
Dark Energy Survey Year 6 results: Weak lensing and galaxy clustering
cosmological analysis framework
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We present the methodology for the weak lensing and galaxy clustering analyses of the Dark Energy
Survey (DES) Year 6 dataset. In this work, we design and validate the analysis pipeline for the cosmic
shear, galaxy clustering plus galaxy–galaxy lensing (2 × 2pt), and the joint analysis in the 3 × 2pt. Our
framework accounts for key theoretical uncertainties, such as baryonic feedback and galaxy bias,
incorporating both linear and nonlinear models. We apply scale cuts in regimes where theoretical
modeling becomes unreliable. The robustness of the pipeline is validated using mock data and
simulations, confirming unbiased cosmological constraints and highlighting the importance of
posterior projection effects in the validation process. As a result, we deliver robust and validated
analysis pipelines for cosmic shear, 2 × 2pt, and 3 × 2pt in ΛCDM and wCDM scenarios, including a
well-defined set of scales suitable for real data analysis, a robust prescription for theoretical
systematics, and the theoretical covariance of the signal. This comprehensive methodology also lays
the groundwork for future galaxy surveys such as the Vera C. Rubin Observatory Legacy Survey of
Space and Time.

DOI: 10.1103/8n76-f6ln

I. INTRODUCTION

The dynamics and composition of the late-time
Universe, governed by dark energy and dark matter remain
among the most profound open questions in modern
science. Observational cosmology seeks to shed light on
them through complementary approaches that include
geometric probes and studies of the growth of cosmic
structures. A particularly powerful method is the joint

analysis of weak gravitational lensing [1–3] and galaxy
clustering [4–6], sliced in tomographic redshift bins to trace
their evolution over cosmic time.
Weak gravitational lensing arises when the light from

distant source galaxies is deflected by the gravitational field
of the large-scale structure, leading to coherent distortions
in their observed shapes. This effect not only enables
mapping of the matter distribution in the Universe, but also
probes the competition between gravitational attraction
from dark matter and the accelerated expansion driven
by dark energy. Similarly, galaxy clustering traces the
growth of structure by measuring how galaxies cluster

*Contact author: david.sanchezcid@physik.uzh.ch
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under the influence of gravity, providing complementary
information on the interplay between dark matter and dark
energy over cosmic time.
The cosmological information encoded in the weak

lensing and galaxy density fields can be captured by
two-point correlation functions (2PCFs). These functions
involve the shapes of background (source) galaxies and the
positions of foreground (lens) galaxies, with both lens and
source galaxy samples further divided into tomographic
redshift bins. The correlation of source galaxy shapes is
known as cosmic shear. The cross-correlation between
distorted source galaxy shapes and lens galaxy positions is
termed galaxy-galaxy lensing. Finally, the correlation of
lens galaxy positions defines the galaxy clustering corre-
lation function. The combination of these three correlation
functions constitutes the so-called 3 × 2pt analysis. In
contrast, the joint analysis of galaxy-galaxy lensing and
galaxy clustering is typically referred to as 2 × 2pt.
The 3 × 2pt analysis was first developed and imple-

mented by Stage-III imaging surveys [7], including the
Dark Energy Survey (DES) [8,9], the Kilo-Degree Survey
(KiDS) [10], and the Hyper Suprime-Cam survey [11,12].
Over time, both the methodology and the datasets have
matured, enabling precision constraints on the total matter
abundance, Ωm, and the amplitude of matter density
fluctuations, σ8, in the late Universe. A joint analysis of
weak lensing and galaxy clustering enhances the con-
straining power of cosmological models by breaking
parameter degeneracies and is more resilient to systematics.
In this work, we present the methodology required to

perform the weak lensing and galaxy clustering analyses
with the final six-year dataset of DES [13]. To this end, we
develop a framework robust against modeling uncertainties,
considering the latest advancements in theory, while
accounting for the statistical properties of the dataset,
including deeper exposures and a higher number density
of galaxies. With the increased statistical power in this final
DES analysis it becomes essential to control theoretical
uncertainties at a comparable level. This balance between
statistical and theoretical precision will be even more
critical in upcoming analyses from photometric Stage-IV
surveys, such as the Vera C. Rubin Observatory Legacy
Survey of Space and Time [14], the Euclid mission [15],
and the Nancy Grace Roman space telescope [16]. We
expect that the prescriptions presented in this work will
serve as a foundational step for the analysis pipelines
required by these next-generation surveys, aligned with the
existing community effort toward accurate and robust 3 ×
2pt modeling [17–19].
In this work we carefully address the main theoretical

systematics affecting weak lensing—namely baryonic
feedback [20] and intrinsic alignment [21]—as well as
those affecting galaxy clustering, which is primarily limited
by galaxy bias [22]. Additionally, we define the physical
scales where this modeling remains accurate, ensuring

that mismodeled scales are excluded from the analysis via
scale cuts, thereby avoiding biased cosmological con-
straints. We present optimized prescriptions for the cosmic
shear analysis [23], the 2 × 2pt [24], and the 3 × 2pt
analysis [25].
This work is structured as follows. In Sec. II, we describe

the 2PCF formalism for the joint analysis of weak lensing
and galaxy clustering. In Sec. III, we outline the modeling
choices made to address theoretical systematics and
describe the elements that comprise the analysis pipeline.
The Bayesian framework for parameter inference and the
covariance matrix are described in Sec. IV. Section V
provides a detailed account of the properties of the
synthetic data used throughout the analysis. Section VI
describes the scale cut definition and validation with
synthetic data and simulations. Section VII presents the
results and expected cosmological constraints. In Sec. VIII,
we present additional validation tests, demonstrating that
the pipeline delivers unbiased and robust results and
remains stable against variations in data and analysis
configurations. Finally, we summarize and discuss the
results in Sec. IX.

II. THEORY

The central component of the 3 × 2pt analysis in
configuration space is the set of 2PCFs, which summarizes
the statistical properties of the projected galaxy overdensity
field, δobs, and the shear field, γα. The shear field is a spin-2
field, typically decomposed into E- and B-modes. The
observed galaxy overdensity field has contributions from
the underlying galaxy field δg, and the lens magnification,
δμ. The 2PCFs are real-space projections of the angular
power spectra, Cl.
In this framework, galaxy clustering, denoted as wðθÞ,

represents the autocorrelation of the lens galaxy positions
within each tomographic redshift bin i for an angular
separation θ. In the curved-sky projection,

wiðθÞ ¼
X
l

2lþ 1

4π
Plðcos θÞCii

δobsδobs
ðlÞ; ð1Þ

where Pl are the Legendre polynomials of order l.
The galaxy-galaxy lensing signal, which captures the

cross-correlation between the galaxy overdensity field in
tomographic bin i and the E-mode component of the shear
field in bin j, is given by

γijt ðθÞ ¼
X
l

2lþ 1

4π

P2
lðcos θÞ

lðlþ 1Þ C
ij
δobsE

ðlÞ: ð2Þ

Finally, cosmic shear, which describes the correlation of
the observed shapes of source galaxies, is expressed as
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ξij�ðθÞ ¼
X
l

2lþ 1

4π

2ðGþ
l;2ðxÞ � G−

l;2ðxÞÞ
l2ðlþ 1Þ2

× ½Cij
EEðlÞ � Cij

BBðlÞ�: ð3Þ

Here, i and j denote the redshift tomographic bins being
correlated, Gþ=−

l;2 ðxÞ are analytic functions given in
Appendix A of [26], and x ¼ cosðθÞ.
The angular power spectra CijðlÞ appearing in the

expressions above include contributions from various
astrophysical and observational effects, such as intrinsic
alignments (IA), lens magnification, and redshift-space
distortions.
We assume the Limber approximation for cosmic shear

and galaxy-galaxy lensing, whose angular power spectra
then take the form

Cij
ABðlÞ ¼

Z
dχ

qiAðχÞqjBðχÞ
χ2

Pm

�
k ¼ lþ 1=2

χ
; z

�
; ð4Þ

where A and B represent the fields being correlated, which
in our case correspond to the galaxy overdensity field δg
and the convergence field κ, derived from the shear field.
The function Pmðk; zÞ represents the three-dimensional
matter power spectrum, which we evaluate at a given
redshift z and wave number k as described in Sec. III A. For
the galaxy clustering angular power spectrum calculation,
we do not assume the Limber approximation, and its full
expression can be found in [27]. The Limber approximation
is retained for cosmic shear and galaxy-galaxy lensing
because their projection kernels are dominated by the broad
lensing efficiency qκðχÞ, for which the approximation
degrades only as Oðl−2Þ at low l [28]; with the prescrip-
tion k ¼ ðlþ 1=2Þ=χ adopted here, the shear power
spectrum is subpercent accurate for l≳ 10 [29], well
below the characteristic l ≈ 43 of our largest angular scale.
Galaxy clustering, by contrast, depends on the narrow lens
kernels niðzÞ and requires the full non-Limber treatment
[27], consistent with DES Y3 [30]. The kernel or radial
weight function (displayed in Fig. 1 for the Year 6 setup)
for the galaxy overdensity field is

qiδgðχÞ ¼ binilðzðχÞÞ
dz
dχ

; ð5Þ

and for the convergence field, the lensing efficiency is

qiκðχÞ ¼
3H2

0Ωmχ

2aðχÞ
Z

χH

χ
dχ0

�
χ0 − χ

χ0

�
nisðzðχ0ÞÞ

dz
dχ0

; ð6Þ

whereH0 is the Hubble constant, aðχÞ is the scale factor for
a given comoving distance χ, nl=s is the normalized redshift
distribution of the lens/source galaxies, and bi is the linear
galaxy bias coefficient linking the galaxy distribution and

the matter distribution δig ¼ biδim. We assign a separate
linear bias coefficient to each redshift bin, as it is usually
done in tomographic galaxy clustering analyses. We
assume that the evolution of the bias value with redshift
within each bin is negligible, a valid assumption based on
N-body simulations [31].
Our model includes contributions from intrinsic align-

ment and lens magnification. The additional terms to each
angular power spectra are as follows:

Cij
EEðlÞ ¼ Cij

κκðlÞ þ Cij
κIE

ðlÞ þ Cji
κIE

ðlÞ þ Cij
IEIE

ðlÞ;
Cij
BBðlÞ ¼ Cij

IBIB
ðlÞ;

Cij
δobsE

ðlÞ ¼ Cij
δgκ
ðlÞ þ Cij

δgIE
ðlÞ þ Cij

δμκ
ðlÞ þ Cij

δμIE
ðlÞ;

Cii
δobsδobs

ðlÞ ¼ Cii
δgδg

ðlÞ þ Cii
δgδμ

ðlÞ þ Cii
δμδμ

ðlÞ; ð7Þ

where IE=B refers to the E=B modes of the IA contribution,
and δμ is the lens magnification contribution.
Magnification [34,35] affects the observed galaxy over-

density, which is particularly important for our lens sample
and is modeled as

δiμ ¼ 2½αiðmcutÞ − 1�κi; ð8Þ

wheremcut is the magnitude limit applied in the lens galaxy
sample selection, and the coefficient αiðmÞ is defined by

αiðmÞ ¼ 2.5
d
dm

½logNi
μðmÞ�; ð9Þ

with NμðmÞ representing the cumulative number of lensed
galaxies brighter than magnitude m in bin i.
IA refers to the effect whereby galaxies align with their

local tidal field, mimicking the cosmic shear signal due to
gravitational deflection [21]. This phenomenon is one of
the main systematics in cosmic shear analyses. Galaxy
shape correlations are determined by the large-scale cos-
mological tidal field. The dominant effect at large scales

FIG. 1. Estimated redshift distributions for the lens or cluster-
ing catalog, divided into six redshift bins (pinks), presented in
[32] and the lensing efficiency kernel for each of the four source
redshift bins (blues), presented in [33], demonstrating that the
DES Year 6 data are most sensitive between z ¼ 0.1–1.0.
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and for central galaxies is the “tidal alignment” of galaxy
shapes [36]. More complex processes, like “tidal torquing,”
are relevant for the angular momentum of spiral galaxies.
These require perturbative treatments, which we refer to as
tidal alignment and tidal torquing (TATT) [37]. In this
extended model, the intrinsic galaxy shape field at the
source galaxy’s location is described by nonlinear cosmo-
logical perturbation theory [38], expanding in the matter
density field δm and the tidal field sij:

γIAij ¼ A1sij þ A1δδsij þ A2

X
k

sikskj þ � � � : ð10Þ

We adopt different approaches for the IA modeling for the
cosmic shear analysis and for 2 × 2pt and 3 × 2pt analyses,
differing in the number of parameters involved in the
analysis. Details on this are provided in Sec. III D. IA
includes both gravitational lensing-intrinsic (GI) and intrin-
sic-intrinsic (II) contributions, described by the following
power spectra:

Cij
IIðlÞ ¼

Z
χH

0

dχ
niðχÞnjðχÞ

χ2
PII

�
k ¼ lþ 1=2

χ
; χ

�
; ð11Þ

Cij
GIðlÞ¼

Z
χH

0

dχ
qiκðχÞnjðχÞ

χ2
PGI

�
k¼lþ1=2

χ
;χ

�
; ð12Þ

where

PGIðkÞ ¼ A1PmðkÞ þ A1δP0j0EðkÞ þ A2P0jE2ðkÞ;
PII;EEðkÞ ¼ A2

1PmðkÞ þ 2A1A1δP0j0EðkÞ þ A2
1δP0Ej0EðkÞ

þ A2
2PE2jE2ðkÞ þ 2A1A2P0jE2ðkÞ

þ 2A1δA2P0EjE2ðkÞ;
PII;BBðkÞ ¼ A2

1δP0Bj0BðkÞ þ A2
2PB2jB2ðkÞ

þ 2A1δA2P0BjB2ðkÞ: ð13Þ

In this work, we evaluate k-dependent terms with Fast-pt

[39,40] implementation in CosmoSis [41]. We refer the reader

to [37] for a detailed description of the expressions and
modeling of these power spectra.

III. MODELING INGREDIENTS

In this section, we describe the baseline modeling
pipeline developed for the cosmic shear, 2 × 2pt, and 3 ×
2pt analyses. The pipeline, summarized in Table I, is
implemented in CosmoSis [41].

