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Joint analysis of Dark Energy Survey Year 3 data and CMB lensing
from SPT and Planck. Il. Cross-correlation measurements
and cosmologicalconstraints
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Cross-correlations of galaxy positions and galaxy shears with maps of gravitatioteising of the
cosmic microwave background (CMB) are sensitive to the distribution of large-scale structure in the
Universe. Such cross-correlations are also expected to be immune to some of the systematic effects that
complicate correlation measurements internal to galaxy surveys. We present measurements and modeling
of the cross-correlations between galaxy positions and galaxy lensing measured in the first three years of
data from the Dark Energy Survey with CMB lensing maps derived from a combination of data from the
2500 ded SPT-SZ survey conducted with the South Pole Telescope and full-sky data from the Planck
satellite. The CMB lensing maps used in this analysis have been constructed in a way that minimizes
biases from the thermal Sunyaev Zel'dovich effect, making them well suited for cross-correlation studies.
The total signal-to-noise of the cross-correlation measurements is 23.9 (25.7) when using a choice of
angular scales optimized for a linear (nonlinear) galaxy bias model. We use the cross-correlation
measurementdo obtain constraints on cosmological parameters.For our fiducial galaxy sample,
which consigt pifour bins ﬁ%’@f@}#ﬂﬁﬁ%'ected galaxiesye find constraints of Q, ¥ 0.272333
and =05 Q,=0.3% édozs (Qu ¥4 0.24%3928 and S; %4 0.7345:93%) when assuming linear
(nonlinear) galaxy bias in our modelingConsidering only the cross-correlation of galaxy shear with
CMB lensing, we find Q ,, % 0.27#55¢% and §; ¥4 0.74®3:334. Our constraints on § are consistent
with recent cosmic shear measurementsput lower than the values preferred by primary CMB
measurements from Planck.

DOI: 10.1103/PhysRevD.107.023530

[. INTRODUCTION In this work, we analyze both hd;kcugi, the cross

Significant progress has been made recently in using correlation of the galaxy density field , and the CfMB
cross-correlationsetween galaxy imaging and cosmic ~ Weak lensing convergence fieldogg, and hykewgl, * the
microwave background (CMB) surveys to constrain cos- Cross correlation of the galaxy weak lensing shear field y
mological parameters These developmentshave come ~ @nd tevs. Notably, these two two-point functions correlate
naturally as ongoing galaxy and CMB surveys collect ~Measurements from very different types of surveys (galaxy
increasingly sensitive data across largend largerover- ~ SUrveys in the optical and CMB surveys in the millimeter),
lapping areas of the sky. The Dark Energy Survey [DES, ¢ d are theref_ore expected to be very robust to systematic
is the largestgalaxy weak lensing survey todagovering ~ 2lases impacting only one type of survey. Furthermore,
~5000 ded of sky that is mostly in the southern hemi- ~ CMB lensing is sensitive to a broad range of redshift, with
sphere By design,the DES footprint overlaps with high- peak senS|t|_V|ty atr_e.dshlftZ ~ 2; galaxy lensing, on the
resolution CMB observations from the South Pole other hand, is sensitive to structure_ atz <1 for curre_nt
Telescope [SPT2], enabling a large number of cross- survgys.As a resglt, the CM.B lensing cross-cc?rrelatlon_
correlation analyses [3-12]. functions, hikcmsi P hyiKemgl, are expected to increase in

- . ... Signal-to-noise relative to galaxy lensing correlations as

Un'?\l/t]rzlég&;yt?a?ehc?;?inessZr;glgzz‘ﬁegc:g é@ﬁ:\;&?;idh?g'ﬂ one considers galaxy samples that extend to higher redshift.

’ - . Our analysis relies on the first three years (Y3) of galaxy
structures as a result of grawtah_ongl Ie_nsmg—thesg are tgﬁservationsfrom DES and a CMB lensing map con-
same structures tracc_ed by_ the dlstrlbutlons_ of ge_llaX|es a1 cted using data from the 2500 48@T-SZ survey [13]
the galaxy weak lensing signal measured in optical galaxy
surveys.Cross-correlating CMB lensing with galaxy sur-
veys therefore allows us to extract information stored in the 'The “t” subscript denotes the tangential component of shear,
large-scale structure. which will be discussed in SedV.
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and Planck [14]. The combined signal-to-noise of the = same modeling choices and analysis framework as in [16],
h@Kemei b hyikemgi measurementsised in the present  making it easy to compare and combine our results later
cosmological analysis is roughly a factor two larger than ifi.e. Paper Ill).
the earlier DES p SPT results presented in [11],which The structure of the paper is as followsln Sec. Il we
used first year (Y1) DES data. This large improvement in briefly review the formalism of our model for the two cross-
signal-to-noise derives from two main advancements:  correlation functions and the parameter inference pipeline
(1) We have adopted a differenmethodology in con-  (more details can be found in Paper I). In Sec. Il we review
structing the CMB lensing map, which results in  the data products used in this analysis. In Sec. |V we
much lower contamination from the thermal Su-  introduce the estimators we use for the correlation func-
nyaev Zel'dovich (tSZ) effectallowing small-scale tions. In Sec. V we describe out blinding procedure and
information to be used in the cosmological analysisunblinding criteria. In Sec. VI we present constraints on
This methodology is described in [15]. cosmological parametersas well as relevant nuisance
(2) Data from DES Y3 covers an area approximately parameters when fitting to the cross-correlation functions.
three times larger than DES Y1 and is slightly  Finally we conclude in SecVII.
deeper.
Along with the significantincrease in signal-to-noiseye
have also updated our models for the correlation functions Il. MODELING AND INFERENCE
to include a number of improvements following [16]. These We follow the theoretical formalism laid out in Paper |
include an improved treatmenbf galaxy intrinsic align-  and [29] for this work. Here, we summarize only the main
ments, inclusion of magnification effects on the lens galaxgquations relevanto this paper.Following standard con-
density, and application of the so-called lensing ratio  vention, we refer to the galaxies used to measy&s &ns
likelihood described in [17]. galaxies,and the galaxies used to measure y as source
The analysis presented here is the second of a series afalaxies.
three papers: In [15] (Paper |) we describe the construction Angular power spectra: Using the Limber
of the combined, tSZ-cleaned SPT p Planck CMB lensingapproximatiol [31], the cross-spectrabetween CMB
map and the methodology for the cosmological analysis. liensing convergenceand galaxy density/shearcan be
this paper (Paper Il), we present the data measurements oflated to the matter power spectrum via:
the cross-correlation probesgk@ygi b hyikcusi, @ series 7
of diagnostic tests, and cosmological constraintsfrom e X \
this cross-correlation combinationin [18] (Paperlll), ¢ 0P % d
we will presentthe joint cosmologicalconstraints from
h&Keuei b hyiKowsi and the DES-only 3 x 2 pt probes’ o1pb
and tests of consistency between thetwo, as well as . e L .
constraints from a joint ;lnalysis with the CMB lensing where X g, v, i labels the redsh|ft.b|nNB§k; zbis the.
auto-spectrum. nonlinear matter power spectrurr_\, which we c_ompgte using
Similar analyses have recently been carried outsing ~ CAVB an.dHALOFIT [32_,33_], and x is the comovmg_dlstance
different galaxy imaging surveys and CMB data. [19] to rec}shn‘t z. The weighting functions,@xP, describe how
studied the cross-correlation ofhe galaxy weak lensing ~ the different probes respond to large-scale structure at
from the Hyper Suprime-Cam Subaru Strategic different distancesand are given by
Program Survey [HSC-SSP20] and the Planck lensing )
map [21]; [22] used the same HSC galaxy weak lensing G OXP 1 3mHG X X ~X. 52p

dxbgoxb =
XqKCMB):(z 8 XPNL 'b1=2 ; ZOXP;

measurement to cross-correlate with CMB lensing from the 2¢2 adxb x
POLARBEAR experiment [23]; [24] cross-correlated gal-

axy weak lensing from the Kilo-Degree Survey [KiDS, 25] i 1/ - Z

and the CMB lensing map from the Atacama Cosmology qagéxb v tﬁzéxblggrézéxb(%( 03p

Telescope [ACT, 26]; and [27] cross-correlated the galaxy
density measured in unWISE data [28] with Planck CMB . H2Q,, X Xn ) dz x°- x
lensing. Compared to these previous studies, in addition to 9OXP M— dxhl,6z0%PP =5

: ? RISTEES ) 2¢ adxb dx” X
the new datasetghis paper is unique in that we combine
h@Kcmesi and hyikeumgi. Moreover,our analysis uses the

. 64b

*In [30], the authors showed thasat DES Y3 accuracy,the
— o _ Limber approximation is sufficient for galaxy-galaxy lensing and
The 3 x 2 pt probes refer to a combination of three two-poingosmic shearbut insufficient for galaxy clustering.Given the
functions of the galaxy density fielchdd the weak lensing shear primary probe in this work, h%KCMBi b hyikcusi, are atmuch
field y: galaxy clustering {&i, galaxy-galaxy lensing hgi and  lower signal-to-noise than galaxy-galaxy lensing and cosmic
cosmic shear hyyi. shear, we expect that Limber approximation is still a valid choice.
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where Hy and Q,, are the Hubble constantand matter
density parametersrespectivelyadyPp is the scale factor
corresponding to comoving distance x, X denotesthe

