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We present cosmology results from a blinded joint analysis of cosmic shear, ξ�ðϑÞ, galaxy-galaxy
weak lensing, ΔΣðRÞ, and projected galaxy clustering, wpðRÞ, measured from the Hyper Suprime-Cam
three-year (HSC-Y3) shape catalog and the Sloan Digital Sky Survey (SDSS) DR11 spectroscopic galaxy
catalog—a 3 × 2 pt cosmology analysis. We define luminosity-cut, and therefore nearly volume-limited,
samples of SDSS galaxies to serve as the tracers of wp and as the lens samples forΔΣ in three spectroscopic
redshift bins spanning the range 0.15 < z < 0.7. For the ξ� and ΔΣ measurements, we use a single sample
of about seven million source galaxies over 416 deg2, selected from HSC-Y3 based on having photometric
redshifts (photo-z) greater than 0.75. The deep, high-quality HSC-Y3 data enable significant detections of
the ΔΣ signals, with integrated signal-to-noise ratio S=N ∼ 24 in the range 3 ≤ R=½h−1 Mpc� ≤ 30 over the
three lens samples. ξ� has S=N ∼ 19 in the range 80 ≤ ϑ ≤ 500 and 300 ≤ ϑ ≤ 1500 for ξþ and ξ−,
respectively. For cosmological parameter inference, we use the Dark Emulator package, combined with a halo
occupation distribution prescription for the relation between galaxies and halos, to model wp and ΔΣ down
to quasinonlinear scales, and we estimate cosmological parameters after marginalizing over nuisance
parameters. In our baseline analysis we employ an uninformative flat prior of the residual photo-z error,
given by ΠðΔzphÞ ¼ Uð−1; 1Þ, to model a residual bias in the mean redshift of HSC source galaxies.
Comparing the relative lensing amplitudes for ΔΣ in the three redshift bins and for ξ� with the single
HSC source galaxy sample allows us to calibrate the photo-z parameter Δzph to the precision of
σðΔzphÞ ≃ 0.09. With these methods, we obtain a robust constraint on the cosmological parameters for the

flat ΛCDM model: S8 ¼ σ8ðΩm=0.3Þ0.5 ¼ 0.763þ0.040
−0.036 , or the best-constrained parameter given by

S08 ¼ σ8ðΩm=0.3Þ0.22 ¼ 0.721� 0.028, determined with about 4% fractional precision. Based on multi-
dimensional tension metrics, HSC-Y3 data exhibits about 2.5σ tension with the cosmological constraint
inferred by Planck for the ΛCDMmodel, and hints at a nonzero residual photo-z bias implying that the true
mean redshift of the HSC galaxies at z≳ 0.75 is higher than that implied by the original photo-z estimates.

DOI: 10.1103/PhysRevD.108.123517

I. INTRODUCTION

The cosmological standard model assuming the initial
conditions predicted by an inflationary scenario, Λ Cold
Dark Matter (ΛCDM) model, has been successful in
explaining a variety of observations e.g., [1]. Wide-area
galaxy imaging surveys in optical and near-infrared
wavelengths enables us to investigate fundamental prob-
lems in cosmology, such as the nature of dark matter and
the origin of cosmic acceleration e.g., [2]. Precise mea-
surements of weak gravitational lensing by the ongoing
Stave-III surveys, such as the Subaru Hyper Suprime-
Cam (HSC) [3–7],1 the Dark Energy Survey (DES) [8],2

and the Kilo-Degree Survey (KiDS) [9],3 have provided
tight constraints on cosmological parameters. It is in-
triguing that, under the ΛCDM assumption, the weak-
lensing measurements infers a lower value of σ8 or S8,
which characterizes the clustering amplitude of large-scale
structure (LSS) in the present day Universe (for a recent
review see Ref. [10]), than the Planck cosmic microwave
background (CMB) measurements [11] does. This discrep-
ancy might hint at the possibility of new physics beyond the
standard ΛCDM model.

Challenges of large-scale structure probes lie in system-
atic effects/errors inherent both in observations and theory.
One of the important observational systematic effects,
relevant to weak-lensing cosmology, arises from imperfect
photometric redshift estimates (hereafter referred to as
photo-z). Due to the limited information carried by broad-
band photometry and/or difficulties in uniform and accurate
characterization of individual galaxy photometry, photo-
metric redshift estimates are not perfect. Hence, photo-z
estimates need to be calibrated using a representative
calibration sample of galaxies that have accurate redshift
estimates; ideally we need a representative spectroscopic
sample but the COSMOS catalog which provides 30-band
photo-z’s is currently a main calibration sample for
photo-z’s of faint galaxies [12].
The main systematic effects on the theory side lie in the

difficulties in accurately modeling nonlinear structure
formation, and the unknown relation between the distribu-
tions of matter and galaxies, where the latter is referred to
as the galaxy bias uncertainty. The physical processes
inherent in the formation and evolution of galaxies cannot
yet be accurately and fully modeled from first principles.
Nevertheless, on large scales, i.e., beyond a few 10 Mpc
where gravity is a driving force of structure formation, the
linear theory of structure formation is quite accurate,
and predicts that the galaxy distribution for any type of
galaxy is related to the underlying matter distribution by a
scale-independent factor, i.e., the linear bias parameter [13].

1https://hsc.mtk.nao.ac.jp/ssp/.
2https://www.darkenergysurvey.org.
3http://kids.strw.leidenuniv.nl.
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On smaller scales, the bias function is scale dependent, due to
the mode coupling in nonlinear structure formation.
Combining multiple cosmological probes provides a

promising way to mitigate the aforementioned systematic
effects in cosmological inference. In this paper, we com-
bine the projected correlation function of galaxies (wp),
galaxy-galaxy weak lensing (ΔΣ), and cosmic shear cor-
relations (ξ�)—so-called 3 × 2 pt cosmology analysis,
measured from the photometric HSC three-year (hereafter
HSC-Y3) data covering about 416 deg2 of the sky and the
spectroscopic SDSS galaxy catalogs. By cross-correlating
the positions of SDSS galaxies with shapes of the
background HSC galaxies, we can measure the ΔΣ signal,
which in turn allows us to infer the average matter dis-
tribution around the SDSS galaxies. We then combine the
ΔΣðRÞ measurement with the auto-correlation function of
galaxies in the same sample, wpðRÞ, as a function of
projected separation R to observationally infer the galaxy
bias function of the SDSS galaxies, including its scale
dependence. We will use a single sample of the HSC source
galaxies to perform weak-lensing measurements for ΔΣ for
each of the SDSS galaxy subsamples that are subdivided
into three spectroscopic redshift bins spanning the range
z ¼ ½0.15; 0.7�. Comparing the relative ΔΣ amplitudes in
the three redshift bins and the cosmic shear signal ξ�, for a
given sample of HSC source galaxies, enables us to calibrate
any residual error in the mean redshifts of HSC source
galaxies, as proposed in Oguri and Takada [14] (also
see [6,15]).
To resolve the modeling difficulties of clustering

observables on small scales, we use the halo model
approach [16–19]. Dark matter halos are self-gravitating
systems where galaxies form. Clustering statistics of halos
such as the halo mass function and the halo-matter and
halo-halo correlation functions can be accurately modeled
down to small scales using N-body simulations for a given
cosmological model. Based on this motivation, Nishimichi
et al. [20] used an ensemble of N-body simulations for
different cosmologies to build an emulation package,
dubbed as Dark Emulator, that enables fast and accurate
computations of the halo clustering quantities as a function
of halo masses, redshift and separations for an input
cosmological model. As shown in Nishimichi et al. [20]
[also see [6,15,21]], the “scale-dependent” halo bias in the
halo-matter and halo-halo correlation functions, relative to
the matter correlation function, carries useful cosmological
information beyond the linear theory.
The purpose of this paper is to use the combined 3 × 2 pt

measurements from the photometric HSC-Y3 galaxies and
the spectroscopic SDSS galaxies to estimate cosmological
parameters while mitigating the impact of the systematic
photo-z error and the galaxy bias uncertainty. We carried
out a similar analysis with the HSC-Y1 data [6], but there
are some important differences. First, while the HSC-Y1
analysis used only measurements of ΔΣ and wp, in this
paper we include the cosmic shear measurements, ξ�, to

improve the precision of cosmological parameter inference
and the calibration of the residual photo-z error parameter
(hereafter Δzph). Second, we employ a completely unin-
formative flat prior of Δzph, Uð−1; 1Þ, in our baseline
analysis method. Much narrower priors have been used in
other weak-lensing analyses; e.g., the HSC-Y1 2 × 2 pt
analysis [6] used a Gaussian prior with width σðΔzphÞ ¼
0.1 and many other weak-lensing cosmology analyses use a
prior with width Oð10−2Þ e.g., [8,22] for the mean redshift
of source galaxies. We will show that the statistical power
of the HSC-Y3 data enables us to calibrate the Δzph
parameter to a precision of σðΔzphÞ ∼ 0.1. For theoretical
templates, we combine Dark Emulator and the halo occupation
distribution, which gives a phenomenological description
of the galaxy-halo connection, to model the ΔΣ and wp

observables down to quasinonlinear scales. Wewill validate
our model and method using a synthetic data vector of the
clustering observables, taking into account the covariance
matrix for the HSC-Y3 and SDSS observables. In this
paper, we will pay particular attention to a stringent test of
the flat ΛCDMmodel, especially whether the HSC-Y3 data
exhibits a tension in the S8 constraint with the Planck
result.
We perform a blinded cosmology analysis at the catalog

and analysis levels to avoid confirmation bias. We carry out
various tests for systematic errors in the measurements and
do extensive validation tests of the method and model.
During the blinded analysis stage, we determine the
analysis setup, including the uninformative uniform prior
of Δzph, without access to the values of cosmological
parameters, and we agree not to make any changes in our
analysis methodology after we unblind. We will explicitly
mention any results that were found “postunblinding.” This
paper is one of a series of the HSC-Y3 cosmology papers:
More, Sugiyama et al. [23] give detailed descriptions of the
measurements used in the 3 × 2 pt analysis, Sugiyama
et al. [24] use exactly the same 3 × 2 pt observables as
those in this paper to perform a cosmology analysis using a
perturbation theory based model, Li et al. [25] show
cosmology results using the real-space cosmic shear
tomography, and Dalal et al. [26] show cosmology results
using the Fourier-space cosmic shear tomography. The two
3 × 2 pt papers (this paper and Sugiyama et al. [24]) use
the same blinded shape catalog of the HSC data. Li et al.
[25] and Dalal et al. [26] use different blinded catalogs.
Thus, we use three different blinded catalogs for our
cosmology analyses. We compared the cosmological
parameters from the 3 × 2 pt analyses and the real- and
Fourier-space cosmic shear analyses only after unblinding.
We believe that our analysis strategy and method allow us
to obtain a robust, convincing result for both the cosmo-
logical parameters and the residual photo-z error, without
being subject to confirmation bias.
This paper is organized as follows. In Sec. II we describe

the HSC three-year shape catalog and the spectroscopic
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SDSS galaxy catalog that are used in this paper. In Sec. III
we describe our analysis method: the theoretical templates
based on the halo model and the likelihood analysis. In
Sec. IV we describe our blinding strategy for the cosmol-
ogy analysis. In Sec. V we show the main results of this
paper; our cosmological constraints, the robustness to
different systematics, and the degree of tension of our
results with the Planck inferred cosmology. In Sec. VI we
give a detailed discussion of our cosmology results; the
impact of the residual photo-z error and the assembly bias,
and the cosmological results when combined with external
constraints on Ωm. Finally we give our conclusions in
Sec. VII. We give technical details of our method and tests
of systematic effects in several Appendixes.
Throughout this paper we use the natural unit c ¼ 1

for the speed of light. Unless stated otherwise, we quote
the central value of a parameter from the mode value of
the posterior parameter that has the highest probability
in the marginalized 1D posterior distribution in the
chain; PðpmodeÞ ¼ maximum. The justification of the
use of mode as the central value is described in Dalal
et al. [26]. We quote the 68% credible interval for the
parameter(s) from the highest density interval of param-
eter(s) satisfyingZ

p∈P>P68

dpPðpÞ ¼ 0.68; ð1Þ

where PðpÞ is the 1D or 2D marginalized posterior
distribution. The 95% credible interval is similarly
defined.

II. DATA

A. HSC-Y3 data: Source galaxies
for galaxy-galaxy weak lensing

HSC is a wide-field imaging camera on the prime focus
of the 8.2 m Subaru Telescope [27–30]. The HSC Subaru
Strategic Program (HSC SSP) survey conducted a five-
band (grizy) wide-area imaging survey [3] from 2014 to
2021, spending 330 nights. HSC is one of the most
powerful instruments for a weak-lensing survey because
of the combination of its wide field-of-view (1.77 deg2),
superb image quality (typically 0.600 seeing FWHM in i
band), and large photon-collecting power. The HSC SSP
survey consists of three layers; wide, deep, and ultradeep.
Among them the wide layer is designed for weak-lensing
cosmology, covering about 1; 100 deg2 of the sky with a 5σ
depth of i ∼ 26 (200 aperture for a point source). The i-band
images are taken under good seeing conditions, since they
are used for galaxy shape measurements in weak-lensing
analyses.
In this paper, we use the HSC three-year (hereafter

HSC-Y3) galaxy shape [31] and photo-z catalogs [32],
constructed from the S19A internal data release (released in

September 2019) of data acquired from March 2014 to
April 2019. In the following subsections, we describe
details of the shape and photo-z catalogs.

1. HSC-Y3 galaxy shape catalog

In this paper, we use the HSC-Y3 shape catalog [31]
from the S19A images that were processed with hscPipe v7

[33]. In hscPipe v7, there were a number of improvements to
the point spread function (PSF) modeling, image warping
kernel, background subtraction and bright star masks,
which have improved the quality of the shape catalog in
HSC-Y3 compared to the HSC Year 1 shape catalog
[34,35]. The detailed selection of galaxies that form the
shape catalog is presented in Li et al. [31]. Briefly, the
shape catalog consists of galaxies selected from the “full-
depth full-color region” in all five filters. Apart from some
basic quality cuts related to pixel level information, we
select extended objects with an extinction corrected cmodel
magnitude i < 24.5, i-band SNR ≥ 10, resolution >0.3,
>5σ detection in at least two bands other than i, a 1 arcsec
diameter aperture magnitude cut of i < 25.5, and a blend-
edness cut in the i-band of 10−3.8.
The shape catalog consists of 35.7 million galaxies

spanning an area of about 430 deg2, with an effective
number density of 19.9 arcmin−2. It is divided into six
disjoint regions: XMM, VVDS, GAMA09H, WIDE12H,
GAMA15H and HECTOMAP (see Fig. 1 in Ref. [31]). The
shape measurements in the catalog were calibrated using
detailed image simulations, such that the galaxy-property-
dependent multiplicative shear bias uncertainty is less than
∼10−2. Li et al. [31] also presented a number of systematics
tests and null tests, and quantify the level of residual
systematics in the shape catalog that could affect the
cosmological science analyses carried out using the data.
Li et al. [31] flag residual additive biases due to PSF model
shape residual correlations and star galaxy shape correla-
tions as systematics requiring special attention and mar-
ginalization, so we will also investigate the effect of these
systematics on the cosmic shear measurements.
As described in detail in companion papers, More et al.

[23], Li et al. [25] and Dalal et al. [26], we find a significant
source of B-mode systematics in the cosmic shear corre-
lation functions for a ∼20 deg2 patch in the GAMA09H
region, and we remove this problematic region from the
following analysis. The resultant total area of the HSC data
is about 416 deg2.

2. Source galaxy catalog for galaxy-galaxy
weak lensing

Given the depth of the HSC-Y3 data, we can define a
secure sample of source galaxies behind lens galaxies. In
this paper we use three samples of lens galaxies as a
function of redshift, selected from the Data Release
11 (DR11) of spectroscopic SDSS galaxies up to z ¼ 0.7,
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as described below. To select background galaxies behind
the SDSS galaxies, we use photo-z estimates of each HSC
source galaxy. The HSC-Y3 shape catalog is accompanied
by a photo-z catalog of galaxies based on three different
methods [12]. Mizuki [36] is a template fitting based photo-z
estimation code. DEmPZ [37] and DNNZ [32] on the other
hand provide machine-learning-based estimates of the
galaxy photo-z’s. Each of these methods provides an
estimate of the posterior distribution of the redshift for
individual galaxies, denoted as PðzsÞ. In this paper we
employ the DEmPZ photo-z catalog as our fiducial choice to
define a sample of background galaxies by requiring that the
posterior that the galaxy has redshift less than 0.75 be less
than 1% [38–40],Z

7

zl;maxþ0.05
dzsPiðzsÞ ≥ 0.99; ð2Þ

where zl;max ¼ 0.70 is the maximum redshift of the lens
samples. Such cuts significantly reduce the contamination of
source galaxieswhich are physically associatedwith the lens
galaxies and which would dilute the weak-lensing signal.
The total number of galaxies in our source sample is ∼24%
of the original HSC-Y3 shape catalog, with an effective
number density of 4.9 galaxies per square arcmin. Themean
redshift of the sample, estimated from the stacked photo-z
posterior, is hzsi ≃ 1.3.
Photo-z uncertainties are one of the most important

systematic effects in weak-lensing cosmology, and could
cause significant biases in the cosmological parameters if
unknown residual systematic errors in photo-z exist. To
minimize the impact of possible systematic photo-z error,
we will employ the method in Oguri and Takada [14] that
enables a self-calibration of such residual photo-z errors,
using a single sample of photometric source galaxies for the
weak-lensing measurements as we will later describe in
detail.

B. Lens galaxy sample

We use the large-scale structure sample compiled as part
of DR11 [41]4 of the SDSS-III Baryon Oscillation
Spectroscopic Survey (BOSS) project [42] for measure-
ments of the clustering of galaxies and as lens galaxies for
the weak-lensing signal measurements. The lens galaxy
sample used in this paper is the same as that used in the
first year analysis of HSC data (Sugiyama et al. [7] and
Miyatake et al. [15]) [also see [43]]. We use a luminosity-
limited catalog of SDSS galaxies in order for it to be
approximately volume limited (see More et al. [23] for the
details). We describe the resultant catalog here briefly.
The BOSS is a spectroscopic survey of galaxies and

quasars selected from the imaging data obtained by the
SDSS-I/II and covers an area of approximately

11; 000 deg2 [44] using the dedicated 2.5 m SDSS
Telescope [45]. Imaging data obtained in five photometric
bands (ugriz) as part of the SDSS I/II surveys [46–48]
were augmented with an additional 3; 000 deg2 in SDSS
DR9 to cover a larger portion of the sky in the southern
region [42,49–51]. These data were processed by photo-
metric processing pipelines [52–54], and corrected for
Galactic extinction [55] to obtain a reliable photometric
catalog which is used as an input to select targets for
spectroscopy [42]. The BOSS spectra were processed
by an automated pipeline to perform redshift determi-
nation and spectral classification [56]. The BOSS large-
scale structure catalog consists of two samples; LOWZ
at 0.15 < z < 0.35 and CMASS at 0.43 < z < 0.7. In
addition to the BOSS galaxies we also use galaxies
which pass the target selection but had already been
observed in the SDSS-I/II project. These galaxies are
subsampled in each sector so that they follow the same
completeness as that of the LOWZ and CMASS samples
in their redshift ranges [57].
We define three redshift subsamples “LOWZ” galaxies

in the redshift range z ¼ ½0.15; 0.35� and the CMASS
galaxies divided into redshift bins, z¼ ½0.43;0.55� and z¼
½0.55;0.70�, hereafter called “CMASS1” and “CMASS2,”
respectively. As shown in Fig. 1 of Miyatake et al. [6], we
define the subsamples by selecting galaxies with absolute
magnitudes Mi − 5 logh < −21.5, −21.9 and −22.2 for
the LOWZ, CMASS1 and CMASS2 subsamples, respec-
tively, to construct nealy volume-limites samples. The
comoving number densities for the Planck cosmology are
n̄g=½10−4ðh−1 MpcÞ−3� ≃ 1.8, 0.74 and 0.45, respectively,
which are a few times smaller than those of the parent LOWZ
and CMASS samples.
The redshift distributions of lens and source samples are

shown in Fig. 3 in our companion paper More et al. [23].

III. MODELING AND ANALYSIS METHOD

In this paper, we use three clustering observables to
perform the cosmological parameter inference—the so-
called 3 × 2 pt analysis. To be more precise, we use (i) the
average excess surface mass density profile, denoted as
ΔΣðRÞ, that is measured from the galaxy-galaxy weak
lensing combining the photometric HSC source galaxy
sample and each of the three spectroscopic SDSS lens
subsamples over the overlapping 416 deg2 area of HSC-Y3
and BOSS, (ii) the projected correlation function, denoted
as wpðRÞ, for each of the spectroscopic SDSS subsamples
used as lens samples in the ΔΣ analysis measured from the
entire BOSS regions of about 8; 300 deg2 area, and (iii) the
cosmic shear correlation functions, denoted as ξ�ðϑÞ, for
the HSC source sample measured from the HSC-Y3
416 deg2 area. The details of the measurements, null
and systematics tests and covariance matrix are described
in the companion paper, More et al. [23]. In this section we4https://www.sdss.org/dr11/.
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describe our model of these clustering observables within
the ΛCDM framework and our method of Bayesian based
parameter inference.

A. Model

1. Dark emulator

To model ΔΣ and wp, we use the publicly-available
code, Dark Emulator,5 developed in Nishimichi et al. [20]. Dark
Emulator is a software package enabling fast, accurate
computations of halo clustering quantities for an input flat
wCDM cosmological model. Dark Emulator is based on an
ensemble set of cosmological N-body simulations, each of
which was performed with 20483 particles for a box
with length 1 or 2 h−1Gpc on a side, for 101 flat
wCDM cosmological models. The wCDM cosmology
is parametrized by six parameters, p ¼ fωb;ωc;Ωde;
lnð1010AsÞ; ns; wdeg, where ωbð≡Ωbh2Þ and ωcð≡Ωch2Þ
are the physical density parameters of baryons and CDM,
respectively, h is the Hubble parameter, Ωde is the density
parameter of dark energy for a flat-geometry universe, As
and ns are the amplitude and tilt parameters of the
primordial curvature power spectrum normalized at
kpivot ¼ 0.05 Mpc−1, and wde is the equation of state
parameter for dark energy. Note that the Hubble parameter
h is a derived parameter in this parametrization, which is
calculated as h ¼ ½1 − ðωb þ ωc þ ωνÞ=Ωde�1=2. In the
following we focus on flat ΛCDM cosmological models
with wde ¼ −1.

