the shape-distorting
effects of gravitationallensing.We use the same galaxy
samples as in the DES 3 × 2 ptanalysis [4].That is, the
lens galaxies are taken from the four-redshift binMAGLIM
sample described in [32], and the source galaxy shapes are
taken from the four-redshift binMETACALIBRATION sample
described in [33]. We will additionally consider lens
galaxies from the REDMAGIC sample described in [19].
In particular, we will investigate the potentialsystematic
biases that led to that sample not being used as the baseline
cosmology sample in [4]. The redshift distributions for the
MAGLIM , REDMAGIC, METACALIBRATION samples are
shown in Fig. 1.

As mentioned above, we use two CMB lensing maps in
this work: one covering the SPT-SZ footprint that uses data

from SPT-SZ and Planck (with an overlapping area
of ∼1800 deg2), and a second that covers the northern
part of the DES survey that uses only Planck data (with an
overlapping area of ∼2200 deg2). Together,these two
CMB lensing maps cover the full DES Y3 survey region.
Since the noise levels and beam sizes of SPT-SZ and
Planck are different, the resulting CMB lensing maps must
be treated separately in our analysis. In Paper II we tested
the consistency between the cosmological constraints from
these two patches,finding good agreement.

III. MODELING AND MEASUREMENTS

The theoretical framework we use in this analysis is laid
out in Paper I and [34]. The full 6 × 2 pt data vector
consists of six two-point functions. Since there is little
correlation between 5 × 2 ptand the CMB lensing auto-
correlation measurements from Planck,we combine the
corresponding constraintsat the likelihood level; this
approximation is validated in Paper I.

We fit the 6 × 2 pt data to two different cosmological
models:a spatially flat, cosmologicalconstantand cold
dark matter model,and a cosmologicalmodel where the
equation of state parameter of dark energy, w, is

FIG. 1. Redshift distributions of the galaxy samples considered
in this work. The MAGLIM (top panel) andREDMAGIC (second
from top) lens galaxy samples are used to measure the galaxy
overdensity, while theMETACALIBRATION (third from top) source
galaxy samples are used to measure weak lensing.Our main
cosmological results use only the first four bins of theMAGLIM
sample (solid lines).We perform tests with alternate samples
(dashed lines)for exploratory and diagnostic purposes.In the
bottom panel we show the lensing kernels [Eq. (3)] corresponding
to the source galaxies(blue). The gray band in every panel
represents the CMB lensing kernel[Eq. (4)].
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additionally allowed to vary.Following the DES conven-
tion, we will refer to these models as ΛCDM and wCDM;
note, though, that we allow the sum of the neutrino masses
to vary in both of these analyses.

The modeling of the 5 × 2 pt correlations begins with the
auto and cross-power spectrum of the three fields (δg, γ,
κCMB). For the correlation functions other than galaxy
clustering,we use the Limber approximation [35]:

CXi Yj ðlÞ ¼
Z

dχ
qi

XðχÞqjYðχÞ
χ2 PNL

l þ 1=2
χ

; zðχÞ; ð1Þ

where X; Y ∈ fδg; γ; κCMBg, i, j labels the redshift bin,
PNLðk; zÞ is the non-linear matter power spectrum,which
we compute usingCAMB and HALOFIT [36,37], χ is the
comoving distance from the observer, and zðχÞis the
redshift corresponding to χ. The weighting functions,
qðχÞ,describe how the differentprobes respond to large-
scale structure atdifferent distances,and are given by

qi
δg

ðχÞ ¼ bi ðk; zðχÞÞni
δg

ðzðχÞÞ
dz
dχ

ð2Þ

qi
γðχÞ ¼3H2

0Ωm

2c2
χ

aðχÞ

Z
∞

χ
dχ0ni

γðzðχ0ÞÞdz
dχ0

χ0− χ
χ0 ; ð3Þ

qκCMB
ðχÞ ¼

3H2
0Ωm

2c2
χ

aðχÞ
χ − χ

χ
; ð4Þ

where H0 and Ωm are the Hubble constantand matter
density parameters,respectively,aðχÞ is the scale factor
corresponding to comoving distance χ,bðk; zÞ is galaxy
bias as a function of scale (k) and redshift, ni

δg=γðzÞ are the
normalized redshift distributions of the lens/source galaxies
in bin i. χ denotes the comoving distance to the CMB last
scattering surface. The sufficiency of the Limber approxi-
mation for DES Y3 measurements of hδgγti and hγγi has
been demonstrated in [38].Since the CMB lensing cross-
correlations measure essentially the same structure with
comparable signal-to-noise,the Limber approximation is
expected to be valid for hδgκCMBi and hγtκCMBi as well. [38]
showed,however,that the Limber approximation is not
sufficient for modeling galaxy clustering at DES Y3
precision. For this correlation function, the full non-
Limber integrals must be computed as described in [38,34].

Finally, the angular-spacecorrelation functions are
computed from the auto-and cross-spectra as described
in [18,34]. Note that we use the full curved-sky expressions
when calculating the angularspace correlation functions
rather the flat-sky approximations that were used in parts of
the DES Y1 analysis.

In addition to the basic modeling,described above,we
also consider several other physical and observational

effects. We list these below but refer the readers to
Paper I and [34] for details.

(i) Galaxy bias: Our baseline modelassumeslinear
galaxy bias, but we also explore the potential
improvementfrom using a nonlinear galaxy bias
model and including smaller angular scales in our
analysis,as described in [19] and Paper I.

(ii) Intrinsic alignments (IA): We use the tidal alignment
and tidal torquing [TATT, 39] model to describe the
effect of galaxy intrinsic alignments. We consider an
alternate IA model in Appendix C.

(iii) Lens magnification:Gravitationallensing by fore-
ground mass changes the observed projected number
density of lens galaxies as a result of geometric
dilution and modulation of galaxy flux and size. We
model this effect based on measurements in simu-
lations as described in [34,40].

(iv) Redshift uncertainties: There are uncertainties asso-
ciated with the estimation of the redshiftdistribu-
tions of the lens and the source sample,which we
model as described in [41–43]. In [44], an alternate
approach to marginalizing over uncertainties in the
redshift distributions was also considered, which we
explore in Appendix C.

