
Dark Energy Camera All Data Everywhere cosmic shear
project. V. Constraints on cosmology and astrophysics
from 270 million galaxies across 13; 000deg2 of the sky

D. Anbajagane ,1,2,3,* C. Chang,1,2,3,† A. Drlica-Wagner ,4,1,2,3 C. Y. Tan ,5,2 M. Adamow,6,7 R. A. Gruendl,6,7

L. F. Secco,2 Z. Zhang,1,8,9 M. R. Becker,10 P. S. Ferguson,11 N. Chicoine,1,12 K. Herron,13 A. Alarcon,14 R. Teixeira,1,15

D. Suson,16 A. J. Shajib,1,2,17 J. A. Frieman,1,2,9,18 A. N. Alsina,19 A. Amon,20 F. Andrade-Oliveira,21 J. Blazek,22

C. R. Bom,23 H. Camacho,24 J. A. Carballo-Bello,25 A. Carnero Rosell,26,27,28 R. Cawthon,29 W. Cerny,30 A. Choi,31

Y. Choi,32 S. Dodelson,2,4,1 C. Doux,33 K. Eckert,34 J. Elvin-Poole,35 J. Esteves,36 M. Gatti,2 G. Giannini,2 D. Gruen,37

W. G. Hartley,38 K. Herner,4 E. M. Huff,39 B. Jain,34 D. J. James,40,41 M. Jarvis,34 E. Krause,42 N. Kuropatkin,4

C. E. Martínez-Vázquez,43 P. Massana,44 S. Mau,8,18 J. McCullough,45 G. E. Medina,46,47 B. Mutlu-Pakdil,13 J. Myles,20

M. Navabi,48 N. E. D. Noël,48 A. B. Pace,49 S. Pandey,50,51 A. Porredon,52 J. Prat,53 M. Raveri,54 A. H. Riley,55

E. S. Rykoff,9,18 J. D. Sakowska,48 S. Samuroff,56 D. Sanchez-Cid,57,21 D. J. Sand,58 L. Santana-Silva,23 I. Sevilla-Noarbe,52

T. Shin,59 M. Soares-Santos,21 G. S. Stringfellow,60 C. To,2,3 E. J. Tollerud,61 A. Tong,34 M. A. Troxel,15 A. K. Vivas,62

M. Yamamoto,20 B. Yanny,63 B. Yin,15 A. Zenteno,62 Y. Zhang,64 and J. Zuntz65
1Department of Astronomy and Astrophysics, University of Chicago, Chicago, Illinois 60637, USA
2Kavli Institute for Cosmological Physics, University of Chicago, Chicago, Illinois 60637, USA*

3NSF-Simons AI Institute for the Sky (SkAI), 172 E. Chestnut Street, Chicago, Illinois 60611, USA
4Fermi National Accelerator Laboratory, P. O. Box 500, Batavia, Illinois 60510, USA

5Department of Physics, University of Chicago, Chicago, Illinois 60637, USA
6Center for Astrophysical Surveys, National Center for Supercomputing Applications,

1205 West Clark Street, Urbana, Illinois 61801, USA
7Department of Astronomy, University of Illinois at Urbana-Champaign,

1002 W. Green Street, Urbana, Illinois 61801, USA
8Department of Physics, Stanford University, 382 Via Pueblo Mall, Stanford, California 94305, USA

9SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
10Argonne National Laboratory, 9700 South Cass Avenue, Lemont, Illinois 60439, USA

11DIRAC Institute, Department of Astronomy, University of Washington,
3910 15th Avenue NE, Seattle, Washington, 98195, USA

12Department of Physics and Astronomy, University of Pittsburgh,
3941 O’Hara Street, Pittsburgh, Pennsylvania 15260

13Department of Physics and Astronomy, Dartmouth College, Hanover, New Hampshire 03755, USA
14Institute of Space Sciences (ICE, CSIC), Campus UAB, Carrer de Can Magrans, s/n, 08193 Barcelona, Spain

15Department of Physics, Duke University Durham, North Carolina 27708, USA
16Department of Chemistry and Physics, Purdue University Northwest 2200, 169th Avenue, Hammond, Indiana 46323, USA

17Center for Astronomy, Space Science and Astrophysics, Independent University, Bangladesh, Dhaka 1229, Bangladesh
18Kavli Institute for Particle Astrophysics and Cosmology, P.O. Box 2450, Stanford University, Stanford, California 94305, USA