For the N-body simulations, the effect of finite
neutrino mass was included by fixing the neutrino density
parameter ων ≡Ωνh2 to 0.00064. This value corresponds
to a total mass of three neutrino species of 0.06 eV, the
lower bound of the normal mass hierarchy [58]. Note that
the Planck fiducial analysis [11] was also performed with
the fixed total neutrino mass of 0.06 eV. The presence of
massive neutrinos affects the linear transfer function,
where the total matter fluctuation was computed includ-
ing massive neutrinos by CAMB [59] and was scaled back
to the initial redshift of the simulations using the linear
growth factor with the neutrino density included in the
matter content. The subsequent nonlinear growth was
followed consistently in an N-body simulation, including
the neutrino density as a part of matter density (see [20]
for details). Since we focus on the σ8 parameter,6 i.e., the
present-day normalization of the linear matter power
spectrum instead of the amplitude of the primordial
fluctuations, this approximation has little impact on
our primary constraints.

The particle mass for the fiducial Planck cosmology
is m ¼ 1.02 × 1010h−1M⊙ for the higher-resolution
simulations used as the basis for Dark Emulator. The emulator
uses halos with mass greater than 1012h−1M⊙, correspond-
ing to about 100 simulation particles.
For each N-body simulation realization (each red-

shift output) for a given cosmological model, Nishimichi
et al. [20] constructed a catalog of halos using Rockstar
[60], which identifies halos and subhalos based on
clustering of N-body particles in position and velo-
city space. Then the catalog of central halos were
constructed. In this catalog, they employed the spherical
overdensity mass for halo mass with respect to the halo
center (defined as the position with the maximum
mass density), i.e., M≡M200m¼ð4π=3ÞR3

200m×ð200ρ̄m0Þ,
where R200m is the radius within which the mean mass
density is 200 times the present-day mean matter density
ρ̄m0. Combining particle data and the halo catalogs
from the N-body simulations in the redshift range
z ¼ ½0; 1.48�, they built an emulator, dubbed Dark

Emulator, which quickly computes accurate models of the
following quantities:

(i) dnh
dM ðM; z;pÞ: the halo mass function for halos in the
mass range ½M;M þ dM�,

(ii) ξhmðr;M; z;pÞ: the halo-matter cross-correlation
function for a sample of halos in the mass range
½M;M þ dM�, and

(iii) ξhhðr;M;M0; z;pÞ: the halo-halo autocorrelation
function for two samples of halos with masses
½M;M þ dM� and ½M0;M0 þ dM0�, respectively,

for an input set of parameters, halo mass M (and M0 for
the cross-correlation function between two halo samples),
redshift z, and cosmological parameters p.
Figure 4 of More et al. [23] showed that the LOWZ,

CMASS1 and CMASS2 galaxies in our samples likely
reside in host halos with typical masses greater than
1013h−1M⊙, assuming a concordance flat ΛCDM model
consistent with the CMB and current large-scale struc-
ture data. Hence Dark Emulator can be safely used to
compute the model predictions of ΔΣ and wp for these
SDSS galaxies.
In addition, Dark Emulator outputs ancillary quantities,

such as the linear halo bias (the large-scale limit of the
halo bias), the Tinker model of the linear halo bias [61]
(see below), the linear matter power spectrum, the linear
rms mass fluctuations of halo mass scale M [σLmðMÞ],
and σ8.
The supported range of each cosmological para-

meter for Dark Emulator is given in Table I. We set the
supported ranges to cover the ranges of cosmological
parameters constrained by latest large-scale structure
measurements, such as the Subaru HSC first-year cos-
mic shear results [4,5]. These supported ranges corre-
spond to the ranges of derived parameters 0.55≲
σ8 ≲ 1.2 and 0.17≲ Ωm ≲ 0.45, which are sensitive

5https://github.com/DarkQuestCosmology/dark_emulator_public.
6σ8 is the parameter often used in the literature for the

normalization of the linear matter power spectrum, corresponding
to the rms linear-mass density fluctuations within a top-hat sphere
of radius 8h−1 Mpc.
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to large-cale structure probes, as shown in Fig. 2 of
Nishimichi et al. [20].
While we run the Bayesian parameter inference method,

parameters outside of the supported range might be
occasionally sampled. In this case, we extrapolate the
model predictions as follows:

ξhmðr;p∉Þ →
bTinkerðp∉Þ
bTinkerðpedgeÞ

ξLmmðr;p∉Þ
ξLmmðr;pedgeÞ

ξDEhmðr;pedgeÞ;

ξhhðr;p∉Þ →
�

bTinkerðp∉Þ
bTinkerðpedgeÞ

�
2 ξLmmðr;p∉Þ
ξLmmðr;pedgeÞ

ξDEhh ðr;pedgeÞ;

ð3Þ

where p∉ is a set of five cosmological parameters outside
the supported range, pedge is a parameter set at the edge of
the supported range which is defined by replacing only the
parameter(s) outside the supported range with their value(s)
at the edge of the supported range, bTinkerðp∉Þ and
bTinkerðpedgeÞ are the linear bias parameters with p∉ and
pedge computed by the fitting formula derived in Tinker
et al. [61], ξLmm is the linear-theory prediction for the matter
two-point correlation function at p∉ and pedge, and ξDEhh and
ξDEhm are the Dark Emulator outputs at pedge. To compute the
linear-theory matter correlation outside the supported
range, ξLmmðr;p∉Þ, we use an emulator built on CLASS

[62,63] (see Appendix A in Ref. [20] for details). Note that
the above extrapolation can take any input values for As, but
the range of ωc and Ωde is limited, as we will explain in
Table II in Sec. III E.
Our code outputs the model predictions regardless of

whether the cosmological parameters are inside or outside
the supported range. This treatment is important, because
we perform a blinded cosmological analysis of the HSC
and SDSS data. If Dark Emulator were to return an error
message indicating that an outside model has been
sampled, we could unintentionally and prematurely unblind
our analysis.

After unblinding our cosmology analysis, we con-
firmed that all models within the 95% credible inter-
val of S8 in the chains for our baseline analysis are
within the emulator supported range for lnð1010AsÞ

TABLE I. The set of five cosmological parameters used in our
analysis, which specify a model within the flat-geometry ΛCDM
framework. For an input ΛCDM model, Dark Emulator outputs the
halo clustering quantities (see text for details). The column
labeled “parameters” lists the five cosmological parameters.
The column labeled “supported range” denotes the range of
parameters that is supported by Dark Emulator.

Parameters Supported range [min, max]

Ωde [0.54752, 0.82128]
lnð1010AsÞ [2.4752, 3.7128]

ωb ≡ Ωbh2 [0.0211375, 0.0233625]
ωc ≡ Ωch2 [0.10782, 0.13178]
ns [0.916275, 1.012725]

TABLE II. Model parameters and priors used in our cosmo-
logical inference. The label Uða; bÞ denotes a uniform (or
equivalently flat) prior with minimum a and maximum b, while
N ðμ; σÞ denotes a normal (or Gaussian) prior with mean μ and
width σ. The parameters used in our baseline analysis are listed
above the horizontal double lines; five cosmological parameters,
five HOD parameters for each of the LOWZ, CMASS1 and
CMASS2 subsamples, two nuisance parameters to model
residual photo-z and multiplicative shear biases, three parameters
to model the magnitude slope of the galaxy number counts that
characterizes the magnification bias on ΔΣ for each of the
LOWZ, CMASS1 and CMASS2 subsamples, two parameters
to model residual PSF modeling errors in the cosmic shear 2pt
functions, and one parameter to model the IA contamination to
cosmic shear; 28 ¼ 5þ 3 × 5þ 2þ 3þ 2þ 1 in total. The
parameters below the double lines are used in the extended
models.

Parameter Prior

Cosmological parameters
Ωde Uð0.4594; 0.9094Þ
lnð1010AsÞ Uð1.0; 5.0Þ
ωc Uð0.0998; 0.1398Þ
ωb N ð0.02268; 0.00038Þ
ns N ð0.9649; 3 × 0.0042Þ
HOD parameters
logMminðziÞ Uð12.0; 14.5Þ
σ2logMðziÞ Uð0.01; 1.0Þ
logM1ðziÞ Uð12.0; 16.0Þ
κðziÞ Uð0.01; 3.0Þ
αðziÞ Uð0.5; 3.0Þ
Magnification bias
αmag (LOWZ) N ð2.26; 0.5Þ
αmag (CMASS1) N ð3.56; 0.5Þ
αmag (CMASS2) N ð3.73; 0.5Þ
Residual photo-z/shear errors
Δzph Uð−1.0; 1.0Þ
Δm N ð0.0; 0.01Þ
Residual PSF modeling errors
αpsf N ð−0.03; 0.01Þ
βpsf N ð−1.66; 1.33Þ
IA contamination to cosmic shear
AIA Uð−5.0; 5.0Þ
Additional galaxy-halo connection paras
Off-centering parameters
poffðziÞ Uð0; 1Þ
RoffðziÞ Uð0.01; 1Þ
Incompleteness parameters
αincompðziÞ Uð0; 5Þ
logMincompðziÞ Uð12; 15.3Þ
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and Ωde,
7 the most important parameters that are sensi-

tive to S8,
8 In addition, we check that the mode and 68%

credible interval of S8 is changed by 0.5% and 6%,
respectively, when we adopt the emulator supported range
for the prior. Note that this still only provides circumstantial
evidence. An analysis with a new version of Dark Emulator

that has broader support ranges is a future work.

2. Galaxy-galaxy weak lensing: ΔΣðRÞ
The details of the galaxy-galaxy weak-lensing measure-

ments are presented in More et al. [23], but in this section
we briefly review the measurement method that we will
later use to introduce a residual photo-z error parameter. In
particular, we will give the concept of our method to
calibrate a residual systematic error in the mean source
redshift that affects the weak-lensing observables.
Cross-correlating the positions of spectroscopic SDSS

galaxies with shapes of background photometric HSC
galaxies enables us to probe the average mass distribution
around the lens SDSS galaxies—galaxy-galaxy weak
lensing [64]. Throughout this paper we use the average
excess surface mass density profile, ΔΣðRÞ, as the galaxy-
galaxy weak-lensing observable, where ΔΣ has units of
½hM⊙pc−2� and is given as a function of the projected
comoving separation R with units of ½h−1 Mpc�. An
estimator of ΔΣðRiÞ for the ith radial bin Ri is given
(e.g., see Ref. [43]), roughly by the following form:

cΔΣðRiÞ ≃
1

2R
P

ls wls

X
ls∈Ri

wlshΣ−1
cr i−1ls ϵt;ls

����
Ri¼χðzlÞΔθls

; ð4Þ

where the summation “ls” runs over all lens-source
pairs that lie in the ith radial bin Ri ≡ χðzlÞΔθls, χðzlÞ is
the comoving angular diameter distance to the lth SDSS lens
galaxy at the spectroscopic redshift zl, Δθls is the angular
separation between the lens and source in each
pair, and ϵt;ls is the tangential component of ellipticity
of the sth HSC source galaxy.9 R is the shear respon-
sivity [64,65] which accounts for conversion of “distortion”
(½a2 − b2�=ð½a2 þ b2�) to “shear” (½a − b�=½aþ b�) andwls is
the weight, for which we employ an inverse variance
weighting that is nearly optimal in the shape-noise dominated
regime, following [66] (also see [67]). Additionally, we
need to subtract the lensing signal around random points,
correct for the additive and multiplicative shear calibration
factors [31], and correct for the multiplicative and additive

selection bias. Details of the estimator which we used for
actual measurements can be found in More et al. [23].
The measured weak-lensing signal in Eq. (4) depends on

the true redshift distribution of source galaxies. Hence, to
obtain an unbiased estimate of ΔΣ for the lens sample, we
need the average surface mass density to convert shear to
ΔΣ, in the ensemble average sense,

hΣ−1
cr ils ¼

R
∞
0 dzspsðzsÞΣ−1

cr ðzl; zsÞR∞
0 dzspsðzsÞ

¼ 4πGð1þ zlÞχðzlÞ
�
1 − χðzlÞ

�
1

χðzsÞ
�

psðzsÞ

�
; ð5Þ

for a flat-geometry universe, where psðzsÞ is the true
redshift distribution of source galaxies in the sample.
The factor ð1þ zlÞ arises from our use of comoving co-
ordinates in the projected separation and we set Σ−1

cr ¼ 0
when zs < zl in Eq. (5). In the second equality on the rhs
of Eq. (5), we explicitly show that the dependence of
source galaxy redshifts enters only into the average of the
inverse of the comoving angular diameter distances to
source galaxies over the true redshift distribution of source
galaxies: h1=χðzsÞipsðzsÞ. On the other hand, there is no
uncertainty in the dependence of lens redshifts on an
evaluation of hΣ−1

cr i, because we use the spectroscopic
galaxy subsamples (LOWZ, CMASS1 and CMASS2) as
the lens sample. Hence we stress that, as long as a correct
value of h1=χðzsÞipsðzsÞ is evaluated, the shape of the
redshift distribution of source galaxies, such as a high-
redshift tail or an outlier redshift population of source
galaxies, does not cause a bias in ΔΣ.
However, the true redshift of individual sources is not

available, and we have to use photo-z estimates. To
estimate cΔΣðRÞ in Eq. (4), we use, in our baseline method,
the posterior distribution of photo-z’s for source galaxies to
compute hΣ−1

cr i, where the photo-z distribution is generally
different from the true redshift distribution psðzsÞ, even in
the average sense. We will later introduce a nuisance
parameter to model the effect of residual systematic error
in the mean source redshift, or equivalently a residual error
in the estimate of hΣ−1

cr i. The nuisance parameter can
be calibrated from the relative amplitudes between ΔΣ
signals for the three lens subsamples and the cosmic shear
signals, because the average hΣ−1

cr i has characteristic
dependences on the lens redshifts, as proposed in Oguri
and Takada [14]. More exactly speaking, we will imple-
ment the self-calibration method along with the estimator
used in the measurement, properly taking into account the
weight (wls) for each lens-source pair [see around Eq. (15)
in More et al. [23]], as we will explain below in detail.
As seen in Eq. (4), the estimation of ΔΣðRÞ involves

conversion of the observed angular separation between
source and lens, Δθ, to the comoving separation R and the
multiplicative factor of hΣ−1

cr ils. To do this, we need to

7This means that models outside of the 95% credible interval
of S8 are occasionally computed with the extrapolation.

8For this discussion, we used the chains for the models that
have ωc within a �5σ range of the Planck constraint, because ωc
is not well-constrained by the observables used in this paper.

9Here we denote the dependence of each lens-source pair, i.e.,
“ls” in the subscript, because the tangential shear component of
the sth HSC source galaxy shape is defined with respect to the
line connecting the source and lens galaxies on the sky.
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assume a “reference” cosmology, which generally differs
from the underlying true cosmology. In Sec. III B 2 we will
describe how to include the effect of varying cosmological
models on parameter inference.
Given an unbiased estimate of ΔΣ for a lens sample, we

need the theoretical template in cosmology inference. We
employ the following two-component model for ΔΣðRÞ:

ΔΣðR; zlÞ ¼ ΔΣgGðR; zlÞ þ ΔΣmagðR; zlÞ: ð6Þ

The first term on the right-hand side is the standard
contribution to thegalaxy-galaxyweak-lensing signal,which
we refer to as the cross-correlation of the lens galaxies (“g”)
and gravitational-lens (“G”) inferred mass in the large scale
structure containing the lens sample. Note that ΔΣgG is the
standard excess surfacemass density profile of lens galaxies,
used in galaxy-galaxy weak lensing. The second term is the
contribution caused by the lensing magnification effect,
which arises from correlations between shapes of source
galaxies and the mass distribution in the foreground struc-
tures of lens galaxies along the line-of-sight to source
galaxies due to the fact that lens galaxies can preferentially
reside in overdensity regions [68]. Below we describe our
models for each contribution within the ΛCDM model
framework. Throughout this paper, we model the clustering
observables of each SDSS galaxy sample using the theo-
retical model prediction at a representative redshift, denoted
as zl: zl ≃ 0.26, 0.51 and 0.63 for the LOWZ, CMASS1
and CMASS2 samples, respectively. That is, we ignore the
possible redshift evolution of the clustering observables
within each redshift bin for simplicity. In More et al. [23],
we confirm that this is a reasonable approximation by looking
at variations in the measured clustering and lensing signals
within each redshift bin for each of the three subsamples.
The excess surface mass density profile ΔΣ for a given

sample of lens galaxies is expressed as e.g., [66,69]

ΔΣgGðR; zlÞ ¼ ρ̄m0

Z
kdk
2π

Pgmðk; zlÞJ2ðkRÞ; ð7Þ

where J2ðxÞ is the second-order Bessel function and
Pgmðk; zlÞ is the cross-power spectrum between galaxies
and matter at redshift zl. Hereafter we omit zl in the
argument for notational simplicity.
As described in Sec. III A 1, Dark Emulator outputs halo

clustering properties for a given input cosmology. To model
the observable quantities for the BOSS galaxies, we need to
assume a galaxy-halo connection, for which we use the
halo occupation distribution (HOD [70,71]) (also see
[6,15]). With this setup we can compute PgmðkÞ as

PgmðkÞ ¼
1

n̄g

Z
dM

dnh
dM

hNciðMÞ½1þ λsðMÞũsðk;M; zÞ�

× Phmðk;MÞ; ð8Þ

where the mean number density of galaxies is given by

n̄g ¼
Z

dM
dnh
dM

hNciðMÞ½1þ λsðMÞ�; ð9Þ

where hNciðMÞ is the HOD of central galaxies,
hNciðMÞλsðMÞ is the HOD of satellite galaxies, and
ũsðk;MÞ is the Fourier transform of the average radial
profile of satellite galaxies in a host halo with mass M. All
the quantities are evaluated at a representative redshift zl of
the lens galaxies in the LOWZ, CMASS1 or CMASS2
subsample. The impact of using representative redshifts
instead of integrating over the lens redshift range is less
than ∼6% of the square root of the diagonal element of
covariance, according to the discussion in Sugiyama et al.
[7]. Here we use Dark Emulator to compute the halo mass
function dnh=dM and the halo-matter cross power spec-
trum, Phmðk;MÞ, for an input cosmological model, where
Phmðk;MÞ is obtained from the Fourier transform of the
Dark Emulator output, ξhmðr;MÞ.
We employ the following models for the central and

satellite HODs in our baseline analysis:

hNciðMÞ ¼ 1

2

�
1þ erf

�
logM − logMmin

σlogM

��
;

hNsiðMÞ≡ hNciðMÞλsðMÞ

¼ hNciðMÞ
�
M − κMmin

M1

�
α

; ð10Þ

where erfðxÞ is the error function. For our fiducial
prescription, we assume that satellite galaxies reside
only in a halo that already hosts a central galaxy. Our
fiducial HOD model is specified by the five para-
meters fMmin; σlogM; κ;M1; αg.
For ũsðk;MÞ in Eq. (8), throughout this paper, we assume

that satellite galaxies follow a Navarro-Frenk-White (NFW)
profile [72]. To compute the NFW profile as a function of
halo mass and redshift for a given cosmological model, we
use the halo mass-concentration relation computed using the
publicly-available code Colossus [73].10

For an extended cosmological analysis, we include
parameters to model the effect of off-centered “central”
galaxies or the “incompleteness” of central galaxies
[69,74], where the incompleteness effect models the
possibility that some massive halos might not host a central
galaxy in the sample due to color and magnitude cuts.
We use the model in Miyatake et al. [15] to model the
effects.
We model the second term in Eq. (6), following the

method in Ref. [68] [also see Eq. (4) in Ref. [7]] as

10http://www.benediktdiemer.com/code/colossus/.
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ΔΣmagðRÞ ¼ 2ðαmag − 1Þ
Z

zmax

0

dzlplðzlÞ
Z

zmax

0

dzspsðzsÞ

×
Z

ldl
2π

Σcrðzl; zsÞCκðl; zl; zsÞJ2
�
lR
χ

�
;

ð11Þ

where CκðlÞ is the cosmic shear convergence power
spectrum for source galaxies at redshifts zl and zs,
defined as

Cκðl; zl; zsÞ≡
Z

χH

0

dχ
Wðχ; χlÞWðχ; χsÞ

χ2

× PNL
mm

�
k ¼ lþ 1=2

χ
; z

�
; ð12Þ

with the lensing efficiency function, Wðχ; χsÞ, for lens and
source at distances χ and χs,

Wðχ; χsÞ≡ 3Ωm

2
H2

0ð1þ zÞχ
�
1 −

χ

χs

�
: ð13Þ

Here we used the relation between redshift and comoving
distance, via relations χ ¼ χðzÞ, for a given cosmological
model; plðzlÞ in Eq. (11) denotes the redshift distribution of
lens galaxies (LOWZ, CMASS1 or CMASS2), normalized
as

R zmax
0 dzlplðzlÞ ¼ 1; αmag is the power-law slope of

number counts of the lens galaxies around a magnitude
cut in each sample [see Eq. (10) and Fig. 2 in Ref. [6] for
the estimated value and error]; PNL

mmðkÞ is the nonlinear
matter power spectrum for which we use HALOFIT [75] for a
given cosmological model. Note that ΔΣmag does not
depend on the models for galaxy bias or galaxy-halo
connection. In Eq. (11) we take into account the redshift
distribution of both the lens (SDSS) and source (HSC)
galaxies, which is different from our treatment in the HSC-
Y1 cosmology analyses [6,7]. As shown in Miyatake et al.
[6], ΔΣmag leads to about 1%, 7% and 10% contributions to
the total power of ΔΣ for the LOWZ, CMASS1 and
CMASS2 subsamples, respectively, for the Planck cosmol-
ogy [76]. Including the ΔΣmag contribution in the theo-
retical template adds some cosmological information. In
our analysis we treat the magnitude slope αmag as a
nuisance parameter, with a Gaussian prior with width
σðαmagÞ ¼ 0.5 around the central value taken from the
measurement value (see Fig. 2 of Ref. [6]). Note that αmag is
different from α, which is a parameter of the satellite HOD.