A. Matter power spectrum

Accurate modeling of the matter power spectrum is
essential for extracting cosmological information from the
DES Year 6 data set. Our weak lensing data are sensitive to
scales above k ∼ 0.1h Mpc−1, extending into the nonlinear
regime [3,42,43]. Our analysis is therefore sensitive to a
wide range of scales, requiring accurate predictions for both
the linear and nonlinear power spectrum. We compute the
linear power spectrum with CAMB [44,45].
The nonlinear power spectrum is shaped by two main

effects: (i) the nonlinear gravitational collapse of dark
matter, and (ii) baryonic physics, the most dominant being
baryonic feedback mechanisms, which describe energetic
outflows from active galactic nuclei (AGN) and stellar
feedback [20,43]. For the dark-matter-only nonlinear spec-
trumwe compare threemodels: (1) the Euclid Emulatorv2 (Eemu,
[46]), a fast and precise emulator calibrated on suites of N-
body simulations; (2) HMCode 2020 (Hm20, [47]), an analytic
halo-model framework tuned to hydrodynamical results;
and (3) Halofit (HF, [48]), a fitting formula historically adopted
in DES Year 1 and Year 3 analyses. While Eemu achieves
subpercent accuracy, its calibration is restricted to a nar-
rower parameter space than required for DES Year 6. HF,
though convenient, deviates by 5–10% on nonlinear scales
and lacks baryonic extensions. By contrast, Hm20 provides
flexible modeling of baryonic and neutrino effects and
agrees with Eemu to percentage-level precision across
DES scales. Hm20 introduces the effect of baryons via the
subgrid heating parameter log10 TAGN, indicating the
strength of the AGN. Figure 2 shows these comparisons
across two cosmologies, highlighting the strong agreement

TABLE I. Summary of the modeling choices for our baseline analysis and the alternative models used to introduce contamination in
the mock signal for robustness tests.

Model ingredient Baseline choice Model misspecification Section

Matter power spectrum, PmðkÞ HMCode 2020 EuclidEmulator2 III A
Baryonic feedback log10 TAGN ¼ 7.7 [Gravity-only, Bahamas 8.0] III A
Galaxy bias Linear Non-linear (Fast-pt) III B

Non-linear (Fast-pt) Aemulus-HEFT, Cardinal simulation III B
Intrinsic alignment (cosmic shear) NLA & TATT-4 � � � III D
Intrinsic alignment (2 and 3 × 2pt) TATT-4 � � � III D
Lens magnification Balrog Gaussian prior � � � III E
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of Hm20 with the Eemu and the breakdown of HF at small
scales. We therefore adopt Hm20 as our baseline model, and
present in Appendix A the investigations on the use of an
emulator which finally was not implemented in the analysis.
In validating our modeling choices as described in Sec. VI,
we use Eemu as the prescription for the dark-matter-only
nonlinear power spectrum in the contaminated data vector,
on top of the baryon feedback as explained below.
On the scales that our data are most sensitive to, baryon

feedback suppresses the matter power spectrum compared
to a dark matter-only prediction. The extent and amplitude
of the power suppression is highly uncertain. Cosmological
hydrodynamical simulations admit a range of scenarios
with the amplitude of the suppression ranging from
∼10–30% at k ∼ 0.1–10h Mpc−1 [49–54]. More recently,
there have been constraints on the suppression of the matter
power spectrum due to baryon feedback from analyzing gas
observables, including constraints pointing to even stronger
matter power spectrum suppression than fiducial simula-
tions predict [55–59], which could directly bias the
cosmological inference [60,61].
To account for this uncertainty, our primary strategy is

to discard small-scale data where feedback has the largest

impact. To minimize the loss of information, we include a
moderate baryon feedback prescription in our fiducial
model: Hm20 with log10 TAGN ¼ 7.7. Since the suppres-
sion is asymmetric, including a moderate feedback signal
rather than a dark-matter-only model lets us retain
slightly smaller scales. We fix this amplitude rather than
marginalizing over it because, once the most feedback-
sensitive scales are removed by the cuts, the data no
longer meaningfully constrain log10 TAGN; sampling it
would chiefly add a poorly constrained parameter and
enhance projection effects, while the choice of prior
would feed back into the scale-cut definition. For
validation, we bracket this with two alternative scenarios:
a gravity-only case (minimal feedback) and the strong-
feedback Bahamas model with log10 TAGN ¼ 8.0 [49], on
top of an Eemu matter power spectrum in both cases.
These edge cases are used in Sec. VI to validate the
robustness of our scale cuts. Baryonic modifications are
applied via

Pmðk; zÞ ¼
Phydroðk; zÞ
PDMðk; zÞ

PEEMU
m ðk; zÞ; ð14Þ

FIG. 2. Comparison of the accuracy of Hm20 and HF dark-matter-only matter correlation function predictions against the Eemu
estimates over the redshift range 0 < z < 1.5. The comparison is shown for two different cosmological models: the fiducial cosmology
adopted in this work (Ωm ¼ 0.31, σ8 ¼ 0.76) and an alternative cosmology within the emulator range (Ωm ¼ 0.33, σ8 ¼ 0.88). Smallest
scale reached with the linear galaxy bias analysis is RLin ¼ 6 Mpc=h, while for the nonlinear galaxy bias analysis RNL ¼ 4 Mpc=h. For
the cosmic shear analysis, the smallest scale considered is Rshear ¼ 2.8 Mpc=h.
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where Phydro=PDM tabulates suppression across redshift
and scale for each simulation. Thus, our fiducial model is
validated against both minimal- and high-feedback sce-
narios, ensuring robust predictions across the full DES
Year 6 parameter space. The strong-feedback bracket
adopted here, log10 TAGN ¼ 8.0, is moreover consistent
with the suppression preferred by recent joint analyses of
weak lensing and gas observables [54,55], which favor
feedback comparable to the high-AGN Bahamas model; we
verify on cosmic shear analyses that more extreme
scenarios induce shifts in S8 of at most ∼1.5σ under
our fiducial cuts, further reduced when marginalizing
over log10 TAGN. We note that the companion cosmic
shear analysis [23] explicitly tests the robustness of this
choice, finding negligible shifts in S8 even when
log10 TAGN is varied up to 9.0, well beyond the range
favored by current feedback constraints.
An alternative approach to constrain cosmology by

reconstructing the matter power spectrum from observa-
tions is presented in Appendix B, and [23,25] will present
results following this method.

B. Galaxy bias

The galaxy density field is a biased tracer of the
underlying dark matter distribution, a relationship charac-
terized by the galaxy bias [6]. Due to the incomplete
understanding of this connection, galaxy bias remains one
of the main sources of uncertainty in galaxy clustering
analyses [22]. In this work, we explore two distinct
modeling strategies to describe galaxy bias: one that
restricts the analysis to linear scales, and another extending
to nonlinear scales, incorporating a more complex bias
model.
On large scales, the galaxy and dark matter density fields

can be related through a linear bias model, characterized by
a single parameter per tomographic lens bin, bi1 [62]. On
smaller scales, however, the bias becomes nonlocal and
nonlinear [63], requiring a more sophisticated description.
We adopt an Eulerian perturbation theory (EPT) approach
[64], as implemented in Fast-pt [39,40]. Perturbative bias
was developed to describe quasilinear scales. EPTenables a
controlled expansion of the galaxy overdensity field in
terms of the dark matter overdensity, where higher-order
nonlinear corrections become increasingly relevant on
smaller scales. Within this setup, the perturbed galaxy-
matter power spectrum is computed as

Pgmðk; zÞ ¼ b1Pmmðk; zÞ þ
1

2
b2Pb1b2ðk; zÞ

þ 1

2
bs2Pb1s2ðk; zÞ þ

1

2
b3nlPb1b3nlðk; zÞ

þ bkk2Pmmðk; zÞ; ð15Þ

and the galaxy power spectrum is given by

Pggðk; zÞ ¼ b21Pmmðk; zÞ þ b1b2Pb1b2ðk; zÞ
þ b1bs2Pb1s2ðk; zÞ þ b1b3nlPb1b3nlðk; zÞ

þ 1

4
b22Pb2b2ðk; zÞ þ

1

2
b2bs2Pb2s2ðk; zÞ

þ 1

4
b2s2Ps2s2ðk; zÞ þ 2b1bkk2Pmmðk; zÞ: ð16Þ

The precise range of validity of this method is subtle and
depends on both the galaxy population under study and
the statistical power of the survey—it was demonstrated in
[64] to have sufficient accuracy for DES on scales above
∼4 Mpc=h, when using the fully nonlinear matter power
spectrum Pmm for the linear bias contribution. Although
not fully consistent within the EPT framework, this
treatment improves the accuracy of the most significant
term and captures a significant part of nonlinearity on
these scales [22].
Perturbation theory introduces several parameters: the

local quadratic bias b2, quadratic tidal bias bs2 , third-order
nonlocal bias b3nl, and higher derivative bias bk. The
kernels that appear in the power spectrum calculations,
such as Pb1b2 , Pb1s2 , Pb1b3nl , Pb2s2 , and Ps2s2 , are described
in [65]. This perturbation theory approach adds 4 degrees
of freedom per lens tomographic redshift bin. For the
constraining power and galaxy sample considered here
[66], the parameters bs2 and b3nl can be fixed to their
coevolution values [65,67], given by

bs2 ¼ −
4

7
ðb1 − 1Þ; ð17Þ

and

b3nl ¼ b1 − 1; ð18Þ
while fixing bk ¼ 0 [64]. We take advantage of these
relations for our analysis, thus adding just two free galaxy
bias coefficients, bi1 and bi2, per lens redshift bin.
We also consider an alternative biasing approach based

on Lagrangian perturbation theory (LPT) to generate mock
signals in order to validate the EPT modeling. Specifically,
we use the implementation of the hybrid effective field
theory (HEFT) galaxy bias described in AEMULUS [68],
which we refer to hereafter as Aemulus-HEFT.
In order to obtain consistent galaxy bias injections with

both approaches, and to be able to translate from one picture
to the other during the validation process and generation of
the contaminated signal, it is essential to establish the
relationship between coefficients in EPT and LPT frame-
works. Given the linear galaxy bias coefficients in the
Eulerian picture (denotedwith subscriptE), we can translate
them into the Lagrangian coefficients (denoted by subscript
L) following the equations prescribed in Table 3 of [69]:

bL1 ¼ bE1 − 1: ð19Þ
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Higher-order coefficients are then obtained as

bL2 ðbL1 Þ ¼ 0.01677ðbL1 Þ3 − 0.005116ðbL1 Þ2
þ 0.4279bL1 − 0.1635; ð20Þ

bLs2ðbL1 Þ ¼ −0.3605ðbL1 Þ3 þ 0.5649ðbL1 Þ2
− 0.1412bL1 − 0.01318; ð21Þ

and

bL∇2δ
ðbL1 Þ ¼ 0.2298ðbL1 Þ3 − 2.096ðbL1 Þ2

þ 0.7816bL1 − 0.1545: ð22Þ

These relations in the form of polynomial fitting func-
tions are obtained for galaxies in the BACCO dark matter
simulations [70]. Table II shows the resulting bias param-
eters used in EPTand Aemulus-HEFT to test the validity of our
modeling approaches.

C. Point-mass marginalization

The tangential shear is inherently nonlocal: measure-
ments at any angular separation θ receive contributions
from all smaller scales within that radius. Consequently,
mismodeling the halo-matter correlation function on small
scales propagates to large scales. To mitigate this, we
marginalize over a point-mass parameter [71], modeling the
impact of unmodeled small-scale mass as equivalent to a
point mass equal to the enclosed mass within the smallest
scale used. While alternative methods exist for handling
this nonlocality, comparative studies demonstrate nearly

identical performance [72]. We adopt point-mass margin-
alization for its computational efficiency and well-estab-
lished validation in previous DES analyses. This enables
significantly smaller scale cuts while maintaining unbiased
cosmological constraints. For example, DES Year 3 galaxy-
galaxy lensing measurements were reliably modeled down
to 6 Mpc=h, compared to the 12 Mpc=h limit required in
DES Year 1, despite increased precision.
The point-mass marginalization methodology models

small-scale contributions as a point-mass term with char-
acteristic 1=R2 (or 1=θ2 in angular coordinates) scaling.
This is incorporated into the tangential shear model as
γijt ðθÞ ¼ γijt;modelðθÞ þ Aij=θ2. Rather than explicitly sam-
pling the unknown amplitude Aij during parameter esti-
mation, the method analytically marginalizes over this
contamination by modifying the inverse covariance matrix
to account for uncertainty in small-scale contributions.
Because we assume an effectively infinitely wide prior on
the point-mass amplitude, the modification can only be
applied to the inverse covariance matrix, effectively remov-
ing sensitivity to all scales below a chosen threshold.
We adopt the thin lens approximation, assuming the

point-mass amplitude evolves slowly across the redshift
width of each lens bin. This allowsmarginalization over one
parameter per lens bin rather than one per lens-source pair.
Under this approximation, the enclosed unmodeledmass for
a given lens bin is a single value, and its varying contribu-
tions to γt for different source bins within the same lens bin
have relative scales that are purely geometric and can be
computed analytically (see Sec. 2.3.1 of [72]). The thin lens
approximation was validated in the DES Year 3 analysis:
Fig. 4 of [72] demonstrates minimal differences between the

TABLE II. Fiducial values of the linear and higher-order galaxy bias coefficients for two galaxy samples: one representing the Maglim
Year 3 sample [31], and the other resembling the Redmagic sample [66]. Galaxy bias coefficients are derived using the Eulerian
perturbation theory approach, which is the fiducial method in our analysis, as well as the Lagrangian perturbation theory treatment of
galaxy bias, implemented within the Aemulus framework and its hybrid effective field theory approach.

Eulerian perturbation theory

Maglim Year 3-like (baseline) Redmagic-like

Bias coefficient z-bin 1 z-bin 2 z-bin 3 z-bin 4 z-bin 5 z-bin 6 z-bin 1 z-bin 2 z-bin 3 z-bin 4 z-bin 5 z-bin 6

Linear, b1 1.54 1.81 1.85 1.76 1.93 1.9 1.66 1.82 1.97 2.11 2.22 2.32
Local quadratic, b2 0.28 0.5 0.53 0.46 0.59 0.57 0.37 0.5 0.63 0.75 0.85 0.93
Quadratic tidal, bs2 −0.31 −0.46 −0.49 −0.43 −0.53 −0.51 −0.38 −0.47 −0.55 −0.63 −0.7 −0.75
Third-order nonlocal, b3nl 0.54 0.81 0.85 0.76 0.93 0.9 0.66 0.82 0.97 1.11 1.22 1.32

Aemulus-HEFT ([68], Lagrangian)

Maglim Year 3-like (baseline) Redmagic-like

Bias coefficient z-bin 1 z-bin 2 z-bin 3 z-bin 4 z-bin 5 z-bin 6 z-bin 1 z-bin 2 z-bin 3 z-bin 4 z-bin 5 z-bin 6

Linear, b1 0.54 0.81 0.85 0.76 0.93 0.9 0.66 0.82 0.97 1.11 1.22 1.32
Local quadratic, b2 0.14 0.38 0.42 0.34 0.48 0.46 0.24 0.38 0.52 0.66 0.76 0.86
Quadratic tidal, bs2 0.02 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.05 0.03 0.0 −0.04
Higher derivative, b∇2δ −0.31 −0.77 −0.86 −0.67 −1.06 −0.98 −0.49 −0.8 −1.16 −1.56 −1.9 −2.25
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full and geometric approaches for a 2 × 2pt analysis, with
even smaller differences expected for 3 × 2pt. We apply this
methodology for both our linear and nonlinear bias analyses.