19Instituto de Física Gleb Wataghin, Universidade Estadual de Campinas, 13083-859, Campinas, SP, Brazil
20Department of Astrophysical Sciences, Princeton University, Peyton Hall, Princeton, New Jersey 08544, USA

21Physik-Institut, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland
22Department of Physics, Northeastern University, Boston, MA 02115, USA

23Centro Brasileiro de Pesquisas Físicas, Rua Dr. Xavier Sigaud 150, 22290-180 Rio de Janeiro, RJ, Brazil
24Physics Department, Brookhaven National Laboratory, Upton, New York 11973

25Instituto de Alta Investigación, Universidad de Tarapacá, Casilla 7D, Arica, Chile
26Universidad de La Laguna, Dpto. Astrofísica, E-38206 La Laguna, Tenerife, Spain

27Instituto de Astrofisica de Canarias, E-38205 La Laguna, Tenerife, Spain
28Laboratório Interinstitucional de e-Astronomia-LIneA, Rua Gal. José Cristino 77, Rio de Janeiro, RJ-20921-400, Brazil
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We present constraints on models of cosmology and astrophysics using cosmic shear data vectors from
three datasets: the northern and southern Galactic cap of the Dark Energy Camera All Data Everywhere
(DECADE) project, and the Dark Energy Survey (DES) Year 3. These data vectors combined consist of
270 million galaxies spread across 13; 000 deg2 of the sky. We first extract constraints for ΛCDM
cosmology and find S8 ¼ 0.805þ0.019

−0.019 and Ωm ¼ 0.262þ0.023
−0.036 , which is consistent within 1.9σ of constraints

from the Planck satellite. Extending our analysis to dynamical dark energy models shows that lensing
provides some (but still minor) improvements to existing constraints from supernovae and baryon acoustic
oscillations. Finally, we study six different models for the impact of baryons on the matter power spectrum.
We show the different models provide consistent constraints on baryon suppression, and associated
cosmology, once the astrophysical priors are sufficiently wide. Current scale-cut approaches for mitigating
baryon contamination result in a residual bias of ≈0.3σ in the S8;Ωm posterior. Using all scales with
dedicated baryon modeling leads to negligible improvement as the new information is used solely to self-
calibrate the baryon model on small scales. Additional nonlensing datasets, and/or calibrations of the
baryon model, will be required to access the full statistical power of the lensing measurements. The
combined dataset in this work represents the largest lensing dataset to date (most galaxies, largest area) and
provides an apt testing ground for analyses of upcoming datasets from stage IV surveys. The DECADE
shear catalogs, data vectors, likelihoods, etc. are made publicly available.
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I. INTRODUCTION

Weak lensing (WL) is the deflection of light as it travels
from distant sources to an observer. These deflections are
sourced by the gravitational potential associated with the
matter distribution between the sources and the observer
[see [1,2], for reviews]. Given the direct connection to the
matter distribution and to the distances between the
observer, the matter distribution, and the sources, WL is
a powerful probe of cosmological processes that affect both
the growth of structure and the geometry of the Universe.
Since its first detection nearly two decades ago [3–5], WL
has been used extensively to constrain the cosmological
parameters of our Universe [6–11]. However, these mea-
surements are also sensitive to a wide variety of extended
cosmological models, such as modified gravity [e.g.,
[12,13]], extended inflationary models [e.g., [14–16]],
cosmological collider physics [e.g., [17–20]], massive
neutrinos [e.g., [21,22]], dark matter phenomenology
[e.g., [23]] and in general, any process that alters the
statistics of the cosmic matter distribution.
Here we present the next in a series of papers from the

Dark Energy Camera All Data Everywhere (DECADE)
cosmic shear project. Previous works describe the
assembly, validation, and calibration of the shear catalog
(Anbajagane et al. [24], hereafter paper I), ensemble
redshift estimates (Anbajagane et al. [25], hereafter paper
II), and analysis methodology (Anbajagane et al. [26],
hereafter paper III). We then extracted cosmology con-
straints from a Λ cold dark matter (ΛCDM) and wCDM
model (Anbajagane and Chang et al. 2025d, hereafter
paper IV). These works all focused on 5; 400 deg2 of data
from the northern Galactic cap (NGC). In the current work,
we build on these efforts by extending the analysis to
3; 400 deg2 of data in the southern Galactic cap (SGC).
All data (both NGC and SGC) are processed in a manner
that closely (or exactly) reflects the choices in the DES Y3
cosmic shear analysis [6,10,27,28]. See other papers in the
series for extended details on the analysis pipelines.
Using the improved precision afforded by these new