(v) Shearcalibration uncertainties:We include a pre-
scription for uncertaintiesin shear calibration as
described in [4]. We estimate uncertainties in the
shearmeasurements using realistic image simula-
tions as described in [45].

(vi) CMB map filtering: In order to suppress very small-
scale noise in the CMB lensing cross-correlations,
we apply filtering to the CMB lensing maps.This
filtering is included in the model as described in
Paper I.

(vii) Point mass marginalization:The correlation func-
tions at small scales are impacted by baryonic effects
that are challenging to model, such as galaxy
formation. This is particularly problematic for
hδgγti: changesin, e.g., the massesof the lens
galaxies atvery small scales can impactthe large-
scale hδgγti because tangentialshear is a nonlocal
quantity. To reduce sensitivity of our analysis to
small-scale effects in hδgγti, we therefore adopt the
point mass marginalization approach of [46], which
involves modifying the covariance matrix of hδgγti.

We measure the two-point angular correlation functions
of the data using the fasttree-based algorithmTREECORR
[47] as described in [12,48–51].The shear measurements
define a spin-2 field on the sky, and there are several ways
of decomposing this field for the purposes of measuring
two-point functions. For measuring hγγi, we use the ξþ and
ξ− decomposition, while for measuring hδgγti, we consider
the correlation only with tangential shear,γt [52].

The covariance matrix associated with the DES-only
correlation measurementsis estimated using the halo
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model, as described in [18,53]. To account for the complex-
ities of the CMB lensing noise (which is far from white), we
estimate the covariance of the CMB lensing cross-
correlations using empirical noise realizations from simu-
lations combined with an analytical log-normal covariance
estimate, as described in [18]. We ignore covariance
between correlations measured with the nonoverlapping
SPT þ Planck and Planck-only CMB lensing maps.The
cross-covariance between the DES-only correlations and
the CMB lensing cross-correlations is computed using the
log-normal model, with scaling to account for the fact that
the DES-only correlation measurements use the fullDES
survey area, while the cross-correlations only use the areas
of overlap between DES and the CMB lensing maps.

For the final parameter inference, we assume a Gaussian
likelihood.1 The priors imposed on the modelparameters
are shown in Table II in Appendix A.The modeling and
likelihood framework is built within theCOSMOSISpackage
[55]. We generate parametersamplesusing the nested
samplerPOLYCHORD [56].

Due to uncertainties in the modeling of the correlation
functions on small scales (e.g.,nonlinear galaxy bias and
baryonic effects on the matter power spectrum),in our
likelihood analysis we remove the small-scale measure-
ments thatcould potentially bias our cosmologicalcon-
straints. The procedure of determining these “scale cuts” is
described in [34] and PaperI. Note that the choice of
angular scales used in the analysis varies somewhat
depending on whetherwe assume a linearor nonlinear
galaxy bias model. We focus on the results with linear bias,
but consider the results from the nonlinear bias analysis in
Appendix B.

In each of the cosmological analyses performed in this
work, we include a separate likelihood constructed using a
set of ratios of galaxy-galaxy lensing measurements on
small scales [57]. These lensing ratios are found to
primarily constrain parameters describing the intrinsic
alignmentmodel and redshift biases,and are effectively
independentof the 5 × 2 pt data vector.

We utilize two differentstatisticalmetrics to assess the
consistency of the DES and CMB-lensing cross-correlation
measurements,both internally (i.e., between the different
two point functions that we measure)and with other
cosmologicalprobes.To assessinternal consistency,we
primarily rely on the posterior predictive distribution (PPD)
methods described in [58].For these assessments,we will
quote p-values, with p < 0.01 taken as significant evidence
of inconsistency. To assess external consistency, we rely on
the parameter difference methods developed in [59]. For this
metric,we will quote differences between parameter con-
straints in terms of effective σ values,corresponding to
the probability values obtained from the non-Gaussian

parameter difference metric. When computing the goodness
of fit of our measurements to a particular model, we again rely
on the PPD methodology, as discussed in [58]. In this case,
the associated p-values can be thought of as a generalization
of the classical p-value computed from the χ2 statistic that
correctly marginalizes over parameter uncertainty.

IV. COSMOLOGICAL CONSTRAINTS

A. Baseline cosmological constraints

1. ΛCDM
We first presentconstraints on ΛCDM from the joint

analysis of two-point functions involving DES galaxy
position and lensing measurements,and measurements
of CMB lensing from SPT and Planck. Following [4],
all of the results in this subsection use the four redshift bin
MAGLIM lens galaxy sample.

Figure 2 shows how the constraints from the CMB
lensing cross-correlations hδgκCMBi þ hγ tκCMBi compare to
those from 3 × 2 pt.The resulting 68% credible intervals
on σ8, S8, and Ωm computed from the marginalized 3 × 2 pt
and hδgκCMBi þ hγ tκCMBi posteriorsare summarized in
Table I. In the same table, we list the goodness of fit
p-values for 3 × 2 pt and hδgκCMBi þ hγ tκCMBi, computed
using the PPD formalism. As noted in [4], the goodness of
fit for 3 × 2 pt alone is not particularly high, but is still
above our threshold of p ¼ 0.01.The goodness of fit for
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FIG. 2. ΛCDM constraints from the DES Y3 3 × 2 pt measure-
ments (red),cross-correlations between DES Y3 galaxies and
shears with SPT þ Planck CMB lensing (gray), and from the joint
analysis of all five two-point functions (teal). The constraints from
3 × 2 pt are in acceptable agreement with the CMB lensing cross-
correlations, justifying the joint analysis of 5 × 2 pt.

1See e.g., [54] for tests of the validity of this assumption in the
context of cosmic shear,which would also apply here.
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hδgκCMBi þ hγ tκCMBi is acceptable, as described in [12].
While the cross-correlations prefer somewhat lower Ωm and
higher σ8, they are statistically consistentwith 3 × 2 pt.
Using the PPD formalism, we find p ¼ 0.347 when
comparing the two data subsets,indicating acceptable
consistency.We are therefore justified in combining the
constraints to form 5 × 2 pt, shown with the teal contours
in the figure.