[NLA, 36]. The TATT model is equivalentto the NLA
model in the limit thata, “anp, ¥4 by, 74 0.
Impact of lensing magnification on lens galaxy density:

comoving distance to the surface of last scattering, bdzb Fsoreground structure modulates the observed galaxy den-
the galaxy bias as a function of redshift, édg'lg&zb are the sity as a result of gravitational magnification. The effect of

normalized redshift distributions of the lens/source galaxiégagnification can be modeled by modifying Eq. (3) to
in bin i. We note that the above equations assumes lineatnclude the change in selection and geometric dilution

galaxy bias, which is our fiducial model. Modeling the

quantified by the lensing bias coefficientsgC

nonlinear galaxy bias involves changes to both Eq. (1) and

Eq. (3) (see below).
Correlation functions: The angular-spacecorrelation
functions are then computed via

. X 2Ip1 -
wikeve 30D V4 %Félbﬂ dcosoOPRGvEdIP; 5P
|
X 2lp1

Wkcus 30b 4 FoIbP28cos6pE ene§lb;  56b

, 4mldlp 1b

where R and P? are the Ith order Legendre polynomial
and associated Legendrepolynomial, respectively,and
Folb describes filtering applied to the kcyg maps. For
correlations with the kcyg maps, we set Folb Y
BOIPHOI = | ,in,PHOIlax— 1P, where HOIP is a step

functiorb ﬁﬁﬁmﬁﬂlﬁi;ﬁfﬁaﬁ;ﬁ%o.aél b 1bdb with o=

Brwhm= 81In 2 and 8wy describes the beam applied
to the CMB lensing maps (see discussion of ki, | max
and Bgywyy choicesin Sec. lll, and further discussion
in Paper ).

Galaxy bias: We considertwo models for the galaxy
bias. Our fiducial choice is a linear bias model where

q‘agéxb > cggéxbm b %b; a7pb
where i_g,is the tomographic convergence field, as described
in [29] and the values ofingre estimated in [37] and fixed

to the values listed in Table I.

Uncertainty in redshiftdistributions: We modeluncer-
tainty in the redshift distributions of the source galaxies
with shift parameters Az, defined such that for each
redshift bin i,

n'dzb - ndz - Ab: a8p
For the lens sample,we additionally introduce a stretch
parameter (g when modeling the redshift distribution, as
motivated by [38]:
n'ézb - ¢n' 84, %z — hzi p hzi - Ab; 39p
where hzi is the mean redshift.
Uncertainty in shear calibration: We model uncertainty

in the shear calibration with multiplicative factors defined
such thatthe observed ®wvsY is modified by

bdzb % bis not a function of scale and is assumed to be a
free parameter for each tomographic bin i. The second bias
model is described in [34] and is an effective 1-loop model

CreveY 3lb - 81 p mi pComsY 8Ip; 010pb

with renormalized nonlineargalaxy bias parametersb,

(linear bias),b}, (local quadratic bias)p’, (tidal quadratic
bias) and &, (third-order non-locabias). The latter two
parameterscan be derived from b, making the total
number of free parameters forthis bias model two per

tomographic bin i. To use this model, we replace the
combination of BPy, in Equation (1) with Rym described
in [34].

where m is the shear calibration bias for source bin i.
Lensing ratio (or shear ratio, SR): The DES Y3 3 x 2 pt
analysis used a ratio of small-scale galaxy lensing measure-

ments to provide additional information, particularly on
source galaxy redshift biases and on |IA parameféhese
ratios are not expected to directly inform the cosmological
constraints;they can, however,improve constraintsvia
degeneracy breaking with nuisance parameters. The lensing
ratios can therefore be considered asanother form of

Intrinsic alignment (IA): Galaxy shapes can be intrinsi- systematic calibrationin a similar vein to, e.g., spectro-
cally aligned as a result of nearby galaxies evolving in a scopic data used to calibrate redshifts, and image simulations

common tidal field. 1A modifies the observed lensing
signal. We adopt the five-parameter {&y,a,,np,bt,) tidal

used to calibrate shear biasés[17], it was demonstrated
that the lensing ratio measurementsare approximately

alignment tidal torquing model (TATT) of [35] to describe independent of the 3 x 2 pt measurements, making it trivial

galaxy IA. a; and n; characterizethe amplitude and
redshift dependence ofthe tidal alignment; a, and n,
characterize the amplitude and redshift dependence of

the tidal torquing effect; Iy, accounts for the fact that our

to combine constraints from 3 x 2 pt and lensing ratios at the
likelihood level. Unless otherwise mentioned, all our analy-
ses will include the information from these lensing ratios. We
investigate their impact in Se¥/ B.

measurement is weighted by the observed galaxy counts. Angular scale cuts: The theoretical model described

In Sec. VI B, we will
a simpler 1A model,

also compare our results using
the nonlinear alignment model

above is uncertain on small scales due to uncertainty in our
understanding ofbaryonic feedback and the galaxy-halo
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TABLE 1.
eters included in

Prior values for cosmologicand nuisance param-

our modelFor the priors,U%:a; bindicates a

uniform prior between a and b, while N %2a; bindicatesa
Gaussian prior with mean a and standard deviation BdaPb 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 th

first 4 bins of the1acLIM sample. The two high-redshifaGLim

bins and th&ebmaGic sample are shown in gray to indicate they

are notpart of the fiducial analysis.

. X
n Ladjmapbb % —%

Parameter inference: We assume a Gaussian likelthood

for the data vector of measured correlation functionsy,
given a modelrh;’generated using the set of parameger's

od - midﬂ?ﬁCféq - m; GpbPP;
i
011b

Parameter Prior where the sums run over all of the N elements in the data

Qn U%:0.1; 0.9 and model vectors. The posterior on the model parameters

Agx 10° U%0.5; 5.0 is then given by:

N U40.87; 1.07

Q U%0.03; 0.07 ASSITED « | i  AsiS

N b U7£0.55: 0.91 Pandobidb « L&jmTpPPR;,doP; 812pb

Q,h?x 10¢ U7:6.0; 64.4 where B, QoP is a prior on the model parametersOur

ay U%-5.0; 5.0 choice of priors is summarized in Table .

a, U%-5.0; 5.0 The covariance matrix used here consists of an analytical

M U%%-5.0; 5.0 lognormal covariance combined with empirical noise

Mo U72=5.0; 5.0 estimation from simulations. The covariancehas been

bra U%0.0; 2.0 extensively validated in Paper |In Appendix A Fig. 11

MAGLIM we show thatthe diagonalelements of our finalanalytic

b6 U%0.8; 3.0 covariance are in excellenbgreementwith a covariance

b16 U’%20.67; 3.0 estimated from data using jackknife resampling.

[ U%-4.2; 4.2 Our modeling and inference framework is builtvithin

ce 561.210561.150561.885581.970561.78p,  thecosmosispackage [40] and is designed to be consistent

582.48b with those developed as part of [16]. We generate parameter
A}-6x 102 N %-0.9; 0.7N %2-3.5; 1.1N %2—-0.5; 0.6, samples using the nested sampkeoLYCHORD [41].
N 72-0.7; 0.6N 720.2; 0.7N 720.2; 0.8
ol N %50.98; 0.062\ *41.31; 0.093, . DATA
N 720.87; 0.054\ 720.92; 0.05,
N %1.08; 0.06M %:0.845; 0.073 A. CMB lensing maps

REDMAGIC There are two major advances in the galaxy and CMB

b15 U%0.8: 3.0 data used here relative to the DES Y1 and SPT analysis

bis U%0.67; 2.52 presented in [9,10].First, for the CMB map in the SPT

bis U%-3.5: 35 gootpritr:t,dwepused Ithe method developed in [AffZ] ar;]d
escribed in Paperl to remove contamination from the

Gi® 861.31P56-0.52P500.34P0062.25P501.97P tSZ effect by combining data from SPT and Planck. Such

AZ-Ox 102 N 1/2031945\'21/28; 01-/3"\'01/;(_)-14?00-3’ contamination was one of the limiting factors in our Y1

o4 661!3661;66.1 I’3651I\I13N21/z1..2’3;.0.054 analysis.Second,the DES Y3 data cover a significantly

METACALIBRATION

larger area on the sky than the DES Y1 data. Consequently,
the DES Y3 footprint extends beyond the SPT footprint,

m'-4x 10 N 72-6.0; 9.1N %2-20.0; 7.8N 2-24.0; 7.6,  necessitating the use of the Planck-only lensing map [14]
N %2-37.0; 7.6 over partof the DES Y3 patch. As discussed in Paper |,
A}-4x 1072 N 720.0; 18Nl\;/219C§)0115';l 70.0; 1.1, the different noise properties and filtering of the two
2U.0U] 1.

connection (or,

nonlinear galaxy bias). We take the

lensing maps necessitates separate treatmttmbughout.
The “SPT p Planck” lensing map, which overlaps with
the DES footprint at < —40 degrees in declination, is
filtered by | in ¥4 8, | max ¥4 5000 and a Gaussian smooth-

approach of only fitting the correlation functions on anguldfg of Brwxm ¥4 6 arcmin. This map is produced using
scales we can reliably model. In Paper | we determined tH&e combination of 150 GHz data from the 2500 deg?
corresponding angular scale cuts by requiring the cosmo-SPT-SZ survey [e.g.13], Planck 143 GHz dataand the
logical constraintsto not be significantly biased when

prescriptionsfor unmodeled effectsare introduced. In “See e.g., [39] for tests of the validity of this assumption in the
Figs. 2 and 19 the scale cuts are marked by the gray bandentext of cosmic shearyhich would also apply here.
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tSZ-cleaned CMB Planck temperature map generated using i MAGLIM (Lens)
the SpectralMatching IndependenComponentAnalysis

(SMICA) algorithm (i.e. the SMICA-noSZ map). The = A |

“Planck” lensing map, which overlaps with the DES =

footprint at > —39.5 degrees in declinationis filtered by 1 \
| 'min ¥4 8, | nax ¥4 3800 and a Gaussian smoothing of

Brwhm v2 8 arcmin is applied. This map is reconstructed
using the Planck SMICA-noSZ temperature map alone.