datasets, we study WL-based constraints on models of both
cosmology and astrophysics. Specifically, we study cos-
mology constraints from the ΛCDM and dynamical dark
energy models. We then constrain an astrophysics-based
model for the suppression of the matter power spectrum on
nonlinear scales, and study its coupling with cosmology in
detail. The combination of DECADE and DES Y3 data
constitutes the largest weak lensing dataset to date, 270 mil-
lion galaxies across 13; 000 deg2 of the sky. This combined
dataset spans slightly more sky area, and has half the source
galaxy number density, compared to the anticipated proper-
ties of the upcoming Year 1 dataset from the Vera C. Rubin
Observatory Legacy Survey of Space and Time [29]. Thus,
it offers a good testing ground for analyses that will be
employed on the latter dataset.

This paper is organized as follows: we describe our
dataset and analysis methods in Sec. II, including any
relevant changes to the SGC pipeline relative to the NGC
one presented in existing papers in this series. The extended
models, and their corresponding parameter constraints, are
shown in Sec. III. We conclude in Sec. IV. We provide
additional characterization of the SGC dataset in the
Appendix A, detail the baryon modeling pipeline in the
Appendix B, and present our constraints on intrinsic
alignments in the Appendix C.

II. DATASET, MODELING, AND INFERENCE

We now briefly summarize the DECADE dataset, our
modeling choices, and our approach to parameter infer-
ence. Additional technical details can be found in the other
papers in this series (paper I, paper II, paper III, paper IV)
and in the references therein.

A. Data

Our main measurements are the angular two-point
correlation functions of galaxy orientations, denoted as
ξ�. See paper IV for details on the estimator for this
statistic. Our analysis uses three separate cosmic shear data
vectors—DECADE NGC, DECADE SGC, and DES Y3.
The DECADE NGC and DES Y3 data vectors were already
combined in the analysis of paper IV. In this work we further
supplement this by adding measurements from the southern
Galactic cap (SGC). This adds another 3; 356 deg2 of sky
surrounding DES, with 63 million galaxies in total. We
define the footprint and sample selections using the same
procedures as in paper I; the sole new addition is a 20° and
10° aperture mask around the Large and Small Magellanic
Clouds, respectively. The SGC region is defined to be
independent of the DES Y3 footprint. See Fig. 1 for the final
area covered by the combined DECADE data. Appendix D
shows the data vectors from all three datasets.
All data products from the DECADE cosmic shear

project, including catalogs, data vectors, and likelihoods,
are now publicly accessible. The broader set of photometric
data—denoted as Data Release 3 (DR3) from the Dark
Energy Camera Local Volume Exploration survey [DELVE,
[30]]—will be presented in Drlica-Wagner et al. (in prep).
Details on the associated image processing can also be
found in Tan et al. [31].
We have processed the additional SGC region through all

calibration pipelines and tests presented in the DECADE
cosmic shear project (paper I, paper II, paper III). We have
also done all preunblinding tests as discussed in the
Appendix C of paper IV and confirmed all tests pass for
the SGC region. The constraints from the SGC are
presented in the Appendix A, and are consistent with those
of the NGC (and DES). Therefore, we can derive con-
straints from combining all three data vectors. This combi-
nation is done at the likelihood level—that is, without
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modeling any cross-covariance between surveys—since the
NGC, SGC, and DES Y3 datasets cover independent
patches of the sky. We have also redone the shear and
redshift calibrations using the same methods as paper I and
paper II, respectively, and list the associated nuisance
parameters below in Table I. The redshift distributions
are listed in Fig. 8 of Appendix A.
In this work, we also consider two additional datasets:
(i) Measurements of the baryon acoustic oscillations

(BAO) from Data Release 2 of the Dark Energy
Spectroscopic Instrument [[32], see their Table IV].
In total, there are 13 measurements of the BAO
scaling parameter and distance ratios. We will
henceforth refer to this data as DESI DR2.

(ii) The DES Y5 supernovae (SNe) sample [33], sup-
plemented by a historical sample of low-redshift
SNe from Cfa3 [34], Cfa4 [35], the Carnegie SNe
Project [36], and the Foundation SNe Survey [37].
The combined sample contains 1829 SNe between
0.01 < z < 1.1, with 1635 SNe from the DES
sample spanning 0.1 < z < 1.1. The effective num-
ber of SNe magnitude measurements is 1735 as
mentioned in Sec. IV.2.1 of DES Collaboration
et al. [33].