3. Projected autocorrelation function: wpðRÞ
As a second clustering observable of the LOWZ,

CMASS1 and CMASS2 galaxy subsamples used in the
galaxy-galaxy weak-lensing measurements, we use the
projected spatial correlation function, denoted as wpðRÞ.
We model wpðRÞ as

wpðR; zlÞ≡ 2fRSDcorr ðR; zlÞ
Z

Πmax

0

dΠξggð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ Π2

p
; zlÞ;

ð14Þ

where we take Πmax ¼ 100h−1 Mpc as our fiducial choice
and ξggðrÞ is the real-space, three-dimensional correla-
tion function of galaxies. To compute the radial and
projected separations, Π and R, between galaxies in each
pair from their observed redshifts and angular positions,
we assume the reference cosmological model as done
in our ΔΣ analysis above; the flat-geometry model with
Ωref

m ¼ 0.279. The prefactor fRSDcorr ðRÞ is a correction factor
that accounts for the effect of redshift-space distortion
(RSD); we assume the linear Kaiser RSD [13] to compute
fRSDcorr following the method in Bosch et al. [77] [see
Eq. (48) in the paper] (also see Ref. [15]).
To use Eq. (14), we must first compute the three-

dimensional correlation function of galaxies for a given
set of model parameters. The three-dimensional correlation
function ξgg is given as

ξggðr; zlÞ ¼
Z

∞

0

k2dk
2π2

Pggðk; zlÞj0ðkrÞ; ð15Þ

where j0ðxÞ is the zeroth-order spherical Bessel function,
and PggðkÞ is the auto-power spectrum of galaxies. Once
the power spectrum PggðkÞ is given for an input of model
parameters, we can compute the model prediction of wpðRÞ
according to Eq. (14).
In the halo model, Pgg can be divided into two

contributions, i.e., the 1- and 2-halo terms, as

PggðkÞ ¼ P1h
ggðkÞ þ P2h

ggðkÞ; ð16Þ

where the 1-halo term describes correlations between
galaxies within the same host halo, and the 2-halo term
describes correlations between galaxies residing in differ-
ent halos. In our method, we compute the autopower
spectrum as

P1h
ggðkÞ¼

1

n̄2g

Z
dM

dnh
dM

hNciðMÞ½2λsðMÞũsðk;MÞþλsðMÞ2ũsðk;MÞ2�;

P2h
ggðkÞ¼

1

n̄2g

�Z
dM

dnh
dM

hNciðMÞf1þλsðMÞũsðk;MÞg
��Z

dM0 dnh
dM0 hNciðM0Þf1þλsðM0Þũsðk;M0Þg

�
Phhðk;M;M0Þ: ð17Þ
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Here we use Dark Emulator to compute dnh=dM and
Phhðk;M;M0Þ, the power spectrum between halos with
masses M and M0 for an input cosmological model. Note
that in our fiducial model we assume that satellite
galaxies reside in halos that host a central galaxy in
our sample. Miyatake et al. [15] confirmed that fitting the
model to mock observables computed for the case that
satellite galaxies are populated in halos irrespective of
whether the halos host central galaxies in the sample
resulted in a negligible shift in S8, for our baseline
analysis setup.

4. Cosmic shear correlation functions: ξ�ðϑÞ
As the third clustering observable in our cosmology

analysis, we use the measured two-point correlation
functions of galaxy shapes in the HSC source sample
used in the ΔΣ measurement, denoted as ξ�ðϑÞ. We
model ξ�ðϑÞ as a sum of the following three contribu-
tions, taking into account contamination of intrinsic
alignments (IA):

ξ�ðϑÞ ¼ ξGG;�ðϑÞ þ ξGI;�ðϑÞ þ ξII;�ðϑÞ: ð18Þ

The “þ” and “−” correlation functions are measured
from different combinations of the correlations of the two
ellipticity components of source galaxy shapes in each
pair, ξ� ← hϵþϵþ � ϵ×ϵ×i, where ϵþ is the ellipticity
component along the R.A. or Dec coordinate direction,
and ϵ× is its 45 degree rotated component. The first term
is the “gravitational-gravitational” term (i.e., cosmic
shear, “GG”), the third term is the “intrinsic-intrinsic”
(“II”) IA contribution [78–81], and the second term is the
“gravitational-intrinsic” correlation (“GI”) [82] that arises
in pairs of galaxies for which common large-scale
structure in the line of sight affects the intrinsic shapes
of one of the galaxies and the gravitational lensing shear
on the other.
The GG term in Eq. (18) is given in terms of the cosmic

shear convergence power spectrum, CκðlÞ, as

ξGG;�ðϑÞ≡
Z

ldl
2π

CκðlÞJ0;4ðlϑÞ; ð19Þ

where J0;4ðxÞ is the zeroth order (for ξþ) or fourth-th order
(for ξ−) Bessel function. Using the flat-sky approximation
and Limber’s approximation [83], CκðlÞ is computed from
the line-of-sight integral of the nonlinear matter power
spectrum as

CκðlÞ ¼
Z

χH

0

dχ
qðχÞ2
χ

PNL
mm

�
k ¼ lþ 1=2

χ
; z

�
; ð20Þ

where χH is the comoving horizon radius, and z is given by
the inverse of χ ¼ χðzÞ. To model PNL

mm for a given
cosmological model, we employ HALOFIT [75] in the same

way as used in ΔΣmag in Eq. (6).11 The lensing efficiency
function qðχÞ (also see [84]) is defined as

qðχÞ≡
Z

zmax

z¼zðχÞ
dzspsðzsÞWðχ; χsÞ; ð21Þ

whereWðχ; χsÞ is defined by Eq. (13). We note that we use
the same redshift distribution of source galaxies, psðzsÞ, as
used in the ΔΣ measurement. Adding the cosmic shear
information in parameter inference further helps the self-
calibration of the residual photo-z errors of the HSC source
galaxies, as we will show later.
To model the IA correlation functions, in this paper we

adopt the NLA model [85] in our baseline model. In this
model, the II and GI correlation functions are given by

ξII=GI;�ðϑÞ ¼
Z

ldl
2π

CII=GIðlÞJ0;4ðlϑÞ; ð22Þ

with

CIIðlÞ ¼
Z

χH
dχF2ðχÞpsðχÞpsðχÞ

χ2
PNL
mm

�
k¼ lþ 1=2

χ
; z

�
;

CGIðlÞ ¼ 2

Z
χH

0

dχFðχÞqðχÞpsðχÞ
χ2

PNL
mm

�
k¼ lþ 1=2

χ
; z

�
:

ð23Þ

Here the redshift- and cosmology-dependent factor, FðχÞ,
relating the galaxy ellipticity and the gravitational tidal
field is parametrized as

FðzÞ ¼ −AIAC1ρcr;0
Ωm

DðzÞ
�
1þ z
1þ z0

�
ηIA
; ð24Þ

where AIA is a dimensionless amplitude parameter, ρcr;0 is
the critical density of the Universe at z ¼ 0, andDðzÞ is the
linear growth factor normalized to unity at z ¼ 0. The
additional redshift dependence is assumed to have a power-
law form, with power-law index parameter ηIA. We use a
single parameter model of IA by fixing ηIA ¼ 0 as our
cosmic shear data is only for a single redshift bin, that
is, does not contain the redshift information of the IA
effect. The normalization constant factor C1 is set to
5 × 10−14h−2M−1

⊙ Mpc3. This value is based on the analysis
of Bridle and King [86], where they estimated C1 by
matching the power spectrum in Hirata and Seljak [87]. The
value of C1 in Hirata and Seljak [87] is based on the
ellipticity variance observed in SuperCOSMOS [88], and
the pivot redshift z0 is set to 0.62, which was used in the

11We use HALOFIT for the matter power spectrum rather than
the one derived from the simulation suite used for the Dark
Emulator, since we find that the small-scale cosmic shear signal is
affected by the inaccuracy in the small-scale 3D matter power
spectrum due to the resolution of the N-body simulations.
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DES analysis [89]. This model has previously been used in
cosmic shear cosmology analyses [4,90]. While this is
merely a phenomenological model of the IA effect, our
cosmological constraints are from the joint information of
wp,ΔΣ and ξ�, we expect its effect is small. Indeed, we will
find that the cosmological constraints are changed very
little even if we ignore the IA contamination in the model
template.
We note that galaxy-galaxy weak lensing is not affected

by IA contamination, as long as the redshifts of source
galaxies do not overlap with those of lens galaxies, which
we believe is the case for our source galaxy selection.

B. Modeling residual systematic errors

In this section, we present a method to account for the
effects of residual systematic errors on our cosmology
analysis. In what follows, we include the systematic effects
in the theoretical templates rather than in the signals to keep
the data vector and the covariance matrix invariant.

1. Residual systematic photo-z uncertainty: Δzph
Photo-z uncertainty is one of the most important sys-

tematic effects in weak-lensing measurements, i.e., ΔΣ and
ξ�ðϑÞ in our data vector. As detailed in More et al. [23], the
redshift distribution of HSC source galaxies was inferred
by combining the individual photo-z posteriors with the
cross-correlation clustering measurement of HSC galaxies
with the CAMIRA sample of luminous red galaxies (LRGs)
that have accurate photo-z estimates (typically a few per
cent in σðzÞ=ð1þ zÞ), based on the method in Rau et al.
[91]. However, we were not able to fully calibrate the
redshift distribution due to the lack of a calibration sample
of CAMIRA LRGs at z≳ 1 (more exactly speaking, the
photo-z accuracies of LRGs at 1≲ z≲ 1.2 are degraded,
and there are no LRGs available at z≳ 1.2). Hence we take
into account the possibility that there is an unknown
residual systematic error in the mean redshift of source
galaxies. To study the impact of such residual photo-z
calibrated uncertainty, we introduce a nuisance parameter,
denoted as Δzph, to model a systematic shift in the mean
source redshift by shifting the posterior distribution of
source redshifts, given as zest ¼ ztrue þ Δzph [6,14,92].
That is, we use the shifted photo-z distribution to model
the true distribution as

ptrueðzÞ ¼ pestðzþ ΔzphÞ: ð25Þ

A positive Δzph corresponds to the true mean redshift being
lower than what is inferred from the photo-z posterior, and
vice versa. Note that the discussion around Eq. (5) gives a
justification of this shifted model for the galaxy-galaxy
weak lensing (ΔΣ) and Zhang et al. [93] gave a quantitative
justification for the HSC-Y3 analyses on the cosmic shear
signals.

For ΔΣ [Eq. (6)], we first need to recompute the
averaged lensing efficiency hΣ−1

cr i and the weight wls using
the shifted redshift distribution [Eqs. (4) and (5)]; we define
the correction factor as

fΔΣðΔzphÞ≡
P

ls wlshΣ−1
c itruels =hΣ−1

c iestlsP
ls wls

: ð26Þ

We compute the correction factor for each of the three lens
subsamples, LOWZ, CMASS1 and CMASS2. In our
method, we multiply the correction factor by the model
template of ΔΣ, rather than varying the signal, as

ΔΣcorrðR;Δzph; zlÞ ¼ fΔΣðΔzph; zlÞΔΣðR; zlÞ: ð27Þ

Note that ΔΣ includes both the galaxy-galaxy weak-
lensing and the magnification term in Eq. (6); ΔΣ ¼
ΔΣgG þ ΔΣmag, since the correction factor is an overall

factor that is applied to the estimator of cΔΣ [Eq. (4)]. In the
theoretical template, in addition to the overall factor, we
properly use the shifted redshift distribution of source
galaxies to recompute the magnification bias term, ΔΣmag.
Also note that the definition of fΔΣ is the inverse of the
similar correction factor fph used in the HSC-Y1
papers [6,7].
Similarly, we recompute the model prediction for the

cosmic shear correlation functions ξ�ðϑÞ using the shifted
redshift distribution of source galaxies.

2. Correction for the reference cosmology used
in our measurement

In the measurements of wp and ΔΣ, we need to assume a
“reference” cosmology to convert the angular separation
between galaxies in each pair to the projected separation R,
and the redshift difference to the radial separation, Π. For
ΔΣ, we also need the reference cosmology to convert the
shear to ΔΣ. Throughout our series of papers, the reference
cosmology is a flat ΛCDM model with Ωref

m ¼ 0.279.
However, the reference cosmology generally differs from
the true underlying cosmology, and we need to correct for
this discrepancy in our cosmology analysis. We denote a
cosmology taken in the parameter inference as C and the
reference cosmology as Cref . The corrections for R and Π
are obtained as

R ¼ χðzl;CÞ
χðzl;CrefÞR

ref ;

Π ¼ Eðzl;CrefÞ
Eðzl;CÞ

Πref ; ð28Þ

where EðzÞ is the normalized, dimensionless Hubble rate at
redshift z, defined as EðzÞ≡HðzÞ=H0. Thus, we include
the measurement corrections in the theoretical templates of
ΔΣ and wp as
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ΔΣrefðRref ;Δzph;C; zlÞ ¼ fΔΣðΔzph;C; zlÞΔΣðR;C; zlÞ;
ð29Þ

wref
p ðRref ;C; zlÞ ¼ 2fRSDcorr ðR;C; zlÞ

Eðzl;CÞ
Eðzl;CrefÞ

×
Z

Πmax

0

dΠξggð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þΠ2

p
;C; zlÞ; ð30Þ

where R and Π are given by Rref or Πref and the cos-
mological parameters (Ωref

m and Ωm for a flat model) in the
Cref and C models [Eq. (28)]. Note that we adopt Πmax ¼
½EðCrefÞ=EðCÞ�Πref

max ¼ ½EðCrefÞ=EðCÞ� × 100h−1 Mpc, as
we use the fixed Πref

max ¼ 100h−1 Mpc in the measurement.
Also note that ΔΣðRÞ and ξggðrÞ on the rhs of the above
equations are computed from theory (Dark Emulator in our
method) for a given cosmological model (C). The overall
correction factor for ΔΣ is defined as

fΔΣðΔzph;C; zlÞ≡
P

ls wlshΣ−1
c itrue;Cls =hΣ−1

c iest;Cref

lsP
ls wls

: ð31Þ

Thus this correction factor accounts for both the effects of
residual photo-z errors (Δzph) and the measurement cor-
rection (C). We evaluate the model templates, ΔΣref and
wref
p , at the discrete sampling points of Rref as used in the

data vector in More et al. [23].

3. Residual multiplicative shear error

In order to account for possible residual errors in the
shape calibration, we introduce a nuisance parameter which
quantifies the residual multiplicative bias Δm and shifts the
theoretical templates of the lensing observables:

ΔΣcorrðR;Δm; zlÞ ¼ ð1þ ΔmÞΔΣðR; zlÞ; ð32Þ

ξcorr� ðϑ;ΔmÞ ¼ ð1þ ΔmÞ2ξ�ðϑÞ: ð33Þ

Since we use a single source sample for both the galaxy-
galaxy lensing and cosmic shear, we use the same residual
multiplicative bias parameter for the theoretical templates
of ΔΣ for the three lens subsamples and for ξ�. Hence,
comparing these data vectors allows us to calibrate the
Δm parameter, simultaneously with the calibration of the
photo-z error parameter Δzph.

4. PSF systematics

As discussed in the HSC-Y3 shape catalog paper [31]
(also see [94]), PSF leakage and residual PSF modeling
error contaminate the measured cosmic shear correla-
tion functions. Such residual PSF systematic errors could
produce artificial two-point correlations and hence bias the
cosmic shear measurements. Here we examine the impact
of these systematics in our cosmic shear measurements,

following the method used for the Year 1 analyses Hikage
et al. [4] and Hamana et al. [5] (also see [89]), where we
assume that the measured galaxy shapes have an additional
additive bias given by

ϵðsysÞ ¼ αpsfϵ
p þ βpsfϵ

q: ð34Þ

The first term, referred to as PSF leakage, represents a
systematic error proportional to the PSF model ellipticity ϵp

due to the imperfect PSF correction. The second term
represents the systematic error associated with the differ-
ence between the model PSF ellipticity, ϵp, and the true PSF
ellipticity estimated from individual “reserved” stars ϵstar,
i.e., ϵq ≡ ϵp − ϵstar [89]. Nonzero residual PSF ellipticities
ϵq indicate an imperfect PSF estimate, which will propagate
to estimates of galaxy shears. Note that the above PSF
systematics causes additive shear bias, so does not affect
the galaxy-galaxy weak lensing after the random signal
subtraction as discussed in Sec. III B in More et al. [23].
When the observed galaxy ellipticity is contaminated

by ϵðsysÞ, these systematic terms cause an additional
contamination to the measured cosmic shear correlation
functions as

ξpsf;�ðϑÞ¼α2psf ξ̂
pp
� ðϑÞþ2αpsfβpsf ξ̂

pq
� ðϑÞþβ2psf ξ̂

qq
� ðϑÞ; ð35Þ

where ξ̂pp� , ξ̂qq� and ξ̂pq� represent the auto-correlation of the
model PSF ellipticity ϵp�, the autocorrelation of the residual
PSF ellipticity ϵq�, and the cross-correlation of ϵp� and ϵq�,
respectively. The hat notation, “ ,̂” denotes the correlation
function measured from the HSC data using the model PSF
and the reserved stars (see [23]). The coefficients αpsf and
βpsf are estimated by cross-correlating ϵp� and ϵq� with the
observed galaxy ellipticities, as

ξ̂gp� ðϑÞ ¼ αpsf ξ̂
pp
� ðϑÞ þ βpsf ξ̂

pq
� ðϑÞ;

ξ̂gq� ðϑÞ ¼ αpsf ξ̂
pqðϑÞ þ βpsf ξ̂

qq
� ðϑÞ; ð36Þ

where ξ̂gp� and ξ̂gq� are the measured cross-correlations
between the galaxy ellipticities, used for the cosmic shear
data vector, and ϵp� and ϵq�. As discussed in More et al. [23]
(also see Li et al. [25] and Zhang et al. [94]), we used the
measurements of mock galaxy shape catalogs and the real
star catalog to estimate the statistical errors of the ξ̂gp and
ξ̂gq measurements, where the errors take into account the
cosmic variance. By comparing the measured ξ̂gp and ξ̂gq

with Eq. (36) using the measured ξ̂pp, ξ̂pg and ξ̂qq, we found
αpsf ¼ −0.0292� 0.0129 and βpsf ¼ −2.59� 1.65 for our
fiducial source catalog (see Fig. 16 of More et al. [23]).
To take into account the impact of the residual PSF

modeling errors on parameter inference, we add the PSF
error contamination ξpsf;� [Eq. (35)] to the model cosmic
correlation function ξ� in Eq. (18) and then estimate
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parameters by varying the parameters αpsf and βpsf using
Gaussian priors with widths inferred from the above errors.
The above method of PSF systematics takes into account

the PSF systematics up to the second-order moment of PSF.
The HSC-Y3 cosmic shear cosmology papers, Li et al. [25]
and Dalal et al. [26], used the more sophisticated, accurate
method developed in Zhang et al. [94], which accounts for
the effects up to fourth-moment PSF leakage and fourth-
moment PSF modeling error on cosmic shear correlations.
Using the same method, we also measured up to the α and β
coefficients of the fourth-moments of PSF for the HSC
source galaxy sample used in this paper. We then generated
synthetic cosmic shear data vectors including the measured
PSF systematic effects up to the fourth-order moment and

checked that the estimated S8 remains almost unchanged
compared to our baseline analysis method using the α and β
coefficients of the PSF second-moment with the priors
described above. The main reason for this is that most of the
constraining power is from the galaxy clustering informa-
tion of SDSS galaxies. The details are given in Appendix A
(also see [24]).

C. Summary: Model templates

For convenience, here we write down the model tem-
plates used in cosmology inference where we explicitly
show which parameters are used in the templates of each
observable:

ΔΣtðRref ; zljC; θg;Δzph;Δm; αmagðzlÞÞ ¼ ð1þ ΔmÞΔΣrefðRref ; zljC; θg;Δzph; αmagðzlÞÞ;
ξt�ðϑjC;Δzph; AIA; ηIA; αpsf ; βpsfÞ ¼ ð1þ ΔmÞ2ξ�ðϑjC;Δzph; AIA; ηIAÞ þ ξpsf;�ðϑjαpsf ; βpsfÞ; ð37Þ

wt
pðRref; zljC; θgÞ∶ Eqs. (15)–(17), (30), where C denotes a

cosmological model sampled in parameter inference
within the flat-geometry ΛCDM model characterized by
five cosmological parameters, θg is a set of parameters to
model the galaxy-halo connection (five parameters for each
of LOWZ, CMASS1 and CMASS2 in our baseline model),
ΔΣref is given by Eq. (29), and others are nuisance
parameters to model the residual systematic errors. For
our baseline model, we have 28 parameters in total;
5ðCÞ þ 3 × 5ðθgÞ þ 8ðΔzph;Δm; αmagðzlÞ; AIA; αpsf ; βpsfÞ.

D. Computation time

We use Dark Emulator to compute the model predictions,
ΔΣtðRÞ and wt

pðRÞ, for an input model. We use the publicly
available FFTLog code [95] to perform the Hankel trans-
forms in Eqs. (7), (11), (15), and (19); for our analysis we
use the updated code in Fang et al. [96]. Since our data
vector is given by discrete bins of Rref or ϑ, we properly
take into account the weighted average of the model
predictions within the bin width, more preciselyΔ lnRfid ¼
0.246 for ΔΣt, Δ lnRfid ¼ 0.169 for wt

p, andΔ lnϑ ¼ 0.242
for ξ�ðϑÞ, respectively. With our current analysis pipeline,
we can compute the model predictions of ΔΣt for all three
lens samples (LOWZ, CMASS1 and CMASS2) in about
2 CPU seconds in total, those ofwt

p in about 2 seconds total,
and those of ξ� in about 0.15 seconds for a given model.
This is fast enough to enable cosmological parameter
inference in a high-dimensional parameter space (28
parameters in our baseline setup).

E. Parameter estimation method

We assume that the likelihood of data for a given model
follows a multivariate Gaussian distribution:

lnLðdjθÞ ¼ −
1

2

X
i;j

½di − tiðθÞ�C−1
ij ½dj − tjðθÞ�; ð38Þ

where d is the data vector, t is the model prediction for
the data vector given the model parameters θ, C−1 is the
inverse of the covariance matrix, and the summation runs
over indices corresponding to the dimension of the data
vector. Note that non-Gaussianity in the likelihood might
affect our results as indicated by Lin et al. [97], although
they showed that the non-Gaussianity does not cause a
significant bias in the parameter value, and rather changes
the size of the confidence region. We will leave this
question to future studies. Please see More et al. [23]
for our method to construct the covariance matrix using
the mock catalogs of SDSS and HSC galaxies. In our
baseline analysis, the data vector consists of ΔΣðRÞ in
nine logarithmically-spaced radial bins within 3 ≤ R=
½h−1 Mpc� ≤ 30, and wpðRÞ in 16 logarithmically spaced
radial bins within 2 ≤ R=½h−1 Mpc� ≤ 30, for each galaxy
subsample (LOWZ, CMASS1 and CMASS2), and 8
and 7 logarithmically-spaced angular bins within 8≲ ϑ=
½arcmin�≲ 50 and 30≲ ϑ=½arcmin� ≲ 150 for ξþ and ξ−,
respectively. Thus, we use 90ð¼ 3 × ð9þ 16Þ þ 8þ 7Þ
data points in total. When we use the data vector with
different scale cuts from the baseline analysis, we use the
submatrix of the full covariance matrix computed in More
et al. [23], corresponding to that range of scales, and then
invert the matrix to obtain the inverse of the covariance
submatrix.
Our analysis uses a set of parameters and priors summa-

rized in Table II. The parameters include five cosmological
parameters denoted by C ¼ fΩde; lnð1010AsÞ;ωb;ωc; nsg
for the flat ΛCDM model, as well as five HOD parameters
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for each of the LOWZ, CMASS1, and CMASS2 samples.
Forωb, a Gaussian priorwith amean andwidth inferred from
big bang nucleosynthesis (BBN) constraints is employed.
For ns, a Gaussian prior, which was inferred from the
Planck2018 “TT, EE, TEþ lowE” constraints, with a mean
value of 0.9649� ð3 × 0.0042Þ and a Gaussian width three
times wider than the 1σ uncertainty (0.0042) of the Planck
constraint is used. We employ these priors because the
clustering observables ΔΣ and wp are insensitive to ωb

and ns. Broad, flat priors are adopted for Ωde and ωc, with
ranges corresponding to about�30σ and�15σ, respectively,
compared to the 1σ error of thePlanck constraints for the flat
ΛCDM model. These ranges correspond to the supported
range of the extrapolation of Dark Emulator (for more informa-
tion, see Sec. III A 1). Additionally, we use a broad and
uninformative flat prior for ln ð1010AsÞ, as there is no
limitation on its extrapolation.
To account for possible uncertainty in themagnitude slope

of the number counts when modeling the magnification bias
for each lens sample, we incorporate αmagðziÞ into our
analysis. We use the measured value of αmag for the central
value (see Sec. III A and Fig. 2 in Miyatake et al. [6]) and
adopt a Gaussian prior with a width of σðαmagÞ ¼ 0.5. Our
choice of Gaussian width is conservative, since it is much
wider than the measurement error on αmag. However, we
demonstrate that the results remain largely unchanged even
when αmag is fixed to the central (measured) value.
We account for residual uncertainties in the source

photo-z error and the multiplicative shear bias by including
nuisance parameters Δzph and Δm. Since we use a single
population of source galaxies, we needed to adopt only
one Δzph and one Δm parameter to model the impact on
the galaxy-galaxy weak-lensing signals for all three lens
galaxy samples and the cosmic shear correlation functions.
In Sec. III B 1, we discussed the uncertainty in Δzph and
hence chose to use an uninformative flat, wide prior of
Uð−1.0; 1.0Þ in our baseline setup as the most conservative
option.
We will demonstrate that our method enables a self-

calibration of Δzph. We made this choice while the analysis
was still blinded, i.e., before the unblinding. We also
consider a Gaussian prior with width σðΔzphÞ ¼ 0.1 and
mean Δzph ¼ 0, as done in the Year 1 analysis [6]. This
allows us to study how the cosmological parameter
inference is altered by this informative prior. This prior
is still wider than the width of a fewOð10−2Þ that is inferred
from the photo-zmethod in Rau et al. [91]. If we use only a
subset of the observables, either only the 2 × 2 pt or the
cosmic shear correlations, the analysis cannot constrain
Δzph. Hence, for analyses aimed at internal consistency
tests of the data, we used a Gaussian prior whose width and
mean are given by the posterior of Δzph obtained from the
baseline 3 × 2 pt analysis. This prior is denoted by the
superscript “ �” in Table II and hereafter.