D. Intrinsic alignment

Intrinsic alignment of galaxy shapes with the large-scale
tidal field can masquerade as a shear signal if unmodeled
and bias cosmological constraints. Direct measurements of
IA in spectroscopic and imaging surveys [e.g. [73–77] ] are
well described by the widely used nonlinear linear align-
ment (NLA) model [78] and the more flexible TATT model
[37]. Furthermore, previous weak lensing and clustering
analyses consistently find small but nonzero amplitudes of
IA model parameters [9,79–81], with trends depending on
galaxy type [82–84]. Given the increased statistical pre-
cision of DES Year 6 data, as well as the added depth giving
more high-redshift galaxies, we utilize both the TATT and
NLAmodels, as described below, with TATTas the fiducial
model for our full 3 × 2pt analysis.
The TATT parametrization [37], from the expansion in

Eq. (10), includes contributions from linear alignment:

A1ðzÞ ¼ −A1C̄1

ρcritΩm

DðzÞ
�
1þ z
1þ z0

�
η1
; ð23Þ

as well as tidal torquing and the impact of source density
weighting, given by

A2ðzÞ ¼ 5A2C̄1

ρcritΩm

DðzÞ2
�
1þ z
1þ z0

�
η2
; ð24Þ

A1δðzÞ ¼ btaA1ðzÞ; ð25Þ

where C̄1 is a normalization constant fixed to C̄1 ¼ 5 ×
10−14h−2 Mpc2 [85], and the pivot redshift is set to z0 ¼
0.3 (note that this differs from the value used in the DES
Year 3 analysis z0 ¼ 0.62 [86]; see Appendix E). In the
limit where A2; bta → 0, we recover the widely used
NLA model.
We adopt different parametrizations of the IA of galaxies

for the cosmic shear study and the 2 × 2pt and 3 × 2pt
analyses, optimizing the constraining power of each probe
and the complexity of the respective models. For the cosmic
shear, we present two parallel analyses: one using the NLA
model, and another employing a simplified version of TATT
in which bta ¼ 1 (hereafter referred to as TATT-4). In
Sec. VIII, we demonstrate on simulated data that fixing
bta is expected to have a minor impact on cosmological
inference. For each IA model, we design optimized scale
cuts (see Sec. VI A). Similarly, in the 2 × 2pt and 3 × 2pt
analyses, we adopt the TATT-4 parametrization.

E. Lens magnification

We marginalize over the lens magnification coefficients
per redshift bin assuming Gaussian priors (see Table III),

TABLE III. Fiducial values and priors for the cosmological,
astrophysical, and calibration parameters. Parameters are
sampled using either flat priors, denoted by [min, max], or
Gaussian priors, following the notation N ðμ; σ2Þ for a normal
distribution with mean μ and variance σ2. The priors on the
calibration parameters of the source galaxy samples—namely the
multiplicative shear bias m and the source redshift distribution
modes—are correlated. The width of their Gaussian priors is
determined by the covariance matrix of the parameters (see
Sec. IV C).

Parameter Fiducial Prior

Cosmology
Ωm 0.31 [0.1, 0.6]

As × 109 1.831 [0.5, 5]

S8 0.77 � � �
σ8 0.76 � � �
h 0.69 [0.58, 0.8]
Ωb 0.051 [0.03, 0.07]
ns 0.965 [0.93, 1.00]
w −1 [−2, −1/3]
mν [eV] 0.077 [0.06, 0.6]

Intrinsic alignment
z0 0.3 � � �
A1 0.13 [−1, 3]
A2 −0.2 [−3, 3]
η1 2.0 N ð0.0; 3.0Þ∈ ½−5; 5�
η2 2.0 N ð0.0; 3.0Þ∈ ½−5; 5�
bTA 1.0 Fixed

Lens galaxy bias

b1i ði∈ ½1; 6�Þ f1.54; 1.81; 1.85;
1.76; 1.93; 1.90g

[0.8, 3]

b2i ði∈ ½1; 6�Þ f0.28; 0.50; 0.53;
0.46; 0.59; 0.57g

[−3, 3]

Baryonic feedback
log10 TAGN 7.7 Fixed

Lens magnification
α1 1.58 N ð1.58; 0.04Þ
α2 1.38 N ð1.38; 0.11Þ
α3 2.04 N ð2.04; 0.08Þ
α4 2.21 N ð2.21; 0.08Þ
α5 2.45 N ð2.45; 0.14Þ
α6 2.42 N ð2.42; 0.13Þ
Lens n(z) modes

uli;mði∈ ½1;…; 6�;
m∈ ½1;…; 3�Þ

0 N ð0; 1Þ∈ ½−3; 3�

Source n(z) modes
usmðm∈ ½1;…; 7�Þ 0 N ð0; σ2Þ∈ ½−3; 3�
Shear calibration
miði∈ ½1;…; 4�Þ f−3.40; 6.46;

15.94; 1.70g × 10−3
N ðμ; σ2Þ∈ ½−1; 1�
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derived in [87] and informed by the Balrog image
simulations specifically designed for DES Year 6 [88].
In our analysis, we sample over the coefficient α, defined
as the slope of the cumulative number counts in Eq. (9).
This parameter is directly related to the effective magni-
fication bias coefficient, Csample, following the standard
definition [34,35,89]:

Ci
sample ¼ Ci

flux − 2 ¼ 2ðαi − 1Þ; ð26Þ

where Cflux represents the contribution from flux magni-
fication, while the “−2” term accounts for the dilution of
number density due to the increase in solid angle.

F. Redshift calibration and multiplicative shear bias

Redshift distributions of both the lens and source galaxy
samples are calibrated with mode projection, a novel
method introduced in [90]. In short, the model for the
nðzÞ function of a given sample i is

niðzÞ ¼ n̄iðzÞ þ
XMi

j¼1

uijUijðzÞ; ð27Þ

where n̄ðzÞ is the mean redshift distribution, M is the
number of redshift modes UðzÞ, and u are the scalar
coefficients distributed according to standard Gaussians,
which are being marginalized over during the inference. We
adopt redshift modes as our fiducial parametrization
because, as demonstrated in [90], they provide a math-
ematically well-defined and complete description of red-
shift distribution uncertainties that is guaranteed to
propagate correctly into the cosmological observable vari-
ance. In contrast, commonly used shift-and-stretch para-
metrizations do not have such guarantees and can fail to
capture the full space of relevant redshift uncertainties,
leading to biased or underestimated cosmological errors.
Source galaxy redshift distribution is calibrated with seven
modes for the four redshift bins. Meanwhile, the lens
galaxy redshift distribution is calibrated with three modes
per tomographic redshift bin, amounting up to 18 param-
eters in total. These modes and the mean distributions are
constructed from samples of (∼103) nðzÞ candidates,
generated with photometric [32,33] and clustering redshift
[91] information.
The uncertainty in the shape galaxy measurement and its

response to galaxy blending is calibrated with the multi-
plicative shear bias [92]. We follow the parametrization
proposed in [93,94] relating the measured ellipticity ej to
the true shear γj in each bin by

eij ¼ ð1þmiÞγij; ð28Þ

where m is the shear bias, and assumed to be redshift and
scale independent within each bin. This effect is included in

the analysis by marginalizing over Gaussian priors (see
Table III) which are informed by the Balrog image
simulations.

G. Higher-order lensing

The weak lensing formalism assumed in our analysis is
limited to leading-order effects. As a result, known higher-
order corrections—such as reduced shear, source magni-
fication and source clustering—are not included in our
modeling. Recent studies, including those from KiDS and
Euclid [95,96], have shown that these effects are subdomi-
nant given the current observational precision and can
therefore be safely neglected. Similarly, previous analyses
using DES Year 3 data found consistent results, as
discussed in Sec. V.B.5 of [30] and in Sec. V.C of [97].
Moreover, [87] has measured the magnification parameters
for the DES Year 6 Metacalibration sample and found they
have comparable values to the DES Year 3 sample [89].

IV. INFERENCE FRAMEWORK

In this section, we present the calculation of the
covariance matrix of the signal and how we estimate error
bars for the 2PCFs. Then, we describe the parameter
inference framework based on the Bayesian statistics
formalism.

A. Covariance matrix

The covariance of the 3 × 2pt signal is computed
analytically using CosmoCov [98,99], which incorporates
both Gaussian (G) and non-Gaussian contributions. The
Gaussian term captures correlations on large scales, while
the non-Gaussian terms are evaluated using the halo model.
These include the connected non-Gaussian term, which
models the nonlinear evolution of small-scale structures,
and the super-sample covariance (SSC) term [100–104],
which accounts for modes larger than the survey footprint.
The SSC term reflects the impact of observing a finite
region of the sky embedded in a larger-scale overdensity or
underdensity.

CosmoCov employs the Limber approximation for the
cosmic shear and galaxy–galaxy lensing probes, but goes
beyond this approximation for modeling angular galaxy
clustering at large angular separations [27]. The computa-
tion also includes corrections to shape noise and shot
noise arising from the survey geometry [105], using the
angular power spectrum of the survey mask. Additionally,
the covariance accounts for uncertainties introduced by
marginalizing over different methods used to derive
observational systematics weights, which correct for spu-
rious clustering signals induced by varying observing
conditions—such as air mass and seeing—that modulate
the observed galaxy density [106,107].
The covariance estimation code was thoroughly vali-

dated for the DES Year 3 3 × 2pt analysis [26]. In this
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work, we verify that the slight updates in the Year 6
assumptions have a well-understood and controlled impact
on the error bar estimates.
Specifically, for the Year 6 analysis, we adopt nonzero

central values for the multiplicative shear bias (see
Table III). As a result, we update the effective number
density of source galaxies [108] to reflect this, as

nisource ⟶ nisourceð1þmiÞ2: ð29Þ

This modification leads to the updated values reported in
Sec. V, namely nisource ¼ f2.54; 2.28; 2.44; 1.70g galaxies
per arcmin2.
Secondly, we compute the matter power spectrum

used in the analytical covariance with HF, assuming a
gravity-only scenario, while the mock signal and baseline
modeling adopt Hm20 with baryonic feedback defined
by log10 TAGN ¼ 7.7.
We quantify the impact of this mismatch by comparing

the standard deviation of the data vector derived from
covariances with and without these effects included. We
find deviations of up to 2.5% due to the power spectrum
choice and baryonic feedback (Fig. 3).
Additionally, we assume zero contribution from IA in the

covariance calculation, although the mock signal used in
the validation includes a nonzero IA contribution (see
fiducial IA values in Table III).
To assess the impact of this choice, we activate the

available IA modeling via the NLA parametrization and
evaluate it at values drawn from Year 3 analysis posteriors
(A1 ¼ 0.5, η1 ¼ −1). We find a stable and consistent
impact, with the cosmic shear error bars reduced by up
to 10%. We thus conclude that the assumption of excluding
IA contributions in the covariance is conservative for the
purposes of scale cut definition and validation (Fig. 3).
Therefore, we can safely use the covariance both to obtain

the results in this work and to obtain cosmology constraints
in the Year 6 data analysis [23–25].
Finally, we assess how survey geometry affects covari-

ance estimation. Following the DES Year 3 analysis
methodology, we correct for this effect by computing the
power spectra of the survey mask itself. We expect larger
geometric effects in DES Year 6 because its mask contains
significantly more small-scale structure than the Year 3
mask [109]. Our analysis confirms this expectation: while
the ratio of mask Cl spectra agrees well up to multipole
l ¼ 100, differences reach up to 50% at smaller angular
scales. Neglecting survey geometry in covariance calcu-
lations leads to an underestimation of cosmic shear error
bars by up to 10% (Fig. 3). Therefore, we incorporate this
correction into our fiducial covariance matrix.

B. Statistical inference

We validate and test the robustness of our analysis
pipeline using simulated likelihood analyses based on a
mock data vector produced as described in Sec. V and
evaluated at fiducial values in Table III. This mock signal is
compared to theoretical predictions evaluated at model
parameters p, defined as MðpÞ≡ fξij�ðpÞ; γijt ðpÞ; wiðpÞg.
We assume a Gaussian likelihood of the form

LðDjpÞ∝ exp

�
−
1

2
½D−MðpÞ�TCov−1½D−MðpÞ�

�
; ð30Þ

where Cov is the analytic covariance matrix of the 3 × 2pt
signal described in Sec. IVA.
Once the likelihood is defined, we run Markov Chain

Monte Carlo (MCMC) with a nested sampling algorithm to
obtain the evidence and sample the posterior distributions
of the model parameters. To obtain the results presented in
this work, we use Nautilus [110], a nested sampling
algorithm designed for robustness and efficiency in

FIG. 3. Impact of different modeling assumptions on the covariance matrix, shown as the ratio of the standard deviation extracted from
the modified covariance to that from the reference covariance. The reference covariance is computed using a Halofit dark-matter-only
matter power spectrum, neglecting intrinsic alignments, and including survey geometry effects. The ratio is plotted as a function of the
data point index, from left to right: cosmic shear, galaxy–galaxy lensing, and galaxy clustering. Solid translucent lines display errorbars
for the 1000 data points in the data vector, while circles denote the 660 points entering in the linear galaxy bias analysis after applying
scale cuts.
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high-dimensional parameter spaces powered by neural
networks. The Nautilus configuration used in our analysis
includesnum_live_points¼ 6000,n_batch¼ 1200,
andn_networks¼ 16. SeeAppendixC for a performance
comparison of the Nautilus sampler with Polychord [111], the
baseline code in the Year 3 analyses, in different scenarios
and configurations.