The published analyses of the above two probes use slightly
different priors than the ones used in this work [32,33].

However, as we discuss in Sec. III B, our cosmology
constraints from the combination of BAO and SNe are
consistent (within sampling noise) with the published
results. Hence this difference in priors is inconsequential
in practice.
We do not consider cosmic microwave background

(CMB) measurements in this analysis, in order to retain
the low-redshift nature of our combined constraints. In our
analysis, we obtain geometry (distance) information from
DESI BAO and from DES SNe, and obtain growth (density
perturbation) information from WL. The latter probe also
contributes geometric information as its signal is sensitive
to cosmological distances between the source galaxy, the
observer, and the intervening matter, but for this particular
combination of probes its biggest contribution is its
information on the growth of structure.
One noteworthy detail is that once we combine the

DECADE NGC and SGC regions with DES Y3, the
resulting catalog effectively triples the sky coverage of
precision weak lensing datasets. This provides significantly
more overlap between such weak lensing datasets and other
wide-field cosmological surveys, including CMB experi-
ments like Planck [38], the South Pole Telescope [SPT,
[39]], the Atacama Cosmology Telescope [ACT, [40,41]],
and the Simons Observatory [SO, [42]]; spectroscopic
datasets such as the Sloan Digital Sky Survey [43–45]
and DESI; as well as x-ray surveys like eROSITA [46].
While this work is limited to a cosmic shear analysis, the
dataset presented here is conducive to many cross-corre-
lation analyses that can further stress-test the cosmology
constraints and probe a variety of astrophysical and
cosmological questions [e.g., [47–55]].

B. Modeling and inference

Our modeling choices are described in detail in paper III
and paper IV. In brief, our pipeline follows that of DES Y3
[56]. The only difference is we now use HMCODE [57] as
our model for the nonlinear matter power spectrum,
following the choice adopted in the DES and Kilo
Degree Survey (KiDS) joint reanalysis [58].
Since the weak lensing (or shear) effect is sourced by the

matter distribution, the shear two-point correlations can be
predicted from the matter two-point correlations, i.e., from
the matter power spectrum. In specific, the shear correla-
tions can be modeled as

ξij�ðθÞ ¼
X
l

2lþ 1

2πl2ðlþ 1Þ2 ½G
þ
l;2ðcos θÞ � G−

l;2ðcos θÞ�

× ½Cij
EEðlÞ � Cij

BBðlÞ�; ð1Þ

where the functions G�
l ðxÞ are computed from Legendre

polynomials PlðxÞ and averaged over angular bins [56].
The i and j indices specify the two tomographic redshift
bins from which the correlation function is calculated. The

TABLE I. Cosmological and nuisance parameters in the base-
line ΛCDM model. Uniform distributions in the range ½a; b� are
denoted Uða; bÞ and Gaussian distributions with mean μ and
standard deviation σ are denoted asN ðμ; σÞ. We show both NGC
and SGC priors for the redshift and shear nuisance parameters.
The IA parameters are independent for each of the three data
vectors (DECADE NGC, DECADE SGC, and DES Y3). The
priors on the calibration nuisance parameters for DES Y3 can be
found in Secco and Samuroff [10] and Amon et al. [6].

Parameter Prior

Ωm Uð0.1; 0.9Þ
Ωb Uð0.03; 0.07Þ
h Uð0.55; 0.91Þ
As × 109 Uð0.5; 5Þ
ns Uð0.87; 1.07Þ
Ωνh2 Uð0.0006; 0.00644Þ
a1, a2, η1, η2 Uð−4; 4Þ
bta Uð0; 2Þ
Δz1 × 100 N ð0; 1.63Þ and N ð0; 1.61Þ
Δz2 × 100 N ð0; 1.39Þ and N ð0; 1.40Þ
Δz3 × 100 N ð0; 1.01Þ and N ð0; 1.00Þ
Δz4 × 100 N ð0; 1.17Þ and N ð0; 1.16Þ
m1 × 100 N ð−0.92; 0.296Þ and N ð−1.33; 0.472Þ
m2 × 100 N ð−1.90; 0.421Þ and N ð−2.26; 0.657Þ
m3 × 100 N ð−4.00; 0.428Þ and N ð−3.67; 0.697Þ
m4 × 100 N ð−3.73; 0.462Þ and N ð−5.72; 0.804Þ
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term CEE contains the angular matter power spectrum
integrated along the line-of-sight after being weighted by
the lensing kernels (see Eq. (2) in paper III).
The intrinsic alignments (IA) of galaxies also contribute

to the CEE and CBB terms. This IA signal is connected to
the matter distribution and so spatial correlations of galaxy
IA can be predicted using the matter power spectrum as
well. We model IA using the tidally aligned tidally torqued
[TATT, [59]] approach, following Secco and Samuroff [10]
and Amon et al. [6]. The amplitude of this IA contribution
is parametrized as