Given the weaker constraining powerof hδgκCMBi þ
hγtκCMBi relative to 3 × 2 pt, the 5 × 2 pt constraints are
not much tighter than the 3 × 2 pt constraints: we find an
improvement of roughly 10% in the precision of the
marginalized constraintson Ω m and S8 (see Table I).
The goodness of fit for the full 5 × 2 pt data vector is
p ¼ 0.062, indicating an acceptable fit.

In Fig. 3 we compare the constraints from 5 × 2 pt with
those from the CMB lensing autospectrum hκCMBκCMB i.
Owing to the high redshift of the CMB source plane, the
CMB lensing-only contour has a different degeneracy
direction than 5 × 2 pt, resulting in a weaker constraint
when projecting to the Ωm direction, but a comparable
constraint in the σ 8 direction. While the CMB lensing
autospectrum prefers somewhathigher σ8 than 5 × 2 pt,
the constraints are generally consistent. Because the
CMB lensing autospectrum measurementsare treated
as an independent probe, we quantify the tension between
these measurementsand 5 × 2 pt using the parameter
shift metric, finding a difference of 0.8σ, indicating no
evidence of significant tension. We therefore combine the
two to generate constraints from allsix two-point func-
tions, 6 × 2 pt, shown with the orange contour in the
figure. Due to degeneracy breaking, the joint analysis
leads to notably tighter constraints on both Ωm and σ8.
The 1D posterior constraints on these parameters from
6 × 2 pt are summarized in Table I. Fig. 3 also shows
constraints from Planck measurements of CMB temper-
ature and polarization fluctuations [9]. We will assess
consistency between our measurements and the Planck
measurements in Sec.IV C.

2. wCDM
We now consider constraints on wCDM, the cosmologi-

cal model with a constantequation-of-state parameter of
dark energy, w. The constraints from 3 × 2 pt, 5 × 2 pt, and
6 × 2 pt are shown in Fig. 4. We find that there is little
improvement in constraining power on wCDM when add-
ing the CMB lensing cross-correlations to 3 × 2 pt. Adding
the hκCMBκCMBi correlation, however, significantly impacts
the constraints, presumably because this correlation
function adds additional information about structure at

TABLE I. ΛCDM constraints on Ωm, σ8 and S8 ≡ σ8ðΩm=0.3Þ0.5 using different subsets of the 6 × 2 pt two-point functions (top five
rows). The p-values correspond to the goodness of fit, as calculated using the PPD methodology. All results here use 4-binMAGLIM lens
sample and linear galaxy bias. For the 6 × 2 pt combination, we do not quote a goodness of fit because the CMB lensing autospectrum is
treated as an external probe. Rather, we use the parameter difference metric to assess tension between 5 × 2 pt and hκCMBκCMBi (see
§III). The bottom row shows constraints from Planck measurements of the primary CMB [9].

Probe σ8 Ωm S8 GoF p-value Comments

3 × 2 pt 0.733þ0.039
−0.049 0.339þ0.032

−0.031 0.776  0.017 0.023 DES Collaboration etal. [4]
hδgκCMBi þ hγtκCMBi 0.78  0.07 0.27þ0.03

−0.05 0.74  0.03 0.50 CMB lensing cross-correlations,Paper II
hδgγti þ hδgκCMBi þ hγtκCMBi 0.768  0.071 0.303þ0.036

−0.059 0.765  0.025 0.063 All cross-correlations,Sec.IV B 2
5 × 2 pt 0.724þ0.038

−0.043 0.344  0.030 0.773  0.016 0.062 Sec.IVA
6 × 2 pt 0.785  0.029 0.306  0.018 0.792  0.012 … Sec.IVA

Planck TTTEEE þ lowE 0.793þ0.024
−0.010 0.3270þ0.0093

−0.017 0.827  0.017 … Aghanim et al.[9]
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FIG. 3. ΛCDM constraints from our 5 × 2 pt analysis (teal) are
compared to those from the Planck CMB lensing autospectrum
measurements(gray). The two are in acceptable agreement,
justifying the joint analysis of 6 × 2 pt (orange),which yields
significantly tighter constraints due to degeneracy breaking. Also
shown are parameter constraints from Planck measurements of
primary CMB fluctuations (TT þ TE þ EE þ lowE,dark red).
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z ≳ 1. The 6 × 2 pt analysis yields w ¼ −0.75þ0.20
−0.14,

S8 ¼ 0.801  0.013, and Ωm ¼ 0.354þ0.041
−0.035. Therefore,

the constraints on the dark-energy equation of state
parameterare largely consistentwith the cosmological-
constant scenario of w ¼ −1, and the constraints on Ωm and
S8 are consistent with those obtained assuming ΛCDM.

B. Robustness tests
In addition to improving cosmological constraints rela-

tive to the DES-only 3 × 2 pt analysis, a significant
motivation for cross-correlating DES with CMB lensing
is to test the robustness of the DES-only constraints.The
cross-correlations probe the same large-scale structure as
the DES 3 × 2 pt analysis, but with sensitivity to different
potential sources of systematic bias, making them
powerful cross-checks on the DES results. In this section,
we subject the 6 × 2 pt data vector to several tests of
internal consistency.

1. 3 × 2 pt vs. 3 × 2 pt
We first assess the internalconsistency of the 6 × 2 pt

combination of probes by comparing constraints from
3 × 2 pt to the other three two-point functions making
up 6 × 2 pt, which we call 3 × 2 pt (i.e., hδgκCMBi þ
hγtκCMBi þ hκCMBκCMBi). This comparison is shown in
Fig. 5. We find that the constraining power from
3 × 2 pt is very similar to that of 3 × 2 pt. Because

3 × 2 pt does not constrain galaxy bias or intrinsic
alignment parametersvery well, applying the PPD
methodology to test consistency between 3 × 2 ptand
3 × 2 pt is not well motivated.However,we note that
we have already tested the consistency of3 × 2 pt with
hδgκCMBi þ hγ tκCMBi (i.e., part of 3 × 2 pt), finding accept-
able agreement (p ¼ 0.347).

Figure 5 makes it clear why 6 × 2 pt prefers a somewhat
higher value of S8 than 3 × 2 pt. It is not the case that
3 × 2 pt prefers a higher value of S8 than 3 × 2 pt; indeed,
the opposite is true.Rather,the slightly high value of S8
found for 6 × 2 pt is caused by the fact that 3 × 2 pt and
3 × 2 pt have somewhatdifferent degeneracy directions,
and intersect ata high value of S8 for both probes.