C. Parameters and priors

In this analysis, we sample over both cosmological and
nuisance parameters considering the priors in Table III.
On the cosmological parameters front, we sample over
the total matter abundance Ωm, the reduced Hubble
parameter h, the baryon abundance Ωb, the scalar spectral
index ns, and the amplitude of the primordial power
spectrum, parametrized as As × 109 (see Appendix D
for the justification of this choice). Additionally, we
sample over the sum of neutrino masses, mν. In the
wCDM extension, we also vary the dark energy equation
of state parameter w, using a flat prior within the
range ½−2;−1=3�.
In Year 6, we revise intrinsic alignment priors relative to

Year 3. We maintain flat priors on the IA amplitudes A1 and
A2, but narrow their ranges to ½−1; 3� and ½−3; 3�, respec-
tively. The limit at 3 is motivated by sampling efficiency—
since existing results already constrain the quadratic
amplitude in similar samples to within A2 ∼�3 (see, for
example, [80] Fig. 8 and [79]), and A1 to well below this, it
was deemed safe to reduce the range of the priors while
remaining uninformative. Note that, in practice, these limits
are well clear of the posteriors for all Year 6 probes (see the
discussion in [23]). We additionally impose A1 > −1:
while blue galaxies may exhibit small negative alignments,
empirical limits [75,77] indicate that large negative values
are implausible. For the tidal alignment–density parameter
we fix bTA ¼ 1 (see Sec. VIII and [23] for tests of this on
simulated and real data). For the redshift evolution
parameters η1 and η2 we impose wide Gaussian priors,
N ð0; 3Þ, chosen for numerical stability. These downweight
extreme values smoothly, while not excluding them
completely. Together with the updated pivot redshift
(Appendix E), this mitigates projection effects in η1 and
η2 noted in Year 3 [80]. For NLA analyses we adopt the
same priors on A1, η1.
For the galaxy bias, we sample over flat priors for

the linear coefficients, in [0.8, 3]. When extending to the
nonlinear description, coefficients are sampled in the
range [−3, 3].
We account for mild correlations among the calibration

parameters of the source galaxy sample, namely
the multiplicative shear bias m and the redshift distri-
bution modes u. These parameters are assigned Gaussian
priors with nonzero means (see Table III), with prior
widths informed by the correlation matrix derived
from sky image simulations [88]. This correlation,

introduced after the main results of this work were
obtained, is further examined in Appendix F, where
we show that its impact on the cosmological posteriors
is negligible.
The choice of priors and parametrization, together with

the marginalization over both cosmological and nuisance
parameters, brings the approach of this work close to the
conditions expected in the real data analysis, once the
2PCFs are unblinded. This makes the present study
particularly valuable as a realistic validation step.

V. SYNTHETIC DATA

The investigations presented in this work are conducted
in a blinded manner, following [112]. To prevent experi-
menter bias from directly examining the data, we generate
synthetic noiseless 2PCFs mimicking the properties of the
Year 6 source and lens galaxy samples. The mock data
vector contains the 2PCFs, D≡ fξij�ðθÞ; γijt ðθÞ; wiðθÞg
generated with an angular binning of 20 log-spaced bins
in the range [2.5, 250] arcmin., the analytical covariance
matrix of the signal, and the redshift distribution of both the
source and lens galaxy samples. See Appendix G for an
exploration of an alternative angular binning. This noiseless
synthetic signal (Figs. 4, 5, and 6) is generated using
CosmoSis [41], and the covariance is estimated with CosmoCov

[27,98] (Sec. IVA). Additionally, we test our framework
with a noisy 2PCF measurement of the Cardinal mock galaxy
catalog [113].
For the production of the noiseless mock signal we

assume the following cosmology values and properties of
the galaxy samples (similar to the ones considered in the
real data analysis):
(1) A fiducial cosmology that describes a realistic

scenario with values drawn from DES Year 3
cosmology results [9], and encompassed in range
of values used to train the Euclid Emulator v2 (Eemu,
[46]) of the matter power spectrum. The set of
chosen values are listed in Table III.

(2) The METADETECT source galaxy sample [108],
with a tomographic number density, nisource ¼
f2.56; 2.25; 2.37; 1.69g galaxies per arcmin2, in four
redshift bins spanning 0.1 < z < 2.5, a shape noise
of σe ¼ 0.30, and redshift distribution obtained with
SOMPZ + WZ [33,114].

(3) The Maglim lens galaxy sample [115], with a tomo-
graphic number density of lenses nilens ¼ f0.127;
0.092; 0.097; 0.123; 0.096; 0.097g galaxies per
arcmin2, in six redshift bins spanning 0.2<z<1.05,
and the redshift distribution obtained with SOMPZ +
WZ [32,114].

Although some redundancy exists in the analysis, as the
DES provides two source and lens galaxy samples, we
focus the design and validation of the theoretical frame-
work on the METADETECT source sample [108] and the
Maglim lens sample [31]. The analysis pipeline (Sec. III) is
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also applicable to the Bayesian Fourier domain source
sample [116], and the Redmagic lens sample [107] with
minimal modifications.

A. Cardinal

The Cardinal mock galaxy catalog [113], based on
N-body simulations, is an updated version of the
BUZZARD mock catalog suite [117], developed to support
both current and future cosmological surveys. This
synthetic catalog is based on a one-quarter-sky simu-
lation extending to redshift z ¼ 2.35, with an r-band
limiting magnitude of mr ¼ 27.0. It is available only as a
single realization. The underlying cosmology assumes
the following parameters: Ωm ¼ 0.286, Ωb ¼ 0.047,
σ8 ¼ 0.82, ns ¼ 0.96, h ¼ 0.7, and three massless

neutrino species with an effective number of relativistic
species Neff ¼ 3.046. Cardinal improves upon its previous
iteration by implementing an updated subhalo abundance
matching model for a galaxy-halo assignment [118,119],
as well as a novel method for assigning galaxy colors. As
a result, it serves as a valuable validation tool, accurately
reproducing the observed properties of DES galaxy
samples.

VI. SCALE CUTS

In this section we describe the procedure to define scale
cuts that mitigate the impact of poor modeling due to an
incomplete description of theoretical systematics at small
scales, such as baryonic feedback, the nonlinear matter
power spectrum, and galaxy bias.

FIG. 4. Cosmic shear 2PCFs measured in four redshift bins and 20 logarithmic angular bins over the range 2.5 < θ < 250 arcmin. The
figure shows the noiseless mock signal for three scenarios: the low-baryon (dark matter only) case with Eemu matter power spectrum
(black), the fiducial case obtained with Hm20 and log10 TAGN ¼ 7.7 (orange), and the high-baryon scenario (Bahamas 8.0) with Eemu
(green). The lower panels display the residuals of each signal with respect to the low-baryon case. The gray shaded region and vertical
dashed lines indicate data points excluded from the analysis due to unmodeled baryonic feedback and nonlinearities in the matter power
spectrum, corresponding to the optimized cosmic shear analysis under the NLA and TATT intrinsic alignment parametrizations,
respectively. The pairs of indices on each panel denote the correlated source redshift bins.
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A. Procedure

To derive a set of scale cuts for our joint-probe analysis,
we follow an iterative procedure that builds upon that of the
Year 3 analysis [9]. We first generate two mock 3 × 2pt data
vectors designed to bracket the uncertainty in modeling the
nonlinear matter power spectrum, motivated in Sec. III A:
(1) a gravity–only scenario using Eemu, and (2) a high-
feedback scenario (Bahamas-8.0). These correspond to the
cases plotted in Figs. 4–6.
We first obtain scale cuts for cosmic shear only and

2 × 2pt analyses independently. Our shear scale cuts are
defined using these two data vectors, by finding a minimum
scale θmin in each bin pair ij that maintains

max ½χ2ðξij�;base; ξ
ij
�;maxÞ; χ2ðξij�;base; ξ

ij
�;minÞ� < Δχ2; ð31Þ

where we setΔχ2 based on the level of bias it induces in the
cosmological parameter estimates. We make an initial
guess at Δχ2, run 1 × 2pt analyses of our two contaminated
data vectors assuming those cuts, and evaluate the bias
relative to our baseline data vector (described in Sec. V,
evaluated at fiducial values in Table III). Iteratively select-
ing Δχ2 values then allows us to find a set of scale cuts just
below, but not exceeding, our predetermined error thresh-
olds on S8 and S8 −Ωm. A visual representation of this
algorithm can be seen in Fig. 7.

FIG. 5. Galaxy-galaxy lensing 2PCFs estimates in four source redshift bins and six lens bins, measured in 20 logarithmic angular bins
over the range 2.5 < θ < 250 arcmin. The figure shows the noiseless mock signals both with linear (blue) and nonlinear galaxy bias
(orange) contributions following the fiducial Fast-pt formalism. Additionally, alternative Aemulus-HEFT galaxy bias signals mimicking the
Maglim (yellow) and Redmagic (red) samples, are displayed, along with the Cardinal (magenta) measurement. The lower panels show the
residuals of each signal with respect to the nonlinear galaxy bias baseline case. The gray shaded region and vertical dashed line indicate
data points excluded from the analysis due to unmodeled galaxy bias, baryonic feedback, and nonlinearities in the matter power
spectrum, corresponding to scales of 6 and 4 Mpc=h. The pairs of numbers within each panel denote the indices of the correlated source
and lens redshift bins.
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We next need an initial guess at 2 × 2pt scale cuts. For
this, we take the scale cuts determined in DES Year 3 [64]
for the linear and nonlinear galaxy bias analyses. These
are ð4; 4Þ Mpc=h (for w and γt, respectively) for nonlinear
bias, and ð8; 6Þ Mpc=h for linear bias. These cuts are
tested by running synthetic 2 × 2pt analyses on the same
two baryonþ emulator contaminated data vectors
described above. Additionally, we run a third test ana-
lyzing data that includes galaxy bias contributions not
captured by our baseline model. To validate the linear
galaxy bias cuts we analyze a signal contaminated with
nonlinear galaxy bias injected with Fast-pt. For the vali-
dation of the nonlinear galaxy bias cuts, we produce
synthetic signals mimicking a Maglim-like and Redmagic-
like samples following the Aemulus-HEFT prescription (see
Sec. III B), with the galaxy bias coefficients in Table II. If
posteriors fail our validation thresholds, we progressively
tighten scale cuts by 1 Mpc=h until both linear and
nonlinear galaxy bias models pass validation. The choice
of whether to cut w or γt data points at each step is guided
by evaluating their respective impacts on the total χ2.
Note that, unlike the cosmic shear cuts, which are tuned
via the Δχ2 criterion until the validation metric is
saturated, the 2 × 2pt and 3 × 2pt cuts cannot be pushed
to saturate their thresholds, since this would require
including scales below the validity of the galaxy bias
model. The corresponding validation metrics therefore lie
notably below the predefined thresholds (Table IV), and
the constraining power of the nonlinear bias parametri-
zation is not fully exploited. Recovering additional

small-scale data points would in any case not guarantee
improved constraints, given the interplay with projection
effects (Fig. 8).
We begin our 3 × 2pt analysis by taking the union of

scale cuts identified separately for shear and 2 × 2pt
analyses. This combined cut serves as our initial guess,
which we then validate against contamination from the
baryon plus nonlinear matter power spectrum and galaxy
bias. However, the additional constraining power of the full
3 × 2pt signal means that cuts passing individual probe
tests are not guaranteed to remain valid in the combined
analysis. If our initial cuts would fail these validation tests,
we would follow the same procedure as in the 2 × 2pt case:
selecting which probe to cut based on their contribution to
the total χ2.
It should be noted that this entire iterative process is

significantly model dependent. Rather than limiting all
probes to the most restrictive case, we derive separate cuts
tailored to each probe’s specific systematic uncertainties
and theoretical limitations. The different cases we con-
sider are
(1) Cosmic shear ΛCDM, for (i) NLA, and (ii) TATT-4
(2) Linear bias, for (i) 2 × 2pt ΛCDM, and

(ii) 3 × 2pt w=ΛCDM
(3) Nonlinear bias, for (i) 2 × 2pt ΛCDM, and

(ii) 3 × 2pt w=ΛCDM
Since we do not meaningfully constrain the wCDM

model space with shear and 2 × 2pt separately, we do not
derive separate cuts for those cases. By default, we use the
TATT model for all 2 × 2pt and 3 × 2pt analyses, and so

FIG. 6. Galaxy clustering 2PCFs estimates in six redshift bins and 20 logarithmic angular bins over the range 2.5 < θ < 250 arcmin,
displaying just the autocorrelations wi. The figure presents the noiseless mock signal for three scenarios: the low-baryon (dark matter
only) case using the Eemu matter power (black), the fiducial case obtained with Hm20 and log10 TAGN ¼ 7.7 (orange), and the high-
baryon scenario (Bahamas 8.0) with Eemu (blue). All cases include nonlinear galaxy bias contributions following the fiducial Fast-pt
formalism. Additionally, alternative Aemulus-HEFT galaxy bias signals mimicking the Maglim (yellow) and Redmagic (red) samples, are
shown alongside the Cardinal (magenta) measurement. The lower panels display the residuals of each signal with respect to the low-
baryon case. The gray shaded region and vertical dashed line indicate data points excluded from the analysis due to unmodeled galaxy
bias contributions, corresponding to scales of 9 and 4 Mpc=h. The pairs of numbers within each panel denote the indices of the
correlated lens redshift bins.

D. SANCHEZ-CID et al. PHYS. REV. D 114, 063506 (2026)

063506-16



again we do not derive NLA cuts for anything but
cosmic shear.