A1ðzÞ ¼ −a1C̄1

ρcritΩm

DðzÞ
�
1þ z
1þ z0

�
η1
; ð2Þ

A2ðzÞ ¼ 5a2C̄1

ρcritΩm

D2ðzÞ
�
1þ z
1þ z0

�
η2
; ð3Þ

A1δðzÞ ¼ bTAA1ðzÞ; ð4Þ

where A1 and A2 scale the matter power spectra,DðzÞ is the
linear growth rate, ρcrit is the critical density at z ¼ 0, and
C̄1 ¼ 5 × 10−14M⊙h−2 Mpc2 is a normalization constant,
set by convention. We choose a pivot redshift, z0 ¼ 0.62
following existing work [[6,10], paper IV]. The free
parameters of our model are the amplitudes a1; a2; bTA
and the power-law indices η1, η2. See Eqs. (20)–(23) in

Secco and Samuroff [10] for a description of the different
IA-related power spectra that contribute to the final signal.
We fit the model above to our ξ� measurements using a

Markov chain Monte Carlo (MCMC) approach. We assume
a Gaussian likelihood L, with

lnLðξ�;djpÞ ¼ −
1

2
ðξ�;d − ξ�;mðpÞÞC−1ðξ�;d − ξ�;mðpÞÞ;

ð5Þ

where ξ� is a concatenation of the ξþ and ξ− measure-
ments; ξ�;d and ξ�;m are the data vectors measured in the
data and predicted from our theoretical model; C−1 is the
inverse covariance of the measurements; p is a vector of
the cosmology parameters and nuisance parameters listed
in Table I. The Bayesian posterior is proportional to the
product of the likelihood L and the prior P, or

Pðpjξ�;d;MÞ ¼ Lðξ�;djp;MÞPðpjMÞ
Pðξ�;djMÞ ; ð6Þ

where the denominator, Pðξ�;djMÞ, is the “evidence” of the
data. The entire expression is conditioned on a model
choice,M. We note that the evidence is sensitive to choices
of the prior, so we only use it as a general guideline for
model preference, and not as any precise, quantitative
measure.

FIG. 1. The footprint of the DECADE cosmic shear analysis (light blue), in relation to those from other surveys. Reproduced from
Fig. 1 of paper IV, but now presenting the DECADE SGC region as well. We show three other stage-III surveys: DES Y3 (gray), KiDS-
1000 (dark blue), and HSC Y3 (purple), and the footprints for the LSST wide-field survey (black solid), the Euclid wide-field survey
(black dotted), the SPT Ext-10k survey (orange), and ACT DR6 (yellow). See Sec. II for references to the different experiments.
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Our parameter prior choices are listed in Table I. The
nuisance parameters for DES Y3 are taken from Table 1 of
Secco and Samuroff [10]. We generate a covariance matrix
for the data vectors using COSMOCOV [60–62], and our
approach follows the methods of Friedrich et al. [63] as
employed in DES Y3. The final covariance matrix com-
prises of a simple Gaussian covariance term, as well as a
connected four-point term to account for nonlinear structure
[64–66], a supersample contribution to incorporate corre-
lations between small-scale modes as generated by modes
larger than the survey footprint [e.g., [67]], and also a
correction for the impact of the survey mask on the shape
noise term [68]. Following paper IV, we compute the
covariance (and perform inference) in an iterative fashion:
we first compute the covariance at the best-fit cosmology
from paper IV. We perform inference on the combination of
DECADE NGC, DECADE SGC, and DES Y3 (the
“DECam 13k” result in Table III) and recompute recompute
the covariance at this new best-fit cosmology. All presented
results are from inference performed with this updated
covariance.
All parameter inference is performed using the COSMOSIS

package [69]. One key change in this work, relative to paper
IV, is the use of POLYCHORD [70] as our fiducial sampler.
While we used the NAUTILUS sampler [71] in paper IV, we
find its runtime is significantly longer for our combined
analysis of three data vectors with its increased parameter
dimensionality. The steep scaling of the NAUTILUS runtime
with parameter dimensionality is also discussed in Lange
[71], see the end of their Sec. IV. 3. After initial attempts
with NAUTILUS, we chose to use the POLYCHORD sampler,
which we have verified produces the same posteriors as
NAUTILUS (paper III, paper IV). The hyperparameters
choices for the samplers are listed in Table 2 of paper III.
Finally, when performing a joint analysis across the