For Δm, we employ a prior range that corresponds to
about 1σ statistical uncertainties in the shape measurement
calibration [35] [also see Table 6 in Ref. [4]]. We will
discuss the case where the prior range of Δm is broadened
in Sec. VA.
For αpsf and βpsf , which model the residual PSF model-

ing errors, we use the measured values for the central values
and employ a Gaussian prior with width given by the 1σ
measurement uncertainty for each of αpsf and βpsf . The
details of estimation of these parameters are given in More
et al. [23].
The parameters we described above are the model

parameters used for our baseline analysis. We also employ
the extended halo model to check how the cosmological
parameters obtained from the baseline analysis are robust
against possible variations in the model template. For the
extended model, we consider the effects of off-centered
central galaxies and the incompeleteness of central galaxies
(also see [6,15] for details). Table II gives the parameters to
model these effects.
We then obtain the posterior distribution PðθjdÞ of our

parameters θ given the data d, by performing Bayesian
inference,

PðθjdÞ ∝ LðdjθÞΠðθÞ; ð39Þ

where ΠðθÞ is the prior distribution of the parameters.
The marginalized posterior distributions of the derived
parameters Ωm, σ8, and S8 ≡ σ8ðΩm=0.3Þ0.5, where Ωm ¼
1 − Ωde for a flat ΛCDM model, are the main focus of this
paper. While ln ð1010AsÞ is sampled in logarithmic space
with a flat prior, we effectively produce a flat prior in linear
space of σ8 when obtaining the posterior distribution of σ8
as a derived parameter by taking into account Jacobian as
weights (see Sec. IVA in Sugiyama et al. [98] and Sec. VG
in Dalal et al. [26] for a detailed discussion). However, the
effect is negligible because the Jacobian is nearly constant
in the range of our credible interval on σ8.
To obtain the posterior distribution of parameters in our

multi-dimensional parameter space, we use the importance
nested sampling algorithm implemented in the publicly-
available software package MultiNest [99–101] and its
python wrapper, PyMultiNest [102]. We use nlive ¼
600, tol ¼ 0.1 for the hyper parameters of MultiNest.
However, we found that MultiNest tends to under-
estimate the credible interval, e.g., that of S8 by ∼10%. This
is because MultiNest samples a parameter with a
Gaussian prior in Table II, in a limited volume that is
specified by another hyperparameter efr. We checked that
we can avoid this inaccuracy by treating the Gaussian prior
as an additive term to the likelihood of our observables,
rather than injecting the prior to the prior interface in
MultiNest. We use this implementation for our baseline
3 × 2 pt analysis. On the other hand, we use the standard
MultiNest implementation with nlive ¼ 600, tol ¼ 0.1,
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TABLE III. A summary of the analysis setups. The first column denotes each analysis setup. The scale cuts “ðX; YÞ” denote the lower-
scale cuts applied to wpðRÞ and ΔΣðRÞ, respectively, which means that we use wp and ΔΣ for X ≤ R=½h−1 Mpc� ≤ 30 and
Y ≤ R=½h−1 Mpc� ≤ 30, respectively, in the cosmology analysis. DðθÞ and DðdÞ denote the dimension of parameters and data vector,
respectively, in each analysis.

Setup label Description DðθÞ, DðdÞ
3 × 2 pt Baseline analysis ΔΣþ wp þ ξ�, with ð2; 3Þh−1 Mpc scale cuts for wp and ΔΣ 28, 90
2 × 2 pta 2 × 2 pt (ΔΣþ wp), w=o ξ�, using Δzph posterior from 3 × 2 pt analysis

as a prior
25, 75

Cosmic sheara ξ� alone, using Δzph posterior from 3 × 2 pt analysis as a prior 10, 15

3 × 2 pt, Rmin ¼ ð4; 6Þh−1 Mpca 3 × 2 pt, with the minimum scale cuts Rmin ¼ ð4; 6Þh−1 Mpc for wp and ΔΣ 28, 72
3 × 2 pt, Rmin ¼ ð8; 12Þh−1 Mpca 3 × 2 pt, with the minimum scale cuts Rmin ¼ ð8; 12Þh−1 Mpc for wp and ΔΣ 28, 51

3 × 2 pt, w=o LOWZ 3 × 2 pt w=o LOWZ 22, 65
3 × 2 pt, w=o CMASS1 3 × 2 pt w=o CMASS1 22, 65
3 × 2 pt, w=o CMASS2 3 × 2 pt w=o CMASS2 22, 65

2 × 2 pt, w=o LOWZa
2 × 2 pt w=o LOWZ 18, 51

2 × 2 pt, w=o CMASS1a 2 × 2 pt w=o CMASS1 18, 51
2 × 2 pt, w=o CMASS2a 2 × 2 pt w=o CMASS2 18, 51

No photo-z error 3 × 2 pt, but fixing Δzph ¼ 0 27, 90
No shear error 3 × 2 pt, but fixing Δm ¼ 0 27, 90
Fix mag. bias 3 × 2 pt, but fixing αmag ¼ μ 25, 90
No PSF error 3 × 2 pt, but fixing αpsf ¼ βpsf ¼ 0 26, 90
No IA 3 × 2 pt, but fixing AIA ¼ 0 27, 90
Extreme IA 3 × 2 pt, but fixing AIA ¼ 5 27, 90

3 × 2 pt 3 × 2 pt with a prior ΠðΔzphÞ ¼ N ð0; 0.1Þ 28, 90
2 × 2 pt 2 × 2 pt with a prior ΠðΔzphÞ ¼ N ð0; 0.1Þ 24, 75
Cosmic shear cosmic shear with a prior ΠðΔzphÞ ¼ N ð0; 0.1Þ 11, 15

2 × 2 pt 2 × 2 pt with a prior ΠðΔzphÞ ¼ Uð−1; 1Þ 25, 75
Cosmic shear ξ� with a prior ΠðΔzphÞ ¼ Uð−1; 1Þ 10, 15

XMM (∼33 deg2)a 3 × 2 pt, but using the signals of the XMM field alone 28, 90
GAMA15H (∼41 deg2)a 3 × 2 pt, but using the signals of the GAMA15H field alone 28, 90
HECTOMAP (∼43 deg2)a 3 × 2 pt, but using the signals of the HECTOMAP field alone 28, 90
GAMA09H (∼78 deg2)a 3 × 2 pt, but using the signals of the GAMA09H field alone 28, 90
VVDS (∼96 deg2)a 3 × 2 pt, but using the signals of the VVDS field alone 28, 90
WIDE12H (∼121 deg2)a 3 × 2 pt, but using the signals of the WIDE12H field alone 28, 90

DEmPZ & WX DEmPZ & WX is used to infer the source redshift distribution and
for ΔΣ measurement.

28, 90

Mizuki Mizuki is used for source sample selection and ΔΣ measurement 28, 90
DNNZ DNNZ is used for source sample selection and ΔΣ measurement 28, 90

w=o star weight 3 × 2 pt, but without using star weight when computing wp 28, 90

Offcentering 3 × 2 pt, but including the off-centering effect in galaxy-halo connection 34, 90
Incompleteness 3 × 2 pt, but including the incompleteness effect in galaxy-halo connection 34, 90

Additional tests after unblinding
σðΔmÞ ¼ 0.1 prior 3 × 2 pt, but using prior ΠðΔmÞ ¼ N ð0; 0.1Þ 28, 90
σðΔzphÞ ¼ 0.2 prior 3 × 2 pt, but using prior ΠðΔzphÞ ¼ N ð0; 0.2Þ 28, 90
2 cosmo paras 3 × 2 pt, but varying only ðΩde; lnð1010AsÞÞ and fixing ðωc;ω; nsÞ

to their Planck values
25, 90

aAn analysis using a prior of photo-z shift parameter derived from the baseline 3×2 pt analysis, given by ΠðΔzphÞ¼N ð−0.06;0.08Þ.

HIRONAO MIYATAKE et al. PHYS. REV. D 108, 123517 (2023)

123517-16



and efr ¼ 0.5 for model/method validations and internal
consistency tests described in Sec. V B, since we need
to save computing time to run chains for each setup listed
in Table III. Still, we note that the central value of
cosmological parameter is stable for both the imple-
mentations (typically only a few percent difference). We
describe detailed investigations, such as a convergence of
MultiNest chains and comparison with the Metropolis
algorithm, in Appendix D.

F. Analysis setups

To carry out the inference of cosmological parameters,
we need to define the analysis setups, which include the
range of scales and combinations of observables to be used.
The setups employed in this paper are summarized in
Table III.
The setup labeled “3 × 2 pt” is our baseline setup that

serves as a reference; if we identify any internal consistency
test that significantly deviates from the cosmological
parameters obtained from this reference setup, we should
consider changing the baseline setup.
If we use either ΔΣ or wp alone, the parameter inference

suffers from severe degeneracies, especially between the
galaxy bias (and therefore the HOD model parameters) and
the cosmological parameters that encode information about
the power spectrum amplitude, as shown in our validation
paper [15] (see Fig. 9). Hence, in the following we show
only the results of the joint analysis of ΔΣ and wp, even
when not combined with ξ�. The “2 × 2 pt�” setup is such
a case, but we set the prior on the residual photo-z
parameter Δzph to the one obtained from the baseline
3 × 2 pt analysis because without the prior cosmological
constraints are quite weak. We also run the cosmic shear-
only analysis with the same prior which is labeled as
“cosmic shear�.”12

An important aspect of the analysis is determining the
appropriate “scale cuts,” which refers to the range of scales
(R) in ΔΣðRÞ and wpðRÞ used in the cosmological analysis.
There are two competing factors to consider; on one hand,
including information from ΔΣðRÞ and wpðRÞ down to
smaller scales can increase the statistical power to constrain
cosmological parameters. On the other hand, observables at
small scales may be more affected by physical systematic
effects inherent in galaxy formation/physics, which are
difficult to accurately model. Our validation paper [15]
describes our choice of ð2; 3Þh−1 Mpc scale cuts for wp and

ΔΣ as reasonable choices for obtaining unbiased estimates
of the cosmological parameters, with reasonably small
credible intervals given the statistical power of HSC-Y1
and SDSS data. These scale cuts are larger than the virial
radii of massive halos, so we exclude information from
scales that are in the deeply 1-halo term regime in our
cosmology analysis. However, we note that the galaxy-
galaxy weak-lensing signal around the scale cut is sensitive
to the interior mass inside that radius. Thus, we can extract
the average mass of halos hosting the SDSS galaxies,
which in turn helps constrain the large-scale bias of SDSS
galaxies via the scaling relation of halo bias with halo mass,
encoded in Dark Emulator, when combined with the meas-
urement of wp. We also examine the results for scale cuts of
(4, 6) and ð8; 12Þh−1 Mpc, respectively, to investigate the
impact of the scale-cut choice.
For the scale cuts of ξ� we follow the same scale cuts in

ξ�ðϑÞ as those in Li et al. [25], because we did not find any
significant residual B-mode signal in the range. For this
paper, we use the cosmic shear signals in the rane of
8≲ ϑ=arcmin≲ 50 and 30≲ ϑ=arcmin≲ 150 for ξþ and
ξ−, respectively.
As an internal consistency test, we perform various

analyses to assess the robustness of our results to various
splits of our data and the sensitivity of our results to the
different analysis choices. We perform the analyses exclud-
ing one of the LOWZ, CMASS1 or CMASS2 subsample
for both “3 × 2 pt” and “2 × 2 pt�” analysis. To study the
impact of the nuisance parameters on our results, we
perform the analysis by fixing either one of the nuisance
parameters, rather than varying it, in the parameter infer-
ence; the residual photo-z errorΔzph ¼ 0, the multiplicative
error Δm ¼ 0, the magnification bias parameters αmag to
their measured values (see Table II), the PSF systematics
parameters αpsf ¼ βpsf ¼ 0, intrinsic alignment AIA ¼ 0, or
AIA ¼ 5, respectively.
To check the impact of the prior choice of the residual

photo-z error parameter, which is a key parameter in our
analysis, we perform the analysis using a Gaussian prior
given by ΠðΔzphÞ ¼ N ð0; 0.1Þ, for the 3 × 2 pt analysis or
the 2 × 2 pt—or the cosmic shear-only analysis. We also
perform the analysis using an uninformative flat prior,
ΠðΔzphÞ ¼ Uð−1; 1Þ, for the 2 × 2 pt—or the cosmic
shear-only analysis.
We also perform field-by-field analyses which are

labeled by the field name, e.g., “XMM” in Table III, which
is the result when using the HSC-Y3 data only in the XMM
region [31]. Note that the signals measured in different
fields are almost independent.
To check for possible systematic biases arising from the

different photo-z estimate methods, we perform the analy-
ses using the lensing signals that are measured using the
different photo-z method instead of our fiducial method
(DEmPZ). More exactly, we use the different method to
select source galaxies based on the same selection cut

12Note that the Gaissian prior employed for internal consis-
tency tests, i.e., ΠðΔzphÞ ¼ N ð−0.06; 0.08Þ is slightly different
from what we show as the baseline result, Δzph ¼ −0.05� 0.09,
in Sec. VA. This is because we use the Δzph constraint from the
standard MultiNest implementation for this Gaussian prior
rather than the setup used for the baseline 3 × 2 pt analysis
described in Sec. III E. This is the case for the Gaussian prior on
Δzph used in Sugiyama et al. [24].
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[Eq. (2)] and then use the inferred source redshift distri-
bution in the weak-lensing observables (the signal of ΔΣ
and the theory of ξ�). For “DEmPZ&WX,” we use the source
redshift distribution inferred by the “DEmPZ&WX” method
that is obtaine by combining the DEmPZ photo-z estimates
and the clustering with the CAMIRA LRGs in Rau et al. [91].
We also use the Mizuki photo-z method or the DNNZ photo-z
method, respectively. We use the uninformative flat prior,
ΠðΔzphÞ ¼ Uð−1; 1Þ for all these tests as in our baseline
analysis. Note that the DEmPZ&WX analysis uses the same
source sample as that in the baseline analysis, but the other
methods use the different source samples.
The analysis labeled “w/o star weight” is for testing the

impact of the star weight used in the clustering measure-
ment of wp (see More et al. [23] for details) on our results,
where the star weight is designed to account for the
systematic effect related to seeing and stellar density in
the target selection of SDSS galaxies. We use the wp data
measured without the star weight in [23], instead of our
default wp, for the baseline 3 × 2 pt analysis.
We also perform the analyses using the extended models

that are more flexible models for the galaxy-halo con-
nection; we use the extended models including the effects
of off-centered central galaxies or the incompleteness effect
of central galaxies [15]. For both extended models, we
introduce two additional model parameters, as indicated in
the rows “off-centering” or “incompleteness.”
In addition, after unblinding our cosmology results (see

next section), we further decided to perform the analyses
labeled “σðΔmÞ ¼ 0.1 prior” and “σðΔzphÞ ¼ 0.2 prior.”
For these, we use Gaussian priors, ΠðΔmÞ ¼ N ð0; 0.1Þ or
ΠðΔzphÞ ¼ N ð0; 0.2Þ, to study the impact of the prior
choices on the cosmological parameters. Here σðΔmÞ ¼
0.1 is much wider than the fiducial prior, σðΔmÞ ¼ 0.01
(see Table II), and this test is for assessing the self-
calibration power of the residual shear calibration factor
with our 3 × 2 pt method (therefore, we consider the
overwhelmingly pessimistic shear calibration error).
Furthermore, we an analysis with the cosmological param-
eters except ½Ωm; lnð1010AsÞ� fixed to the Planck 2015 “TT,
TE, EEþ lowP” constraints [76] to check how the para-
meters are poorly constrained by our data vector affect our
cosmological constraints. This setup is labeled “2 cosmo”
in Table III.

G. Validation of modeling and analysis choices

To check the robustness of our results to our modeling
and analysis choices, we perform various validation tests.
This includes tests of different samplers, different models
of galaxy-halo connection, different models for baryonic
feedback, as well as different models of observational
systematics including residual systematic error in the mean
source redshift and PSF systematics. Please also see
Miyatake et al. [15] for the detailed validation tests, where

the scale cuts of wp and ΔΣ, R ¼ 2 and 3h−1 Mpc, were
validated in the sense that estimated parameters, such as S8,
do not have significant biases compared to their statistical
errors. For the tests in this paper, we also include the
synthetic data of cosmic shear correlation functions ξ� and
perform the validation tests using the covariance matrix for
the HSC-Y3 data. The details of the validation tests are
given in Appendix A, and here we give a summary of the
important points.
For wp and ΔΣ we have to study the impact of

uncertainties in the galaxy-halo connection on the cosmo-
logical constraints. Since HOD is an empirical prescription
for the galaxy-halo connection, our philosophy is that we
should include a sufficient number of the HOD parameters
and then extract the cosmological information from the
halo clustering quantities, accurately modeled by Dark

Emulator, after marginalizing over the galaxy-halo connec-
tion parameters. For the validation tests of our analysis
method, we generate various types of mock SDSS galaxies,
where we employ different ways to populate galaxies into
halos in N-body simulations and then generate the syn-
thetic data vectors of wp and ΔΣ from the mock catalogs
(also see [15]). We then apply our baseline analysis pipeline
using the fiducial HOD model to the synthetic data vector
to assess whether our method can recover the input
cosmological parameters used in the mock catalogs. As
shown in Appendix A, our method can recover the S8 value
with an accuracy better than ∼0.5σ for most of the mock
SDSS galaxy catalogs.
Nevertheless, reflecting on the fact that there is no

established theory of the galaxy-halo connection, we also
consider the “worst-case” scenario in order for us to be
ready for surprises due to unknown systematic effects.
We prepare extreme mock catalogs of SDSS galaxies,
where we implement a nonstandard prescription of the
galaxy-halo connection, e.g., the mock catalogs including
the overwhelmingly large assembly bias effect and the
off-centering effect of central galaxies. These worst-case
scenario mocks, which is the cases of large assembly
bias, change wp and ΔΣ at scales around the scale cuts,
R ¼ 2 and 3h−1 Mpc, and could cause a significant
bias in S8 (more than 0.5σ), as shown in Fig. 10 in
Appendix A. Even for these worst-case scenarios, we
have a useful diagnostic to flag such an extreme
systematic effect on the cosmological parameters. Since
the halo model-based theory includes the linear-theory
prediction at large scales, which can be applied to any
types of galaxies [103], the method can recover the
underlying cosmological parameters if employing suffi-
ciently large scale cuts, such as R ¼ 8 and 12h−1 Mpc
[15,98]. Due to the fact that only assembly bias causes a
significant shift in S8 with changing the scale cuts, we
can employ the different scale cuts for the actual
cosmology analysis to monitor a change in cosmological
parameters as an indicator of the systematic induced by
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assembly bias.13 This indicator is not valid if there are
other effects, which can be found in the future, at play.
For the systematic effects on the cosmic shear signal ξ�,

our modeling method is very similar to that of Li et al. [25].
We employ exactly the same scale cuts in ξ� as those in Li
et al. [25]. All the validation tests are passed in the sense that
the S8 value is recovered using synthetic data vectors of ξ�
where different models of systematic effects (baryonic
feedbacks and PSF systematics) are implemented. We did
not find any flag in our analysis method arising from
modeling inaccuracy and systematic effects in cosmic shear.
One of the most important validation tests is to assess the

sensitivity of our method to a residual systematic error in
the mean source redshift of HSC galaxies, Δzph. As
described in Sugiyama et al. [24] in detail, we implement
a nonzero shift (nonzero Δzph) in the source redshift
distribution to generate synthetic data vectors of ΔΣ and
ξ� and then assess whether our analysis method can
recover the input Δzph as well as the S8 parameter. As
shown in Appendix A, we find that, if a nonzero shift of
Δzph by more than jΔzphj ∼ 0.1 exists in the synthetic data,
the use of the uninformative flat prior of Δzph allows us to
recover the underlying true S8 value to within the credible
interval. In other words, if we employ an informative prior
on Δzph, such as N ð0; 0.1Þ, it could yield a significant bias
in S8 larger than the 1σ statistical error. Thus, the HSC-Y3
data has the statistical power to calibrate Δzph to the
precision of σðΔzphÞ ≃ 0.1 and then recover S8. This gives
a validation of our analysis method using an uninformative
prior of Δzph, Uð−1; 1Þ, even if the method gives a large
credible interval in exchange. In this sense, our cosmology
analysis can be considered robust and conservative.

IV. BLINDING SCHEME
AND UNBLINDING CRITERIA

To avoid confirmation bias we perform our cosmological
analysis in a blind fashion. To prevent inadvertent unblinding
during our cosmological analysis,we implemented a two-tier
blinding approach. The two tiers are outlined below:

(i) Catalog level: During the cosmological analysis, the
analysis team performs the cosmological analysis
using three different weak-lensing shape catalogs,
with only one of them being the true catalog and the
other two being fake catalogs. The team members
conducting the analysis are unaware of which is the
true catalog.