B. Validation metrics

We now present the criteria used to assess the efficiency
of scale cuts in mitigating various sources of

contamination. Validation thresholds are defined for the
best-constrained parameters of each analysis and depend on
whether a given systematic is classified as a major or minor
contaminant, based on its impact on a specific probe.
Different threshold values are assigned accordingly. The
validation metrics and bias thresholds are motivated by the
requirement that the combined effect of all systematics

FIG. 7. Scale cuts decision process. Cosmic shear cuts: the procedure begins with an initial Δχ2 computed between the baseline signal
and two contaminated cases: the high-feedback and gravity-only scenarios. Both contaminated scenarios incorporate Eemu matter power
spectrum. The scale cut is set to the largest of the minimum scales obtained from these two cases. An MCMC chain is then run to
evaluate the posterior shift in S8 relative to the known input value. If ΔS8 < 0.5σ, the scale cut is accepted; otherwise, Δχ2 is
incremented by ϵ, and the process is repeated until convergence is achieved. We exploreΔχ2 in the range [0.1, 5]. 2 × 2pt cuts: we derive
cuts for the linear and nonlinear galaxy bias analyses, considering as contaminated data vectors those containing nonlinear galaxy bias
inject following EPT and LPT descriptions (Sec. III B), and also high-feedback and gravity-only scenarios. Scale cuts are determined by
the smallest physical scale for which the bias model remains valid, denoted as ðRmin;wðθÞ; Rmin;γtÞ. Validation criteria are defined as the
shift induced in ΔðΩm; S8Þ due to unmitigated contamination. If the criteria are not met, we remove more scales in steps of 1 Mpc=h.
3 × 2pt cuts: we derive scale cuts for the linear and nonlinear analyses inΛCDM and wCDM. For the latter, we also add the condition on
the shift in the plane ofΩm − w. The starting point is the union of cosmic shear and 2 × 2 pt cuts. In the case that cuts fail to mitigate the
contamination, we remove cosmic shear data points with a more restrictive Δχ2 or points from 2 pt in steps of 1 Mpc=h. The MCMC
runs required to apply this validation scheme are highly computationally demanding, totaling 1.75 million CPU hours for validating
cosmic shear, as well as the linear and nonlinear cuts.
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remains below 1σ. For minor systematics, we define a 0.3σ
threshold, such that the cumulative effect of ten indepen-
dent systematics would produce at most a 1σ shift in the
ðΩm; S8Þ plane when added in quadrature. For major
systematics, as well as for cases where systematic effects
are expected to be coupled (e.g., the modeling of baryonic
feedback and nonlinearities in the matter power spectrum),
we adopt a looser threshold of 0.5σ. With these consid-
erations, we impose the following:
(1) For the cosmic shear analysis, the validation metric

is the bias in the marginal mean of S8, as we find this
to be the most stringent criteria. We observe that if
the test passes based on the shift in the 1D posterior

distribution, it will also pass in the 2D posterior
ðΩm; S8Þ. To validate the scale cuts for mitigating
baryonic feedback and the nonlinear evolution of
the matter power spectrum, we set the criterion
ΔðS8Þ < 0.5σ.

(2) For the 2 × 2pt analysis, the validation metric is the
bias in the marginal mean of the 2D posterior
ðΩm; S8Þ. We consider galaxy bias to be a major
source of contamination in this analysis, whereas
baryonic feedback and the nonlinear evolution of
the matter power spectrum are considered minor
sources of contamination. Consequently, we set the
thresholds for galaxy bias contamination mitigation

TABLE IV. Summary of the scale cuts. Each entry reports the difference between the posterior derived from the contaminated signal
and that from the fiducial (baseline) signal, expressed in units of the posterior standard deviation. Contamination scenarios are described
in Sec. VI A, and validation criteria are defined in Sec. VI B. For ΛCDM, we additionally report the shift along the best-constrained
parameter direction S8ðαÞ, which is given by α ¼ 0.636.

Cosmic shear

Case Scale cuts Contamination ΔðS8Þ
1 × 2pt NLA Δχ2 ¼ 3.5 High baryonþ NL PðkÞ 0.50

NLA Δχ2 ¼ 3.5 Low baryonþ NL PðkÞ 0.33
TATT-4 Δχ2 ¼ 5 High baryonþ NL PðkÞ 0.49
TATT-4 Δχ2 ¼ 5 Low baryonþ NL PðkÞ 0.27

Linear galaxy bias

Case Scale cuts Contamination ΔðΩm; S8Þ ΔðSα¼0.636
8 Þ

2 × 2pt ð9; 6Þ Mpc=h NL Galaxy bias 0.17 0.51
High baryonþ NL PðkÞ 0.19 0.52
Low baryonþ NL PðkÞ 0.12 0.34

3 × 2pt ΛCDM ð9; 6Þ Mpc=hþ Δχ2 ¼ 5 NL Galaxy bias 0.13 0.03
High baryonþ NL PðkÞ 0.30 0.66
Low baryonþ NL PðkÞ 0.10 0.22

ΔðΩm; wÞ ΔðΩm; S8Þ
3 × 2pt wCDM ð9; 6Þ Mpc=hþ Δχ2 ¼ 5 NL Galaxy bias 0.37 0.10

High baryonþ NL PðkÞ 0.24 0.28
Low baryonþ NL PðkÞ 0.21 0.35

Nonlinear galaxy bias

ΔðΩm; S8Þ ΔðSα¼0.636
8 Þ

2 × 2pt ð4; 4Þ Mpc=h Aemulus Maglim 0.015 0.15
Aemulus Redmagic 0.001 0.01

High baryonþ NL PðkÞ 0.14 0.46
Low baryonþ NL PðkÞ 0.19 0.52

3 × 2pt ΛCDM ð4; 4Þ Mpc=hþ Δχ2 ¼ 5 Aemulus Maglim 0.14 0.46
Aemulus Redmagic 0.16 0.46

High baryonþ NL PðkÞ 0.31 0.72
Low baryonþ NL PðkÞ 0.14 0.31

ΔðΩm; wÞ ΔðΩm; S8Þ
3 × 2pt wCDM ð4; 4Þ Mpc=hþ Δχ2 ¼ 5 Aemulus Maglim 0.04 0.09

Aemulus Redmagic 0.02 0.14
High baryonþ NL PðkÞ 0.24 0.31
Low baryonþ NL PðkÞ 0.07 0.29
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tests to beΔðΩm; S8Þ < 0.5σ. For baryonic feedback
and matter power spectrum modeling, the criteria
are ΔðΩm; S8Þ < 0.3σ.

(3) For the 3 × 2pt ΛCDM analysis, both baryonic
feedback plus nonlinear evolution of the matter
power spectrum and galaxy bias are considered
major sources of contamination. Thus, the validation
criteria are ΔðΩm; S8Þ < 0.5σ for both sources of
contamination. For the 3 × 2pt wCDM analysis,
we impose that the shift due to baryons plus non-
linear evolution of the matter power spectrum is
ΔðΩm; S8Þ < 0.3σ, and ΔðΩm; wÞ < 0.3σ, adding
the requirement on the dark energy equation of state
space. For the galaxy bias contamination, require-
ments are ΔðΩm; S8Þ < 0.5σ and ΔðΩm; wÞ < 0.5σ.

We note that baryonic feedback and the nonlinear matter
power spectrum are always injected jointly in our con-
taminated data vectors. A fully combined test additionally
including galaxy bias is not pursued here, as it would
require a self-consistent joint model of all three effects—
most robustly obtained from hydrodynamical simulations
—which we leave to future work; since baryonic feedback
is a subdominant contaminant where galaxy bias domi-
nates, we expect their residual coupling to be second order.
So-called projection or prior volume effects can result

in marginal posteriors that are shifted away from the fixed
truth (see Sec. VII A) in a potentially unintuitive way. This
is not a bias in the inference, as variation over the full prior
range would show the truth lying within an X percent
credible interval X percent of the time [120–122]. This
effect tends to become more pronounced when the data are
less constraining and, as a result, shifts can arise both when
scale cuts are insufficiently strict, due to the assumed model
not matching the true data generating process, or when
scale cuts are too strict, due to increased projection effects
from the loss of constraining power.
The magnitude of these effects depends on the specific

signal features and contamination levels even in noiseless
cases, creating a complex interplay between constraining
power, systematic shifts, and projection/volume effects.
While cosmic shear analysis is less affected by these
projection effects due to its reduced parameter space, the
multiprobe analyses present more complex constraints due
to degeneracies with galaxy bias and σ8 (see Sec VII C
where we show that fixing galaxy bias is the most effective
way to remove projection effects).
Due to these complications, we do not use ΔS8 as a

validation metric for 2 × 2pt and 3 × 2pt analyses, as
projection effects interfere with our scale cut decision-
making process. The 2 × 2pt analysis constrains matter
abundance more tightly than S8, while 3 × 2pt analysis
constrains both σ8 and Ωm at similar levels, making the 2D
Ωm-S8 plane more appropriate for validation. The counter-
intuitive behavior where cutting more scales increases the
shift can be seen in Fig. 8 for S8 for the 3 × 2pt analysis,

with the two problematic cases enclosed in the red
rectangle. Consequently, we must carefully balance the
trade-off between projection effects and systematic bias:
including smaller scales increases constraining power and
can reduce projection effects, but at the cost of higher
sensitivity to theoretical systematics, while excessive scale
cutting can make posteriors more susceptible to projection
effects. In Fig. 8 we also show the shifts for the best-
constrained direction in our fiducial case, an alternative
definition of S8 with exponent α ¼ 0.636, instead of the
usual 0.5 [see Eq. (33)]. While this alternative parametri-
zation generally shows smaller and more stable shifts
compared to the standard S8 (even while having less
uncertainty), it still exhibits sensitivity to projection effects,
with our fiducial configuration (Δχ2 ¼ 5) producing shifts
around 0.65 − 0.7σ. This demonstrates that even the best-
constrained parameter direction cannot fully eliminate
projection artifacts in our inference setup, reaffirming
our approach of using 2D validation metrics for multiprobe
analyses.
Additionally, we note that we found the projection

effects to be smaller in the real data cosmological
analyses [23–25], because of differences between the
cosmology chosen in our simulated analysis and the real
cosmology. We thus are confident our scale cut choices
remain robust for the level of projection effects of the real
data case.

FIG. 8. Scale cuts and projection effects interplay in the 3 × 2pt
ΛCDM analysis, with linear galaxy bias. The plot shows posterior
shiftsΔS8 (in standard deviations) between baseline and baryonic
feedback plus Eemu-contaminated data vectors, and the difference
between signals is given by the Δχ2. Scale cuts for galaxy
clustering and galaxy-shear correlations are held fixed at
ð9; 6Þ Mpc=h while cosmic shear cuts are varied through
Δχ2 ∈ ½0.2; 6�. Diamonds show standard S8, and circles show
the best-constrained direction S8ðα ¼ 0.636Þ from Eq. (33) with
color red and green displaying whether those cuts pass or not the
validation metric. Because of projection/volume effects, stricter
scale cuts (smaller Δχ2) do not systematically reduce parameter
shifts even for the most-constrained direction, as can be seen in
the cases highlighted inside the red rectangle.
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C. Scale cuts results

After applying the procedure described above, we arrive
at the final cuts summarized in Table IV.
For cosmic shear, the scale cuts are determined sepa-

rately for the NLA and TATT-4 intrinsic alignment models.
In the NLA case, we find a cut corresponding toΔχ2 ¼ 3.5,
while for TATT-4, we find a more permissive threshold of
Δχ2 ¼ 5. These cuts result in S8 shifts of 0.50σ and 0.33σ
(NLA), and 0.49σ and 0.27σ (TATT-4), for the high- and
low-baryon cases, respectively. The posterior distributions
are shown in Fig. 9.
We determine the linear galaxy bias scale cuts for the

2 × 2pt analysis to be ðRmin;wðθÞ; Rmin;γtÞ ¼ ð9; 6Þ Mpc=h.
When extending to the 3 × 2pt analyses in both ΛCDM and
wCDM, we actually find that the union of the 2 × 2pt and
cosmic shear cuts passes our criteria.
For the nonlinear galaxy bias scenario, we find

ðRmin;wðθÞ; Rmin;γtÞ ¼ ð4; 4Þ Mpc=h scale cuts for the 2 ×
2pt analysis. These cuts also work for the 3 × 2pt analyses
in both ΛCDM and wCDM together with cosmic shear
scale cuts determined by the Δχ2 ¼ 5 criterion. The results

of this validation are summarized in Fig. 10. We find galaxy
bias to be the main limiting systematic in the 2 × 2pt
analysis, with baryonic feedback playing a subdominant
role. This justifies why posteriors derived from the analysis
of different baryonic-contaminated signals are similar, as in
the 2 × 2pt linear case. For the 3 × 2pt analyses, both
baryons and galaxy bias appear as limiting systematics on
equal footing.
The final set of cuts results from the iterative validation

procedure outlined in Fig. 7, which is extremely computa-
tionally demanding. In total, approximately 30, 90, and 52
MCMC chains were run to validate the cosmic shear, linear,
and nonlinear cuts, respectively. Assuming each configu-
ration used 300 CPUs, this corresponds to roughly 1.75 mil-
lion CPU hours. These figures highlight the scale of the
challenge posed by this validation process and underscore
the need to explore and develop technical tools to enable
successful future analyses. As discussed in Appendix A, a
nonlinear power spectrum emulator would considerably
reduce the runtime by a factor of around 3, but it is
interesting to note that switching the sampler from Polychord

to Nautilus reduced the runtime more significantly (see
Appendix C).

D. Testing the scale cuts with the Cardinal simulation

In this work, we use the 2 × 2pt signal (Figs. 5 and 6)
measured in the Cardinal mock galaxy catalog [113] with
TreeCorr [123] to validate the galaxy bias modeling. We
analyze the signal using both linear, analyzing data points
down to ðRmin;wðθÞ; Rmin;γtÞ ¼ ð8; 6Þ Mpc=h,1 and nonlinear
galaxy bias, down to (4, 4) Mpc=h, and applying scale cuts
based on the DES Year 3 prescription [64]. The goal is to
assess whether the estimated values of S8 and Ωm from the
Λ and wCDM analyses are consistent with the input
cosmology of the simulation. We do not impose a strict
requirement on the bias in cosmological parameters in this
test as we are analyzing the 2PCFs measured in one single
realization of the simulation, and thus the inferred cosmo-
logical parameters are sensitive to cosmic variance and
noise. Therefore, this test provides a useful complementary
validation approach to check robustness under noisy
conditions. We perform the analysis and check that the
recovered parameters are reasonably close to the input
values, typically within 2σ. In light of recent DES clusters
multiprobe pipeline validation results obtained with Cardinal

[124], observing a cosmological shift exceeding that
expected from statistical noise would warrant a more

FIG. 9. Posterior distributions of S8 from the cosmic shear scale
cuts validation, shown for the NLA (top) and TATT (bottom)
intrinsic alignment models. The gravity-only case consists of a
gravity-only power spectrum modeled with the Eemu, while the
high-baryon scenario includes baryonic suppression following
Bahamas-8.0 and also includes the same modulations in the power
spectrum. The shaded regions indicates the 0.5σ area.