NGC, SGC, and DES Y3 data vectors, there are two
possible approaches for the IA modeling: first, we can use
an independent set of IA parameters for each survey,
resulting in 15 free parameters under the TATT model.
Second, we can use a common set of parameters for both
surveys, resulting in 5 free parameters under the TATT
model. We use the former, more conservative choice for our
analysis. The two approaches were explored for the
combination of DECADE NGC and DES Y3 as presented
in paper IV, and were found to give consistent constraints
on cosmology.

III. RESULTS

All numerical constraints quoted below are the mean of
the parameter posterior with the 16% and 84% percentiles,
and all plotted contours show the 1σ and 2σ regions.
Following other work in the lensing community, we quote
constraints on the derived parameter S8 ≡ σ8ðΩm=0.3Þ0.5
and also list the “figure of merit” (FoM) of our posteriors,

computed in the S8 −Ωm plane as FoMS8Ωm
¼

det½CovðS8;ΩmÞ�−1=2.
One aspect of our main results is to quantify the

agreement/disagreement between different constraints.
There are a variety of methods for estimating the signifi-
cance of a shift between two contours [e.g., [72]]. We use
the Gaussian tension metric within the TENSIOMETER

1 code
[73]. In all ΛCDM analyses to follow, we compute the
tension in the S8-Ωm plane of the two datasets, and we find
the posterior in this plane can be closely approximated by a
multivariate Gaussian distribution. When computing sig-
nificances for the dynamical dark energy models, we
evaluate the tension between a posterior and a single point
(the ΛCDM value, e.g., w ¼ −1).
Throughout, we refer to the combination of DECADE

NGC, DECADE SGC, and DES Y3 as “DECam 13k,” and
that of DECADE NGC and DES Y3, which was carried out
in paper IV, as “DECam 10k.” The latter is presented here
to better compare with paper IV and highlight the con-
tributions from the DECADE SGC data. All analyses with
DES Y3 only consider the cosmic shear data vector and
ignore the shear ratio measurements, following DES and
KiDS Collaborations et al. [58] and paper IV. Results from
combinations with BAO and SNe measurements will be
denoted with “Ext.”
As mentioned before, our analysis pipeline follows the

choices listed in paper IV. We have verified that prior
volume effects cause minimal/subdominant shifts in the
marginal posteriors of the parameters of interest.
Constraints from the independent DECADE SGC region
alone are detailed in the Appendix A, and those on the
intrinsic alignments parameters are in the Appendix C. The
summary of dynamical dark energy results are shown in
Table II. The same for all ΛCDM results, including the
addition of baryon modeling, is shown in Fig. 7 and
tabulated in Table III.

A. Base analysis: ΛCDM
We start by analysing the data under the standard ΛCDM

paradigm. We obtain constraints of,

S8 ¼ 0.805� 0.019;

Ωm ¼ 0.262þ0.023
−0.036 ; ð7Þ

with the 2D posteriors shown in Fig. 2.
Relative to our results in paper IV, the inclusion of

additional weak-lensing data pushes the contour further
toward lower values of Ωm. This is already seen by the
comparison in paper IV (see their Fig. 2) of the DECADE
NGC constraints with those of DECADE NGC combined
with DES Y3. The resulting contour is still consistent with
Planck 2018 [74]. While there are slight differences in the

1https://github.com/mraveri/tensiometer
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TABLE II. Constraints on two dynamical dark energy models, w0wa and wϕ, for three different combinations of datasets as shown in
Fig. 3. The two models use a redshift-evolving equation-of-state, wðzÞ ¼ w0 þ zwa=ð1þ zÞ and wðzÞ ¼ −1þ ð1þ wϕÞe−αz,
respectively. The constraints are shown in Fig. 3. The wϕ model has a free parameter α that is marginalized over a theory-informed,
uniform prior of 1.35 < α < 1.55.