REDMAGIC (Lens)

We leave a small 0.5 deg gap between the two lensing maps ___ 1 n! '"’\\

to reduced the correlation between structureson the % I 'l,' Pl

boundaries. The resulting effective overlapping areas with ! = : 1

DES are 1764 ded and 2156 deg respectively forthe 11 nn/y

SPT p Planck and Planck patches respectively. AL WS -

7 METACALIBRATION (Source)

B. The DES Y3 data products

DES [43] is a photometric survey in five broadband ~
filters (grizY), with a footprint of nearly 5000 degof sky .
that is mostly in the southern hemisphere,imaging
hundredsof millions of galaxies. It employs the 570- . - - T
megapixel Dark Energy Camera [DECam, 1] on the Cerro 000025050 0.75 1'20 125 150 1T 200
Tololo Inter-American Observatory (CTIO) 4 m Blanco
telescope in Chile. We use data from the first three years FIG. 1. Redshiftdistribution for the tomographic bins for the
(Y3) of DES observations. The foundation of the various galaxy samples used in this work: thesLimM lens sample (top),
DES Y3 data products is the Y3 Gold catalog described the REDMAGIC lens sample (middiejand the METACAL source
in [44], which achieves S=N ~ 10 for extended objects upz?‘mpl]?tﬁbc"\;fg&)h'ﬂ-rhe f|d|u0|al i‘;ns S?g‘{?'e on\l}\’/ uses;f the f'trSttfour

. . NS O e sample, or the solia lines. vve perform tests
:(/(v)c;r; \?vz.as()e\/?r:rzg lgj;zg)aqs/kseadmaprlz aS'Ot]:N‘sI‘ggigmptg: for with the nonfiducial samples (dashedlines) for diagnostic
the galaxy density-CMB lensing correlation, h§Kcysi, PUIPOSES.
and one source sample for the galaxy shear-CMB lensing ) o )
correlation, hykcygi. We briefly describe each sample TheREDMAGIC sample consists of 2.6 million luminous
below. These samples are the same as those used in [16]€d galaxies (LRGs) with small photometric redshift

and we direct the readers to a more detailed description ofTors [48].REDMAGIC is constructed using a red sequence
the samples therein. template calibrated via theeEDMAPPERalgorithm [49,50].

The lens galaxies are divided into five tomographic bins.
The redshift distributions are shown in the middle panel
_ of Fig. 1. These distributions are estimated using draws
We will show results from two lens galaxy samples  from the redshift probability distribution functions of the
namedMAGLIM and REDMAGIC. Following [16], the first  individual ReDMAGIC galaxies. As with MAGLIM, [38]
four bins of thevaGLIM sample will constitute our fiducial ygjigates the redshiftdistributions, and [47] derives sys-
sample,though we show results from the other bins and  tematics weights.
samples to help understand potential systematic effects in \ye note that in [16] the two high-redshift bins were
the DES galaxy selection. N . excluded in MAGLIM due to poor fits inthe 3 x 2 pt
The maGLIM sample consists of10.7 million galaxies  gnglysis, while the REDMAGIC sample was excluded due
selected V\{ith a mggnitu_de cut fchat evolves Iingarly with thg) an internaltension between galaxy-galaxy lensing and
photometric redshift estimate: i < dzp 18. Zynotis deter-  gajaxy clustering. With the addition of CMB lensing cross-
mined using the Directional Neighborhood Fitting algorithrgorrelations one of the aims of this work will be to shed
[DNF, 45]. [46] optimized the magnitude cut to balance thggnt on potential systematic effects in the lens samples. We
statisticalpower of the sample size and the accuracy of pyriefly discuss this issue in SedVI D but there will be a

the photometric redshifts for cosmological constraints frorfore in-depth discussion in Paper Ill when we combine
galaxy clustering and galaxy-galaxy lensingWAGLIM is  with the 3 x 2 pt probes.

divided into six tomographic bins'he top panel of Fig:1

shows the per-bin redshiftlistributions,which have been

validated using cross-correlations with spectroscopic gal- 2. Source sampleMETACALIBRATION

axies in [38]. Weights are derived to accountfor survey For the source sample, we use the DES Y3 shear catalog
systematicsas described in [47]. presented in [51], which contains over 100 million galaxies.

1. Lens samplesMAGLIM and REDMAGIC
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The galaxy shapes are estimated usingtheAUBRATION

Our estimator for the galaxy shear-CMB lensing corre-

algorithm [52,53].The shear catalog has been thoroughly lation [Eq. (6)] is

tested in [51,54].In [54], the authors used realistic image

simulations to constrain the multiplicative bias of the shear _
estimate to be at most 2%-3%, primarily attributed to a sHa¢fems0&PI V4

dependentdetection bias coupled with object blending

effects. The residual shear calibration biases are folded into

the modeling pipeline and are listed in Table I.

The source galaxies are divided into four tomographic
bins based on the SOMPZ algorithm described in [55],
utilizing deep field data described in [56] and image
simulations described in [57]. The bottom panel of
Fig. 1 shows the redshiftdistributions,which have been
validated in [58,17].

IV. CORRELATION FUNCTION ESTIMATORS
Our estimator for the galaxy-CMB lensing correlation
[Eq. (5)]is

h@KCMBéQ(pi Va héKCMBéajbiO - haQKCMBéain; 013b

where

)b] g Xpix

h@KCMBéaniO Va r]iagr]jKCMB Kewms; Oaéﬁi - @ jb

Kems
NS‘; i1 %1

614pb
and

Xandxpix ~ a
H?RW-KCMBKCMB;J' 0,08 - @jb;

. 1
héQKCMBéerI Vw . .
[VARYA

8a
015pb

where the sum in i is over all galaxies and the sumin jis
over all pixels in the CMB convergence map; NS?JKCMB
(NS;*KCMB) is the number of galaxy-kyg pixel (random-
Kcms Pixel) pairs that fall within the angular bin ,; n%,

P Ngal

N ix ij Al ~i,
vl nieanCM;KCMB;j el 0,09 - 9jp
soQP r]ier]rc“"B ’

016b

where ¢ is the componentof the corrected ellipticity
oriented orthogonally to the line connecting pixel j and the
source galaxy. Theggg value in the pixel is kg and rf
and rﬁCMB are the weights associated with the source galaxy
and the gy pixel, respectively. The weights for the source
galaxies are derived in Gatti et a[51] and combines the
signal-to-noiseand size of each galaxy. s6pP is the
METACALIBRATION response. We find that s66P is approx-
imately constantover the angular scales of interest, but
different for each redshiftbin. We carry out these mea-
surements using th&EECORR package[59] in the angular
range 2.5°< 8 < 250.0° Note that Eq. (16) does not
require subtracting a random componenas in Eq. (13)
since unlike a density field, the mask geometry cannot
generate an artificiabignal in a shear field.