1The test performed with Cardinal was carried out prior to the
validation of the scale cuts using the noiseless mock signal
described in Sec. VI A. Thus, it employed ðRmin;wðθÞ; Rmin;γtÞ ¼ð8; 6Þ Mpc=h instead of the subsequently validated cuts of
(9, 6) Mpc=h. Since the outcome with the less conservative cuts
was satisfactory, a repetition of the validation was unnecessary.
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detailed examination of the data cuts and the analysis
pipeline to search for possible issues.
First, we determine the linear galaxy bias coefficients b1

that best describe the signal, while fixing the higher-order
coefficients b2, bs2 , and b3nl to zero and setting the
cosmological parameters to their known input values.
The goal of this first step is to update the covariance
matrix with the actual lens sample galaxy bias. We run a
2 × 2pt ΛCDM chain in which only the linear galaxy bias
coefficients are sampled over the fiducial priors (Table III),
applying the linear scale cuts. As a result, we obtain the
following bias coefficients as the mean of the posteriors:

b11 ¼ 1.35� 0.04; b21 ¼ 1.46� 0.03;

b31 ¼ 1.43� 0.02; b41 ¼ 1.39� 0.02;

b51 ¼ 1.40� 0.02; b61 ¼ 1.13� 0.03:

After estimating the linear galaxy bias coefficients for
the Maglim-like sample we update the theoretical covariance
matrix using the newly inferred bias values. In the second
step, we run both a 2 × 2pt ΛCDM chain and a 2 × 2pt
wCDM chain, sampling over cosmological parameters and
marginalizing over nuisance parameters, while modeling
galaxy bias with a linear description, applying the corre-
sponding scale cuts, and considering the updated covari-
ance in the likelihood calculation.

Finally, in the third stage, we develop 2 × 2pt ΛCDM
and 2 × 2pt wCDM analyses with nonlinear galaxy bias
modeling and the respective scale cuts. In this case, we
sample over cosmological and nuisance parameters while
fixing the galaxy bias coefficients beyond the local quad-
ratic term b2, to their coevolution values.
The results are shown in Fig. 11. In the ΛCDM scenario,

the posterior distributions obtained from both linear and
nonlinear bias models encompass the known input values
within the 1-σ region. This result gives us further con-
fidence that the applied scale cuts effectively mitigate
unmodeled galaxy bias contributions in an analysis of
noisy data, serving as a complement to the validation on
noiseless signal presented in the previous section.
Similarly, in the wCDM case, we find that the posterior

distribution derived from the nonlinear galaxy bias model
remains consistent with the input values at approximately
the 1-σ level. However, the results obtained using the linear
galaxy bias model exhibit larger shifts.

VII. EXPECTED COSMOLOGICAL
CONSTRAINTS FROM YEAR 6

In this section, we first characterize the DESYear 6 signal
after applying the validated scale cuts, discuss volume
effects, and analyze the contributions to the constraining

FIG. 10. Robustness against baryonic effects, nonlinear power spectrum and galaxy bias modeling: 0.5σ confidence levels contours
for the 2 × 2pt and 3 × 2pt w=ΛCDM analyses for different contaminated data vectors in comparison with baseline scale cuts we have
determined in each case, presented in Table V. All cases show shifts below our established 0.5σ criterion. The top panel assumes linear
galaxy bias, while the bottom panel nonlinear galaxy bias, and markers indicate posterior means.
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power from different redshift ranges and scales. For this, we
use the synthetic signal introduced in Sec. V.We then assess
the robustness of our baseline setup against further mod-
ifications to the baseline analysis choices, besides the ones
already used to define the scale cuts in the previous section.

A. Baseline setup characterization

1. Signal-to-noise ratio

Having established the validity and efficiency of the
scale cuts in mitigating theoretical systematics, we now

summarize the properties of the 2PCFs after removing the
affected data points.
Table V collects the number of data points and the signal-

to-noise ratio (SNR) for each analysis, considering the
expression

SNR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTCov−1D

p
: ð32Þ

For the cosmic shear NLA analysis, the final data vector
contains 267 points, corresponding to an SNR of 37.5. The
TATT analysis includes 282 data points, with a slightly
higher SNR of 39.8, as shown in Table V. The 2 × 2pt linear
galaxy-bias analysis consists of 378 data points from wðθÞ
and γt, with an SNR of 91.5. In the nonlinear bias case, the
number of data points increases to 435, yielding a SNR of
151.3. Finally, the 3 × 2pt analyses include 660 data points
for the linear-bias ΛCDM and wCDM cases, and 717 for
the corresponding nonlinear bias analyses, with SNRs of
95.3 and 153.3, respectively.
Figure 12 displays the posteriors on the abundance of

matter and S8 forecasted for the main analysis in ΛCDM,
from cosmic shear with NLA and TATT, the 2 × 2pt, and
the combination into the 3 × 2pt linear analysis result. The
figure evidences the different degeneracies in the Ωm − S8
plane from the different probes and how constraining power
is enhanced in the multiprobe analysis. It is also expected
that both cosmic shear cases yield comparable constraining
power despite differences in the number of points—this is
by design of the scale cuts procedure.

2. Parameter space: Projection effects and best
constrained parameters

In our fiducial setup we observe some projection effects
in Ωm and S8. Projection, or volume effects refer to
systematic shifts in marginalized parameter posteriors away
from the peak of the full-dimensional posterior. This is a
model-dependent effect that arises when changes in the
parameter space volume at a given likelihood dominate
over the changes in the likelihood itself, and so can be
particularly present in models where the curvature of the

FIG. 11. Scale cuts validation with the Cardinal simulation.
Posterior distributions of cosmological parameters and linear
galaxy bias coefficients from the Cardinal 2 × 2pt w=ΛCDM
analysis, comparing linear and nonlinear galaxy bias models
with scale cuts of ð8; 6Þ Mpc=h and ð4; 4Þ Mpc=h, respectively.
The figure highlights the most constrained parameters: Ωm and
S8, along with the linear galaxy bias coefficient for the first
redshift bin and the dark energy equation of state parameter, w.
Dashed lines indicate the input values.

TABLE V. Number of data points included in each analysis, based on the applied scale cuts. The scale cuts are defined by the
minimum physical scales at which galaxy bias can be accurately and robustly modeled (Rmin;wðθÞ, Rmin;γt ), and by the cosmic shear cuts
Δχ2. The corresponding SNR for each configuration is also shown.

Analysis Scale cuts ξþ ξ− γt wðθÞ Total SNR

Cosmic shear NLA Δχ2 ¼ 3.5 178 89 � � � � � � 267 37.52
Cosmic shear TATT-4 Δχ2 ¼ 5 183 99 � � � � � � 282 39.76

2 × 2pt ΛCDM Linear ð9; 6Þ Mpc=h � � � � � � 312 66 378 91.47
3 × 2pt w=ΛCDM Linear ð9; 6Þ Mpc=hþ Δχ2 ¼ 5 183 99 312 66 660 95.26

2 × 2pt ΛCDM Nonlinear ð4; 4Þ Mpc=h � � � � � � 348 87 435 151.31
3 × 2pt w=ΛCDM Nonlinear ð4; 4Þ Mpc=hþ Δχ2 ¼ 5 183 99 348 87 717 153.31
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likelihood depends strongly on the parameters, as is often
the case with highly nonlinear models.
When the data are very constraining, the likelihood falls

away quickly from the maximimum-likelihood point, and
volume effects become negligible; conversely, they can be
exacerbated for models with poorly constrained parame-
ters. Reparametrization of the likelihood, or the adoption of
informative priors (e.g. a Jeffreys prior to make the like-
lihood parametrization invariant), are two approaches to
reducing the impact of prior volume effects (see e.g. [125]).
In 3 × 2pt ΛCDM linear galaxy bias we find S8 to be

0.65σ lower than the true value (0.60σ for 2 × 2pt). We find
Ωm to be higher than the true, up to 1.50σ for the 3 × 2pt
ΛCDM analysis. As expected, these shifts are the worst in
the more complex wCDM case, with S8 being as high as
1.37σ away form the truth for 3 × 2pt. Estimates of the
shifts in the posterior due to projection effects in Λ and
wCDM are summarized in Tables VI and VII, respectively.
Such shifts indicate that there might be a better con-

strained direction in parameter space that is less sensitive to
projection effects. Using a noiseless data vector, we find the
best-constrained direction in the Ωm–σ8 parameter space:

S8ðαÞ ¼ σ8

�
Ωm

0.3

�
α

; ð33Þ

with α ¼ 0.636, which we find to be less prone to projection
effects than S8ðα ¼ 0.5Þ. We also use this parameter in

Sec. VI B to understand the interplay of our scale cuts
procedure and projection effects. Accordingly, we report the
shifts in this derived parameter in Table IV (in [25] we derive
an updated α using simulated data from the best-fit cosmol-
ogy and final covariance matrix since this can also change
due to noise.)
This best-constrained direction is similar to what was

found in DES Year 3 (see Fig. 14). In the S8 −Ωm panel it
can be appreciated that for both analyses, the degeneracy is
not completely broken, while we find the contours to be
closer to a circle in the case of α ¼ 0.636. See [126] for a
discussion on how redshift and angular binning could affect
the best-constrained degeneracy direction.

3. Reporting constraints on cosmological parameters

We choose to quote the cosmological results on the real
data analyses [23–25] as the mean of the 1D marginalized
posterior of the parameter of interest with its associated
standard deviation. However, because of projection effects,
it is particularly useful to also report the MAP values, i.e.
the parameter value at the highest posterior point.
We therefore report 1D marginalized constraints as

mean� standard deviation ðMAPÞ: ð34Þ

We note that, as previously explained, we make use of
the 1D mean of the marginalized posterior when estimating
the shift in one dimension for the scale cuts validation
rather than the MAP. In fact, the MAP point from an
MCMC chain is a poor estimate of the global MAP of a
given posterior. We therefore estimate the MAP as follows:
we select the Nguess samples from a chain that has the
highest posterior values and use each of these points as an

FIG. 12. Posterior distributions of the abundance of matter and
the amplitude of matter density fluctuations derived from the
analysis of mock noiseless Year 6 data in cosmic shear analyses
with NLA and TATT parametrizations, and with 2 × 2pt and
3 × 2pt linear galaxy bias analyses.

TABLE VI. Projection effects assessment for ΛCDM quanti-
fied by the shift in the posterior mean relative to the true value in
units of standard deviations.

Parameter 3 × 2pt 2 × 2pt 3 × 2pt NL

S8 −0.65 −0.60 −1.03
Ωm þ0.91 þ0.95 þ1.50
σ8 −1.03 −1.02 −1.73

TABLE VII. Projection effects assessment for wCDM quanti-
fied by the shift in the posterior mean relative to the true value in
units of standard deviations.

Parameter 3 × 2pt 3 × 2pt NL

S8 −1.17 −1.37
Ωm þ0.37 þ0.51
σ8 −1.13 −1.35
w −0.83 −0.86
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initial guess for an optimization algorithm. We then select
the highest posterior output from these Nguess posterior
maximization searches. In practice we choose Nguess ¼ 20,
and optimize using the Powell algorithm in scipy.op-
timize with a tolerance of 0.05. Tests of this procedure
can be found in Appendix H.

4. Resulting constraints from DES Year 6 simulated data

In Fig. 13 we compare the ΛCDM contours with the
wCDM ones, both for the linear and nonlinear bias
analyses. We find that the constraining power is similar
for the linear and nonlinear bias cases in ΛCDM, with a
figure of merit (FOM) defined as

FOMΩm;σ8 ≡ ðdet CovðΩm; σ8ÞÞ−1=2; ð35Þ

of 4375 and 4562, respectively.
In wCDM, the constraining power in the case of using

more scales, i.e. assuming a nonlinear galaxy bias model, is
actually slightly worse than the more stringent scale cuts
case, due to the additional parameters in the bias model
varied in the analysis, washing out the constraining power.
The FOM decreases from 2344 with the linear model to
1927 when assuming nonlinear bias. By opening the
parameter space we constrain nonlinear coefficients at
the expense of precision in w.

B. Comparison to DES Year 3

The DES Year 3 analysis [9] included 462 data points in
the 3 × 2pt signal after applying linear galaxy-bias scale cuts,
to be compared with the number of data points after linear
cuts in TableV. Themajority of the added points inDESYear
6 come from the cosmic shear part, since actually 2 × 2pt are
similar among the analyses: ð8; 6Þ Mpc=h in DES Year 3 vs
ð9; 6Þ Mpc=h in DES Year 6, for w and γt respectively.
We also compare the DES Year 6 3 × 2pt constraining

power in Fig. 14 with respect to the DES Year 3. To enable
direct comparison, we also evaluate the constraining power
when excluding the two highest-redshift lens bins of the
Maglim sample, thereby matching the Year 3 tomographic
configuration. This allows us to compare the DES Year 3
results from the linear galaxy-bias analysis (which includes
shear ratios in the likelihood and four lens tomographic bins)
with our synthetic Year 6 analysis under two scenarios: the
full six-bin configuration and a restricted four-bin setup.
Note that the posteriors are shown without recentering;
given that we are comparing contours from real data with
simulated data vectors, perfect alignment is not expected.

FIG. 13. Posterior distributions of the abundance of matter,
amplitude of matter density fluctuations, and the dark energy
equation of state obtained from the analysis of mock noiseless
Year 6 data in linear and nonlinear galaxy bias 3 × 2pt analyses
assuming ΛCDM and wCDM models.

FIG. 14. Year 3 and Year 6 with 4 lens redshift bins. The figure
shows the contours of the best-constrained parameters from the
DES Year 3 real data analysis, which considered the four lowest
z-bins, included shear ratios, and applied scale cuts of
ð8; 6Þ Mpc=h (purple). For comparison, we present results from
the Year 6 synthetic signal analysis, which uses similar scale cuts
but does not include shear ratios, both for a similar z-bin
configuration of the first four bins (orange) and for the fiducial
setup accounting for all six lens bins (blue). Dashed lines indicate
the input values. Note that the posteriors are shown without
recentering although we are comparing real data Year 3 and mock
signal Year 6 results and perfect alignment is not expected.
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Even under the conservative scenariowhere the two highest-
redshift lens bins are excluded in Year 6, we forecast
substantial improvements in constraining power, with the
FOM in the Ωm − σ8 plane increasing from 2068 to 3397.

C. Understanding the error budget and volume effects

We now turn to a set of tests designed to assess how
calibration and modeling choices impact the error budget in
the final cosmological constraints, and how mildly con-
strained parameters in our analysis—such as the sum of
neutrino masses—contribute to the observed projection
effects.