2. Cross-correlations
Cross-correlationsbetween different observablesare

generally expected to be more robust to systematic biases
than auto-correlations of those observables.Additive sys-
tematics thatimpact a single observable are expected to
drop out of cross-correlations with another observable that
has uncorrelated systematics.In Fig. 6 we compare the
cosmological constraints obtained from only cross-
correlations to those from the full 5 × 2 pt. It is clear that
removing the information from the auto-correlations—
particularly cosmic shear—degrades the constraints some-
what. However, we find that the value of S8 inferred only
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FIG. 4. Constraints on wCDM from different combinations of
two-point functions. The 5 × 2 pt constraints (teal) on this model
are essentially identicalto those of 3 × 2 pt (red). Adding the
CMB lensing autospectrum information in the joint 6 × 2 pt
analysis (orange) significantly improves the parametercon-
straints on wCDM.
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FIG. 5. Comparison ofconstraints on ΛCDM from 3 × 2 pt
(red) with the constraints from the other probes of 6 × 2 pt, i.e.,
hδgκCMBi þ hγtκCMBi þ hκCMBκCMBi (gray). The joint analysis of
both (6 × 2 pt) is shown in orange.The two subsets of the full
6 × 2 pt analysis are in reasonable agreement.The 6 × 2 pt
analysis prefers higher S8 than either of the two subsets.
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from cross-correlations is consistent with that inferred from
the full 5 × 2 pt analysis. This suggests that additive biases
are unlikely to be having a major impact on the DES 3 ×
2 pt cosmology results. Using the PPD formalism to
evaluate the goodnessof fit of the cross-correlations
conditioned on the posterior from 5 × 2 pt, we find
p ¼ 0.054, indicating an acceptable levelof consistency
between the 5 × 2 pt constraints and the cross-correlations
measurements.

3. Lensing only
The relationship between galaxy overdensity and the

underlying matter field—galaxy bias—presents a signifi-
cant challenge for analyses of the galaxy distribution. The
baseline 3 × 2 pt results presented in [4] and the baseline
cross-correlation results presented here assume a linear
galaxy bias relation when modeling the galaxy field.
This model is known to break down at small scales,as
investigated for the DES galaxy samples in [19].More
complex bias models, such as the perturbation theory-
motivated model developed in [60], are also expected
to have a limited range of validity. There is therefore
value in performing analyses that use only lensing
information.

Another motivation to consider lensing-only analyses is
that the DES galaxy overdensity measurements made with

the REDMAGIC and high-redshiftMAGLIM galaxies show
evidence of systematic biases (i.e., the samples shown with
dashed lines in Fig. 1). Measurements ofgalaxy-galaxy
lensing with the REDMAGIC galaxies were shown to be
inconsistentwith clustering measurementsusing those
galaxies [19]. This inconsistency suggestsa potential
problem with the REDMAGIC overdensity measurements,
although it is not clear whether such issuescould be
impacting the galaxy-galaxy lensing measurements,clus-
tering measurements,or both. Similarly, galaxy-galaxy
lensing and clustering measurements with the high-redshift
MAGLIM galaxies were also found to be mutually incon-
sistent, contributing to a very poor goodness of fit to any of
the cosmological models considered. For these reasons, the
high-redshift MAGLIM galaxies were removed from the
cosmological analysis in [4]. These issues,which we
investigate further in Sec. IV B 6, further motivate a
cosmologicalanalysis thatdoes notrely on galaxy over-
density measurements.

In Fig. 7, we present cosmologicalconstraintsfrom
gravitational lensing only, namely the two-point functions
of galaxy lensing and CMB lensing, and their cross-
correlation. The lensing-only analysis obtains cosmological
constraints that are of comparable precision to those from
the full 5 × 2 pt analysis.We find that the lensing-only
analysis yields a constraint on S8 that is in excellent
agreement with the baseline analysis.
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FIG. 6. Comparison of constraints on ΛCDM resulting from 5 ×
2 pt (teal) to those that result from only cross-correlations between
δg, γ and κCMB (gray). Cross-correlations are expected to be robust
to additive systematics that impact only a single field. While some
constraining power is lost by removing the autocorrelations,the
resulting constraints on S8 are consistent with those of the baseline
analysis, providing a powerful robustness test.
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FIG. 7. Comparison of baseline 5 × 2 pt constraints on ΛCDM
(teal) to constraints from various combinations ofprobes that
only involve gravitationallensing.The lensing-only constraints
are consistentwith our baselineresult, suggesting thatany
systematics which mightbe impacting the galaxy overdensity
measurementsare not dramatically biasing our cosmological
constraints.
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4. No galaxy lensing
We also consider the constraints thatresult from those

probes that do not involve galaxy lensing. The galaxy
lensing measurementscould in principle be biased by
systematic errors in photometric redshifts ofthe source
galaxies,shear calibration,or an incorrectintrinsic align-
ment model.Such issues could bias constraints involving
galaxy lensing, but would not impact the galaxy over-
density or CMB lensing measurements. Figure 8 shows the
constraints that result only from probes that do not include
galaxy lensing (i.e., δg and κCMB). Again, we find that the
results are consistent with those of 5 × 2 pt. Figure 8 also
shows the hγγi þ hγtκCMBi constraints for comparison (i.e.,
lensing only, but excluding hκCMBκCMBi, which receives
contributions from higher redshifts than the other two-point
functions). We find that the constraints involving lens
galaxy overdensities are consistentwith the lensing-only
constraints.

5. Shear calibration
A potentially significant source of systematic uncertainty

impacting cosmologicalconstraints from cosmic shear is
biases in shearestimation [61]. Typically, estimators of
lensing shearare calibrated via application to simulated
lensed galaxy images.For the DES Year 3 cosmological
analysis,calibration of shear biases is described in [45].
While this approach can be used to place tight constraints
on shear biases,it has the disadvantage of relying on

simulated data. A mismatch between the simulated galaxies
used to calibrate the shearestimators and realgalaxies
could potentially introduce systematic bias.