The measureAGLIM hQKcvsi and hyikeygi correla-
tion functions are shown in Fig. 2. The h@Kcygi mea-
surementsusing the REDMAGIC sample are shown in
Appendix C. The signal-to-noise (S/N)of the different
measurements are listed in Table Il. Here, signal-to-noise is
calculated via

Y i ffi i i i i i i i i i i i i i £ £ £ £ £ £ i

{g XN
S=N = diTCFdj; 017b

ij

where d is the data vector of interest and C is the covariance
matrix. The final signal-to-noise of the fiduciajtugi p
hykcwsi data vector after the linear bias scale cuts is 23.9,
about two times larger than in the Y1 study [11]—the main
improvement, in addition to the increased sky area, comes
from extending our analysis to smaller scales)abled by

the tSZ-cleaned CMB lensing map. The tSZ signal is

n= and rfevs are the weights associated with the galaxies,correlated with large-scale structure, and can propagate into

the randoms and the kg pixels. The weights for the
galaxies/randoms are derived in Rodriguez-Monroy [47]
using a combination of maps of survey properties
(e.g., seeing,depth, airmass) to correcfor any spurious
signals in the large-scale structure, while thggweights

a bias in the estimategyg if not mitigated. In the DES Y1
analysis presented in [11]tSZ cleaning was notimple-
mented atthe kg map level, necessitating removabf
small-scale CMB lensing correlation measurements from
the model fits. This problem was particularly severe for

account for differences in the noise levels of pixels in the hykgygi. Comparing results forthe SPT p Planck and

Kcvg Map. The random catalog is used to sample the

Planck patches in Table Ithe SPT p Planck area domi-

selection function of the lens galaxies, and has a number nates the signal-to-noise before scale cuts in all the probes,

density much higher than the galaxies. ] (@) is the
angular position of galaxy i (pixel j), and @4 is an
indicator function that is 1 if ﬁ - éjj falls in the angular
bin 6, and 0 otherwise.

even with a smaller sky area. This is due to the lower noise
level of the SPT maps. However, since the higher signal-to-

*https://github.com/rmjarvis/TreeCorr.
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FIG. 2. Measurement of thewacLIM galaxy density-CMB lensing correlation (top) and galaxy shear-CMB lensing correlation

(bottom). For each set of measurements, the upper row shows measurement with the SPT p Planck CMB lensing map and the lower

row shows measurement with the Planck CMB lensing map. The shapes and amplitudes are different due to the difference in the L
cut and smoothing of the CMB lensing map. The light (dark) shaded regions injkagdidpanels indicate the data points removed
when assuming linear (nonlinear) galaxy bias, while the shaded regions in {kg\fay panels show the data points removed in all
cases (only two bins require scale cuts). The dashed dark gray line shows the best-fit fiducial model for the fiducial lens sample,
while the y¢ per degree of freedom (v) evaluated at the best-fit model with scale cuts for linear galaxy bias model is shown in the

upper left corner of each panel.

noise necessitates a more stringent scale cut, the resultingecret factor [51]. The second level of blinding occurs at the

signal-to-noise after scale cuts is only slightly higher for
the SPT p Planck patch. Finally, comparing;k@ygi and
hykcvgi, even though hgkeygi starts with ~75% more
signal-to-noise before scale cuts comparedig.hyi, the
scale cuts remove significantly more signain hggkcgi
compared to kxeypgi. This is due to limits in our ability to
model nonlinear galaxy bias on smalscales—indeed we
see that the signal-to-noise in {wgi increases by 13%

two-point function level, where we follow the procedure
outlined in [60] and shift the data vectors by an unknown
amount while maintaining the degeneracy between the
different parts of the data vector under the same cosmology.
The main analyses in this paper were conducted after the
unblinding of the shear catalog, so the most relevant
blinding step is the data vector blinding. Below we outline
the list of tests thatwere used to determine whether our

when switching from linear to nonlinear galaxy bias mode[Measuremeris sufficiently robustto unblind: o
Overall, these signal-to-noise levels are consistent with the (i) Pass all tests described in Appendix B, which indicate
forecasts in Paper I.

V. BLINDING AND UNBLINDING

Following [16], we adopt a strict, multilevel blinding

procedure in our analysis designed to minimize the impact

of experimenter biasThe first level of blinding occurs at

the shear catalog level, where all shears are multiplied by a

no outstanding systematic contamination in the data
vectors.These tests includg:1) check for spurious
correlation of our signal with survey property maps,

(2) check the cross-sheatomponentof hykcygi,

(3) check the impactof weights used forthe lens
galaxies, (4) check the effect of the point-source mask
in the CMB lensing map on our measurements, and
(5) check that cross-correlating an external large-scale
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TABLE Il.  Signal-to-noisefor the different parts of the With all the unblinding tests passed, we froze all analysis
h&Kcwmei b hyiKemsi data vector when differentscale cuts are  choices and unblinded ourcosmologicalconstraints We
applied. Rows involving the two high-redshifacLim bins and  then updated the covariance matrix to match the best-fit
theREDMAGIC sample are shown in gray to indicate that they ar®arameters from the Cosmo|ogicaﬁna|ysi36_ The results

not part of the fiducial analysis. we presentbelow use the updated covariancematrix.

The main constraints on cosmological parametersare

Scale cuts None Linear bias Nonlinear bias ) )

SPT b Planck summarized in Table Ill.

E%:CMB: mgt;m 6 bin ggg 1‘712 ;gg A. Cosmological constraints from cross-correlations
CMB . . . . . . .

h§Kcwgi REDMAGIC 237 142 15.7 In Fig. 3 we show constraints fromykdysi b hyiKcvsi

hyKcmsi MAGLIM 15.0 134 13.4 using the first 4 bins of thewacLIM sample. For compari-

Planck son, we also show constraints from#yygi-only, cosmic

hQKcmpi MAGLIM 17.9 131 13.8 shear (_from [62,63])and 3_ x 2 pt (fro_m [186]). -

hdKcwsl MAGLIM 6 bin 205 15.9 16.8 We flnq that our ar.1aIyS|s of R&cmei P hyiKemsi gives

hQ;KCMBi REDMAGIC 17.0 12.5 12.8 the foIIowmg constraints:

hyKcmei MAGLIM 10.4 10.4 10.4 O Y 0.2750032.

Combined m 7 _8'8551

h§Kcmsi MAGLIM 322 196 22.2 gg ¥+ 0.7839%3;

hyKcmgi MAGLIM 18.2 16.9 16.9 1 0.032.

h@Kcmsi b hyikewsi MAGLIM 34.8  23.9 25.7 Ss 74 07360 025

As can be seen from Fig. 3 and expected from Paper I,

the constraints are dominated by kyygi, with hQKcygi

structure traper (the cosmic infrared background i.n slightly improving the Q, constraints. While hicysi by
this case) with different versions of our CMB lensingself does not tightly constrain cosmology because of the

_ maps yields consistent results. _ _ . degeneracy with galaxy bias, the shape information in
(ii) With unblinded chainsuse the posterior predictive hkewsi provides additional information on Q ,, when
distribution (PPD) method developed in [61] to combined with hykeygi.

evaluate the consistency between the two subsets ;

, ) gure 3 also shows constraints from DES-only probes,
of the data vectors thatse differentCMB lensing i, ¢1,ding cosmic shear and 3 x 2 pt. We find that the
mipﬁ ('_i_i'the SF:T b Elar}gkbpaltch antc:]theOP(I)inck constraints on § from hdxKewsi b hykewsi are compa-
patch).The p-value should be larger than 0.01. rable to those from cosmic shear and 3 x 2 pt, and in

(iii) With unblinded chains, verify that the goodness-of- -~
fit of the data with respect to the fiducial model haS[%easonable agreement. The uncertainties of e, b

- . ViKcmgi constraints on § are roughly 30% (70%) larger
fravrigﬁﬂger than 0.01 according to the same PPD) ¥ S8 “ " = e e e arae

Exceptfor the first step, all the above are applied to the complete assessment of consistency between these probes

hdcwsi b YiKewsi data vectors with the fiducial analysis in Paper lll. We can also see that the degeneracy direction

choices (ACDM cosmology and linear galaxy bias scale of the hgKews! b hyikewsi constraints are slightly differ-
cuts), for the first four bins of the MAGLIM lens sample. ent from 3 x 2 pt, which will help in breaking degeneracies

when combined.
We consider constraints from the SPT p Planck and

VI. PARAMETER CONSTRAINTS FROM Planck patches separately in Fig. 4. As discussed earlier in
CROSS-CORRELATIONS OF DES Sec. V, the consistency of these two patches was part of the
WITH CMB LENSING unblinding criteria, thus these two constraints are consistent

Following the steps outlined in the previous section,
we found (1) no evidence for significant systematic biases ®This procedure is the same as in [16]. Since we cannot know
in our measurementsas shown in Appendix B, (2) we the cosmological and nuisance parameters exactly before running

. . the full inference,a set of fiducial parametersvere used to
obtain a p-value greaterthan 0.01 when comparing the generate the first-pass ofhe covariance thatvas used forall

hQKemsi b hyikeumsi constraints from the Planck region to pjinded chains After unblinding, we update the parameters to
constraints from the SPT p Planck region, and (3) the  valuescloser to the best-fit parametersfrom the data. After

goodness-of-fittest of the fiducial h§Kcwsi P hyikeugi confirming that the 5 x 2 pt best-fit constraintsPaperlll are

. . consistent with the 3 x 2 pt best-fit constraints, we chose to use
unblinded chain has a p-value greatethan 0.01. In the the 3 x 2 pt best-fit parametersor evaluating the covariance

following, we will quote the precise p-values obtained frorfatrix, as this makes our modeling choices more consistent with
these tests using the updated covariance matrix. that of [16].
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TABLE lll.  ACDM constraints on Q,, gz and § using h@kcwei b hyiKcwgi and different lens sampledlVe show the constraints
using both linear and nonlinear galaxy bias. The last column shows the p-value corresponding to the goodness of fit for the chain. The
parts shown in gray indicate that they are npéart of the fiducial samples.