1. Fixing parameters with Gaussian priors

We begin by fixing parameters with Gaussian priors,
namely the lensmagnification coefficients, themultiplicative
shear bias, and the redshift calibrationmodes, setting them to

their fiducial values. As shown in Fig. 15, fixing the redshift
parameters produces the largest increase in constraining
power, with a change of ∼25% in the FOM of the Ωm − S8
plane, and fixing multiplicative shear biases and fixing lens
magnification produce negligible changes in the FOM (∼3%
and ∼1%, respectively). Projection effects are not signifi-
cantly reduced by fixing these parameters, as indicated by the
stability of the posterior means around the baseline results.

2. Fixing parameters with flat priors

In contrast, fixing parameters sampled with flat priors—
specifically the galaxy bias and the sum of neutrino masses
—produces a noticeable improvement in projection effects,
with posterior means shifted closer to the input values used
in the mock data generation. Still, we find that fixing
intrinsic alignments (for which we have broad flat priors)
does not help with reducing projection effects on Ωm; σ8,
or S8.

FIG. 15. Summary of robustness test results for the: linear (top panel), and nonlinear galaxy bias (bottom panel) analyses. The panels
show the posteriors of Ωm, σ8, and S8, where circles mark the posterior mean, crosses indicate the maximum a posteriori (MAP), and
shaded regions denote the 1-σ credible interval. The vertical black line corresponds to the input value used to generate the mock signal,
providing a reference for assessing projection effects relative to the posterior mean of the baseline analyses (blue for the linear and
orange for the nonlinear case). The right-most panel displays the absolute relative difference in constraining power with respect to the
baseline, with bar colors indicating whether the figure-of-merit decreases (red) or increases (green).
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3. Removing redshift bins

Additionally, we test the constraining power removing
the highest-SNR lens tomographic redshift bin from the
2 × 2pt analysis. In the linear galaxy bias analysis, the
highest-SNR bin is the second one with a SNR of 60.37.
When we remove this bin we find a negligible change in
constraining power and no shift in the posterior compared
to the baseline 2 × 2pt result. In the nonlinear analysis, the
highest-SNR bin is the third, with SNR of 84.28. We find
that the mean value of the posterior is robust against
removing this bin, with a reduction of ∼10 points in the
FOM (see Fig. 15).

4. Using all scales

We now explore the impact on constraining power from
assuming extreme model choices. To do so, we consider
both the simulated linear and nonlinear galaxy bias data
vectors and use all angular scales θ between 2.475 and
250 arcmin., marginalizing over log10 TAGN and assuming a
nonlinear galaxy bias model. These assumptions are of
course extreme, the perturbative nonlinear galaxy bias
model not having been validated for scales below
4 Mpc/h. We here want to assess the potential constraining
power contained in the DES Year 6 3 × 2pt data, assuming
our model was correct. The results of this test are displayed
in Fig. 16. When analyzing all scales, we obtain
FoMΩm;σ8 ¼ 9052, which supposes a factor of 2 gain in

constraining power compared to the fiducial nonlinear
galaxy bias analysis, while at the same time reducing
the level of projection effects. In addition to enhanced
constraining power, we also recover higher posterior
accuracy in this test. However, this improved accuracy
must be interpreted cautiously: in this idealized scenario,
we have exact knowledge of the small-scale physics, an
assumption that cannot be justified when analyzing
real data.

VIII. ADDITIONAL ROBUSTNESS TESTS

In this section, we assess the stability of our results under
different robustness tests.
The first variant we investigate concerns the calibration

method of the redshift distribution. Instead of the novel
baseline approach of mode projection, we calibrate the
distribution by introducing 1 degree of freedom per redshift
bin, allowing for shifts in the mean value of both the lens
and source galaxy distributions. In addition, we include one
extra parameter per lens bin to permit potential stretching of
the distribution. We sample over these calibration param-
eters assuming Gaussian priors as listed in Table VIII. This
shift-and-stretch method was the fiducial approach adopted
in previous DES analyses [9]. A comparison of the
resulting posteriors with those from the baseline method

FIG. 16. Constraining power comparison between the fiducial
3 × 2pt nonlinear galaxy bias analysis and an analysis including
all scales, modeling with nonlinear galaxy bias and sampling over
log10 TAGN ∈ ½7.3; 8.3�.

TABLE VIII. Fiducial values and Gaussian priors for the
alternative shift and stretch redshift calibration method, where
Δzl=s denotes shifts in the lens/source redshift distributions and
σz;l represents the stretch of the lens distributions.

Parameter Fiducial Prior

Lens photo-z

Δz1l × 102 0 N ð0; 0.7Þ
Δz2l × 102 0 N ð0; 1.1Þ
Δz3l × 102 0 N ð0; 0.6Þ
Δz4l × 102 0 N ð0; 0.6Þ
Δz5l × 102 0 N ð0; 0.7Þ
Δz6l × 102 0 N ð0; 0.8Þ
σ1z;l 1 N ð1; 0.062Þ
σ2z;l 1 N ð1; 0.093Þ
σ3z;l 1 N ð1; 0.054Þ
σ4z;l 1 N ð1; 0.051Þ
σ5z;l 1 N ð1; 0.067Þ
σ6z;l 1 N ð1; 0.073Þ
Source photo-z

Δz1s × 102 0 N ð0; 1.8Þ
Δz2s × 102 0 N ð0; 1.5Þ
Δz3s × 102 0 N ð0; 1.1Þ
Δz4s × 102 0 N ð0; 1.7Þ
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shows good agreement in both the linear and nonlinear
analyses, with only negligible differences in the mean value
of the posterior and constraining power—at the 2–3% level,
consistent with sampling noise and thus validating the
implementation of the new approach.
We then calibrate potential posterior shifts arising from

matter power spectrum mismodeling alone. Since our scale
cuts are based on a data vector contaminated by both
baryonic and matter power spectrum effects, our goal here
is to isolate the effects from matter power spectrum
mismodeling specifically and confirm they remain small.
The procedure is as follows: we generate two dark-matter-
only signals, one using Hm20 and the other using the Eemu,
and analyze both with Hm20 (our fiducial choice) in the
cosmic shear, 2 × 2pt, and 3 × 2pt cases, as shown in
Fig. 17. We quantify the impact of this mismatch by
computing the difference between the mean values of

the posterior distributions, finding the resulting shifts to
be well controlled.
We next explore the complexity of the intrinsic alignment

parametrization. In our fiducial setup, the bTA parameter is
fixed to unity in order to reduce model complexity. We have
verified that using an input data vector with bTA set to a
different value or marginalizing over it has a negligible
impact on the resulting posteriors. This validation is
illustrated in Fig. 18, where we compare the posteriors
from cosmic shear, 2 × 2pt, and 3 × 2pt analyses of a mock
signal generated with bTA ¼ 0.2. In all cases, the posteriors
exhibit no significant shifts in the mean values and retain
comparable constraining power.

IX. CONCLUSIONS

In this work we have presented the analysis framework
for cosmic shear, the joint analysis of galaxy clustering and

FIG. 17. Robustness against nonlinear matter power spectra modeling: 1σ countours for two choices of dark matter-only power
spectrum: HMCode 2020 (Hm20, our fiducial choice) and Euclid Emulator v2 (Eemu). Here the results are for our linear bias ΛCDM analysis.
The marker denotes the mean of the posterior distributions.

FIG. 18. Robustness against instrinsic alignment modeling choices: 1σ posterior contours from the analysis of mock signal produced
with a different value of the tidal alignment bias parameter (bTA ¼ 0.2) with respect to our fiducial model (which fixes it to be bTA ¼ 1)
and marginalizing over a broad prior range bTA ∈ ½0; 2�. Here the results are for our linear bias ΛCDM analysis. The marker is the mean
value of the posterior distribution.
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galaxy-galaxy lensing (2 × 2pt), and the full 3 × 2pt
combination in both ΛCDM and wCDM scenarios for
the DES Year 6 dataset. The design and validation of the
pipelines were carried out in a blinded fashion, using both
noiseless synthetic datasets mimicking the expected proper-
ties of the Year 6 source and lens samples, as well as the
realistic Cardinal mock galaxy catalog.
The modeling pipeline for the final DES weak lensing

and galaxy clustering analyses incorporates several
improvements relative to previous iterations. These include
the computation of the matter power spectrum with HMCode

2020, assuming a fixed baryonic feedback contribution of
log10 TAGN ¼ 7.7; the delivery of two parallel analyses
describing galaxy bias down to linear and nonlinear scales;
and the optimized choice of IA parametrizations depending
on the constraining power of each analysis. Specifically, we
use both NLA and TATT-4 models for cosmic shear, while
only TATT-4 is considered for 2 × 2pt and 3 × 2pt analy-
ses. Additional methodological advances include the intro-
duction of the novel redshift-distribution calibration
method based on mode projection, as well as scale cuts
to mitigate poorly modeled small-scale systematics such as
baryonic feedback and galaxy bias, whose leakage could
otherwise bias cosmological inferences. We design and
validate scale cuts for cosmic shear analyses, as for linear
and nonlinear galaxy bias analyses of 2 × 2pt and 3 × 2pt
in ΛCDM and wCDM.
We have also provided an analytical covariance for the

3 × 2pt data vector computed with CosmoCov, and tested the
sensitivity of signal error estimates to modeling choices
related to the matter power spectrum, IA, and survey
geometry. The statistical inference framework is based
on a Bayesian formalism for cosmological parameter
estimation. In the case of weak lensing and galaxy
clustering, the main constraining power is captured by
the combination of the matter density and the amplitude of
matter fluctuations, S8 ≡ σ8ðΩm=0.3Þα, with α ¼ 1=2.
As results, we have validated the robustness of the scale

cuts designed for each analysis, applying them to both the
Cardinal mock catalog and DES Year 6-like synthetic 2PCFs.
During this process, we highlighted the challenges posed
by an increasingly complex parameter space, including
projection and volume effects in the posteriors of param-
eters that remain only mildly constrained.
After validating the analysis framework, we stress test

and study the robustness of the results against alternative
modeling choices and fixing calibration parameters. We
also summarize the properties of the DES signal after
applying scales cuts, amounting up to a total of 660 (717)
data points for the 3 × 2pt linear (nonlinear) galaxy bias
analysis. Similarly, we forecast the constraining power in
the best-constrained plane, Ωm − σ8. We find similar
constraining power from the linear and nonlinear galaxy
bias analyses in ΛCDM. In wCDM, the constraining power
is worse for the nonlinear galaxy bias compared to the

linear result due to the increased dimensionality of the
parameter space. Finally, we compare with respect to a DES
Year 3 scenario in which we remove the two highest
redshift bins of the lens sample, finding an increase of
around 60% in the constraining power even under that
conservative scenario.
The results, methodology, and challenges presented here

establish a foundation for ongoing and upcoming photo-
metric galaxy surveys pursuing weak-lensing and cluster-
ing analyses. We highlight key requirements that must be
met for the analysis of future datasets: (i) carrying out
analyses with minimally complex parametrizations, guided
by prior information from complementary studies, and
(ii) achieving technical advances that accelerate likelihood
evaluations and parameter inference pipelines. Regarding
the first point, we stress the need for continued work on
major theoretical systematics—IA, galaxy bias, and bar-
yonic feedback—so that prior information can be reliably
integrated into future 3 × 2pt analyses. Such progress will
be essential to fully exploit the scientific potential of these
studies and to deepen our understanding of dark-sector
physics and possible new phenomena. Regarding the
second point, the demanding MCMC campaigns required
for this type of work represent a major challenge, empha-
sizing the need for technical developments that will make
future 3 × 2pt analyses both feasible and successful. This
will require faster analysis pipelines powered by matter
power spectrum emulators and more efficient MCMC
sampling algorithms, among other technological improve-
ments, to meet the demands of next-generation surveys
such as the Vera C. Rubin Observatory, the Euclid mission,
and the Nancy Grace Roman space telescope.

ACKNOWLEDGMENTS

Funding for the DES Projects has been provided by the
U.S. Department of Energy, the U.S. National Science
Foundation, the Ministry of Science and Education of
Spain, the Science and Technology Facilities Council of the
United Kingdom, the Higher Education Funding Council
for England, the National Center for Supercomputing
Applications at the University of Illinois at Urbana-
Champaign, the Kavli Institute of Cosmological Physics
at the University of Chicago, the Center for Cosmology and
Astro-Particle Physics at the Ohio State University, the
Mitchell Institute for Fundamental Physics and Astronomy
at Texas A&M University, Financiadora de Estudos e
Projetos, Fundação Carlos Chagas Filho de Amparo à
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APPENDIX A: MATTER POWER SPECTRUM
EMULATORS

A typical cosmological inference for 3 × 2pt in the
present study requires on the order of a few to tens of
thousands of CPU hours, depending on the choice of
sampler (Nautilus and Polychord) and modeling choice (linear
and nonlinear galaxy bias). In order to curb the computing
time in our scale cuts procedure, which required running
around one hundred and fifty chains, we made use of an
emulator of the HMCode 2020 matter power spectrum from
[127] based on Cosmopower [128], specifically trained
within the prior ranges [129] of the present analysis
considering one massive neutrino. We used this emulated
power spectrum in place of CAMB for the intermediate
scale cuts exploration that we operated, thus improving
the runtime of the cosmological inference by a factor of
around 3. However, we have shown the emulator did not
give reliable results on smaller scales, especially when
considering a nonlinear galaxy bias model. For the final
determination of scale cuts, we therefore decided to use
our fiducial full pipeline for all probes and both for the
linear and nonlinear galaxy bias models.

APPENDIX B: MATTER POWER SPECTRUM
RECONSTRUCTION

The baseline modeling approach described in previous
sections marginalizes over cosmological parameters along-
side nuisance and astrophysical parameters. A comple-
mentary approach one can take is to instead fix
cosmological parameters and allow the shape of the matter
power spectrum to deviate freely [130].
In doing this, whilst the cosmology we fix to will be

ΛCDM, the power spectrum is free to deviate from this
shape. We marginalize instead over N parameters Ci evenly
spaced in logðkÞ, defined such that

Pmðk; zÞ
PDMO
m ðk; zÞ ¼ CðkiÞ; i ¼ ½1; N� ðB1Þ

where PDMO
m ðk; zÞ is the dark-matter-only matter power

spectrum at fixed cosmology from the fiducial 3 × 2pt
analysis, Pmðk; zÞ is the measured matter power spectrum,
and CðkiÞ are bins measuring the amplitude of the matter
power spectrum relative to the fixed spectrum. In this
analysis method we marginalize over N amplitude
parameters.
The binning scheme chosen reflects a choice between

maximizing shape information without compromising con-
straining power. For this analysis, systematic parameters
are marginalized over as described in Table III, with scale
cuts implemented as described in Sec. VI.
Although not directly used in this work, the matter power

spectrum reconstruction method is being applied in forth-
coming cosmic shear (in prep.) and 3 × 2pt (in prep.)
analyses to probe the suppression of power on small scales.