As pointed out in [21,62,63], joint analyses ofcross-
correlationsbetween galaxy surveysand CMB lensing
measurementsoffer the potential of constraining shear
calibration biases using only the data. To explore this idea,
we repeatour analysis of the 3 × 2 pt and 5 × 2 pt data
vectors using very wide, flat priors on the shear calibration
parameters:mi ∈ ð−0.5; 0.5Þ.

The results of this analysis are shown in Fig. 9.
Removing the tight priors on the mi significantly weakens
the cosmological constraints from 3 × 2 pt,especially the
constraint on S8. This is because both m and S8 impact the
amplitude of the lensing correlation functions,leading to
strong degeneracy between the two.The shear calibration
parameters mi are also very poorly constrained without the
tight priors. However, when the CMB lensing cross-
correlations are analyzed jointly with 3 × 2 pt (i.e., forming
5 × 2 pt), the analysis becomes significantly more robust to
shear calibration. Removing the priors on mi weakens the
cosmologicalconstraints,but not nearly as much as for
3 × 2 pt: Removing the m priors degrades the constraints
on S8 by a factor of 4.7 for 3 × 2 pt, but only by a factor of
2.3 for 5 × 2 pt (see rightpanelof Fig. 9). The resulting
cosmologicalconstraints are consistentwith those in the
baseline analysis, providing evidence that the DES Y3 3 ×
2 pt and 5 × 2 pt constraints are robust to shear calibration
biases. We also find that the 5 × 2 pt data vector achieves
constraints on m at roughly the 5%–10% level depending
on the redshiftbin, roughly a factor of two improvement
over the Y1 analysis presented in [27].

6. Investigating the Xlens systematic
As noted previously, analysesof hδgδgi and hδgγti

measured with the DES Y3MAGLIM [20] and REDMAGIC
[19] galaxy samples uncovered discrepancies between the
values of galaxy bias preferred by these two correlation
functions. The hδgδgi measurements withMAGLIM galaxies
in the two highest redshift bins (i.e. those shown with the
dashed lines in the top panel of Fig.1) prefer higher bias
values than hδgγti by roughly 40% to 60%. Measurements
of hδgδgi with the REDMAGIC galaxies,on the other hand,
show roughly 10% higher bias values than the hδgγti
measurementsfor the first four redshift bins, with this
discrepancy increasing to roughly 40% for the highest
redshift bin. In principle, some difference between the bias
values inferred from hδgδgi and hδgγti could result from
stochastic biasing [e.g., 64]. However, the amplitude of the
difference seen for theREDMAGIC galaxies and the high-
redshift MAGLIM galaxies (roughly 10 to 40% percent) is
significantly larger than expected from stochasticity (a few
percent) [60,65]. In [19], a new parameter, Xlens, was
introduced to explore this effect:
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Xi
lens ¼ bi

hδgγti
=bi

hδgδgi ; ð5Þ

where bi
hδgγti

(bi
hδgδgi ) is the bias parameterfor hδgγti

(hδgδgi) in lens galaxy redshift bin i. The finding that
some of the clustering measurements prefer a higher value
of galaxy bias than the galaxy-galaxy lensing measure-
ments amountsto a preference for Xi

lens < 1 when we
expect Xi

lens ¼ 1.
The galaxy-CMB lensing cross-correlations also con-

strain galaxy bias, providing another handle on the anoma-
lous values of the Xlens parameter seen with theREDMAGIC
and high-redshiftMAGLIM galaxies.We show constraints
on the galaxy bias parametersof the MAGLIM and
REDMAGIC galaxies from three combinations of probes in
Figs. 10 and 11, respectively.Each of the plotted con-
straints uses the combination of hγγi and hγtκCMBi—which
are effectively independentof the lens galaxies—to con-
strain the cosmology. The remaining probe is then chosen
to be hδgδgi, hδgγti, or hδgκCMBi, and this probe is used to
constrain the galaxy bias.2

For the two highest redshift bins ofMAGLIM galaxies, we
see from Fig. 10 that the hδgδgi measurements prefer higher

values of galaxy bias than the hδgγti measurements,
consistentwith the preferencefor Xi

lens < 1 described
above. Interestingly, it appears that the hδgκCMBi measure-
ments prefer galaxy bias values more in line with the
hδgδgi measurements.This suggest that the preference for
Xi

lens < 1 is likely driven by hδ gγti. This is perhaps not
surprising,given the large residuals ofthe model fits to
hδgγti seen in [20]. However, note that there is no obvious
reason for a possible failure of the baseline modelto fit
hδgγti. As a cross-correlation, the hδgγti measurements are
expected to be quite robust to many observational system-
atics. Moreover, any systematic impacting δg would likely
show up even more strongly in hδgδgi, and any systematic
impacting γ would likely show up more strongly in hγγi.
Another possibility is a failure in modeling some physical
effect. One such effect is lens magnification, which is
known to have a significantimpact on the hδgγti correla-
tions at high redshifts [32].

Fig. 11 shows the analogous bias constraints for
REDMAGIC galaxies.In this case, we see thathδgγti and
hδgκCMBi measurementsboth prefer consistently lower
values of galaxy bias than hδgδgi, with this difference
particularly pronounced in the last redshift bin. This
suggests that a possible cause of theREDMAGIC preference
for Xlens

i < 1 is in the hδgδgi measurements. In the case of
hδgδgi, it is possible that some observational systematic is
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FIG. 9. Left: constraints on S8 and the shear calibration parameters, mi , from 3 × 2 pt and 5 × 2 pt using different priors on mi . With
the nominal tight priors on these parameters,3 × 2 pt (red dashed)and 5 × 2 pt (teal dashed)yield comparable cosmological
constraints. However, when the priors on mi are substantially weakened, the constraints from 5 × 2 pt (teal solid) become significantly
tighter than those from 3 × 2 pt (red solid). Similarly, the 5 × 2 pt analysis obtains tighter constraints on the mi parameters themselves.
Right: same as left panel, but showing constraints on S8 and Ωm. Using the broad mi priors significantly weakens the cosmological
constraints from 3 × 2 pt,but has less of an impact on 5 × 2 pt.