(ii) Analysis level: When the analysis team makes plots
comparing the measurements with theoretical mod-
els, the y-axis values (e.g., the amplitudes of ΔΣ) are

hidden and the analysis team is not allowed to see
the values of cosmological parameters used in the
theoretical models. When the analysis team makes
plots showing the credible intervals of cosmological
parameters (i.e., posterior distribution), the central
value(s) of the parameter(s) are shifted by the mode
value of the baseline 3 × 2 pt analysis, without any
inspection of the mode value. The plotted figures
only display the range of the credible interval(s).
With this blinding method, we can evaluate how the
cosmological parameters change by each analysis
setup compared to those of the baseline analysis.
Before unblinding the results, the analysis team is
not allowed to compare the posterior of cosmologi-
cal parameter(s) or the best-fit model the predictions
to external findings such as the Planck CMB
cosmology.

Please refer to Sec. II B of More et al. [23] for more
details regarding the creation of the fake catalogs in a
manner that minimizes the possibility of the analysis team
inadvertently unblinding the results. Although using these
catalogs necessitates the analysis team performing the same
analyses three times, this approach avoids the need for a
reanalysis upon unblinding the catalogs.
The set of the three shape catalogs used in this paper is

shared with the two companion papers, More et al. [23] and
Sugiyama et al. [24]. The first of these presents the details
of the measurements of clustering observables used in this
paper. The companion paper Sugiyama et al. [24] presents
the cosmological parameter estimation from the same
signals as that of this paper, but using the perturbation
theory based model template that is compared to the signals
on scales with the larger scale cuts of ð8; 12Þh−1 Mpc for
wp and ΔΣ, respectively.
We imposed the following criteria for deciding to

unblind our results:
(i) Analysis pipeline codes are made available to

collaboration members and some specific members
are assigned to review each part of the code.

(ii) Various analysis setups, described in Table III, are
tested to ensure that the cosmological constraints are
robust to the different setups. We check whether a
significant shift in S8, >0.5σ, (where σ is from the
baseline 3 × 2 pt analysis), is found from any of the
analysis setups. If such a shift is found, we check
whether it is consistent with the statistical scatter by
comparing the shift with the distribution of S8 values
estimated from a set of hypothetical analyses using
100 realizations of the synthetic noisy data vector. In
particular we check how the S8 value changes for
different scale cuts as a flag for the assembly bias
effect (see Sec. VI B for detailed discussion).

(iii) Internal consistency tests to check whether an
estimation of the key cosmological parameter
changes, compared to that from the baseline analysis
method, using subsets of data vector and/or different

13Baryonic effect can cause the scale-dependent change in the
amplitude of cosmic shear and galaxy-galaxy lensing signal, but
we adopted the conservative cut for small scales so that our
analysis is not affected by baryonic effect.
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analysis methods, where the different methods are
based on more flexible models of galaxy-halo
connection including the incompleteness and off-
centering effects of central galaxies (see Table II).

(iv) Quantify the goodness of fit of the best-fit model
predictions to the data vector in each of the three
blind catalogs.

Once the collaboration agrees to unblind the analysis, the
analysis-level unblinding is first removed by the analysis
team. The final catalog-level unblinding happens a few
hours later. The analysis team resolved that the results
would be published regardless of the outcome, once the
results are unblinded. Furthermore, the analysis method
could not be changed or modified after unblinding.
Following these agreed rules, we unblinded the results at
our regular telecon on Dec 3, 2022 in JST. The figures
shown in this paper, unless otherwise noted, were made
prior to unblinding, with only the axes changed after
unblinding to show true values.

V. RESULTS

In this section we show the main results of this paper, the
cosmological parameters estimated from the joint measure-
ments of ΔΣðRÞ, wpðRÞ and ξ�ðϑÞ for the HSC-Y3 and
SDSS catalogs. All the analyses in this section are done
before unblinding, and the results are presented without any
change after unblinding.

A. ΛCDM constraints

The shaded contours in Fig. 1 are the 1D and 2D
posterior distributions of the key parameters, S8, σ8 and
Ωm for flat ΛCDM model, obtained from the baseline
3 × 2 pt analysis setup of the HSC-Y3 data as given in
Table III. The central value and credible interval for each
parameter are given as

Ωm ¼ 0.382þ0.031
−0.047ð0.401Þ;

σ8 ¼ 0.685þ0.035
−0.026ð0.696Þ;

S8 ¼ 0.763þ0.040
−0.036ð0.805Þ;

Δzph ¼ −0.05� 0.09; ð40Þ

where the number in parentheses denotes the value for the
MAP (maximum a posteriori) model in the sampled chains.
The HSC-Y3 3 × 2 pt analysis achieves about 5% frac-
tional accuracy in the S8 parameter. Note that the clustering
signal has the highest signal-to-noise among the three
observables, and it is sensitive to both Ωm and σ8 as shown
in Fig. 2 in [15].
Figure 2 shows that the best-fit (MAP) model fits all the

measured quantities simultaneously over the range of radial
or angular separations that are used in the cosmology
analysis. We note that our cosmology analysis does not
include the information in the deeply nonlinear regime such

as the 1-halo term regime, e.g., R≲ a few h−1 Mpc corre-
sponding to the virial radii of massive halos. Nevertheless
we stress that the use of Dark Emulator is critical to accurately
model the clustering observables on scales in the mildly
nonlinear regime. If we use the simpler perturbation-theory
based model (Sugiyama et al. [24]), it cannot describe the
signals well in the range of scales we use in this paper (also
see Ref. [7]).
In Fig 3 we evaluate the goodness-of-fit of the best-fit

model to the measured signal. To do this evaluation, we
generate 100 realizations of noisy mock data vectors using
the “full” covariance matrix; the full covariance includes
the elements in radial or angular bins outside those used in
our cosmology analysis and the cross-covariance terms that
describe correlated scatter between the observables, i.e., the
galaxy-galaxy weak-lensing signals for the different lens
subsamples and cosmic shear as shown in Fig. 6 in More
et al. [23]. The histogram in Fig. 3 shows the distribution of
the χ2-value of the MAP model prediction for each of the
100 realizations. We find that the χ2 values tend to exceed
that expected from the degrees of freedom, ν ¼ 90 − 28 ¼
62 (see Table III). We ascribe this excess to severe
parameter degeneracies; some of the model parameters,
especially the HOD parameters, are not well constrained by
the data vector. The histogram can be compared to the χ2

value of the actual HSC-Y3 and SDSS analysis (solid black
line), showing that the observed χ2 value is near the middle
of the distribution. Hence, we conclude that the best-fit
model is quite acceptable. Note that we perform this test
before unblinding. In addition, the covariance used to
generate the noisy mocks does not include the multiplica-
tive bias correction described in Sec. VA in More et al.
[23], but we confirm that the χ2 value of the actual analysis
would not change significantly compared to the width of
the χ2 distribution for a possible range of the catalog-level
blinding (for details of catalog-level blinding, see More
et al. [23]), which means we know that we do not
accidentally unblind the analysis through this test.

B. Internal consistency tests

As self-consistency tests, we performed the cosmologi-
cal parameter estimation for each of the different setups
listed in Table III, before unblinding. The cosmological
constraints for each setup are shown in Fig. 4 and the mode,
credible interval, and MAP value of each parameter are
summarized in Table Vof Appendix B. We find that the S8
parameter is robust to these different tests, changing by
< 1σ in each case. The exception is the test in which the
residual photo-z error parameter is fixed to Δzph ¼ 0, i.e.,
the case in which the mean redshift of HSC source galaxies
is assumed to be perfectly estimated based on their photo-
z’s. The test using the fixed Δzph ¼ 0 gives a smaller error
bar in S8 and gives a sizable shift in the central value of S8
(1.5σ where σ is taken from the test with fixed Δzph). This
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indicates the existence of a nonzero residual photo-z error
as discussed below. Some tests show a scattered shift in the
values of Ωm and σ8, but such shifts are also seen in the
validation tests using the mock catalogs. We did not find
any significant shift of S8 compared to the tests using the
mock data, or did not find any evidence of unknown
systematic effects in our results. We also note that the shifts
in these parameters are likely due to projection effects of
the non-Gaussian posterior distribution in the full-dimen-
sional parameter space. In Appendix B we give a detailed
discussion of the internal consistency tests.
In Fig. 5 we compare the cosmological constraints from

the different cosmology analyses using the HSC-Y3 data.
Although the result “3 × 2 pt large-scale” uses the same
data vector as that in this paper, the analysis uses the

perturbation theory based theoretical template to compare
with the measurements at R > 8 and 12h−1 Mpc for wp and
ΔΣ, respectively, where the perturbation theory model is
valid (Sugiyama et al. [24]) The other two results are from
the cosmic-shear tomography analyses using the cosmic
shear two-point correlations [25] and the power spectra
[26]. The three sets of analyses (both 3 × 2 pt analyses, the
real-space cosmic shear analysis and the Fourier-space
cosmic shear analysis), performed blinded cosmology
analyses using different blinded catalogs, and we made
this comparison plot after the unblinding. The cosmological
results from all the four analyses, especially the S8 results,
are in good agreement with each other. This is quite en-
couraging, because the constraining power of the 3 × 2 pt
analyses is mainly from the clustering (wp) information of

FIG. 1. The 1D and 2D posterior distributions in the sub-space of S8, σ8 and Ωm for the flat ΛCDM cosmology. The blue dark (light)
shaded regions denote the 68% (95%) credible interval, respectively, for our HSC-Y3 3 × 2 pt baseline analysis in Table III. For
comparison we show the results for other recent cosmological analyses. The red contours are from the DES-Y3 3 × 2 pt analysis [8].
The blue contours are from the KiDS-1000 analysis [9] with cosmic shear (“CS”) and galaxy-galaxy weak lensing (“GGL”) (see text for
details). The green contours are the Planck 2018 results using the primary CMB anisotropy information (“TT, TE, EEþ lowE”) [11].
Note that the degeneracy direction of the HSC-Y3 result in each 2D subspace of the parameters are different from those of DES-Y3 and
KiDS-1000, since the relative constraining powers of the cosmological parameters for different observables are different.
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SDSS galaxies and the two cosmic shear constraints are
sensitive to different scales in the cosmic shear information
of HSC-Y3 data due to the different scale cuts in the real-
and Fourier-space. We also emphasize that the two cosmic
shear analyses adopted the uninformative prior on the
residual photo-z error parameters for the two high-redshift
tomographic bins, z3 and z4, that correspond to redshifts at
z≳ 0.9. If the cosmic shear analyses employ informative
priors on the photo-z error parameters, the S8 parameter is

shifted and the agreement in Fig. 5 cannot be realized.
Hence, all the cosmological analyses indicate a nonzero
residual systematic error in the photo-z estimates of such
high-redshift HSC galaxies.

C. Comparison with external data and S8 tension

In this section, we discuss the comparison of our
HSC-Y3 result with external cosmology results (see
Fig. 1). Note that, as we described in Sec. IV, we never

FIG. 2. The green solid line in each panel denotes the model prediction at themaximum a posteriori (MAP) for the baseline analysis in
Fig. 1, while the data points with error bars are the measured signals. The upper-row three panels are for the projected correlation
functions of galaxies, wpðRÞ, for the LOWZ, CMASS1 and CMASS2 samples in the redshift ranges z ¼ ½0.15; 0.35�, [0.43, 0.55]
and [0.55, 0.70], respectively. The middle-row three panels are for the galaxy-galaxy weak lensing using the HSC galaxies as
source sample,ΔΣðRÞ, for the same LOWZ, CMASS1, and CMASS2 samples as lens samples, respectively. The bottom-row two panels
are for the cosmic shear correlation functions, ξ�ðϑÞ. For illustration purpose, we show R × wpðRÞ, R × ΔΣðRÞ and ϑ × ξ�ðϑÞ. The red
shaded regions around the green line denote the 68% and 95% credible intervals of the model predictions in each separation bin, which
are computed from the posterior distributions in the Bayesian cosmology inference. Note that the errors are computed from the diagonal
components of the covariance matrix. The blue-color shaded region in each panel denotes the range of projected or angular separation
bins that is used for the cosmology analysis.
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compared the HSC-Y3 results with external cosmology
results during the blind analysis stage, and made plots like
Fig. 1 only after unblinding. For the CMB constraints, we
consider the “Planck2018” results [11], from the analysis
where the primary CMB temperature and E-mode polari-
zation anisotropy information (“TT, EE, TEþ lowE”) are
used and the neutrino mass is fixed to 0.06 eVas we did in
our setup. To obtain the posterior distribution we used the
public chain “base/plikHM_TTTEEE_lowl_lowE” avail-
able from the website.14 For the posterior distribution of the
DES Year 3 (“DES-Y3”) result, we used the public chain,15

which is the result obtained from the 3 × 2 pt cosmological
analysis using the photometric “MagLim” samples for both
lens and source galaxies [8]. For the “KiDS-1000” result,
we used the public chain16 to exhibit the result from a joint
analysis of cosmic shear (“CS”in the legend) and galaxy-
galaxy (“GGL”) weak lensing in Heymans et al. [9], where
the spectroscopic samples in BOSS and the 2-degree field
lensing survey (2dFLenS) were used as the lens samples in
the galaxy-galaxy weak-lensing measurements. Note that
the 3 × 2 pt results fromKiDS-1000 include baryon acoustic
oscillation (BAO) information in the BOSS galaxies that can
give a tighter constraint onΩm, sowe instead refer the above
2 × 2 pt CS × GGL result as KiDS-1000. For both the
DES-Y3 and KiDS-1000 analyses, the weak-lensing observ-
ables are angular correlation functions—γTðθÞ and/orwðθÞ—
rather than ΔΣðRÞ and wpðRÞ.

Figure 1 shows that the HSC-Y3 result is generally
consistent with the DES-Y3 and KiDS-1000 results
within the credible intervals. However, the degeneracy
direction of the HSC-Y3 result in each 2D subspace of
the parameters are different from those of DES-Y3 and
KiDS-1000, as the relative constraining powers of differ-
ent observables for the cosmological parameters (after
marginalizing over other parameters) are different. For
our case, the galaxy-galaxy clustering of BOSS galaxies
has the most constraining power, after lifting the param-
eter degeneracies between the galaxy bias and the
cosmological parameters with the weak-lensing informa-
tion as we will discuss below. Note that these data sets do
not share the same priors. We defer the analysis under
homogenized priors to future work.
Extending the definition of S8 to S08 ≡ σ8ðΩm=0.3Þα with

α being a free parameter, we find that the best-constrained
parameter is α ≃ 0.22: with this value, we find S08 ≃
0.721� 0.0279, the fractional precision is 4%. This preci-
sion is 30% smaller than the σðS8Þ ≃ 0.040 for the standard
S8 in Eq. (40). If we compare the width of the 2D contour
along the narrowest direction in the (Ωm; S8) subspace in
Fig. 1, theHSC-Y3 result is comparablewith the KiDS-1000
result, but is somewhat larger than the DES-Y3 result. This is
partly due to our use of an uninformative prior on the residual
photo-z error parameter (Δzph). If we employ a tighter prior
on Δzph such as the prior width inferred from the original
photo-z estimate, σðΔzphÞ ≃Oð10−2Þ, we can obtain a
tighter credible interval, however, the central value of S8
shows a non-negligible shift. Hence,Δzph is a key parameter
in our analysis to obtain a robust estimate of the cosmological
parameters, and we decided to adopt the uninformative prior
of Δzph during the blind analysis stage before revealing the
central value of S8. In Sec. VI A, wewill give amore detailed
discussion of howdifferent treatments of the residual photo-z
error, e.g., informative vs uninformative prior, alter our
cosmological constraints.
Figure 1 displays a 2σ-level tension between the

HSC-Y3 3 × 2 pt result and the Planck 2018 result. To
quantify the possible tension, we use the methods deve-
loped in Park [104] and Rozo [105], which are called
eigentension and tensiometer, respectively (also
see Ref. [106]).
For the eigentension method, we start by diagonal-

izing the covariance matrix of cosmological parameters to
find the eigenvectors and eigenvalues. Among the five
cosmological parameters in our 3 × 2 pt analysis ns and ωb
are prior dominated, so we focus on the parameters, σ8,Ωm,
and ωc. When we diagonalize the covariance matrix
of these parameters, obtained from the chains in our
baseline analysis, we find the two eigenvectors, ðe0; e1Þ ¼
ðσ8ω0.19

c Ω0.38
m ;ωcΩ0.54

m σ−0.408 Þ, are well-constrained by the
HSC-Y3 3 × 2 pt observables compared to the prior
widths, while the third eigenvector is prior dominated.
If we compute the posterior distribution of the eigenvector

FIG. 3. An evaluation of the goodness-of-fit of the best-fit
(MAP) model in Fig. 1. The histogram shows the distribution of
the χ2 values at the MAP model, obtained by applying the same
baseline analysis to 100 noisy mock datasets (see text for details).
The vertical black line denotes the measured χ2-value (χ2 ¼ 85.1)
at MAP for the actual analysis of HSC-Y3 and SDSS data. The
probability of finding the χ2 value larger than the observed value
(p value) is about 41%.

14https://pla.esac.esa.int/pla/aio/product-action?COSMOLOGY
.FILE_ID=COM_CosmoParams_fullGrid_R3.01.zip.

15https://des.ncsa.illinois.edu/releases/y3a2/Y3key-products.
16https://kids.strw.leidenuniv.nl/DR4/KiDS-1000_3x2pt_

Cosmology.php.
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differences, defined as ðΔe0;Δe1Þ≡ ðe0; e1ÞHSC-Y3 −
ðe0; e1ÞPlanck, from the two chains of the HSC-Y3 baseline
analysis and Planck 2018, we find that the point where the
two data sets are consistent with each other, i.e.,
ðΔe0;Δe1Þ ¼ ð0; 0Þ, is located at ∼2.5σ in the posterior.
Note that this method allows us to compute the posterior
distributions of these parameter differences from the
existing chains of HSC-Y3 and Planck, as long as the

two datasets are independent [107]. Thus, we conclude that
the HSC-Y3 result displays a 2.5σ tension with the Planck
2018 result.
To implement the tensiometer method, we use the

publicly-released code.17 This code allows us to generate

FIG. 4. A summary of the cosmological parameters and the residual photo-z error parameter Δzph, estimated from each of the different
analysis setups in Table III. The vertical dashed line in the panel of Δzph denotes Δzph ¼ 0, i.e., the case of no residual photo-z error or
equivalently the case that the mean redshift estimate of HSC source galaxies inferred from the photo-z estimates is perfect. As our
default choice, we employ the uninformative flat prior on the residual photo-z error, ΠðΔzphÞ ¼ Uð−1; 1Þ. As explained in Table III, the
analysis with superscript “ �” denotes an analysis using the informative Gaussian prior on the photo-z error, given byN ¼ ð−0.06; 0.08Þ,
which is inferred from the posterior of the baseline 3 × 2 pt analysis. The analysis with superscript “ †” denotes an analysis using the
Gaussian prior on Δzph with mean around Δzph ¼ 0, given by ΠðΔzphÞ ¼ N ð0; 0.1Þ. The analysis with label “σðΔzphÞ ¼ 0.2 prior”
denotes the result using the Gaussian prior, ΠðΔzphÞ ¼ N ð0; 0.2Þ.

17https://github.com/mraveri/tensiometer.
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the posterior distribution of the three parameter differences,
ðΔσ8;ΔΩm;ΔωcÞ, from the two chains of the HSC-Y3
baseline analysis and Planck 2018 using machine learning
modeling of the posterior distribution with normalizing
flows. It then quantifies a disagreement significance in the
full 3d parameter space; we find a 2.7σ tension between the
HSC-Y3 and the Planck 2018 results, in close agreement
with the estimate from eigentension above.
Hence, we conclude that the HSC-Y3 3 × 2 pt result has

about 2.5σ tension with the Planck 2018 constraints within
the flat-geometry ΛCDM framework.
In addition, we find that one the total neutrino mass is

freed up in the Planck 2018 primary CMB analysis18 the S8
tension is reduced. This is not a fair comparison, since the
total neutrino mass is fixed in the HSC-Y3 3 × 2 pt
analysis due to the limitation in Dark Emulator. However,
given that the large-scale structure probes are less sensitive
to the neutrino mass than the primary CMB, the alleviation
of the S8 tension is likely the case. A 3 × 2 pt analysis with

free total neutrino mass using an updated version Dark

Emulator is planned to be carried out in the future.

VI. DISCUSSION

A. An implication of residual
systematic photo-z error

A notable aspect of this study, compared to other weak-
lensing cosmology analyses, is that we estimate the
cosmological parameters employing an uninformative prior
on the residual photo-z error parameter of source galaxies;
Δzph∶ Uð−1; 1Þ (see Table II). This is a conservative setup
which is equivalent to the case in which we do not adopt
any prior knowledge about the mean redshift of HSC
source galaxies. In this section, we show how the self-
calibration of the photo-z error parameter is achieved by
our method, and also study how the cosmological para-
meters change when using different priors on Δzph.

The left panel of Fig. 6 shows how the residual photo-z
error parameter Δzph is calibrated by combining the differ-
ent observables. For the 2 × 2 pt (ΔΣ × wp) analysis and
the cosmic shear, we also employ the flat prior Uð−1; 1Þ for
Δzph. The figure shows that the different observables are
complementary to each other and Δzph is accurately
estimated by combining the three observables.19 The
self-calibration of Δzph is achieved by comparing the
galaxy-galaxy weak-lensing signals for the three lens
subsamples (LOWZ, CMASS1 and CMASS2) at the
three different spectroscopic redshifts and the cosmic shear
signals for the same source galaxies. The baseline 3 × 2 pt
analysis suggests the photo-z shift is consistent with zero,
i.e., Δzph ¼ −0.05� 0.09. Furthermore, if we focus on the
Ωm ¼ 0.3 cross section of the posterior, where Ωm ≃ 0.3 is
indicated by measurements of BAO or the galaxy clustering
e.g., [21], one fits an even larger bias, Δzph ∼ −0.2, as we
will below study in more detail. This case also implies a
lower value of S8, since Δzph and S8 are positively
correlated. Hence, employing an uninformative flat prior
of Δzph is important to obtain an unbiased estimate of S8, if
the nonzero Δzph is genuine. Encouragingly, a similar
residual photo-z error for HSC source galaxies at high
redshifts is also implied by the real- and Fourier-space
cosmology analyses of HSC-Y3 cosmic shear tomography
in Li et al. [25] and Dalal et al. [26], respectively. For these
cosmology analyses, the photo-z error parameters for the
two high-z bins (corresponding roughly to our source
galaxy sample) are calibrated by the cosmic shear signals
relative to those in the lower redshift bins that are more
reliably estimated by the photo-z and the cross-correlation
method [91]. Thus the photo-z error calibration by the
cosmic shear methods is somewhat independent from
the calibration of the 3 × 2 pt method in this paper.