Model Run w0ðwϕÞ wa Ωm α σðΛCDMÞ χ2=Ndof p-value

w0wa BAOþ SN −0.777� 0.071 −0.75� 0.45 0.320þ0.016
−0.012 � � � 3.2 1655=1748 0.944

WLþ BAO −0.71þ0.17
−0.28 −0.99þ0.91

−0.70 0.327þ0.031
−0.022 � � � 0.8 780=694 0.013

WLþ BAOþ SN −0.773þ0.060
−0.069 −0.84þ0.39

−0.34 0.322� 0.011 � � � 3.3 2428=2429 0.502

wϕ BAOþ SN −0.839� 0.045 � � � 0.3068� 0.0077 1.451� 0.058 3.6 1656=1748 0.942
WLþ BAO −0.93þ0.11

−0.10 � � � 0.301� 0.011 1.447� 0.058 0.66 782=694 0.010
WLþ BAOþ SN −0.851� 0.042 � � � 0.3067� 0.0073 1.454þ0.085

−0.042 3.5 2430=2429 0.490

TABLE III. Numerical constraints corresponding to Fig. 7. We show the mean of the posterior and the relative shifts to the 16% and
84% percentile values. The DES Y3 and Planck 2018 constraints in the topmost group are our rerun constraints for this work, as
presented in paper IV. The constraints are separated into four groups: the ΛCDM constraints produced in this work, the public
constraints from different surveys, the constraints from using all scales and/or baryon modeling, doing the same but now using BAO and
supernovae data as well. The KiDS-Legacy results only quote constraints on S8.