2This analysis is similar to that presented in [12], but differs in
that we have allowed cosmological parameters to vary, and have
included the hγγi and hγtκCMBi measurements (in effect letting the
data constrain the cosmologicalmodel).
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modulating theREDMAGIC galaxy overdensity field, result-
ing in a higher than expected clustering amplitude and thus
a preference for higher galaxy bias. Such a systematic in the
δg measurementswould be expected to have a less
noticeable impacton hδgγti. At the same time,it should
be emphasized that the analysis of [48] extensively tested
the REDMAGIC sample for possible contamination by
various observational systematics. While some correlation
of known systematics with galaxy density is detected, this
correlation is corrected using galaxy reweighting. It there-
fore appears to be difficult to explain the anomalous Xlens

values with any known observational systematic.
The interpretation of the REDMAGIC preferencefor

Xlens < 1 in terms of a systematic impactingREDMAGIC
hδgδgi measurements is supported by tests with a modified
REDMAGIC galaxy sample presented in [19].The nominal
REDMAGIC galaxy sample is selected by requiring that
galaxies match a red sequence template, as measured by χ2.
In [19], an alternative, “broad χ2” sample of galaxies was
selected by relaxing the χ2 threshold for selection.One
would expect that if an observational systematic is modu-
lating the photometry of galaxies, it should have a smaller
impact on the broad χ2 sample than on the nominal sample.
Indeed, it was found that for this alternate sample,the
preference for Xilens < 1 seen for the first four redshift bins
disappears.While it might seem surprising thatthe pref-
erence for Xi

lens < 1 is possibly driven by two different
factors for MAGLIM and REDMAGIC galaxies, this

interpretation seems consistentwith the observed redshift
trends. It may be that observational systematics in
REDMAGIC galaxy selection are impacting the bias values
inferred from hδgδgi at low redshift, while problems in
modeling hδgγti are impacting the bias values inferred for
MAGLIM from hδgγti at high redshift. The REDMAGIC

galaxies may be less affected by this latter systematic,as
they do not extend to the high redshifts probed by the last
two redshift bins of theMAGLIM sample. We note, though,
that even for REDMAGIC, the CMB lensing cross-correla-
tions prefer higher galaxy bias than hδgγti in the highest
redshift bin; this could be suggesting that the same problem
impacting the high-redshiftMAGLIM galaxies is impacting
the high-redshift REDMAGIC galaxies.This interpretation
would be consistentwith mismodeling of hδgγti at high
redshift.

The impact of the apparent systematic in theREDMAGIC
sample is also noticeable when the cosmological model is
changed from ΛCDM to wCDM. While theREDMAGIC 3 ×
2 pt constraints on ΛCDM are quite robust to allowing the
Xlens parameterto vary, the constraints on wCDM shift
significantly when this additionalfreedom is introduced.
This is perhaps not surprising given that the systematic
biases withREDMAGIC appear to be redshift-dependent, and
might therefore be somewhatdegenerate with the effects
of w.

Since our analysis above suggests thatthe problems
with REDMAGIC may be isolated to the clustering mea-
surements,in Fig. 12 we presentconstraints on wCDM
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FIG. 11. Same as Fig.10, but for REDMAGIC galaxies.The bias values preferred by hδgκCMBi are in good agreementwith those
preferred by hδgγti, but show a preference for lower bias values than hδgδgi across all redshifts.
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FIG. 10. Posteriors on the linear bias parameters for theMAGLIM galaxies resulting from differentcombinations of probes.The
parameter bi represents the linear bias for the ith redshift bin. For the two highest redshift bins (excluded in the baseline cosmology
analysis), galaxy clustering (hδgδgi) and galaxy-galaxy lensing (hδgγti) prefer somewhat different values of the bias, with hδgκCMBi more
in line with the values preferred by clustering.
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from the 5 × 2 pt combination of probes without the
clustering measurements.Interestingly,we see thatthere
is a significant shift in the constraints on w relative to the
3 × 2 pt analysis.The constraints withoutthe clustering
measurements are in good agreementwith the MAGLIM

constraints.This lends additional support to the idea that
the REDMAGIC clustering measurements may be system-
atically biased.

To summarize the above discussion,our analysis with
CMB lensing cross-correlations suggests that there may be
two different sources for the Xlens systematic seen with
REDMAGIC andMAGLIM galaxies. ForREDMAGIC galaxies,
our analysis suggestsa possible bias in the clustering
measurements across allredshift bins. Such a bias could
conceivably be caused by some observationalsystematic
impacting theREDMAGIC selection,which would be con-
sistent with tests performed in [19]. At the same time, high-
redshift MAGLIM galaxies (and possibly high-redshift
REDMAGIC galaxies as well) show evidence of a potentially
different systematic error thatfavors a problem with the
hδgγti fits. Such an issue could conceivably be caused by a
problem with the hδgγti modeling, such as an incorrect
prescription for magnification effects, which become more
pronounced athigh redshifts.

C. Consistency with Planck primary
CMB measurements

As seen in Fig. 3, we find that the cosmological
constraints on ΛCDM from 5 × 2 pt and 6 × 2 pt are not
in significant tension with the constraints from the primary
CMB measurements of Planck.In particular,we compare
our constraints to those from the combination of Planck
TT, TE, EE, and low-lE-mode polarization measurements
(Planck TT þ TE þ EE þ lowE) [9]. Note that we do not
include Planck measurements of the CMB lensing power
spectrum in this combination. Using the tension metric of
[59], we find that the 3 × 2 pt, 5 × 2 pt, and 6 × 2 pt
constraints are in agreementwith Planck at the level of
1.5σ, 1.4σ, and 1.4σ,respectively.The fact that 3 × 2 pt
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(gray) lens galaxy samples.The constraintsfrom REDMAGIC
prefer surprisingly less negative w, as discussed in [4]. However,
when the REDMAGIC clustering measurements (hδgδgi) are re-
placed by hδgκCMBi þ hγtκCMBi to form a combination of four
two-point functions (orange),the constraints agree betterwith
those ofMAGLIM .
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FIG. 13. Comparison of the cosmological constraints resulting from different combinations of two-point functions involving DES
measurements ofgalaxy positions and lensing,and SPT þ Planck measurements ofCMB lensing. The gray band illustrates the
constraints from 5 × 2 pt, which constitutes one of our main results; this combination of two-point functions is sensitive to structure at
z ≲ 1 (unlike 6 × 2 pt, which is additionally sensitive to higher redshift structure). We also show (bottom row) constraints from Planck-
only measurements of the primary CMB fluctuations. In all cases, the error bars represent 68% credible intervals determined from the
marginalized posteriors on the parameters shown.
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and 5 × 2 pt are roughly equally consistent with Planck is
not surprising, given that the 5 × 2 pt constraints are quite
close to those of 3 × 2 pt. Interestingly, while the 6 × 2 pt
constraints are significantly tighter than 5 × 2 pt, the level
of consistency with Planck remains roughly the same. This
results from the preference by hκCMBκCMBi for somewhat
higher values of σ8, as seen in Fig.3. Figure 13 directly
compares the S8 and Ωm constraints from these and other
two-point function combinations,assuming ΛCDM. We
note that for consistency with our analysis, we vary the sum
of the neutrino masses and impose the priors shown in
Table II when generating the Planck primary CMB con-
straints shown in this figure.