FIG. 5. Comparison of the cosmological constraints from the
different cosmological analyses of the HSC-Y3 data. The result
labeled as “3 × 2 pt large scale” uses the same data vector as that
in this paper, but uses the perturbation theory based model
template when comparing the predictions to the measurements on
large scales (Sugiyama et al. [24]). “Cosmic shear tomography:
Real” is the result from the cosmic shear tomography analysis
using the real-space cosmic shear correlation functions with 4
tomographic redshift bins (Li et al. [25]). “Cosmic shear
tomography: Fourier” is from the cosmic shear tomography
using the cosmic shear power spectra (Dalal et al. [26]). The
two cosmic shear results use the different scale cuts.

18The chain is provided by the DES-Y3 analysis team at
https://desdr-server.ncsa.illinois.edu/despublic/y3a2_files/chains/
chain_planck_des_lcdm.txt. 19We actually find the same trend in the mock test.
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Furthermore, this trend is consistent with what Leauthaud
et al. [108] reported. They compared galaxy-galaxy lensing
signals of the DR12 BOSS galaxies [41] using shapes from
multiple surveys including the CFHT Survey of Stripe 82
[CS82; [109]], DES-Y1 [110,111], KiDS-VIKING-450
[KV450; [112]], and HSC-Y1 [34], and found that the
amplitude of lensing measurement with the HSC-Y1
shapes tends to be higher than others, which could be
attributed to the fact that the HSC-Y1 source galaxies are at
the highest redshift among the surveys, and the amplitude
can be lowered if the actual source redshifts are higher than
photo-z estimates. While the approach to photo-z estima-
tion and ensemble nðzÞ inference differs for our HSC-Y3
analysis than for the HSC-Y1 catalog used in that work, the
similarity in results suggests that the issues with mean
redshift estimation for higher redshift samples are qualita-
tively similar. On the other hand, Amon et al. [113]
reported that after updating the KV450 and DES-Y1
catalog to the KiDS-1000 [114,115] and DES-Y3 [116–
118] catalog, there are no deviation of lensing signals
measured with the HSC-Y1 catalog from those with
KiDS1000, DES-Y3, and KiDS1000 + DES-Y3.

B. Assembly bias

One concern in the halo model based analysis is the effect
of possible assembly bias of the SDSS galaxies on the

cosmological parameters [15,119]. Even if we use thewp and
ΔΣ information on scales greater than the size of most
massive halos, R≳ 2 and 3h−1 Mpc, respectively, the
galaxy-galaxy lensing (ΔΣ) contains information on the
interior mass of halos hosting the SDSS galaxies, which
in turn lifts degeneracies in the galaxy-halo connection
in the clustering amplitudes of the 2-halo term regime.
If the SDSS galaxies are affected by assembly bias, it could
cause a bias in the cosmological parameters, because of a
breakdown in the simple galaxy-halo connection as a
function of halomass. To test the impact of possible assembly
bias, we perform the parameter estimation using the different
scale cuts, R ¼ ½4; 6� or ½8; 12�h−1 Mpc, respectively. On
sufficiently large scales, galaxy-clustering properties are
governed by gravity, and the correlation coefficient function
of galaxy-clustering approaches to the simple relation
irrespective of galaxy types including a galaxy sample with
assembly bias, given by ξgm=½ξmmξgg�1=2 ≃ 1 [see Fig. 6 in
Ref. [120], for the results using the Illustris hydrodynamical
simulations] [also see [15,20]]. As demonstrated inMiyatake
et al. [15], if we adopt the large scale cuts of ½8; 12�h−1 Mpc,
the clustering signals are safely in the2-halo term regime, and
the cosmology analysis can recover the cosmological param-
eters even if the assembly bias effect exists.
Figure 7 shows the posterior distribution when using the

different scale cuts, R ¼ ½4; 6� or ½8; 12�h−1 Mpc for the wp
and ΔΣ signals, respectively, in the cosmology analysis.

FIG. 6. The importance of the uniformative prior on the residual photo-z error parameter (Δzph) in the cosmology analysis. Left panel:
the 1D and 2D posterior distributions obtained using the different observables: the baseline (3 × 2 pt), the 2 × 2 pt (ΔΣ × wp), and the
cosmic shear correlations. For all the analyses, we employ the flat prior of Δzph: Uð−1; 1Þ as our baseline analysis. Right: the posterior
distributions for the 3 × 2 pt analyses when using the different priors of Δzph: the baseline analysis (the flat prior), the Gaussian prior of
N ð0; 0.1Þ and the case fixing Δzph ¼ 0, respectively. The result of Δzp ¼ 0 approximately corresponds to the case where the redshift
distribution of HSC source galaxies is as inferred from the photo-z estimate, because the prior is as informative as σðΔzphÞ ∼ 10−2. The
different treatments of Δzph affect the mode value and the size of the credible interval of the cosmological parameters.
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Even if we use the largest scale cut R ¼ ½8; 12�h−1 Mpc,
the cosmological parameters are almost unchanged. In fact,
the cosmological parameters for the baseline analysis are
also consistent with the results obtained using the pertur-
bation theory based method in Sugiyama et al. [24] as
shown in Fig. 5. Thus, the clustering signals do not exhibit
any signature of the assembly bias effect. While the results
for R ¼ ½4; 6�h−1 Mpc show a shift in the posterior dis-
tribution, we checked that the shift is caused primarily by
upward scatter in the data points of ΔΣ around the scale cut
for the LOWZ and CMASS1 subsamples (see Fig. 2),
which causes the code to prefer unphysical regions of the
HOD parameters and then leads to a shift in cosmological
parameters. We found that, if we remove the scattered data
points, the shift in cosmological parameters do not occur.
As a further sanity check, we run the cosmology analyses

for 100 realizations of the mock data vector that do not
include the assembly bias effect. Note that for this test, we
employ the photo-z prior indicated from the ð2; 3Þh−1 Mpc
scale cut analysis for the ð8; 12Þh−1 Mpc scale-cut analysis
in each realization as we did in the actual analysis. Figure 8
shows in the difference in the S8 values with different scale
cuts we found from the real HSC-Y3 data occur with a
reasonable chance. The two arrows in the figure show a
shift in the S8 values found from the two assembly bias

mocks that we use in our validation tests (see Appendix A),
and the S8 difference is located at the tail of the 100
realizations, significantly displaced from the measured
difference value. Thus we conclude that our cosmology
results are unlikely to be affected by assembly bias.

C. Postunblinding analysis: The impact of Ωm prior

During the blind analysis stage (see Sec. IV), we did not
compare the posterior distribution of the cosmological
parameters in our analysis with any external datasets.
Our main result of Fig. 1 indicates a higher Ωm than the
Planck constraint. Ωm is well constrained by the baryon
acoustic oscillation information in galaxy clustering [121]
for flat-geometry ΛCDM model. Since we did not inten-
tionally include the BAO information of SDSS galaxy
clustering in our analysis, here we study how a BAO-
motivated prior of Ωm affects our results, as part of our
postunblinding analysis. To do this, we employ the Gaussian

FIG. 7. The posterior distributions of the cosmological para-
meters when using different scale cuts of R ¼ ½4; 6� or
½8; 12�h−1 Mpc for the wp and ΔΣ signals, respectively, in the
cosmology analysis. The gray contours are the same as those in
Fig. 1. Note that we used the Gaussian prior of the residual photo-
z error parameter, N ð−0.06; 0.08Þ, that is inferred from the
baseline 3 × 2 pt analysis and the results include the cosmic shear
information too, where we used the same range of the angular
separations as in the baseline analysis.

FIG. 8. The shaded histogram shows the expected distribution
of the differences between the S8 values obtained from the
3 × 2 pt analyses using the different scale cuts of (2, 3) and
ð8; 12Þh−1 Mpc for wp and ΔΣ, respectively, assuming that wp

and ΔΣ are not contaminated by the assembly bias effect. To
obtain the distribution, we perform the same cosmology analysis
on each of the 100 realizations of the noisy mock data vector.
Note that in this inference simulation, we employ the prior on the
residual photo-z error, Δzph obtained from the fiducial analysis of
ð2; 3Þh−1 Mpc scale cut to each realization for the (8, 12)-
analyses, as we did for the actual analysis. When there is no
assembly bias effect, the S8 values from the (2, 3)- and (8, 12)-
scale cuts should be consistent with each other, and the actual
observed difference of S8, as denoted by the vertical solid line,
is consistent with the distribution from the synthetic data
vector. The probability of finding ΔS8 larger than the observed
value (p-value) is about 50%. The two arrows indicated by
“assembly-b” and “assembly-b-ext” denote the expected differ-
encevalues ofS8 obtained from the simulated synthetic data, where
assembly bias effects with different amplitudes are included.
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prior given by Ωm∶ N ð0.3; 0.01Þ in the baseline 3 × 2 pt
analysis, where the central value of Ωm0 and the width of
σðΩm0Þ ¼ 0.01 are roughly consistent with the constraints
obtained from the BAO analyses [122,123] (also see
Ref. [124] for the CMB-independent constraint).
Figure 9 shows the 2D posterior distributions of the

parameters. We find

S8 ¼ 0.732þ0.027
−0.029ð0.738Þ;

Δzph ¼ −0.133þ0.077
−0.084ð−0.132Þ: ð41Þ

The prior of Ωm sightly lowers the central value of S8, and
also indicates a larger central value of jΔzphj than we found
for the fiducial analysis [Eq. (40)]. If we apply the eigen-
tension method to quantify a tension between the HSC
3 × 2 pt analysis and thePlanck result, we find the tension is
at about 2.4σ, almost no change from the result in Sec. V C.

VII. CONCLUSION

In this paper we have carried out a cosmology analysis
combining three clustering observables, the projected corre-
lation function (wp), galaxy-galaxy weak lensing (ΔΣ), and
cosmic shear correlation functions (ξ�). These quantities are
measured from the spectroscopic SDSS galaxy samples as
lens samples of ΔΣ and tracers of the wp, and the HSC-Y3
photometric galaxy samples for source galaxies in the ΔΣ
and ξ� measurements. One of the most important aspects of
our analysis is thatwe use a single source sample in theweak-
lensing measurements, allowing us to self-calibrate the

residual error in the mean redshift of source galaxies, which
is one of the most important systematic effects in weak-
lensing cosmology. We do so by comparing the relative
ΔΣ-amplitudes for the three spectroscopic lens subamples
and the cosmic shear signal, as suggested in Oguri and
Takada [14]. We employ a completely uninformative flat
prior,Uð−1; 1Þ, for the residual photo-z error parameterΔzph
in our cosmology analysis. We showed that, with the
statistical power of the HSC-Y3 data, we can estimate the
cosmological parameters and the photo-z parameter Δzph
simultaneously.We decided on this analysis setup during the
blind analysis stage, without looking at the estimated values
of cosmological parameters, and we froze the analysis
method including the flat prior of Δzph before unblinding.
This allowed us to obtain a robust estimate of the cosmo-
logical parameters, which minimizes the impact of the
possible photo-z errors, even at the cost of larger error bars
of the cosmological parameters.
The parameterswe obtained for the flatΛCDMmodel are:

Ωm ¼ 0.382þ0.031
−0.047 , σ8 ¼ 0.685þ0.035

−0.026 , S8 ¼ 0.763þ0.040
−0.036 , and

Δzph ¼ −0.05� 0.09 after marginalizing over a number of
other parameters. Thus, we have estimated S8 with a frac-
tional precision of 5%. Extending the S8 definition to
S08 ¼ σ8ðΩm=0.3Þα, we showed that our method gives the
best constraint with α ¼ 0.22; we find S08 ¼ 0.721� 0.028
withα ¼ 0.22, about 4%fractional precision.TheseS8 values
are lower than indicated by thePlanckCMB result. Using the
tensionmetric in Refs. [104,105], we quantified the tension to
be about 2.5σ. We plan to use extended models such as dark
energymodels, i.e.,w ≠ −1, ormodel templateswith varying
neutrino masses for the HSC-Y3 3 × 2 pt analysis to study
whether the S8 tension is relaxed. This requires a joint
likelihood analysis of the HSC-Y3 3 × 2 pt and the Planck
data using such extended models. By doing so, the large
impact of neutrino mass on CMB alleviates the S8 tension.
We also showed that when our HSC-Y3 analysis is

combined with the external BAO constraints on Ωm

with N ð0.3; 0.01Þ, the parameters are changed to S8 ¼
0.732þ0.027

−0.029 and Δzph ¼ −0.133þ0.077
−0.084 . This result indicates

a 2σ-level residual photo-z error, implying that the mean
redshift of the HSC galaxies at z≳ 0.7 is higher by jΔzj ¼
0.133 than implied by the photo-z estimates. Interestingly,
such a large photo-z bias for the high-redshift HSC galaxies
is also indicated in the companion works of the HSC
cosmic shear tomography analyses (Li et al. [25] and Dalal
et al. [26]). For the cosmic shear analyses, the photo-z’s at
the high redshifts are calibrated by the cosmic shear
amplitudes at different redshift bins, while the photo-z
error in our method is calibrated by the combination of the
galaxy-galaxy lensing signal of the spectroscopic SDSS
galaxies and the cosmic shear.
We stress that we carried out all our cosmology analyses,

the 3 × 2 pt analyses and the real- and Fourier-space cosmic
shear analyses, using different blinded catalogs. We did not
compare the cosmological constraints from the different

FIG. 9. The posterior distribution of the parameters when the
Gaussian prior of ΠðΩmÞ ¼ N ð0.3; 0.01Þ as motivated by BAO
constraints is added. This analysis was done as a part of the post-
unblinding analysis.
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methods during the blind analysis stage. After unblindingwe
found that all cosmological constraints are in agreement with
each other, and also indicate a nonzero residual photo-z error
for the high-redshift HSC galaxies. The significance of the
nonzero residual photo-z error and the consistency tests of
theseHSC cosmology results are studied andpresented in the
upcoming paper, Sugiyama et al. [125] using amock analysis
of these HSC cosmology analyses taking into account the
cross covariances between the different observables. Thus
the HSC results might suggest an unknown systematic error
in the photo-z estimates for high-redshift galaxies that are not
calibrated out by the COSMOS data. The upcoming spectro-
scopic samples to be delivered from the DESI20 and PFS
surveys [126] will be very powerful samples for calibrating
these high-redshift photo-z’s using the clustering redshift
method to higher redshifts, z≳ 1 [91]. If we can constrain the
photo-z systematics to the precision of σðΔzphÞ∼Oð10−2Þ,
we can significantly improve the precision of our S8 con-
straint even with the current HSC-Y3 data.
There are various directions to improve the cosmological

constraints in this paper. First of all the cosmological analysis
in this paper is based on the HSCYear 3 dataset of 416 deg2,
which is about one-third of the full HSC dataset covering
about 1; 100 deg2. Obviously, it is worth pursuing this
possible S8-tension with the full HSC dataset. In addition,
this paper uses the projected correlation function of theSDSS
galaxies for the joint analysis. In this paper we intentionally
did not include the BAO information or the redshift-space
distortion (RSD) effect that can be measured from the
redshift-space three-dimensional correlation function or
power spectrum. Since the BAO and RSD information are
very powerful probes of cosmological parameters, it would
be very interesting to explore a full joint analysis of the
galaxy-galaxy weak lensing, the cosmic shear and the
redshift-space power spectrum. In our future work, we will
do this, using an emulator-basedmethod similar to that in this
paper tomodel the redshift-space power spectrumof galaxies
based on the redshift-space halo power spectrumand the halo
occupation method [21]. Lastly, our method can be applied
for the Stage-IV surveys, i.e., ground-based survey: Vera C.
Rubin Observatory Legacy Survey of Space and Time
[LSST; [127]], and space-based surveys: Euclid [128] and
the Nancy Grace Roman space telescope [Roman; [129]], by
which statistical uncertainties will be significantly improved.
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APPENDIX A: MODEL VALIDATION
WITH MOCK GALAXY CATALOGS

In this section we describe the validation tests of our
modeling and analysis methods that we perform as one of
the unblinding criterion. Table IV summarizes the synthetic
data vectors used for validation tests. ForΔΣ and wp we use
the same data vector as described in Miyatake et al. [15]
except for the synthetic data labeled as “Δzph ¼ −0.2” and
“Δzph ¼ −0.2†.” For ξ�, we use the data vector described
in Sugiyama et al. [24]. Note that we take extreme cases
for the baryonic effect on ξ� by setting Abary ¼ 1.6 and

TABLE IV. A summary of mock signals used for the validation tests (see Miyatake et al. [15] for the details). All the mock catalogs,
except for “cent-imcomp.” and “FoF-halo” catalogs, have the same HOD in the average sense, but use the different ways to populate
galaxies into halos in N-body simulations. The column “satellite gals.” denotes a model of the spatial distribution of satellite galaxies in
the host halo. In the columns of ΔΣ, wp, and ξ�, “✓” or “ ” denote whether they are modified from the fiducial mock or not, respectively.
Note that the “assembly-b” and “assembly-b-ext” are the worst-case scenarios, where we implemented the overwhelmingly large
assembly bias in the sense that the catalogs give the larger clustering amplitudes in wp than those of the fiducial mocks (where the halo
bias is simply given by the host halo mass) by a factor of 1.3 and 1.5 for the mock LOWZ, CMASS1 and CMASS2 galaxies (Fig. 5 of
Miyatake et al. [15]).

Setup label HOD Satellite gals. ΔΣ wp ξ� Description

3 × 2 pt fid. NFW Fiducial model
2 × 2 pta fid. NFW Not

applicable
Without ξ�, using Δzph posterior from 3 × 2 pt analysis

as a prior
Cosmic sheara Not

applicable
Not

applicable
Not

applicable
Not

applicable
Without ΔΣ and wp, using Δzph posterior from

3 × 2 pt analysis as a prior

NonfidNsat fid. NFW ✓ ✓ Populate satellites irrespectively of centrals
Sat-dm-dist fid. DM part. ✓ ✓ Populate satellites according to N-body particles
Sat-sub fid. subhalos ✓ ✓ populate satellites according to subhalos

Off-cent1 fid. NFW ✓ ✓ All centrals off-centered, with Gaussian profile
Off-cent2 fid. NFW ✓ ✓ A fraction (0.34) of “off-centered” centrals, assuming

Gaussian profile
Off-cent3 fid. NFW ✓ ✓ Similar to “off-cent1,” but with NFW profile
Off-cent4 fid. NFW ✓ ✓ Similar to “off-cent2,” but with NFW profile

Baryon fid. NFW ✓ Mimic the baryonic effect of Illustris on the
halo mass profile

Assembly-b-ext fid. NFW ✓ ✓ Populate galaxies according to concentrations of host halos
Assembly-b fid. NFW ✓ ✓ Similar to “assembly-b-ext,” but introduce scatters

Cent-incomp. hNci mod. NFW ✓ ✓ Include an “incomplete” selection of centrals

FoF-halo mod. FoF halos ✓ Use FoF halos to populate galaxies

HMCode v2015 fid. NFW ✓ ξ� is generated by HMCode v2015 with Abary ¼ 1.6 or 2.8
HMCode v2020 fid. NFW ✓ ξ� is generated by HMCode v2020 with TAGN ¼ 7.3 or 8.3

Δzinph ¼ −0.2 fid. NFW ✓ ✓ ΔΣ and ξ� with Δzinph ¼ −0.2, analyzed
with a prior ΠðΔzphÞ ¼ Uð−1; 1Þ

Δzinph ¼ −0.2 fid. NFW ✓ ✓ ΔΣ and ξ� with Δzinph ¼ −0.2, analyzed
with a prior ΠðΔzphÞ ¼ N ð0; 0.1Þ

Fourth-order PSF fid. NFW ✓ Include the fourth-order moment PSF systematics into ξ�
aAn analysis using a prior of photo-z shift parameter derived from the baseline 3×2 pt analysis, given by ΠðΔzphÞ¼N ð−0.06;0.08Þ.
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TAGN ¼ 7.3. The detailed procedures to generate the
synthetic data vectors for “Δzinph ¼ −0.2” and “Δzinph ¼
−0.2†,” assuming that the estimated redshift distribution
of source galaxies is systematically lower than the true
distribution by jΔzinphj ¼ 0.2 are described in Appendix A
of Sugiyama et al. [24]. Here Δzinph ¼ −0.2 is about 2σ
away from the central value ofΔzph in our fiducial analysis,
i.e., Δzph ¼ −0.05� 0.09. Hence this validation test gives
the worst case scenario for the impact of residual photo-z
error. Note that the validation test for “Δzinph ¼ −0.2†”
assumes the informative prior of Δzph given by N ð0; 0.1Þ,
aimed at studying how the informative prior gives a biased
estimate in the cosmological parameters in the presence of
the photo-z bias given by Δzinph ¼ −0.2. We apply the
baseline analysis pipeline to each of the synthetic data
vector to estimate the cosmological parameters using the
covariance matrix for the HSC-Y3 data.
Figure 10 shows the summary of the validation tests.

As described in the main text, we do not find any
significant deviation from the input cosmological param-
eters, except for “assembly-b-ext,” “assembly-b,” and
“Δzph ¼ −0.2 †.” In “assembly-b-ext” and “assembly-b,”
we assume the large assembly bias amplitudes, so these
tests give the worst case scenario in our cosmological

constraints if the SDSS galaxies are affected by such
large assembly bias effects, although there has been no
detection of assembly bias for actual SDSS galaxies. As
described in Sec. VI B, a possible assembly bias sig-
nature can be identified from actual data analysis; if the
assembly bias effect exists, we expect that using the
different scale cuts of wp and ΔΣ in the cosmology
analysis would lead to a systematic shift in S8. For
example, if we employ the sufficiently large scale cuts
such as R ¼ ð8; 12Þh−1 Mpc for wp and ΔΣ, where
the linear theory or perturbation theory model is valid,
the cosmological parameters are safely recovered. For the
actual SDSS data, we did not observe such a systematic
shift in S8, so we concluded that the SDSS galaxies do
not display any evidence of the assembly bias effect.
The row of “Δzinph ¼ −0.2 †” in Fig. 10 shows a

significant bias in S8 by >1σ if we employ an inform-
ative Gaussian prior on Δzph given by N ð0; 0.1Þ even
when the photo-z bias given by Δzph ¼ −0.2 exists. On
the other hand, the row of “Δzinph ¼ −0.2�” shows that the
input cosmological parameters are safely recovered if we
employ an uninformative, flat prior ΠðΔzphÞ ¼ Uð−1; 1Þ
as our baseline analysis. Note that the photo-z bias
introduced in the data vector is also recovered in this
case. This means that the HSC-Y3 data has a calibration

FIG. 10. Summary of model validation tests for the 3 × 2 pt analysis. Constraints on cosmological parameters Ωm, σ8, and S8 and the
photo-z shift parameter Δzph are shown in each panel from left to right. The input cosmological parameters used for making synthetic
data vectors are indicated by the vertical dashed lines in the panels. The shaded regions are the 68% confidence intervals from the
constraints in the fiducial “3 × 2 pt” case.
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power of Δzph to the precision of σðΔzphÞ ∼ 0.1. Based
on these findings, we decided to implement an analysis
setup that uses the uninformative, flat prior of Δzph.
The row of “fourth-order PSF” shows the results

when including the fourth-moment PSF leakage and

fourth-moment PSF modeling error in the synthetic data
of ξ�. As described in Sugiyama et al. [24], we used the
method in Zhang et al. [94] to measure the fourth-
moment PSF leakage and fourth-moment PSF modeling
errors from the HSC source galaxy sample used in this

TABLE V. Summary of the main cosmological parameters constrained in this work,Ωm, σ8, and S8. The estimates are presented in the
format of modeþ68% upper

−68% lower (MAP, mean). The analysis setup for each row is summarized in Table III.