APPENDIX C: MCMC SAMPLERS

Accurate posteriors require samplers that can sufficiently
explore the distribution, but what tools and settings are
sufficient depend on the inference problem, requiring
analysis-specific checks to confirm that posteriors can be
trusted [131]. We perform consistency checks using the
validated Polychord sampler [111] and Nautilus, an importance
sampling code based on neural networks for efficient
phase-space exploration. The configuration used is detailed
in Sec. IV B. On the other hand, we test two different
configurations of Polychord: the low resolution, which has
been optimized for speed, making it suitable for develop-
ment and preliminary checks, using nlive ¼ 250, num_
repeats ¼ 30, and tolerance ¼ 0.01, and the high
resolution, for high-accuracy results, including nlive
¼ 675, num_repeats ¼ 120, and tolerance ¼ 0.01.

Nautilus produces contours consistent with those of
Polychord but in significantly less time. For a 3 × 2pt run,
Nautilus requires approximately three and four times fewer
core hours than Polychord with, respectively, the low- and
high-resolution settings. The weighted mean shifts between
both samplers in the S8-Ωm plane are smaller than 0.03
sigma in both cases. However, we find Oð0.2σÞ incon-
sistencies in the low-resolution case for nonlinear bias
chains, as displayed in Fig. 19. Additional metrics are also
relevant to this comparison, such as the number of effective
samples. Our Nautilus chains contain about 80000 samples,
which is two and four times more than in high- and low-
resolution Polychord, ensuring that the posterior is not
undersampled. Furthermore, the global evidence is nearly
identical across three cases, but uncertainty on its estimate
is an order of magnitude smaller with Nautilus. Finally, in our
runs, Nautilus requires about four times fewer likelihood
evaluations than the high-resolution Polychord to reach
convergence. These results lead us to adopt Nautilus as
the default sampler to speed up the Year 6 cosmological
analysis.
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APPENDIX D: PARAMETRIZING THE
AMPLITUDE OF DENSITY FLUCTUATIONS

Among the different ways to parametrize the amplitude
of matter density fluctuations—including lnð1010AsÞ, σ8,
and S8—we choose As × 109 for both physical and com-
putational reasons.
From a computational perspective, directly sampling As

without rescaling introduces numerical instabilities due to
the mismatch in scale between As (on the order of 10−9) and
other parameters [typicallyOð1Þ]. This motivates the use of
a scaled version such as As × 109 or lnð1010AsÞ. Between
these two computationally viable options, we choose
As × 109. We avoid sampling S8 directly to prevent placing
prior assumptions on the specific parameter combination
that our data constrain most tightly. To assess the practical
impact of these choices, we compute the FOM for the
Ωm − σ8 plane from cosmic shear chains using our baseline
modeling (Table IX). The relative differences in FOM
across parametrizations are negligible (≲2%) for all

choices except σ8, where the larger deviation (20%) likely
reflects the difficulty of specifying an appropriate prior
range for this derived quantity without inadvertently
introducing prior-driven bias. This confirms that our choice
of As × 109 yields stable and unbiased results while
remaining computationally tractable.

APPENDIX E: INTRINSIC ALIGNMENT

In Year 6 we have included a number of minor updates to
the intrinsic alignment model relative to previous DES
analyses. Specifically (a) the pivot redshift zpiv has been
reduced from 0.62 to 0.3; (b) the flat priors on the IA
amplitudes A1 and A2 have been narrowed from [−5, 5] to
the ranges shown in Table III; and (c) the flat priors on the
redshift evolution parameters η1 and η2 have been replaced
with wide Gaussian priors N ð0; 3Þ. We will briefly discuss
each of these in turn below.
The change in pivot redshift is intended to better reflect

where our data constrain IAs—the IA sensitivity is domi-
nated by the lowest source bin, which peaks below z ¼ 0.5.
Bringing the pivot closer to this range helps to avoid
projection effects, which can cause a build-up of posterior
weight at the upper edge of the priors on η1 and η2 (see, for
example, [79] Fig. 3). The fiducial amplitude values in
Table III, A1 ¼ 0.13 and A2 ¼ −0.2, are obtained by
translating the DES Year 3 IA constraints (A1 ¼ 0.12, A2 ¼
−0.3 at zpiv ¼ 0.62) to the updated pivot redshift zpiv ¼ 0.3,
preserving the physical IA amplitude at all redshifts.
The change in the amplitude priors reflects the improv-

ing constraining power of lensing data. Previous lensing
results have constrained A1 and A2 to well within
A1; A2 ¼ �3. Although the exact values will be sample
dependent, shifts out to 3 or more would be highly
unexpected. The lower bound on A1 at −1 reflects the
fact that we have some knowledge of the physics driving
such alignments. Linear alignment from pressure-sup-
ported red galaxies is expected to produce positive A1.
Any negative value coming from interaction with other
forms of alignment (e.g. tidal torquing in blue galaxies) will
be small, given null constraints on IAs in such galaxies in
the literature [75,76]. However, cutting off the negative A1

tail, which correlates with S8 and so can be a source of
projection effects, in principle should help to keep such
effects under control.
Finally, the Gaussian prior on η1;2 is designed to slowly

downweight extreme (and physically implausible) values
without excluding them. Again, the main motivation here is
to minimize volume effects from the IA model without
restricting it to the point of causing possible parameter
biases.
We show the combined impact of these changes in

Fig. 20. As seen here, in a simulated cosmic shear analysis,
the changes reduce the concentration at high η1, but
otherwise do not impact cosmological constraining power.

FIG. 19. Sampler comparison in the S8-Ωm plane for a 3 × 2pt
ΛCDM nonlinear bias chain. The Nautilus and the high-resolution
Polychord results show reasonable agreement and are consistent
with the fiducial cosmology within 2σ. The low-resolution
Polychord differs from the fiducial cosmology at more than the
2σ level.

TABLE IX. Figure of merit in theΩm − σ8 plane obtained from
cosmic shear analyses, for various parametrizations of the
amplitude of density fluctuations. Each approach is sampled
using the flat priors listed in the table. The right-most column
reports the relative difference in constraining power, ΔFoMΩm;σ8
(in percent), using the sampling of As as the reference.

Parameterization Prior FoMΩm;σ8

ΔFoMΩm;σ8
[%]

As U½0.5; 5.0� × 10−9 688.53 � � �
lnð1010AsÞ U½1.5; 6.0� 677.56 −1.59
S8 U½0.1; 1.3� 693.21 0.68
σ8 U½0.6; 0.9� 824.82 19.79
As × 109 U½0.5; 5.0� 674.40 −2.05

DARK ENERGY SURVEY YEAR 6 RESULTS: WEAK LENSING … PHYS. REV. D 114, 063506 (2026)

063506-31



APPENDIX F: INCORPORATING SOURCE nðzÞ
MODES–SHEAR BIAS CORRELATIONS

Building on the scale-cut validation described in
Sec. VI C, we extend our treatment of source-galaxy
calibration by explicitly linking uncertainties in shape-
measurement biases to those in the source redshift distri-
butions. Concretely, we introduce correlations between the
multiplicative shear-bias parameters m and the source
redshift-distribution modes us, as detailed in Sec. IV C.
Rather than repeating the full scale-cut validation, we

assess the impact of this additional modeling ingredient by
applying it to the fiducial 3 × 2pt analysis. As illustrated in
Fig. 21, incorporating the m–us correlation produces
negligible shifts in the inferred cosmological posteriors
and only minor changes in the SNR. Our main conclusions
based on the original scale-cut validation, which neglected
these correlations, therefore remain unchanged.

APPENDIX G: EXPLOITING LARGER
ANGULAR SCALES

We investigated alternative binning of the 2PCFs,
extending beyond the fiducial maximum angular scale of
250 arcmin. and 20 angular bins. In particular, we explored
the impact of including six additional bins up to

1000 arcmin. to assess whether complementary con-
straining power resides at these larger scales.
To this end, we performed a cosmic shear analysis of a

noiseless mock signal that included the extended set of
angular bins, and compared the resulting constraining
power to that obtained with the fiducial binning scheme.
As in the main analysis, we applied small-scale cuts to
remove data points where baryonic feedback processes are
poorly modeled. We evaluated the impact of the additional
large-scale information using two metrics: the SNR and
the relative differences in the marginalized parameter
uncertainties.
The results can be summarized as follows. Including the

extended angular scales produces a clear increase in SNR,
from 50.5 in the fiducial setup to 68.3 with the additional
bins. However, this increase does not translate into
improved parameter constraints: the analyses with and
without the extra bins yield statistically consistent error
bars. The relative differences in parameter uncertainties
are at the level of ∼9% worse constraints on the matter
abundance and ∼5% tighter constraints on S8. Constraints
on IA parameters are also similar. These shifts are
compatible with statistical fluctuations due to sampling
variance.
Based on these results, we conclude that the additional

large-scale bins do not provide meaningful improvements
and therefore are not included in our fiducial analysis. We
interpret the negligible gain in constraining power as
evidence that the information at very large angular scales
is largely redundant with that already captured at inter-
mediate and small scales.

APPENDIX H: MAP ESTIMATION

The high dimensionality of our parameter space makes
estimating the MAP parameter for a given analysis a
nontrivial process. Throughout this work, we estimate
MAP parameters via a procedure in which we use the N
highest posterior samples from a chain as input guesses to
optimizer searches, and then select highest posterior output
of those N searches.
To assess the need for this procedure and its perfor-

mance, we performed a series of tests on noisy synthetic
data realizations using a fast approximate version of the
3 × 2pt pipeline. These synthetic data were generated by
adding a Gaussian noise realization based on the data
covariance to a model prediction at our fiducial cosmology.
This approximate pipeline, initially developed for tests of
posterior predictive distribution methods of internal con-
sistency (to be described in an upcoming publication),
makes it feasible to repeat the simulated analyses for
multiple noise realizations. It assumes ΛCDM and linear
bias, uses a linear-only power spectrum model from the
Eisenstein and Hu approximation of Ref. [132], and instead
of using mode projection parametrizes photometric uncer-
tainties through shift and stretch nuisance parameters as

FIG. 20. The combined impact of IA modeling choices on
simulated cosmic shear data. The purple contours were run with
our fiducial IA priors and pivot redshift. In black we show an
analysis of the same simulated data using Year 3 priors (flat in the
range [−5, 5] for A1,A2, η1, η2) and pivot redshift (zpiv ¼ 0.62
instead of zpiv ¼ 0.3). As seen, the Year 6 priors have almost no
impact on cosmological constraining power, but help regulate the
pileup of power at high η1=2.
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described in Sec. VIII. Also, because these simulated
analyses were run prior to the finalization of fiducial scale
cuts they use a slightly different set of angular scales than
the main analysis. Despite these differences, the similar
number of model parameters and observables, as well as the
fact that the dependence of the posterior on parameters is
roughly similar, means that simulated analyses using this
approximate pipeline should still serve as a useful labo-
ratory for testing our MAP estimation procedure.
With this approximate pipeline we ran Nautilus chains for

ten noise realizations, and conducted N ¼ 20 optimizer

searches per posterior estimate. In these simulated analyses,
we find that the maximum posterior estimated by this two-
step search procedure is fairly reliable, but that there is
significant noise in the associated parameter values. In
other words, the parameter values reported for the MAP
will reliably produce a theory prediction that has a good fit
to the data, but are not a good predictor of the true
underlying parameters.
To illustrate this in more detail, Fig. 22 shows the results

of optimizer searches on estimates of the MAP values for
the posterior and S8 for one simulated noise realization. In

FIG. 21. Posterior distributions of the cosmology parameters derived from the fiducial 3 × 2pt analysis. The solid black contours
include the correlation between the multiplicative shear-bias parameters m and the source redshift-distribution modes us, whereas the
salmon contours show results obtained when this correlation is ignored.

DARK ENERGY SURVEY YEAR 6 RESULTS: WEAK LENSING … PHYS. REV. D 114, 063506 (2026)

063506-33



that figure, the red “X” markers report values from chain
samples, while the other markers show the outputs of
posterior maximization searches from various optimizer
algorithms. Our fiducial MAP estimation searches are
performed with the Powell algorithm [133] as implemented
in SCIPY [134], which is part of the CosmoSis [41] “maxlike”
sampler. We found similar performance with MINUIT [135],
while BOBYQA [136–138] found somewhat less optimal
estimates of the maximum posterior. In these tests, all three
algorithms were run with the tolerance setting 0.05. Powell

and BOBYQA were run with a maximum number of
iterations set to 5000, while MINUITwas run for a maximum
of 1000 iterations.
The top panel, which shows the posterior values, clearly

demonstrates that the optimizer step non-negligibly
improves the estimate of the maximum posterior. We see
that, for this noise realization, the highest posterior found
came from an optimizer search starting at the 19th highest
posterior sample from the chain. The other noise realiza-
tions studied show a similar lack of correlation between
which optimizer search results in the highest posterior
estimate and the index of the starting guess, which
motivates us to retain this relatively high number of
searches (N ¼ 20) as part of our MAP estimation pro-
cedure. Considering MAP parameter estimates, we note
that the optimizer searches do tend to move S8 toward the
simulation input value, but are still fairly broadly scattered
around it. This behavior is seen for other parameters as
well; we are finding a number of points with significant
scatter in parameter space which are likely local maxima
with comparably high posteriors. Based on these results we
caution that such estimates of MAP parameters have
significant scatter that can depend on the specific choices
made in the optimization procedure.
Interestingly, we note that all of these searches found

samples with a posterior higher than that evaluated at the
fiducial parameter values used to generate the simulated
data, shown with gray dashed lines. This highlights the fact
that noise in the MAP parameter estimation around the
input parameters is not simply due to the optimizer failing
to find a global best fit. It occurs because there are a number
points in our parameter space that by chance fit a given
noise realization better than the true underlying cosmology.
This impact of noise on MAP parameter estimation likely
explains why our results are in contrast to those found for a
noiseless simulated analysis in Ref. [139], which demon-
strated for KiDS 1000 methodology that a similar MAP
optimization procedure could accurately recover the input
parameters.
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