V. SUMMARY

We have presented cosmologicalconstraints from an
analysis of two-pointcorrelation functions between mea-
surements ofgalaxy positions and galaxy lensing from
DES Y3 data,and CMB lensing measurements from SPT
and Planck.Our main cosmologicalconstraints are sum-
marized in Table I.

The high signal-to-noise of the CMB lensing cross-
correlation measurementsusing DES Y3, SPT-SZ and
Planck data enables powerful robustnesstests of our
cosmologicalconstraints.The results of severalof these
tests are shown in Fig. 13. We summarize the main findings
of these tests below:

(i) The goodness of fit of ΛCDM to the 5 × 2 pt data
vector is acceptable (p ¼ 0.062),and the corre-
sponding parameter constraints are consistentwith
those from hκCMBκCMBi measurements by Planck.

(ii) Using only cross-correlations between DES and
CMB lensing, we obtain constraints on S8 that are
comparable in precision and consistentwith the
baseline 5 × 2 ptresults.This result suggests that
additive systematics are not significantly impacting
the 5 × 2 pt cosmological constraints.

(iii) Using only gravitational lensing (i.e., no information
from galaxy overdensities) yields constraints in
agreementwith the baseline results. This result
suggeststhat potential systematicsimpacting the
DES galaxy samples, as well as modeling of galaxy
bias, are not significantly biasing the 5 × 2 pt
cosmological constraints.

(iv) The cosmologicalconstraints from two-pointfunc-
tions of MAGLIM galaxy overdensity measurements
and CMB lensing are generally consistentwith the
baseline 5 × 2 ptanalysis.This result suggests that
shear systematics and modeling of galaxy lensing are
not significantly biasing the 5 × 2 ptcosmological
constraints. We do, however, observe a low-
significance increase in S8 when considering only
those two-point functions that do not involve
galaxy lensing. This shift is driven by the intersection
of the hδgδgi þ hδgκCMBi and hκCMBκCMBi

constraints,and is not presentwhen considering
hδgδgi þ hδgκCMBi alone.

(v) Without priors on shear calibration,the cosmologi-
cal constraintson S8 from 5 × 2 pt are in good
agreementwith the baseline 5 × 2 pt results.The
data calibrate the shear bias parametersat the
5%–10% level, and yield constraints consistent with
our nominal priors. These results suggest that shear
calibration biases are not significantly impacting the
5 × 2 pt cosmological constraints.

(vi) The constraints on Ωm from the different analysis
variations are generally consistent.Although the
analysis of hδgκCMBi þ hγ tκCMBi þ hκCMBκCMBi pre-
fers a somewhat lower value of Ωm, this combination
of probes is statistically consistent with 3 × 2 pt.

The cosmologicalconstraints from the 3 × 2 pt,5 × 2 pt,
and 6 × 2 pt analyses therefore appear remarkably robust to
possible systematic biases.

Assessing the consistency between ourconstrainton
ΛCDM and those of Planck, we find that the 5 × 2 pt and
6 × 2 pt constraints are statistically consistent with Planck
at the 1.4σ level,as assessed using the full,multidimen-
sional posteriorsfrom these measurements.As seen in
Fig. 13, however, essentially all combinations of two point
functions that we consider prefer lower S8 values than
Planck.Note, though, that there is significantcovariance
between some of these measurements.

We have also investigated possible issues with the
analysis of alternate lens galaxy samples, namely the
high-redshift MAGLIM galaxies and the REDMAGIC
galaxies. Evidence for biases when analyzing correlation f
unctions measured with these samples was found
previously in [20,19,40,4].The CMB lensing cross-corre-
lations considered here provide a powerful way to probe the
sourcesof these biases.In the context of ΛCDM, our
analysis of CMB lensing cross-correlationssuggestsa
possible problem in the modeling of hδgγti at high redshift
for the MAGLIM galaxies, and possibly the REDMAGIC
galaxies as well. At the same time, the hδgκCMBi measure-
ments with REDMAGIC suggesta possible observational
systematic that impactsREDMAGIC galaxy clustering across
all redshifts. This interpretation is supported by tests with
an alternate REDMAGIC galaxy sample in [19]. In the
context of wCDM, the 3 × 2 pt measurementswith
REDMAGIC have previously shown to yield constraints
inconsistentwith the MAGLIM analysis,and a preference
for surprisingly less negative w. We show that analysis of
hγγi þ hδgγti þ hδgκCMBi þ hγ tκCMBi (i.e., two-point func-
tions between DES and CMB lensing,excluding galaxy
clustering) measured withREDMAGIC yields cosmological
constraints that are in better agreement withMAGLIM , and
do not show a strong preference for w > −1.Finally, we
note that while the analyses presented here suggest possible
interpretations of the Xlensbias, more work with current and
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future DES data is needed to clarify the true source of this
systematic uncertainty.