Ωm σ8 S8

3 × 2 pt 0.382þ0.031
−0.047 ð0.401; 0.367Þ 0.685þ0.035

−0.026 ð0.696; 0.696Þ 0.763þ0.040
−0.036 ð0.805; 0.768Þ

2 × 2 pta 0.397þ0.025
−0.040 ð0.413; 0.382Þ 0.683þ0.030

−0.024 ð0.678; 0.693Þ 0.776þ0.032
−0.027 ð0.796; 0.780Þ

Cosmic sheara 0.380þ0.095
−0.089 ð0.454; 0.375Þ 0.632þ0.103

−0.066 ð0.623; 0.674Þ 0.735þ0.039
−0.040 ð0.767; 0.737Þ

3 × 2 pt, Rmin ¼ ð4; 6Þh−1 Mpca 0.312þ0.044
−0.040 ð0.347; 0.318Þ 0.759þ0.056

−0.050 ð0.753; 0.767Þ 0.785þ0.028
−0.028 ð0.809; 0.785Þ

3 × 2 pt, Rmin ¼ ð8; 12Þh−1 Mpca 0.355þ0.037
−0.053 ð0.405; 0.341Þ 0.690þ0.070

−0.035 ð0.660; 0.721Þ 0.760þ0.035
−0.029 ð0.767; 0.763Þ

3 × 2 pt, w/o LOWZ 0.374þ0.031
−0.054 ð0.398; 0.357Þ 0.708þ0.040

−0.032 ð0.684; 0.718Þ 0.785þ0.043
−0.053 ð0.788; 0.781Þ

3 × 2 pt, w/o CMASS1 0.380þ0.030
−0.048 ð0.415; 0.367Þ 0.670þ0.031

−0.029 ð0.658; 0.675Þ 0.742þ0.041
−0.038 ð0.774; 0.745Þ

3 × 2 pt, w/o CMASS2 0.364þ0.041
−0.039 ð0.447; 0.364Þ 0.690þ0.036

−0.030 ð0.682; 0.699Þ 0.764þ0.036
−0.036 ð0.833; 0.767Þ

2 × 2 pt, w/o LOWZa
0.389þ0.028

−0.049 ð0.400; 0.374Þ 0.700þ0.039
−0.030 ð0.718; 0.713Þ 0.792þ0.034

−0.035 ð0.830; 0.793Þ
2 × 2 pt, w/o CMASS1a 0.381þ0.032

−0.047 ð0.402; 0.371Þ 0.677þ0.036
−0.028 ð0.653; 0.688Þ 0.760þ0.032

−0.031 ð0.756; 0.762Þ
2 × 2 pt, w/o CMASS2a 0.358þ0.055

−0.035 ð0.423; 0.369Þ 0.694þ0.039
−0.029 ð0.673; 0.705Þ 0.774þ0.033

−0.032 ð0.800; 0.779Þ
No photo-z error 0.394þ0.023

−0.031 ð0.394; 0.383Þ 0.690þ0.026
−0.021 ð0.693; 0.699Þ 0.791þ0.018

−0.020 ð0.794; 0.788Þ
No shear error 0.383þ0.027

−0.044 ð0.366; 0.369Þ 0.687þ0.028
−0.025 ð0.693; 0.694Þ 0.765þ0.038

−0.035 ð0.765; 0.768Þ
Fix mag. bias 0.381þ0.029

−0.045 ð0.407; 0.367Þ 0.686þ0.032
−0.025 ð0.688; 0.696Þ 0.766þ0.037

−0.035 ð0.801; 0.769Þ
No PSF error 0.393þ0.024

−0.043 ð0.408; 0.375Þ 0.684þ0.029
−0.025 ð0.681; 0.690Þ 0.768þ0.037

−0.035 ð0.794; 0.770Þ
No IA 0.374þ0.032

−0.040 ð0.358; 0.366Þ 0.688þ0.031
−0.024 ð0.692; 0.696Þ 0.766þ0.035

−0.036 ð0.756; 0.767Þ
Extreme IA 0.385þ0.027

−0.046 ð0.373; 0.369Þ 0.687þ0.029
−0.024 ð0.684; 0.694Þ 0.766þ0.037

−0.037 ð0.763; 0.768Þ
3 × 2 pt † 0.389þ0.025

−0.036 ð0.394; 0.378Þ 0.689þ0.025
−0.025 ð0.692; 0.694Þ 0.773þ0.031

−0.027 ð0.794; 0.777Þ
2 × 2 pt † 0.397þ0.024

−0.042 ð0.355; 0.381Þ 0.690þ0.030
−0.025 ð0.728; 0.699Þ 0.779þ0.035

−0.028 ð0.792; 0.786Þ
Cosmic shear 0.451þ0.089

−0.108 ð0.509; 0.387Þ 0.624þ0.113
−0.063 ð0.611; 0.688Þ 0.756þ0.044

−0.043 ð0.795; 0.760Þ
2 × 2 pt 0.375þ0.029

−0.039 ð0.371; 0.364Þ 0.655þ0.028
−0.030 ð0.652; 0.661Þ 0.719þ0.039

−0.034 ð0.725; 0.727Þ
Cosmic shear 0.228þ0.164

−0.070 ð0.280; 0.299Þ 0.655þ0.135
−0.109 ð0.710; 0.691Þ 0.624þ0.094

−0.070 ð0.686; 0.660Þ
XMM ð∼33 deg2Þa 0.356þ0.031

−0.044 ð0.361; 0.345Þ 0.641þ0.037
−0.033 ð0.647; 0.642Þ 0.693þ0.050

−0.055 ð0.710; 0.688Þ
GAMA15H ð∼41 deg2Þa 0.344þ0.042

−0.035 ð0.368; 0.347Þ 0.708þ0.046
−0.040 ð0.707; 0.714Þ 0.768þ0.046

−0.047 ð0.782; 0.766Þ
HECTOMAP ð∼43 deg2Þa 0.382þ0.029

−0.043 ð0.398; 0.370Þ 0.708þ0.043
−0.035 ð0.725; 0.717Þ 0.794þ0.045

−0.042 ð0.835; 0.795Þ
GAMA09H ð∼78 deg2Þa 0.387þ0.029

−0.042 ð0.411; 0.375Þ 0.681þ0.042
−0.029 ð0.663; 0.693Þ 0.773þ0.044

−0.041 ð0.776; 0.774Þ
VVDS ð∼96 deg2Þa 0.356þ0.030

−0.043 ð0.373; 0.346Þ 0.650þ0.034
−0.030 ð0.643; 0.659Þ 0.704þ0.038

−0.037 ð0.717; 0.705Þ
WIDE12H ð∼121 deg2Þa 0.333þ0.045

−0.030 ð0.326; 0.340Þ 0.698þ0.039
−0.034 ð0.735; 0.706Þ 0.744þ0.038

−0.029 ð0.765; 0.749Þ
DEmPZ & WX 0.374þ0.030

−0.040 ð0.403; 0.364Þ 0.682þ0.030
−0.024 ð0.673; 0.690Þ 0.758þ0.034

−0.038 ð0.780; 0.757Þ
Mizuki 0.383þ0.028

−0.039 ð0.371; 0.370Þ 0.678þ0.024
−0.023 ð0.681; 0.682Þ 0.757þ0.031

−0.033 ð0.757; 0.756Þ
DNNZ 0.381þ0.031

−0.044 ð0.390; 0.368Þ 0.696þ0.043
−0.026 ð0.710; 0.711Þ 0.784þ0.042

−0.040 ð0.810; 0.786Þ
W/o star weight 0.371þ0.029

−0.041 ð0.382; 0.360Þ 0.690þ0.031
−0.026 ð0.679; 0.698Þ 0.765þ0.033

−0.039 ð0.766; 0.763Þ
Offcentering 0.386þ0.026

−0.039 ð0.378; 0.373Þ 0.685þ0.028
−0.022 ð0.682; 0.691Þ 0.767þ0.037

−0.032 ð0.766; 0.770Þ
Incompleteness 0.381þ0.027

−0.041 ð0.406; 0.368Þ 0.694þ0.030
−0.024 ð0.679; 0.701Þ 0.776þ0.032

−0.037 ð0.790; 0.775Þ
σðΔmÞ ¼ 0.1 prior 0.381þ0.028

−0.044 ð0.401; 0.368Þ 0.685þ0.032
−0.024 ð0.701; 0.694Þ 0.765þ0.036

−0.037 ð0.811; 0.767Þ
σðΔzphÞ ¼ 0.2 prior 0.387þ0.025

−0.045 ð0.395; 0.372Þ 0.683þ0.031
−0.020 ð0.697; 0.693Þ 0.768þ0.032

−0.034 ð0.800; 0.769Þ
2 cosmo paras 0.359þ0.018

−0.019 ð0.367; 0.356Þ 0.691þ0.023
−0.021 ð0.703; 0.695Þ 0.756þ0.031

−0.028 ð0.778; 0.757Þ
aAn analysis using a prior of photo-z shift parameter derived from the baseline 3×2 pt analysis, given by ΠðΔzphÞ¼N ð−0.06;0.08Þ.
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paper. Then we include the measured PSF systematics
contamination in the synthetic data of ξ� and then
apply the baseline analysis pipeline to the synthetic data
vector including wp and ΔΣ. The result shows that the
cosmological constraints are not affected by the PSF
systematics. The impact is smaller than that found from
the cosmic shear analyses of HSC-Y3 data [25,26],
because the constraining power in our 3 × 2 pt analysis
is mainly from the clustering information of SDSS
galaxies, not from the cosmic shear signal.

APPENDIX B: DETAILS OF INTERNAL
CONSISTENCY TESTS

In this section we show the results for various consis-
tency tests for the different analysis setups and/or different
subsets of the data vector, as listed in Table III. Table V
shows the mean and 68% upper and lower credible intervals
with the MAP in parenthesis, i.e., the numbers plotted in
Fig. 4. Figures 11–22 show the one- or two-dimensional
posterior distributions of the different analysis setups in
which the same kind of consistency tests are grouped and
compared with the fiducial 3 × 2 pt analysis.

FIG. 11. The posterior distributions for baseline “3 × 2 pt,”
“2 × 2 pt�,” and “cosmic shear�” analysis setups in Table III. The
contours show the 68% and 96% credible intervals. The con-
straints from “2 × 2 pt�” and “cosmic shear�” are consistent with
the “3 × 2 pt” analysis. Note that since we use the prior on the
residual photo-z errors (Δzph) for “2 × 2 pt�” and “cosmic
shear�” derived from the “3 × 2 pt” analysis, the constraining
power of “2 × 2 pt�” is similar to “3 × 2 pt,” but that of “cosmic
shear�” is still weaker than “3 × 2 pt.” For the constraints from
the 2 × 2 pt and cosmic shear analysis with the uniform prior on
Δzph, see the left panel in Fig. 6.

FIG. 12. Similar to Fig. 11, but the results from “3 × 2 pt, w/o
LOWZ,” “3 × 2 pt, w/o CMASS1,” and “3 × 2 pt, w/o
CMASS2” analysis setups in Table III. We do not see any
significant changes in the cosmological constraints from the
baseline “3 × 2 pt” analysis when excluding one of the lens
samples in our analysis.

FIG. 13. Similar to Fig. 11, but the results from “2 × 2 pt, w/o
LOWZ�,” “2 × 2 pt, w/o CMASS1*,” and “2 × 2 pt, w/o
CMASS2*” analysis setups in Table III. We do not see any
significant changes in the cosmological constraints from the
baseline “3 × 2 pt” analysis when excluding one of the lens
samples in our analysis.
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FIG. 14. Similar to Fig. 11, but the results from “no photo-z
error,” “no shear error,” and “fix mag. bias” analysis setups in
Table III. When the source redshift distribution is fixed, corre-
sponding to the case “no photo error,” the credible interval of the
cosmological parameters are significantly tightened, but the
central values are shifted. In particular, fixing the source redshift
distribution as indicated from the photo-z estimates rather than
using the flat prior ΠðΔzphÞ ¼ Uð−1; 1Þ in our baseline analysis
leads to a higher value of S8 than that of the baseline analysis. We
do not see any significant changes in the cosmological constraints
for the other cases.

FIG. 15. Similar to Fig. 11, but the results from “no PSF error,”
“no IA error,” and “extreme IA” analysis setups in Table III. For
these setups, we do not see any significant changes in the
cosmological constraints from the baseline analysis.

FIG. 16. Similar to Fig. 11, but the results from “3 × 2 pt†,”
“2 × 2 pt†,” and “cosmic shear†” analysis setups in Table III.
Here the analyses with superscript † uses the Gaussian prior on
the photo-z error prior parameter, ΠðΔzphÞ ¼ N ð0; 0.1Þ. The use
of the Gaussian prior still affects the S8 constraints for the
“3 × 2 pt†,” “2 × 2 pt†” analyses.
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FIG. 18. Similar to Fig. 11, but the results from “DEmPZ&WX,”
“Mizuki,” and “DNNZ” analysis setups in Table III. “The DNNZ”
analysis exhibits the largest deviation in S8, but it is still ∼0.5σ.

FIG. 19. Similar to Fig. 11, but the results from “w/o star
weight” analysis setup in Table III. We do not see any significant
changes in the cosmological constraints in the “w/o star weight”
analysis.

FIG. 20. Similar to Fig. 11, but the results from “off-centering”
and “incompleteness” analysis setups in Table III. We do not see
any significant changes in the cosmological constraints in these
analysis.

FIG. 17. Similar to Fig. 11, but the results from “XMM
ð∼33 deg2Þ�,” “GAMA15H ð∼41 deg2Þ�,” “HECTOMAP
ð∼43 deg2Þ�,” “GAMA09H ð∼78 deg2Þ�,” “VVDS ð∼96 deg2Þ�,”
and “WIDE12H ð∼121 deg2Þ�” analysis setups in Table III. Given
that the analyses of each field are almost uncorrelated, the cosmo-
logical constraints are consistent with each other.
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FIG. 22. Similar to Fig. 11, but the results from “2 cosmo
paras” analysis setup in Table III. Note that this is the post-
unblinding analyses. When fixing cosmological parameters other
than Ωde and lnð1010AsÞ to the Planck CMB constraints [11], we
obtain better cosmological constraints, but the shift in Δzph is
unchanged.

FIG. 21. Similar to Fig. 11, but the results from “σðΔmÞ ¼ 0.1
prior” and “σðΔzphÞ ¼ 0.2 prior” analysis setups in Table III.
Note that these are the postunblinding analyses. We do not see a
significant change in the “σðΔmÞ ¼ 0.1 prior” analysis, meaning
that the degradation of constraining power is mostly due to the
use of flat prior on the residual photo-z errors. We see only a
slight change in the “σðΔzphÞ ¼ 0.2” analysis without improve-
ment in the constraining power. This means that with this prior
width, we are reaching to the limit of the flat prior.
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APPENDIX C: POSTERIOR DISTRIBUTIONS OF ALL PARAMETERS

Figure 23 shows the posterior distribution of all parameters sampled in our baseline analysis.

FIG. 23. The posterior distributions of all parameters sampled in the baseline 3 × 2 pt analysis.
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APPENDIX D: ROBUSTNESS
OF PARAMETER SAMPLING

1. Nestcheck

In this section, we present the results of the convergence
test of MultiNest sampling for the baseline 3 × 2 pt
analysis. We use the nestcheck diagnostic to test the
convergence of the MultiNest chain, implemented as
nestcheck [131]. Figure 24 shows the result of the
convergence test by nestcheck for the main cosmologi-
cal parameters, Ωm, σ8, and S8. In the top-right panel, we
can see that the chain covers sufficient posterior volume.

The left panels show the uncertainty of the posterior
distributions, estimated by bootstrapping the original
MultiNest chain, and indicating that our estimate of
the posterior distributions is robust.

2. Sampler difference

As an additional test of convergence of our parameter
estimates, we compare the result of the nested sampling by
MultiNest to the result with the standard Metropolis
algorithm in Fig. 25. The difference between the posterior
estimates is almost negligible (the difference in mode and
68% credible internal is ∼2% for S8), and thus we conclude
that our parameter inference by MultiNest is robust.

[1] S. Dodelson and F. Schmidt,Modern Cosmology (Elsevier,
London, 2020).

[2] D. H. Weinberg, M. J. Mortonson, D. J. Eisenstein, C.
Hirata, A. G. Riess, and E. Rozo, Observational probes
of cosmic acceleration, Phys. Rep. 530, 87 (2013).

[3] H. Aihara, N. Arimoto, R. Armstrong, S. Arnouts, N. A.
Bahcall et al., The Hyper Suprime-Cam SSP survey:
Overview and survey design, Publ. Astron. Soc. Jpn. 70,
S4 (2018).

[4] C. Hikage, M. Oguri, T. Hamana, S. More, R. Mandelbaum,
M. Takada, F. Köhlinger et al., Cosmology from cosmic
shear power spectra with Subaru Hyper Suprime-Cam first-
year data, Publ. Astron. Soc. Jpn. 71, 43 (2019).

[5] T. Hamana, M. Shirasaki, S. Miyazaki, C. Hikage, M.
Oguri, S. More, R. Armstrong et al., Cosmological con-
straints from cosmic shear two-point correlation functions
with HSC survey first-year data, Publ. Astron. Soc. Jpn.
72, 16 (2020).

FIG. 24. The result of nestcheck [132] for the baseline
3 × 2 pt analysis, sampled in the real data analysis. The top panel
shows the posterior volume as a function of the prior volume, X.
The left panels show the uncertainty of the posterior distribution
from an input nested sampling chain, where the uncertainty is
estimated by bootstrapping the chain.

FIG. 25. The comparison of posterior estimates of our baseline
analysis from the nested sampling by MultiNest and the
Markov Chain Monte Carlo sampling by the standard Metropolis
algorithm. We do not see significant difference in the cosmo-
logical constraints from MultiNest and the Metropolis algo-
rithm, meaning MultiNest provides sufficiently accurate
estimate of credible levels.

HIRONAO MIYATAKE et al. PHYS. REV. D 108, 123517 (2023)

123517-38

https://doi.org/10.1016/j.physrep.2013.05.001
https://doi.org/10.1093/pasj/psx066
https://doi.org/10.1093/pasj/psx066
https://doi.org/10.1093/pasj/psz010
https://doi.org/10.1093/pasj/psz138
https://doi.org/10.1093/pasj/psz138


[6] H. Miyatake, S. Sugiyama, M. Takada, T. Nishimichi, M.
Shirasaki et al., Cosmological inference from an emulator
based halo model. II. Joint analysis of galaxy-galaxy weak
lensing and galaxy clustering from HSC-Y1 and SDSS,
Phys. Rev. D 106, 083520 (2022).

[7] S. Sugiyama, M. Takada, H. Miyatake, T. Nishimichi, M.
Shirasaki et al., HSC Year 1 cosmology results with the
minimal bias method: HSC × BOSS galaxy-galaxy weak
lensing and BOSS galaxy clustering, Phys. Rev. D 105,
123537 (2022).

[8] T. M. C. Abbott, M. Aguena, A. Alarcon, S. Allam, O.
Alves et al., Dark Energy Survey Year 3 results: Cosmo-
logical constraints from galaxy clustering and weak
lensing, Phys. Rev. D 105, 023520 (2022).

[9] C. Heymans, T. Tröster, M. Asgari, C. Blake, H.
Hildebrandt et al., KiDS-1000 cosmology: Multi-probe
weak gravitational lensing and spectroscopic galaxy clus-
tering constraints, Astron. Astrophys. 646, A140 (2021).

[10] E. Abdalla, G. F. Abellán, A. Aboubrahim, A. Agnello, Ö.
Akarsu et al., Cosmology intertwined: A review of the
particle physics, astrophysics, and cosmology associated
with the cosmological tensions and anomalies, J. High
Energy Astrophys. 34, 49 (2022).

[11] N. Aghanim, Y. Akrami, M. Ashdown, J. Aumont, C.
Baccigalupi, M. Ballardini et al. (Planck Collaboration),
Planck 2018 results. VI. Cosmological parameters, Astron.
Astrophys. 641, A6 (2020).

[12] A. J. Nishizawa, B.-C. Hsieh, M. Tanaka, and T. Takata,
Photometric redshifts for the Hyper Suprime-Cam Subaru
Strategic Program data release 2, arXiv:2003.01511.

[13] N. Kaiser, On the spatial correlations of Abell clusters,
Astrophys. J. Lett. 284, L9 (1984).

[14] M. Oguri and M. Takada, Combining cluster observables
and stacked weak lensing to probe dark energy: Self-
calibration of systematic uncertainties, Phys. Rev. D 83,
023008 (2011).

[15] H. Miyatake, Y. Kobayashi, M. Takada, T. Nishimichi, M.
Shirasaki, S. Sugiyama, R. Takahashi, K. Osato, S. More,
and Y. Park, Cosmological inference from an emulator
based halo model. I. Validation tests with HSC and SDSS
mock catalogs, Phys. Rev. D 106, 083519 (2022).

[16] U. Seljak, Analytic model for galaxy and dark matter
clustering, Mon. Not. R. Astron. Soc. 318, 203 (2000).

[17] C. Ma and J. N. Fry, Deriving the nonlinear cosmological
power spectrum and bispectrum from analytic dark matter
halo profiles and mass functions, Astrophys. J. 543, 503
(2000).

[18] J. A. Peacock and R. E. Smith, Halo occupation numbers
and galaxy bias, Mon. Not. R. Astron. Soc. 318, 1144
(2000).

[19] R. Scoccimarro, R. K. Sheth, L. Hui, and B. Jain, How
many galaxies fit in a halo? Constraints on galaxy
formation efficiency from spatial clustering, Astrophys.
J. 546, 20 (2001).

[20] T. Nishimichi, M. Takada, R. Takahashi, K. Osato, M.
Shirasaki et al., Dark quest. I. Fast and accurate emulation
of halo clustering statistics and its application to galaxy
clustering, Astrophys. J. 884, 29 (2019).

[21] Y. Kobayashi, T. Nishimichi, M. Takada, and H. Miyatake,
Full-shape cosmology analysis of the SDSS-III BOSS

galaxy power spectrum using an emulator-based halo
model: A 5% determination of σ8, Phys. Rev. D 105,
083517 (2022).

[22] C. Heymans, T. Tröster, M. Asgari, C. Blake, H.
Hildebrandt et al., KiDS-1000 cosmology: Multi-probe
weak gravitational lensing and spectroscopic galaxy
clustering constraints, Astron. Astrophys. 646, A140
(2021).