Dataset Jg Qn Sg PPD p-value
h¥Kcul MAGLIM 0790333 027033  0.7403%% 0.72
h&Kemsi b hYikewsi MAGLIM 4 bin linear galaxy bias 0.784.973 0.2725%% 0.73¢9.0%2 0.50
h&Kcemsi P hyiKevsi MAGLIM 4 bin nonlinear galaxy bias 0.82F5:92° 0.245902¢ 0.7349.93° 0.51
h&kcwmsi b hyikeusi MAGLIM 6 bin linear galaxy bias 0.758397 0.2885:537 0.7329.932 0.45
h@Kemsi b hyikewsi MAGLIM 6 bin nonlinear galaxy bias 0.7695:97! 0.2733334 0.727#%:93° 0.45
h&kcwmsi b hyikevsi REDMAGIC linear galaxy bias 0.79%9:972 0.2665:93¢ 0.73&9:95¢ 0.39
h@Kemsi b hyikewmsi REDMAGIC nonlinear galaxy bias 0.7949.953 0.25%5:932 0.7239933 0.41

under the PPD metricWe find a p-value of 0.37 (0.33)

when comparing the Planck (SPT p Planck) results to As discussed in Secll, we have included the lensing
constraints from SPT p Planck (Planck). We also observe;tig jikelihood in all our constraints. As was investigated
that the constraints are somewhatighter inthe SPTp i, getail in [17], the inclusion of the lensing ratio informa-
Planck patchin S g, consistentwith the slightly larger o mainly constrains the IA parameters and source galaxy
signal-to-noise (see Table Il)We note howeverthat the  reyshift biases. The TATT IA model adopted here is a

signal-to-noisebefore scale cuts of the SPT b Planck  ganeral and flexible model that allows for a large range of
patch is significantly larger than the Planck patch due to gsiple A contributions. As such, it is expected that
the lower noise and smaller beam size of the SPT lensinginq|yding the lensing ratio could have a fairly large impact
map (for h@Kemsi: 26.8 vs. 17.9; for hyikewsi: 15.0 Vs for gata vectors thatare not already constraining the 1A
10.4), though mostof the signal-to-noise is on the small - parameters well. We now examine the effect of the lensing
scales yvhlch we _had to remove due to u_ncertalntles in thg atio on our fiducial h@Kewmei b hyikeusi constraints by
theoreticalmodeling. This highlights the importance of st removing the lensing ratio prior in our fiducial result,

improving the small-scale modeling in future work. and then doing the same comparison with a different,

B. Lensing ratio and IA modeling

(dgkcmB) + (yekomB)
Planck (North)

(0gkcmB) + (nroumB)
SPT+ Planck (South)
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FIG. 4. Constraints on cosmological parametefs @, and §
using the hgkcumgi b hyikevgi probes. We also show the con-
straints only using the SPT p Planck area and only using the
Planck area.

FIG. 3. Constraints on cosmological parametefs @, and §
from h@kemsi b hyikeumsi using the MAGLIM sample.We also
show the corresponding constraints fromrkiygi-only, cosmic
shear and 3 x 2 pfor comparison.
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FIG. 5. Constraints on cosmological parametefs @, and §
using the h@kcygi b hyikewgi probes with and without includ-

ing the lensing ratio (SR) likelihood, and when assuming the

NLA IA model instead of our fiducial IA model TATT.

more restrictive IA model,the NLA model (see Secll).
These results are shown in Fig.
We make severalobservations from Fig.5. First, the

lensing ratio significantly tightens the constraints in the S
direction (roughly a factor of 2), as expected from Paper |

Second,without the lensing ratio, different IA models
resultin different Sg constraintswith TATT resulting in
~40% larger uncertaintiesthan NLA. This is expected

given that TATT is a more general model with three more

free parameters to marginalize overcompared to NLA.
That being said, the constraints are stillfully consistent
when using the differeniA models. Third, when lensing
ratio is included, there is very little difference in the
constraintsbetween the two different |A models. This

other probes in the plot. We note that this degeneracy
is likely sourced by the lensing ratio likelihood,
which on its own is degenerate in the+n, plane.

This is consistentwith what we have seen in the
simulations in Paper I. The fact that it appears more
prominent in h@cyvgi b hyKcvgi than in the other
probes is partly related to the fact thatand g are
constrained to be further away from zero in the case
of h@Kcwmsi b hyikemgl, allowing ny and n, (the
redshift evolution of the terms associated with a

and ay) to be constrained better Another relevant
factor is that hQkcwvgi b hyiKcmsi probes slightly
larger redshift ranges than cosmic shear and 3 x 2 pt
due to the CMB lensing kernal, which allows for a
longer redshift lever arm to constrain n; and np,
resulting in qualitatively differentbehaviors in the

ny — nNo parameter space.

C. Nonlinear galaxy bias

As discussed in Sec. Il, we test a nonlinear galaxy bias
model in addition to our  baseline linear galaxy bias
analysis.With a nonlinear galaxy bias model we are able
to use somewhat smaller scales and utilize more signal in
the data (see Table II). In Fig. 7 we show the cosmological
constraints of our fiducial fugi b hyKcumsi data vector
with the nonlinear galaxy bias model. We find that the
constraints between the two differergalaxy bias models
are consistentThere is a small improvementin the Q ,
direction, which is not surprising given that nonlinear bias
impacts hgkcugi, and h@kewgi improves the Q , con-
straints relative to fxg\gi alone. The overall improvement
is nevertheless notery significant,as hykgygi is domi-
nating the constraints.

D. Comparison with alternative lens choices

We have defined our fiducial lens sample to be the first
four bins of thesaGLIM sample. This choice is informed by
the 3 x 2 pt analysis in [16], where alternative lens samples

suggests thathe |A constraints coming from the lensing were also tested but were deemedto be potentially
ratio are sufficient to make the final constraints insensitivecontaminated by systematic effects and therefore not used

to the particular IA model of choice.

in the final cosmology analysis.Here, we examine the

Finally, it is interesting to look at the constraints on the hkcygi b hyiKcwsi constraints using the two alternative

IA parameters for our fiducial BR-vgi b hyKcvsi analy-
sis with and without the lensing ratio. We show this in

Fig. 6, and compare them with constraints from cosmic

shear[62,63] and 3 x 2 pt [16]. We find two noticeable
degeneracies in these parameters:

(i) The lensing ratio restricts the a, — a, parameter
space to a narrow bandlhis is seen in the cosmic

shear and 3 x 2 pt results, as well as thedyi p

hykcwei results, although RRcwgi b hyiKemsi pre-
fers somewhat higher avalues.

(i) There is a noticeable;r- n, degeneracy that shows

up uniquely in h@kcwgi b hyikemsi and not in the

choices for lenses: (1) including the two high-redshift bins
in MAGLIM to form a 6-bin MAGLIM sample,and (2) the
REDMAGIC lens sampleAs we have emphasized through-
out the paper, since the galaxy-CMB lensing cross-
correlation is in principle less sensitive to some of the
systematic effects, these tests could potentially shed
light on the issues seen in [16]. We only examine the
hQkcmei b hyikevgi constraints here, but will carry out
a more extensive investigation in combination with the
3 x 2 pt probes in Paper Il

In Fig. 8 we show constraints fromykgi b hyKcmsi
using the three different lens samples:4-bin MAGLIM
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FIG. 6. Constraints on gand the IA parameters from our fiducialkdugi b hyKcusi results, cosmic shear and 3 x 2 pt. We also
include the hgkcvgi P hyiKewgi constraints without the lensing ratio (SR) likelihood for comparison.

(fiducial), 6-bin MAGLIM and REDMAGIC. The best-fit  the constraining power of ttReEDMAGIC sample is slightly
parametersas well as the goodness-of-fitare listed in lower in both Q,, and &.

Table Ill. Broadly, all three constraints appear to be very  The DES Y3 3 x 2 pt analyses found that the poor fits
consistent with each other. This is not surprising given thdbr the alternative lens samplescan be explained by
the constraining poweris dominated by hykcygi as we inconsistentgalaxy bias between galaxy-galaxy lensing
discussed earlier. In [16] it was shown that for the 3 x 2 phQy;i and galaxy clustering |g;i. That is, when allowing
analysis, both the 6-bin MAGLIM and the REDMAGIC  the galaxy bias to be different in galaxy-galaxy lensing and
samples give goodness-of-fits th&il our criteria, while  galaxy clustering, the goodness-of-fitimproves signifi-

for hgkemsi b hyikemgi all three samples give acceptable cantly. Operationally this is achieved in [16] by adding
goodness-of-fits values as seen in Table llIThis could  a free parameterX,.,s defined such that

imply that the systematic effectsthat contaminated the

other correlation functions in 3 x 2 pt are not affecting X, Vb '=bL . 518b
the hdkewsi P hyikeugi results strongly. Compared to the ens 7 Thawd - Thady

fiducial constraints,the constraining powerof the 6-bin . : ) ) )

MAGLIM sample is slightly higher in the,@irection due to  Where B ; (b5 ;) is the linear galaxy bias parameter for
the added signal-to-noise from the high-redshift bins, whilbdy;i (hd,d4i) in lens galaxy redshift bin i..&sis expected
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FIG. 7. Fiducial h§Kkcmsi b hyikemgi constraints on cosmo-
logical parameters Q, dg, and & using linear and nonlinear
galaxy bias models.
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FIG. 8. Fiducial constraints on cosmologicgdarameters Q,

Og, and § using the hcygi b hyikeugi probes compared with

using the REDMAGIC lens sample instead ofthe MAGLIM lens

sample.

to equal 1 in the case of no significant systematic effects.