As the data volume and quality from cosmological
surveyscontinue to improve, we expect similar cross-
correlation analysesbetween galaxy surveysand CMB
lensing measurements to play an importantrole in con-
straining late-time large scale structure.Excitingly, we
expect constraintsfrom such measurementsto improve
dramatically in the very near future with Year 6 data from
DES and new CMB lensing maps from SPT-3G [66] and
AdvACT [67]. These measurements should help to provide
a clearer picture of any possible S8 tension. Looking farther
forward, cross-correlationsbetween surveys such asthe
Vera Rubin Observatory Legacy Survey of Space and Time
[68,69], the Nancy Grace Roman Space Telescope [70], the
ESA Euclid mission [71], Simons Observatory [72],and
CMB-S4 [73] will enable significantly more powerful cross-
correlation studies that will deliver some of the most precise
and accurate cosmological constraints,and that will allow
us to continue stress-testing the concordance ΛCDM model.
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Amparo à Pesquisado Estado do Rio de Janeiro,
Conselho Nacional de DesenvolvimentoCientífico e
Tecnológico and the Minist´erio da Ciência,Tecnologia e
Inovação,the Deutsche Forschungsgemeinschaftand the
Collaborating Institutions in the Dark Energy Survey.The
Collaborating Institutions are Argonne National Laboratory,
the University of California at Santa Cruz, the University of
Cambridge, Centro de Investigaciones Energéticas,
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APPENDIX A: PARAMETER PRIORS

In Table II we list the priors used in our analysis.

APPENDIX B: ADDING SMALL-SCALE
INFORMATION WITH NONLINEAR

GALAXY BIAS

Our baseline analysis adopts a linear galaxy bias model to
describe the relationship between the galaxy overdensity and
the underlying matter field. At small scales, this description
of galaxy biasing is known to break down. The breakdown in
linear galaxy bias drives our choice of angular scales used to
analyzing the hδgκCMBi correlation, as described in Paper I.
By adopting a higher-orderbias model, it is possible to
include smaller angular scales in the cosmological analysis
and potentially improve parameter constraints. At the same
time, a more complex bias modelnecessitates more free
parameters,which degrades the parameterconstraints to
some extent.In the case of the particular nonlinear bias
model adopted here, the number of additional free param-
eters is equal to the number of lens galaxy tomographic bins,
which is four for our baseline analysis. We now consider the
parameterconstraints from 5 × 2 pt using the nonlinear
galaxy bias model described in [19].

The constraintsfrom this analysis are presented in
Fig. 14. We find that adopting a nonlinear description of
galaxy bias (and using the corresponding selection of
angular scales) improves the precision of the constraints
on both Ωm and S8 by roughly 10%. Thus, the inclusion of
the small-scale measurements in the nonlinear bias analysis
compensates for the increase in model freedom.

TABLE II. Prior values for cosmological and nuisance param-
eters included in our model.For the priors,U½a; bindicates a
uniform prior between a and b, while N ½a; b indicates a Gaussian
prior with mean a and standard deviation b. δðaÞ is a Dirac Delta
function at value a, which effectively means that the parameter is
fixed at a. Note that the fiducial lens sample is the first 4 bins of the
MAGLIM sample.The two high-redshift MAGLIM bins and the
REDMAGIC sample are shown in gray to indicate they are not part of
the fiducial analysis.

Parameter Prior

Ωm U½0.1; 0.9
As × 109 U½0.5; 5.0
ns U½0.87; 1.07
Ωb U½0.03; 0.07
h U½0.55; 0.91
Ωνh2 × 104 U½6.0; 64.4

a1 U½−5.0; 5.0
a2 U½−5.0; 5.0
η1 U½−5.0; 5.0
η2 U½−5.0; 5.0
bta U½0.0; 2.0

MAGLIM
b16 U½0.8; 3.0
b16

1 U½0.67; 3.0
b16

2 U½−4.2; 4.2
C16

l δð0.42Þ,δð0.3Þ,δð1.76Þ,δð1.94Þ,δð1.56Þ,
δð2.96Þ

Δ1…6
z × 102 N ½−0.9; 0.7,N ½−3.5; 1.1,N ½−0.5; 0.6,

N ½−0.7; 0.6,N ½0.2; 0.7,N ½0.2; 0.8
σ1…6

z N ½0.98; 0.062,N ½1.31; 0.093,
N ½0.87; 0.054,N ½0.92; 0.05,

N ½1.08; 0.067,N ½0.845; 0.073

REDMAGIC
b15 U½0.8; 3.0
b15

1 U½0.67; 2.52
b15

2 U½−3.5; 3.5
C15

l δð0.62Þ,δð−3.04Þ,δð−1.32Þ,δð2.5Þ,δð1.94Þ
Δ1…5

z × 102 N ½0.6; 0.4,N ½0.1; 0.3,N ½0.4; 0.3,
N ½−0.2; 0.5,N ½−0.7; 1.0

σ1…4
z δð1Þ,δð1Þ,δð1Þ,δð1Þ,N ½1.23; 0.054

METACALIBRATION
m1…4 × 103 N ½−6.0; 9.1,N ½−20.0; 7.8,N ½−24.0; 7.6,

N ½−37.0; 7.6
Δ1…4

z × 10−2 N ½0.0; 1.8,N ½0.0; 1.5,N ½0.0; 1.1,
N ½0.0; 1.7
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FIG. 14. Parameter constraints obtained when using a nonlinear
galaxy bias model to analyze the 5 × 2 pt data vector (gray)
compared to our baseline 5 × 2 pt analysis (teal), which adopts a
linear bias model. The nonlinear bias analysis can be used to fit
smaller scalesof measured correlation functionsresulting in
improved constraints.
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APPENDIX C: ALTERNATIVE REDSHIFT
CALIBRATION AND IA MODEL

Our baseline analysis assumes thatuncertainties in the
source galaxy redshiftdistributions are characterized by
shift and stretch parameters,as described in [41,42].An
alternative approach to characterizing the uncertainties in
the redshift distributions isHYPERRANK, described in [44].
Rather than attempt to parameterize biases in the redshift
distributions,HYPERRANK provides a way to sample over
realizations of the full posteriors on these distributions.
Repeating our analysisof the 5 × 2 pt data using this

alternative redshift uncertainty prescription yields the con-
straints shown in Fig. 15. Although there is a small shift in
S8, it is well within our uncertainties.

The intrinsic alignment (IA) model that we adopt in our
baseline analysis is TATT [TATT, 39]. In Fig. 15, we show
the results of instead adopting the nonlinearalignment
model [NLA, 74]. The NLA model is more restrictive than
TATT in the sense that the latter becomes equivalent to the
former in the limit that a2 ¼ η2 ¼ bta ¼ 0. We find that
switching to NLA results in minimal changesto the
parameter constraints from 5 × 2 pt.
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