[23] S. More, S. Sugiyama, H. Miyatake, M. M. Rau, M.
Shirasaki et al., Hyper Suprime-Cam Year 3 results:
Measurements of clustering of SDSS-boss galaxies, gal-
axy-galaxy lensing and cosmic shear, arXiv:2304.00703.

[24] S. Sugiyama, H. Miyatake, S. More, X. Li, M. Shirasaki
et al., Hyper Suprime-Cam Year 3 results: Cosmology
from galaxy clustering and weak lensing with HSC and
SDSS using the minimal bias model, arXiv:2304.00705.

[25] X. Li, T. Zhang, S. Sugiyama, R. Dalal, M. M. Rau et al.,
Hyper Suprime-Cam Year 3 results: Cosmology from
cosmic shear two-point correlation functions, arXiv:
2304.00702.

[26] R. Dalal, X. Li, A. Nicola, J. Zuntz, M. A. Strauss et al.,
Hyper Suprime-Cam Year 3 results: Cosmology from
cosmic shear power spectra, arXiv:2304.00701.

[27] S. Miyazaki, Y. Komiyama, S. Kawanomoto, Y. Doi, H.
Furusawa, T. Hamana, Y. Hayashi et al., Hyper Suprime-
Cam: System design and verification of image quality,
Publ. Astron. Soc. Jpn. 70, S1 (2018).

[28] Y. Komiyama, Y. Obuchi, H. Nakaya, Y. Kamata, S.
Kawanomoto, Y. Utsumi, S. Miyazaki et al., Hyper
Suprime-Cam: Camera dewar design, Publ. Astron. Soc.
Jpn. 70, S2 (2018).

[29] H. Furusawa, M. Koike, T. Takata, Y. Okura, H. Miyatake,
R. H. Lupton, S. Bickerton et al., The on-site quality-
assurance system for Hyper Suprime-Cam: OSQAH, Publ.
Astron. Soc. Jpn. 70, S3 (2018).

[30] S. Kawanomoto, F. Uraguchi, Y. Komiyama, S. Miyazaki,
H. Furusawa, F. Finet, T. Hattori et al., Hyper Suprime-
Cam: Filters, Publ. Astron. Soc. Jpn. 70, 66 (2018).

[31] X. Li, H. Miyatake, W. Luo, S. More, M. Oguri et al.,
The three-year shear catalog of the Subaru Hyper
Suprime-Cam SSP survey, Publ. Astron. Soc. Jpn. 74,
421 (2022).

[32] A. Nishizawa et al. (to be published).
[33] J. Bosch, R. Armstrong, S. Bickerton, H. Furusawa, H.

Ikeda et al., The Hyper Suprime-Cam software pipeline,
Publ. Astron. Soc. Jpn. 70, S5 (2018).

[34] R. Mandelbaum, H. Miyatake, T. Hamana, M. Oguri, M.
Simet et al., The first-year shear catalog of the Subaru
Hyper Suprime-Cam Subaru Strategic Program survey,
Publ. Astron. Soc. Jpn. 70, S25 (2018).

[35] R. Mandelbaum, F. Lanusse, A. Leauthaud, R. Armstrong,
M. Simet et al., Weak lensing shear calibration with
simulations of the HSC survey, Mon. Not. R. Astron.
Soc. 481, 3170 (2018).

[36] M. Tanaka, Photometric redshift with Bayesian priors on
physical properties of galaxies, Astrophys. J. 801, 20
(2015).

[37] B. C. Hsieh and H. K. C. Yee, Estimating luminosities and
stellar masses of galaxies photometrically without deter-
mining redshifts, Astrophys. J. 792, 102 (2014).

HYPER SUPRIME-CAM YEAR 3 RESULTS: COSMOLOGY FROM … PHYS. REV. D 108, 123517 (2023)

123517-39

https://doi.org/10.1103/PhysRevD.106.083520
https://doi.org/10.1103/PhysRevD.105.123537
https://doi.org/10.1103/PhysRevD.105.123537
https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.1051/0004-6361/202039063
https://doi.org/10.1016/j.jheap.2022.04.002
https://doi.org/10.1016/j.jheap.2022.04.002
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arXiv.org/abs/2003.01511
https://doi.org/10.1086/184341
https://doi.org/10.1103/PhysRevD.83.023008
https://doi.org/10.1103/PhysRevD.83.023008
https://doi.org/10.1103/PhysRevD.106.083519
https://doi.org/10.1046/j.1365-8711.2000.03715.x
https://doi.org/10.1086/317146
https://doi.org/10.1086/317146
https://doi.org/10.1046/j.1365-8711.2000.03779.x
https://doi.org/10.1046/j.1365-8711.2000.03779.x
https://doi.org/10.1086/318261
https://doi.org/10.1086/318261
https://doi.org/10.3847/1538-4357/ab3719
https://doi.org/10.1103/PhysRevD.105.083517
https://doi.org/10.1103/PhysRevD.105.083517
https://doi.org/10.1051/0004-6361/202039063
https://doi.org/10.1051/0004-6361/202039063
https://arXiv.org/abs/2304.00703
https://arXiv.org/abs/2304.00705
https://arXiv.org/abs/2304.00702
https://arXiv.org/abs/2304.00702
https://arXiv.org/abs/2304.00701
https://doi.org/10.1093/pasj/psx063
https://doi.org/10.1093/pasj/psx069
https://doi.org/10.1093/pasj/psx069
https://doi.org/10.1093/pasj/psx079
https://doi.org/10.1093/pasj/psx079
https://doi.org/10.1093/pasj/psy056
https://doi.org/10.1093/pasj/psac006
https://doi.org/10.1093/pasj/psac006
https://doi.org/10.1093/pasj/psx080
https://doi.org/10.1093/pasj/psx130
https://doi.org/10.1093/mnras/sty2420
https://doi.org/10.1093/mnras/sty2420
https://doi.org/10.1088/0004-637X/801/1/20
https://doi.org/10.1088/0004-637X/801/1/20
https://doi.org/10.1088/0004-637X/792/2/102


[38] M. Oguri, A cluster finding algorithm based on the
multiband identification of red sequence galaxies, Mon.
Not. R. Astron. Soc. 444, 147 (2014).

[39] E. Medezinski, M. Oguri, A. J. Nishizawa, J. S. Speagle,
H. Miyatake et al., Source selection for cluster weak
lensing measurements in the Hyper Suprime-Cam survey,
Publ. Astron. Soc. Jpn. 70, 30 (2018).

[40] H. Miyatake, N. Battaglia, M. Hilton, E. Medezinski, A. J.
Nishizawa, S. More, S. Aiola et al., Weak-lensing mass
calibration of ACTPol Sunyaev-Zel’dovich clusters with
the Hyper Suprime-Cam survey, Astrophys. J. 875, 63
(2019).

[41] S. Alam, F. D. Albareti, C. Allende Prieto, F. Anders, S. F.
Anderson et al., The eleventh and twelfth data releases of
the Sloan Digital Sky Survey: Final data from SDSS-III,
Astrophys. J. Suppl. Ser. 219, 12 (2015).

[42] K. S. Dawson, D. J. Schlegel, C. P. Ahn, S. F. Anderson, É.
Aubourg, S. Bailey, R. H. Barkhouser et al., The Baryon
Oscillation Spectroscopic Survey of SDSS-III, Astron. J.
145, 10 (2013).

[43] H. Miyatake, S. More, R. Mandelbaum, M. Takada, D. N.
Spergel, J.-P. Kneib, D. P. Schneider, J. Brinkmann, and
J. R. Brownstein, The weak lensing signal and the cluster-
ing of BOSS galaxies. I. Measurements, Astrophys. J. 806,
1 (2015).

[44] K. N. Abazajian, J. K. Adelman-McCarthy, M. A.
Agüeros, S. S. Allam, C. Allende Prieto et al., The seventh
data release of the Sloan Digital Sky Survey, Astrophys. J.
Suppl. Ser. 182, 543 (2009).

[45] J. E. Gunn, W. A. Siegmund, E. J. Mannery, R. E. Owen,
C. L. Hull et al., The 2.5 m telescope of the Sloan Digital
Sky Survey, Astron. J. 131, 2332 (2006).

[46] M. Fukugita, T. Ichikawa, J. E. Gunn, M. Doi, K.
Shimasaku, and D. P. Schneider, The Sloan Digital Sky
Survey photometric system, Astron. J. 111, 1748 (1996).

[47] J. A. Smith, D. L. Tucker, S. Kent, M.W. Richmond, M.
Fukugita et al., The ugriz standard-star system, Astron. J.
123, 2121 (2002).

[48] M. Doi, M. Tanaka, M. Fukugita, J. E. Gunn, N. Yasuda
et al., Photometric response functions of the Sloan Digital
Sky Survey imager, Astron. J. 139, 1628 (2010).

[49] D. J. Eisenstein, D. H. Weinberg, E. Agol, H. Aihara, C.
Allende Prieto et al., SDSS-III: Massive spectroscopic
surveys of the distant universe, the Milky Way, and extra-
Solar planetary systems, Astron. J. 142, 72 (2011).

[50] C. P. Ahn, R. Alexandroff, C. Allende Prieto, S. F.
Anderson, T. Anderton et al., The ninth data release of
the Sloan Digital Sky Survey: First spectroscopic data from
the SDSS-III Baryon Oscillation Spectroscopic Survey,
Astrophys. J. Suppl. Ser. 203, 21 (2012).

[51] H. Aihara, C. Allende Prieto, D. An, S. F. Anderson, É.
Aubourg et al., The eighth data release of the Sloan Digital
Sky Survey: First data from SDSS-III, Astrophys. J. Suppl.
Ser. 193, 29 (2011).

[52] R. Lupton, J. E. Gunn, Z. Ivezić, G. R. Knapp, and S. Kent,
The SDSS imaging pipelines, ASP Conf. Ser. 238, 269
(2001), https://ui.adsabs.harvard.edu/abs/2001ASPC..238.
.269L/abstract.

[53] J. R. Pier, J. A. Munn, R. B. Hindsley, G. S. Hennessy,
S. M. Kent, R. H. Lupton, and Ž. Ivezić, Astrometric

calibration of the Sloan Digital Sky Survey, Astron. J.
125, 1559 (2003).

[54] N. Padmanabhan, D. J. Schlegel, D. P. Finkbeiner, J. C.
Barentine, M. R. Blanton et al., An improved photometric
calibration of the Sloan Digital Sky Survey imaging data,
Astrophys. J. 674, 1217 (2008).

[55] D. J. Schlegel, D. P. Finkbeiner, and M. Davis, Maps of
dust infrared emission for use in estimation of reddening
and cosmic microwave background radiation foregrounds,
Astrophys. J. 500, 525 (1998).

[56] A. S. Bolton, D. J. Schlegel, É. Aubourg, S. Bailey, V.
Bhardwaj et al., Spectral classification and redshift meas-
urement for the SDSS-III Baryon Oscillation Spectro-
scopic Survey, Astron. J. 144, 144 (2012).

[57] L. Anderson, É. Aubourg, S. Bailey, F. Beutler, V.
Bhardwaj et al., The clustering of galaxies in the SDSS-
III Baryon Oscillation Spectroscopic survey: Baryon
acoustic oscillations in the data releases 10 and 11 galaxy
samples, Mon. Not. R. Astron. Soc. 441, 24 (2014).

[58] I. Esteban, M. C. Gonzalez-Garcia, A. Hernandez-
Cabezudo, M. Maltoni, and T. Schwetz, Global analysis
of three-flavour neutrino oscillations: Synergies and ten-
sions in the determination of θ23, δCP, and the mass
ordering, J. High Energy Phys. 01 (2019) 106.

[59] A. Lewis, A. Challinor, and A. Lasenby, Efficient compu-
tation of CMB anisotropies in closed FRW models,
Astrophys. J. 538, 473 (2000).

[60] P. S. Behroozi, R. H. Wechsler, and H.-Y. Wu, The Rock-
star phase-space temporal halo finder and the velocity
offsets of cluster cores, Astrophys. J. 762, 109 (2013).

[61] J. L. Tinker, B. E. Robertson, A. V. Kravtsov, A. Klypin,
M. S. Warren, G. Yepes, and S. Gottlöber, The large-scale
bias of dark matter halos: Numerical calibration and model
tests, Astrophys. J. 724, 878 (2010).

[62] J. Lesgourgues, The Cosmic Linear Anisotropy Solving
System (CLASS) I: Overview, arXiv:1104.2932.

[63] D. Blas, J. Lesgourgues, and T. Tram, The Cosmic Linear
Anisotropy Solving System (CLASS). Part II: Approxima-
tion schemes, J. Cosmol. Astropart. Phys. 07 (2011) 034.

[64] R. Mandelbaum, A. Tasitsiomi, U. Seljak, A. V. Kravtsov,
and R. H. Wechsler, Galaxy-galaxy lensing: Dissipation-
less simulations versus the halo model, Mon. Not. R.
Astron. Soc. 362, 1451 (2005).

[65] G. M. Bernstein and M. Jarvis, Shapes and shears, stars
and smears: Optimal measurements for weak lensing,
Astron. J. 123, 583 (2002).

[66] R. Mandelbaum, A. Slosar, T. Baldauf, U. Seljak, C. M.
Hirata, R. Nakajima, R. Reyes, and R. E. Smith, Cosmo-
logical parameter constraints from galaxy-galaxy lensing
and galaxy clustering with the SDSS DR7, Mon. Not. R.
Astron. Soc. 432, 1544 (2013).

[67] M. Shirasaki, M. Takada, H. Miyatake, R. Takahashi, T.
Hamana, T. Nishimichi, and R. Murata, Robust covariance
estimation of galaxy-galaxy weak lensing: Validation and
limitation of jackknife covariance, Mon. Not. R. Astron.
Soc. 470, 3476 (2017).

[68] S. Unruh, P. Schneider, S. Hilbert, P. Simon, S. Martin, and
J. C. Puertas, The importance of magnification effects in
galaxy-galaxy lensing, Astron. Astrophys. 638, A96
(2020).

HIRONAO MIYATAKE et al. PHYS. REV. D 108, 123517 (2023)

123517-40

https://doi.org/10.1093/mnras/stu1446
https://doi.org/10.1093/mnras/stu1446
https://doi.org/10.1093/pasj/psy009
https://doi.org/10.3847/1538-4357/ab0af0
https://doi.org/10.3847/1538-4357/ab0af0
https://doi.org/10.1088/0067-0049/219/1/12
https://doi.org/10.1088/0004-6256/145/1/10
https://doi.org/10.1088/0004-6256/145/1/10
https://doi.org/10.1088/0004-637X/806/1/1
https://doi.org/10.1088/0004-637X/806/1/1
https://doi.org/10.1088/0067-0049/182/2/543
https://doi.org/10.1088/0067-0049/182/2/543
https://doi.org/10.1086/500975
https://doi.org/10.1086/117915
https://doi.org/10.1086/339311
https://doi.org/10.1086/339311
https://doi.org/10.1088/0004-6256/139/4/1628
https://doi.org/10.1088/0004-6256/142/3/72
https://doi.org/10.1088/0067-0049/203/2/21
https://doi.org/10.1088/0067-0049/193/2/29
https://doi.org/10.1088/0067-0049/193/2/29
https://ui.adsabs.harvard.edu/abs/2001ASPC..238..269L/abstract
https://ui.adsabs.harvard.edu/abs/2001ASPC..238..269L/abstract
https://ui.adsabs.harvard.edu/abs/2001ASPC..238..269L/abstract
https://ui.adsabs.harvard.edu/abs/2001ASPC..238..269L/abstract
https://ui.adsabs.harvard.edu/abs/2001ASPC..238..269L/abstract
https://ui.adsabs.harvard.edu/abs/2001ASPC..238..269L/abstract
https://ui.adsabs.harvard.edu/abs/2001ASPC..238..269L/abstract
https://ui.adsabs.harvard.edu/abs/2001ASPC..238..269L/abstract
https://doi.org/10.1086/346138
https://doi.org/10.1086/346138
https://doi.org/10.1086/524677
https://doi.org/10.1086/305772
https://doi.org/10.1088/0004-6256/144/5/144
https://doi.org/10.1093/mnras/stu523
https://doi.org/10.1007/JHEP01(2019)106
https://doi.org/10.1086/309179
https://doi.org/10.1088/0004-637X/762/2/109
https://doi.org/10.1088/0004-637X/724/2/878
https://arXiv.org/abs/1104.2932
https://doi.org/10.1088/1475-7516/2011/07/034
https://doi.org/10.1111/j.1365-2966.2005.09417.x
https://doi.org/10.1111/j.1365-2966.2005.09417.x
https://doi.org/10.1086/338085
https://doi.org/10.1093/mnras/stt572
https://doi.org/10.1093/mnras/stt572
https://doi.org/10.1093/mnras/stx1477
https://doi.org/10.1093/mnras/stx1477
https://doi.org/10.1051/0004-6361/201936915
https://doi.org/10.1051/0004-6361/201936915


[69] C. Hikage, R. Mandelbaum, M. Takada, and D. N. Spergel,
Where are the Luminous Red Galaxies (LRGs)? Using
correlation measurements and lensing to relate LRGs to
dark matter haloes, Mon. Not. R. Astron. Soc. 435, 2345
(2013).

[70] Y. P. Jing, H. J. Mo, and G. Börner, Spatial correlation
function and pairwise velocity dispersion of galaxies: Cold
dark matter models versus the Las Campanas survey,
Astrophys. J. 494, 1 (1998).

[71] Z. Zheng, A. A. Berlind, D. H. Weinberg, A. J. Benson,
C. M. Baugh, S. Cole, R. Dave, C. S. Frenk, N. Katz, and
C. G. Lacey, Theoretical models of the halo occupation
distribution: Separating central and satellite galaxies,
Astrophys. J. 633, 791 (2005).

[72] J. F. Navarro, C. S. Frenk, and S. D. M. White, A universal
density profile from hierarchical clustering, Astrophys. J.
490, 493 (1997).

[73] B. Diemer, Colossus: A Python toolkit for cosmology, large-
scale structure, and dark matter halos, Astrophys. J. Suppl.
Ser. 239, 35 (2018).

[74] C. Hikage, M. Takada, and D. N. Spergel, Using galaxy-
galaxy weak lensing measurements to correct the finger of
God, Mon. Not. R. Astron. Soc. 419, 3457 (2012).

[75] R. Takahashi, M. Sato, T. Nishimichi, A. Taruya, and M.
Oguri, Revising the HALOFIT model for the nonlinear
matter power spectrum, Astrophys. J. 761, 152 (2012).

[76] P. A. R. Ade, N. Aghanim, M. Arnaud, M. Ashdown et al.
(Planck Collaboration), Planck 2015 results. XIII. Cos-
mological parameters, Astron. Astrophys. 594, A13
(2016).

[77] F. C. van den Bosch, S. More, M. Cacciato, H. Mo, and X.
Yang, Cosmological constraints from a combination of
galaxy clustering and lensing—I. Theoretical framework,
Mon. Not. R. Astron. Soc. 430, 725 (2013).

[78] A. Heavens, A. Refregier, and C. Heymans, Intrinsic
correlation of galaxy shapes: Implications for weak lensing
measurements, Mon. Not. R. Astron. Soc. 319, 649 (2000).

[79] R. A. C. Croft and C. A. Metzler, Weak-lensing surveys
and the intrinsic correlation of galaxy ellipticities,
Astrophys. J. 545, 561 (2000).

[80] J. Lee and U.-L. Pen, Cosmic shear from galaxy spins,
Astrophys. J. Lett. 532, L5 (2000).

[81] P. Catelan, M. Kamionkowski, and R. D. Blandford,
Intrinsic and extrinsic galaxy alignment, Mon. Not. R.
Astron. Soc. 320, L7 (2001).

[82] C. M. Hirata, R. Mandelbaum, U. Seljak, J. Guzik, N.
Padmanabhan et al., Galaxy-galaxy weak lensing in the
Sloan Digital Sky Survey: Intrinsic alignments and shear
calibration errors, Mon. Not. R. Astron. Soc. 353, 529
(2004).

[83] D. N. Limber, The analysis of counts of the extragalactic
nebulae in terms of a fluctuating density field. II.,
Astrophys. J. 119, 655 (1954).

[84] M. Takada and B. Jain, Cosmological parameters from
lensing power spectrum and bispectrum tomography, Mon.
Not. R. Astron. Soc. 348, 897 (2004).

[85] S. Bridle and L. King, Dark energy constraints from
cosmic shear power spectra: Impact of intrinsic alignments
on photometric redshift requirements, New J. Phys. 9, 444
(2007).

[86] S. Bridle and L. King, Dark energy constraints from
cosmic shear power spectra: Impact of intrinsic alignments
on photometric redshift requirements, New J. Phys. 9, 444
(2007).

[87] C. M. Hirata and U. Seljak, Intrinsic alignment-lensing
interference as a contaminant of cosmic shear, Phys. Rev.
D 70, 063526 (2004).

[88] M. L. Brown, A. N. Taylor, N. C. Hambly, and S. Dye,
Measurement of intrinsic alignments in galaxy ellipticities,
Mon. Not. R. Astron. Soc. 333, 501 (2002).

[89] M. A. Troxel, N. MacCrann, J. Zuntz, T. F. Eifler, E.
Krause et al., Dark Energy Survey Year 1 results: Cos-
mological constraints from cosmic shear, Phys. Rev. D 98,
043528 (2018).

[90] H. Hildebrandt, M. Viola, C. Heymans, S. Joudaki, K.
Kuijken et al., KiDS-450: Cosmological parameter con-
straints from tomographic weak gravitational lensing,
Mon. Not. R. Astron. Soc. 465, 1454 (2017).

[91] M. M. Rau, R. Dalal, T. Zhang, X. Li, A. J. Nishizawa, S.
More, R. Mandelbaum, H. Miyatake, M. A Strauss, and M.
Takada, Weak lensing tomographic redshift distribution
inference for the Hyper Suprime-Cam Subaru Strategic
Program three-year shape catalogue, Mon. Not. R. Astron.
Soc. 524, 5109 (2023).

[92] D. Huterer, M. Takada, G. Bernstein, and B. Jain, Sys-
tematic errors in future weak-lensing surveys: Require-
ments and prospects for self-calibration, Mon. Not. R.
Astron. Soc. 366, 101 (2006).

[93] T. Zhang, M. M. Rau, R. Mandelbaum, X. Li, and B.
Moews, Photometric redshift uncertainties in weak gravi-
tational lensing shear analysis: Models and marginaliza-
tion, Mon. Not. R. Astron. Soc. 518, 709 (2023).

[94] T. Zhang, X. Li, R. Dalal, R. Mandelbaum, M. A. Strauss
et al., A general framework for removing point
spread function additive systematics in cosmological weak
lensing analysis, Mon. Not. R. Astron. Soc. 525, 2441
(2023).

[95] A. J. S. Hamilton, Uncorrelated modes of the non-linear
power spectrum, Mon. Not. R. Astron. Soc. 312, 257
(2000).

[96] X. Fang, T. Eifler, and E. Krause, 2D-FFTLog: Efficient
computation of real-space covariance matrices for galaxy
clustering and weak lensing, Mon. Not. R. Astron. Soc.
497, 2699 (2020).
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