In [16] it was found that ¥, * 1 for the two high-redshift
bins in thevAGLIM sample and for all bins in tREDMAGIC
sample, though there was not enough information to
determine whetherthe systematiceffect was in hdgy;i

or hQdi.

Our CMB lensing cross-correlation analysis provides an
interesting way to explore this systematic effect. In
essence, with fixed cosmology, we can fit for galaxy bias
using h@kcusi and compare with the galaxy bias derived
from h@y:i and h@d,i. Our results are shown in Fig. 9. We
find that in general the constraints from hdgkcygi on
galaxy bias are weakerthan both galaxy-galaxy lensing
and galaxy clustering,this is expected due to the lower
signal-to-noise. As such, the;k§ygi-inferred galaxy bias
values are largely consistent with both galaxy-galaxy
lensing and galaxy clustering. There are a few bins,
though, where h@kcygi does show a preference for the
galaxy bias values to agree more with one of the two
probes. Noticeably, for the last tmaGLiM bins, h§kcysi
prefers a galaxy bias value that is closer to that inferred by
galaxy clustering.On the other handfor the highest two
REDMAGIC bins, h§Kcwgi prefers galaxy bias values that
are closer to galaxy-galaxy lensing. These findings are
consistent with the various investigations on Xg,s
described in [34,64] and suggestpotential issues in the
measurements or modeling of galaxy-galaxy lensing in the
two high-redshift MAGLIM bins and galaxy clustering in
the REDMAGIC sample] However, we caution that these
results can be cosmology-dependent, and change slightly if
a different cosmology is assumed.

E. Implications for S g tension

In Fig. 10, we compare our constraintson Sg from
hykcmgi to those from recent measurements otosmic
shear from galaxy surveys (lighblue circles) as well as
other recenthykcygi constraints (dark blue squaresYVe
show only the constraint from hykcygi  (rather than
h@Kcwmsi b hyikemgi) since we want to compare only
measurementsof gravitational lensing. These lensing
measurements are nosensitive to the details of galaxy
bias, unlike h§kcmgi. We see thatthe constraints on §
obtained from hycypgi in this work (gray band) are for the
first time comparable to the state-of-the-acbsmic shear
measurements.

Figure 10 also shows the inferred value of Sg from
the primary CMB (black ftriangles), as measuredby
Planck [21], ACT DR4 [65], combining ACT DR4 and
the Wilkinson Microwave Anisotropy Probe [WMAP, 65],
and SPT-3G [66]As discussed in several previous works
[e.g.,62,63,67] and can be seen in the figurethere is a
~2.70 tensiofl between the $value inferred from cosmic

In particular, [34] tested an alternativeReDMAGIC sample
and suggested potentiaremediesto the systematic effect in
REDMAGIC that will be explored in future work.

“Here we #f?fﬁ#??#?ﬂ%f}.% ?frﬁ’{?‘?r[?frﬂpﬁ??g‘%?f}%ﬁo#iffiffiffifrifﬁ

08 - S2p= 83k where the superscript 1 and 2 refer
to the two datasets we are comparing.
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FIG. 9. With fixed cosmological parameters, the inferred galaxy bias fg&pykid galaxy-galaxy lensing and galaxy clustering, for
the MAGLIM sample (top) and th&kebmAGiC sample (bottom).
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FIG. 10. Comparison of late-time measurements 6b8) lensing-only data (cosmic shear hyyi and galaxy shear-CMB lensing cross-
correlation hygygi) to the inferred value of § from the primary CMB.

shearand the Planck primary CMB constraint—cosmic expected to be highly robust to systematic errors. Our
shearresults prefera lower Sg value. This is intriguing results therefore lend supporto the existence of the Sg

given that it could indicate an inconsistency in the ACDM tension. In Paper Il we will perform a more rigorous and
model. We also see that the other CMB datasets are  complete analysis of the consistency of our constraints here
currently much less constraining, but show some variationwith other datasets.

with the lowest $value from SPT-3G fairly consistent with

all the cosmic shear results.
With this work, we can now meaningfully add;kygi Vil SUMMARY
into this comparison, and as we see in Fig. 10, ey We have presented measurementsof two cross-

constraints on $are also largely below that coming from correlations between galaxy surveys and CMB lensing:
the primary CMB. This is potentially exciting, since the  the galaxy position-CMB lensing correlation (hcvgi),
hykcvwsi measurementsome from a cross-correlation and the galaxy shear-CMB lensing correlation(ay;si)-
between two very different surveys,and are therefore These measurementsare sensitiveto the statistics of
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large-scale structureand are additionally expected to be (v) Comparing with previous cosmic shear amthyi

very robust to many observational systematics. Our constraints,we find that inline with previous
measurements make use of the latestta from the first findings, our hykcygi constrainton Sg is lower
three years of observationsof DES, and a new CMB than the primary CMB constraintfrom Planck. In
lensing map constructed explicitly for cross-correlations addition, for the first time, hykcygi has achieved
using SPT and Planck data. In particular, our fiducial comparable precision to state-of-the-artcosmic
results are from four tomographic bins of theGLim lens shear constraints.

galaxy sample. The signal-to-noise of the full data vector ~ The constraints derived in this paper from pygi p
without angular scale cuts is ~30; the part of the data  hykcygi can now be compared and combined with the
vector used for cosmologicalinference has a signal-to- DES Y3 3 x 2 pt probes [16],which we will do in Paper
noise of ~20. The main reduction of the signal-to-noise Ill. We will present therein our final combined results along
comes from uncertainty in the modeling of nonlinear  with tests for consistency with external datasets.It is
galaxy bias, which necessitates removal of the small-angleowever intriguing that with the galaxy-CMB lensing
h@kcmei correlation measurements.Compared to the  cross-correlation probes aloneur datasets provide very
DES Y1 analysis, the signal-to-noise increased by a factocompetitive constraints on the late-time large-scale struc-
of ~2 and we are no longer limited by contamination of  ture compared to galaxy-only probe®ue to the relative
tSZ in the CMB lensing map. insensitivity to certain systematic effectsthis additional
The joint analysis of these two cross-correlations resultsonstraintis especially importantfor cross-checking and
in the constraints Q,, % 0_27281823; S Va 0,73638-_8% significantly improving the robustness of the galaxy-only
(Q,,, ¥ 0.24582926: S 14 0.734293%) when assuming lin- results.Another unique aspecbf this work compared to

0.044 0.028 . . :
ear (nonlinear) galaxy bias in our modeling. Fog,$hese other cross-correlation analyses is that we have carried out

constraints are more than a factor of 2 tighter than our DEZ!T Work in an analysis framework thats fully coherent
Y1 results, ~30% looser than constraints from DES Y3~ With the galaxy-only probes, making it easy to compare and
cosmic shear and ~70% looser than constraints from DEgOMbine.

Y3 3 x 2 pt. We highlight here several interesting findings L00king forward to the final datasets from DESSPT,
from this work: and ACT, as well as datasetsfrom the Vera C. Rubin

(i) We find that hykeysi dominates the constraints in - OPservatory’s Legacy Survey of Space and ‘Pi(‘hSS'I;),
the h&Keusi b hy eyl combination, confirming  the ESA’s Euclid wsswﬁ,the Roman Space Telesco1ée,
our findings from the simulated analysis in Paper . the Simons Observatorf (SO), and CMB S_tage_-4

(i) We find that the lensing ratio has a large impact on (CMB-S4), our results show that there are significant
the hdKewsi b Nyikeysi constraints, improving the opportunities for combining the galaxy and CMB lensing

: Mo I . datasets to both improve the constraints on cosmological
S constraints by ~40%. In addition, thefusi b parameters and to make the constraints themselves more

hykcwvsi data vector constrains the f— n, degen- robustto systematic effects.

eracy direction, something not seen in the DES Y3
3 x 2 pt data vectors.
(i) We investigatethe use of two alternative lens ACKNOWLEDGMENTS
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Pesquisa do Estado do Rio de Janei@mnselho Nacional MATRIX

de Desenvolvimento Cientificoe Tecnologicoand the ] S

Ministério da Ciéncia, Tecnologia e Inovacdo, the We have performed extensive validation tests on our

Deutsche Forschungsgemeinschatd the Collaborating ~ Methodology of modeling in the covariance matrix in
Institutions in the Dark Energy Surveifhe Collaborating Paper |. The ultimate check,however,is to compare the
Institutions are Argonne National Laboratory, the Universifpvariance matrix with a data-driven jackknife covariance
of California at Santa Cruzthe University of Cambridge, matnx: Th_e jackknife covariance incorporates naturally
Centro de Investigaciones Eretigas, Medioambientales y the noise in the data as well as any non-cosmological
Tecnolégicas-Madrid, the University of Chicago, Universit§Patial variation in the data that might be important. This
College London, the DES-Brazil Consortium, the UniversifPmparison was done after unblinding and the update of
of Edinburgh,the Eidgenéssische Technische Hochschuldhe covariance described in footnote 6, and is only used as
(ETH) Zirich, Fermi National Accelerator Laboratorghe @ confirmation—thatis, we cannotchange any analysis
University of lllinois at Urbana-Champaigthe Institut de ~ choices based on this check.

Cienciesde I'Espai (IEEC/CSIC),the Institut de Fisica InFig. 11 we show the diagonal elementsof the
d’Altes Energiesl.awrence Berkeley Nationdlaboratory, jackknife covariance matrix (calculated using the
the Ludwig-Maximilians Universitat Miinchen and the ~ delete-one block jackknife method by dividing the foot-
associated Excellence Clusteiniverse the University of ~ print into 80 patches) for the fiducial lens sample,
Michigan, NFS’s NOIRLab, the University of Nottingham, compared with our fiducial covariance matrix. We find
The Ohio State University, the University of Pennsylvaniaéxcellent agreementbetween them on all scales, both
the University of PortsmouthSLAC NationalAccelerator  h@Kcmsi @and hyikeugi, and on both the SPT p Planck
Laboratory Stanford Universitythe University of Sussex, and Planck patch.
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FIG. 11. Comparison between the diagonalements ofthe jackknife covariance and oufiducial covariance matrix (analytical
covariance with noise-noise correction applied).
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APPENDIX B: DIAGNOSTIC TESTS X‘;éeb 1):ul(CMBS(’59II>|hfS("39I3.|

We perform a number of diagnostic tests to make sure hSSoepi ’

that our measurements are neignificantly contaminated

by potential systematic effectsAs we have discussed in  \yhere S is the survey property map of interesind f is
Sec.l, cross-survey correlations like those presented herther g or v, This expression captures correlation of the
are expected to be inherently more robust to possible systematic with bothggs and f, and is normalized to have
systematic effectsln addition, extensive tests have been the same units as hfkcygi. Henceforth, we omit the
done on both the galaxy and CMB data productsin g jonendence in the notation for simplicitiput note that
[13,47,51,62,63,68] We perform a series of diagnostic 5| the factors in Eq. (B1) are functions of 6. Unless the

tests specific to the cross-correlation probes. systematic map is correlated with both f and g, it will
_ _ not bias hfigygi and st will be consistent with zero. Note
1. Cross-correlation with survey property maps that st should also be compared with the statistical

If a given contaminant associated with some survey uncertainty of hfksygi, as a certain systematic could be
property simultaneously affects the galaxy and the CMB  significantly detected buthave little impact on the final
fields that we are cross-correlatingthe cross-correlation  results if it is much smaller than the statistical uncertainty.
signal will contain a spurious componentthat is not For h§kcwsi, We consider two S fields: stellar density
cosmological.A possible example is dust, which could  gnd extinction.For hykcygi, We look in addition at two
simultaneously contaminate the CMB lensing map  fields associated with PSF modeling errors. The quantities
(through thermal emission in CMB bands) and the galaxy q and w measure the point-spread function (PSF) modeling
density field (through extinction). In addition to dust, residuals as introduced in [51], q % € — €moqel IS the
we consider several other possible survey properties.  gjfference of the true ellipticity of the PSF as measured
This testis designed to detecsuch effects We calculate by stars and that inferred by the PSF model, and
the correlation statistic,xfs, between the observables of w % e 8T — T,,,4P=T, Where T is a measure of size
interest and various survey property maps: of the PSF, is the impact on the PSF model ellipticity when
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FIG. 12. The measured systematic contamination gkf@si for the MAGLIM lens sample, as assessed by Eq. (B1), for the SPT p
Planck field (top) and the Planck field (bottom) and for different redshift bins. For reference, the gray band shows 10% of the statistica
uncertainties for the corresponding data vectors. In all cases, the measured bias is significantly below the statistical uncertainties on
h@Kcmei measurements.
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FIG. 13. Same as Fig12 but for the REDMAGIC lens sample.

the PSF size is wrong by T T ,04et As both g and w are
spin-2 quantities like the ellipticity, we first decompose
them into E and B modes using the same method used
for generating weak lensing convergence maps in [69].

the X5 measurements with respect to the null model are
shown in Tables IV-VI together with the probability-to-
exceed (PTE) values. The?@s well as the error bars on
the plots are derived from jackknife resampling where we

We then use the E-mode maps as the S maps to performyse 65 equal-area jackknife patches for the SPT p Planck
the cross-correlation test. The rationale here is that if therfootprint and 85 patches for the Planck area. To obtain a

is a nontrivial E-mode componentjt could signify con-
tamination in the shear signaénd will correlate with the
shear field.

Figures 12—14 show the result of our measured, Yor

the different parts of the data vector. For comparison, we

also plot the statistical uncertainty on the data vector;
given that the statistical uncertainties are much larger
than the measured biasesin all cases,we scale the
statistical uncertainties by 0.1 (h@kcwgi) and 0.01

(hykemsi). The x2 values per degree of freedom for

more reliable jackknife covariance, we measur§ Xsing
10 angular bins instead of the 20 bins used for the data
vectors. In general, most of the systematic effects are very
consistentwith zero.

For hQKcwvei, we find that the absolute level of the

potential systematic effectsas quantified by st is 1-2
orders of magnitudes smallerthan the statistical errors.
There appears to be more cross-correlation for the SPT p
Planck area, especially with extinction.All of the PTE
values of these cross-correlations are above our threshold
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FIG. 14. The measured systematic contamination gkfygi, as assessed by E¢B1), for the SPT p Planck field (top) and the
Planck field (bottom) and for different redshift bins. The gray band shows 1% of the statistical uncertainties for the corresponding data
vectors.

for concern of 0.01,s0 we deem these results acceptable. 2. Cross-shear component

For hykeygi, we find that the absolute levels of the % During the measuremenbf hykeygsi, we additionally
measurements is much lower (> 2 orders of magnitude)—measure its cross-shear counterpartdaysi. We replace
this is expected as it is much less obvious how the survey, in Eq. (16) with &, the corrected ellipticity oriented 45°
property maps will leave an imprint on the shearfield.  to the line connecting map pixel and the source galaxy. The
Interestingly,we also find that overall the error bars are  correlation hykcygi should be consistent with zeroAny
larger in the SPT p Planck patch compared to the Planck significantdetection of hykcygi could signal systematic
patch. This can be due to the survey property maps effects in the hycygi measurements.
containing higher spatial fluctuation in the SPT p Our results are shown in Fig. 15 with thper degree of
Planck area as part of the footprint is close to the galacticfreedom and PTE values listed in Table VI We find no
plane or the Large Magellanic Cloud (LMC). significant detection of hykeygi in all  parts of the data
vector.

TABLE IV. The ¥ per degree of freedom for the systematics 3 h&Kcwme | Measurements with and without weights
diagnostics quantity [Eq(B1)] for the MAGLIM h@Kcygi mea-

surementsThe different columns represettte different survey As glsgussed in [47], weights are 'applle.d to th_e lens
properties S, whereas the different rows are for the tomographigalaxies in order to remove correlations with various survey
bins in both the SPT p Planck patch and the Planck patch. TheProperties. When performing the;k@ysi measurement in
corresponding PTE values are listed in the parentheses.

S Stellar density Extinction  TABLE V. Same as Table IV but for #EpMAGIC lens sample.
; 2 e fe
Bin x“=d-o:f: (PTE) S Stellar density Extinction
SPT b Planck 1 0.42 (0.85) 0.90 (0.49) : —
2 0.10 (0.99) 0.65 (0.71) Bin x*=d:o:f: (PTE)
3 0.21(0.98) 0.64(0.72) SPT p Planck 1 0.09 (0.99) 0.20 (0.97)
4 0.13 (0.99) 112 (0.34) 2 0.50 (0.83) 0.56 (0.78)
5 0.22 (0.98) 1.34 (0.21) 3 0.42 (0.88) 0.38 (0.91)
6 0.36 (0.93) 1.66 (0.10) 4 0.28 (0.96) 0.76 (0.62)
Planck 1 0.02 (0.99) 0.40 (0.87) 5 0.73 (0.64) 1.13(0.33)
2 0.12 (0.99) 0.26 (0.96) Planck 1 0.09 (0.99) 0.38 (0.89)
3 0.15 (0.99) 0.28 (0.96) 2 0.09 (0.99) 0.16 (0.99)
4 0.08 (0.99) 0.33 (0.93) 3 0.05 (0.99) 0.19 (0.98)
5 0.06 (0.99) 0.21 (0.98) 4 0.04 (0.99) 0.16 (0.99)
6 0.05 (0.99) 0.18 (0.98) 5 0.04 (0.99) 0.16 (0.99)
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TABLE VI. The )¢ per degree of freedom for the systematics diagnostics quantity(EEQ] for the hykcygi measurementsThe

different columns representhe different survey properties S,whereas the differentrows are for the tomographic bins in both

the SPT p Planck patch and the Planck patch. The corresponding PTE values are listed in the parentheses. The last column lists the
corresponding numbers for the cross-shear measurement described iB Sec.

S Stellar density Extinction PSF modelerror q PSF modelerror w Y
Bin x?=d:o:f: (PTE)
SPT p Planck 1 0.12 (0.99) 0.12 (0.99) 0.34 (0.96) 0.15 (0.99) 1.11 (0.34)
2 0.17 (0.99) 0.38 (0.95) 0.20 (0.99) 0.18 (0.99) 1.18 (0.29)
3 0.32 (0.94) 0.39 (0.90) 0.40 (0.89) 0.30 (0.95) 0.60 (0.75)
4 0.20 (0.97) 0.41 (0.86) 0.19 (0.97) 0.15 (0.98) 1.91 (0.07)
Planck 1 0.09 (0.99) 0.06 (0.99) 0.11 (0.99) 0.08 (0.99) 1.15 (0.31)
2 0.09 (0.99) 0.04 (0.99) 0.25 (0.98) 0.17 (0.99) 1.28 (0.23)
3 0.12 (0.99) 0.07 (0.99) 0.19 (0.99) 0.14 (0.99) 1.16 (0.31)
4 0.16 (0.99) 0.18 (0.99) 0.27 (0.98) 0.18 (0.99) 1.12 (0.33)

Eq. (14), these weights are applied (i.e. th¢. in a cross-  affect the two high-redshift bins in the mAGLIM sample,
correlation, the effect of these weights will be non-  this is likely due to the fact that the high-redshift bins
negligible if the systematic effectthat is being corrected are fainter and more affected by the spatially varying
by the weights also correlates with the CMB lensing map.observing conditions.

We note that this test is not always a null-test, as we

considerit more correct to use the weights. Rather, it 4. Biases from source masking

shows qualitatively the levebf the correction from these In constructing the CMB lensing maps for this analysis,
weights—naivelythe smaller the correction to stamith, e apply a special procedure at the locations of bright point
the less likely the residual contamination will be. sources to reduce their impact on the output lensing maps.

In Fig. 16 we show the difference between thgxBisi  As described in more detailn Paper |, the CMB lensing
measurements with and withouusing the lens weights,  estimator that we use involves two CMB maps, or “legs.”
for the two lens samples. To understand the significance @ne of these is high-resolution map (i.e. the SPT p Planck
these results, we calculate the? Agtween the data vectors temperaturemap), and the other is a low-resolution
with and without weights for the fiducialAGLIM sample,  tSZ-cleaned map (i.e. the Planck SMICAnosz temperature
using the analytic covariance for the data vector and find gnap). To reduce the impacbf point sourceswe inpaint
Ax? of 1.23 after scale cuts. Propagating this into cosmo-the point sources with fluxes 6.4 < F < 200 mJy using the
logical constraints by running two chains using )& gi method described in [70]. The total inpainted area is
with and without weights (fixing galaxy bias) givesa  roughly 3.6% of the map.The corresponding location in
negligible 0.020 shift in the Q— Sg plane. It is also worth the tSZ-cleaned map are leftuntouched.We expectthis
pointing out that we see that the weights most significantlprocedure to result in a reasonable estimategfgkat the
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FIG. 15. Cross-correlation between than cross-component of shear with CMB lensing for the SPT p Planck field (top) and the Planck
field (bottom) and for differentredshift bins.The gray band shows the statisticahcertainties for hycygi.
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Aee FIG. 18. Cross-correlationbetween CIB and the Planck

lensing map in the North patch (solid gray), the Planck lensing
map in the South patch (open red), and the SPT p Planck
lensing map (black).

(VA =

—-0571 REDMAGIC

10 ) 100 To testwhether the inpainting procedure results in any
6 (arcmin) bias, we also measure the cross-correlation with the lensing
. . . ) map after masking (i.e. completely removing) all the point
FIG. 16. The differencein the hgKcygi cross-correlation o\ ooq qown to 6.4 mJy. We show in Fig. 17 the difference
between the two lens galaxy sampleSAGLIM and REDMAGIC i the dat t ina the alt i k and th
with CMB lensing when using weights and without weights, ovéff the data veclors using the afternative mask an e
the statistical uncertainty of the measurement o. iducial one. We find that there is no coherent difference in
the correlation measurements across the range of angular

inpainted, and the area being inpainted is small (such thaPUr Nominal measurementsThe level of this scatteris
Gaussian constrained inpainting predicts the pixels value$Mall. roughly 0.25 and 0.500 across the full range of
of the inpainted region well) although it is possible that theihgularscales for h@xcygi and hykcysi respectively.

noise properties of these regions differ somewhat from th&iven that such scatteris expected to have negligible
map as a whole. impact on our results, and since some scatterbetween

the data points is expected simply due to the different

_ _ _ : _ — selection of pixels in the masked and unmasked CMB
= Binl = Bin2 Bin3 —— Bin4 Binb Bin6 . . .
0.5 1 lensing maps, we do not find this to be a cause for worry.
Our baseline results will use the unmasked version of the
CMB lensing map.

| MacL X =4
i : : 5. Variations in the CMB lensing map

0.5 Our fiducial analysis uses the SPT p Planck map in
the Dec < —40° region and the Planck lensing map in the

(X koMB) — X koup) 84y
i
C \
ﬁ

e region Dec > -39.5°. We left a 0.5° gap between the two
05 MAGIC Y—s maps to avoid correlation between the large-scale structure
: N on the boundary.Here we like to verify that the cross-
] — Binl — Bin2 — Bin3 Bind correlation of our CMB lensing maps with another large-
00 TS scale structure tracer is consistent between the two patches
o: L] and the two CMB lensing data sets. We choose to use the
ST\
s v~~>(\\/J N cosmic infrared background (CIB) map from [las this
" | METACALIBRATION X = large-scale structure tracer. We carry out the following two
10! 102
¢ (arcmin) “This scatterresults from the slightly higher-noise region

. . ) ) caused by the half-leg lensing reconstructionwith the point
FIG. 17. Difference in the data vectors using the alternative sources leftin the non-inpainted map effectively behaving as
mask and the fiducial one. This test is only done for the SPT p noise.
Planck patch, as it is specific to the SPT lensing reconstruction. Here we use then' 2.5e20 cm' maps as defined in [71].

023530-23



C. CHANG et al. PHYS.REV.D 107, 023530 (2023)

0047 xX2/v =15.3/12 1 x?/v=17.19/13 } 1 x?/v=242/14 1 X%/v=19.4/14 1 x?/v=13.6/15

§ ool o i | atitl | ettty | am |

i i N s

¥ _osad SPT + Planck I 1) | REDMAGIC { ﬁ

o B =9.68/13} 1 /v =105/14 1 /v =193/15 1 v =162/15 1 2w =175/15

& ol e M sttt

% 000 . t A AET ! RS

= _0.024 Planck ]l_%inll_ Bin 2] Bin 3] lin 4] Bin §
10" 10° 10! 10° 10" 10° 10" 10° 10! 10° |
6 (arcmin) 6 (arcmin) 6 (arcmin) 6 (arcmin) 6 (arcmin)

FIG. 19. Same as Fig2 but for the REDMAGIC sample.

tests: (1) we compare the cross-correlations between the 545 GHz, galactic emission is non-negligibleand while
CIB map and the Planck lensing map splinto two sub-  the CIB maps from [71] are intended to be free of galactic
regions (the “North” region with DEC > -39.5° and the  dust, there may be residuals. Second, the CIB-kcygs
“South” region with DEC < -40°), and verify that they are correlation is most sensitive to redshifts higher than those
consistenty(2) we compare in the South patch the cross- probed by DES galaxies, thus we are extrapolating the
correlations between the CIB map with either the Planck results above to lower redshift.

CMB lensing map or our SPT p Planck lensing map, and

verify that they are consistent.

The resulting correlation measurements are shown in APPENDIX C: REDMAGIC RESULTS
Fig. 18—the high signal-to-noise is expected due to the . )
significant overlap in the kernels of the two tracers.We In this appendix we show the results for the second lens
make two comparisons: sample—therEDMAGIC sample. The data vector is shown

(1) CIB x Planck North vs. CIB x Planck South: We in Fig. 19 with signal-to-noise values listed in Table Il. We
find a two-sample %=v of 24.28=20 with a PTE of find that (1) no significant systematic effects were found
0.23. This demonstrates thathe two patches are S described in Appendix B(2) we get a p-value greater
consistent with each other. than 0.01 when comparing the gR:yigi P hyKcusi con-

(2) SPT p Planck vs.Planck South: We compute the  Straints from Planck to constraints from SPT p Planck,
two-sample ¥, and find x2=v % 23.9=20.with a and (3) the goodness-of-fitof the fiducial hQKcygi p
PTE of 0.25. This demonstrates thahe two mea-  h¥Kcusi unblinded chain corresponds to a p-value greater
surements are consistent with each other. than 0.01. These results allowed us to unblind our results,

We note that there are two caveats associated with the@8d the final constraints are listed in Table Il and the

cross-correlationmeasurementsThe first is that, at  fiducial constraints are shown in Fig8.
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