Run S8 Ωm σ8 χ2=Ndof p FoMS8Ωm

DECADE NGC 0.791þ0.026
−0.032 0.268þ0.033

−0.050 0.845þ0.075
−0.092 266.5=220 0.017 861

DECADE SGC 0.824� 0.037 0.335þ0.056
−0.099 0.80þ0.11

−0.14 244.9=234 0.299 447
DES Y3⋆ 0.779� 0.031 0.307þ0.043

−0.071 0.782þ0.086
−0.10 238.6=227 0.286 615

DECam 10k 0.791� 0.023 0.277þ0.034
−0.046 0.830þ0.071

−0.082 502.9=447 0.034 1240
DECam13k 0.805� 0.019 0.262þ0.023

−0.036 0.867� 0.063 774.3=681 0.007 1872
Planck 2018 0.827� 0.018 0.332þ0.010

−0.020 0.786þ0.030
−0.012 � � � � � � 3252

DECam 13k + Ext. 0.791� 0.016 0.3078� 0.0072 0.781� 0.019 2444.4=2429 0.409 8739

DES Y3 0.759� 0.023 0.290þ0.041
−0.060 0.783þ0.075

−0.091 239.9=220 0.170 926
DES Y3, ΛCDM opt. 0.772� 0.017 0.289þ0.039

−0.054 0.795� 0.073 285.7=268 0.219 1362
KiDS-1000, COSEBIs 0.751þ0.024

−0.019 0.286þ0.056
−0.10 0.79þ0.12

−0.14 82.2=70 0.161 650
KiDS-1000, ξ� 0.766� 0.018 0.227þ0.033

−0.053 0.894� 0.095 152.1=115 0.013 1165
KiDS-1000, bandpowers 0.751þ0.031

−0.022 0.328þ0.072
−0.10 0.74þ0.10

−0.14 260.3=220 0.034 588
HSC Y3, ξ� 0.770� 0.030 0.257þ0.037

−0.050 0.841þ0.078
−0.087 150.0=140 0.266 786

HSC Y3, Cl 0.778� 0.030 0.225þ0.027
−0.061 0.914þ0.11

−0.077 58.5=60 0.531 681
DES Y3 + KiDS-1000 0.790þ0.018

−0.016 0.280þ0.037
−0.047 0.825� 0.069 378.0=348 0.129 1415

KiDS-Legacy, COSEBIs 0.813þ0.018
−0.018 � � � � � � 127.8=120.5 0.307 � � �

KiDS-Legacy, ξ� 0.825þ0.018
−0.017 � � � � � � 413.1=351.5 0.013 � � �

KiDS-Legacy, bandpowers 0.797þ0.023
−0.024 � � � � � � 151.0=162.5 0.731 � � �

13k, no baryons 0.779þ0.013
−0.011 0.308� 0.034 0.773þ0.046

−0.052 1289.1=1200 0.037 2641
13k, BCemu 0.824þ0.020

−0.024 0.260þ0.026
−0.035 0.890þ0.068

−0.076 1266.1=1200 0.090 1993
13k, Bacco 0.798� 0.015 0.285þ0.026

−0.030 0.823þ0.045
−0.052 1270.5=1200 0.077 2522

13k, HMx 0.795� 0.012 0.293þ0.025
−0.034 0.808� 0.048 1270.2=1200 0.078 2957

13k, BFG-BCemu 0.815� 0.022 0.276þ0.024
−0.045 0.857þ0.081

−0.066 1269.9=1200 0.079 1529
13k, BFG-Bacco 0.805þ0.019

−0.016 0.273þ0.025
−0.035 0.848� 0.059 1266.9=1200 0.088 2287

13k, BFG-HMx 0.815� 0.016 0.257þ0.019
−0.030 0.885þ0.060

−0.050 1263.3=1200 0.100 2803
13k, HMx Wide 0.825� 0.022 0.264þ0.022

−0.038 0.886þ0.078
−0.067 1270.7=1200 0.076 1958

13k, BFG-Bacco Wide 0.823þ0.020
−0.024 0.250þ0.023

−0.035 0.907� 0.071 1265.1=1200 0.094 1878
13k, BCemu (w/ cuts) 0.829� 0.025 0.241þ0.019

−0.034 0.931þ0.080
−0.068 768.7=681 0.011 1682

13k + Ext, BCemu 0.803� 0.015 0.3080� 0.0073 0.792þ0.017
−0.020 2934.1=2948 0.569 9346

(Table continued)
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Ωm dimension, the contours are consistent within 1.9σ in the
Ωm − S8 plane. Adding the BAO and SNe data alongside
WL improves the consistency with Planck 2018 in Ωm, as
the former probes cause the posterior to no longer prefer any
low values of Ωm. The combined constraint is consistent
with Planck 2018 at 1.5σ. Note that the presented Planck
2018 results are from our reanalysis of the temperature and
polarization measurements (denoted as the “TT;TE;EEþ
lowE” likelihood in Planck Collaboration et al. [74]), but
now using the same cosmology priors employed for the
weak lensing analysis. This follows our approach in paper
IV. Note that the lensing analyses from DES and from this
work vary the neutrino mass within a finite prior (Table I)
whereas the fiducial Planck results fix it to Ωνh2 ¼
0.000644 (approximately the lower bound of our prior).
Applying the lensing priors to the Planck analysis results in
the latter’s constraints extending to larger values of Ωm, and
therefore differing from the fiducial Planck ΛCDM

constraints. As a result, our Planck contour in Fig. 2 differs
from the public ΛCDM chain.
Table III lists the constraints of the different datasets,

alongside their associated best-fit p-values. The p-value of
the DECam 13k ΛCDM best-fit is p ¼ 0.007. While this
formally passes the p > 0.0015 (3σ) threshold set in paper
IV, it is still low. In Sec. V. 1 of paper IV, we found the
DECADE NGC dataset has three tomographic bin combi-
nations where the ξþ measurements have a larger χ2

(resulting in p ¼ 0.017 for the full data vector).
Dropping these bins causes no change to any of the
cosmology or nuisance parameter posteriors, but improves
the p-value significantly (to p ¼ 0.56 for the remaining
data points). We also confirmed in paper IV that the large χ2

was not correlated with any survey property maps.
In this work, we rerun our DECam 13k analysis after

dropping these three bin combinations in DECADE NGC.
We confirm that the parameter posteriors show no visible

TABLE III. (Continued)

Run S8 Ωm σ8 χ2=Ndof p FoMS8Ωm

13k + Ext, Bacco 0.790� 0.014 0.3096� 0.0073 0.778� 0.017 2937.5=2948 0.551 10283
13k + Ext, HMx 0.793� 0.011 0.3086� 0.0074 0.782� 0.015 2940.5=2948 0.535 12872
13k + Ext, BFG-BCemu 0.800þ0.014

−0.017 0.3084� 0.0073 0.789þ0.018
−0.021 2935.9=2948 0.559 8216

13k + Ext, BFG-Bacco 0.792� 0.015 0.3076� 0.0073 0.783� 0.019 2937.1=2948 0.553 9457
13k + Ext, BFG-HMx 0.799� 0.013 0.3079� 0.0071 0.789� 0.017 2934.2=2948 0.568 11001

FIG. 2. The ΛCDM constraints from DECADE and DES Y3. We refer to the combination of DECADE NGC, DECADE SGC, and
DES Y3 as “DECam 13k,” and that of just DECADE NGC and DES Y3 as “DECam 10k.” We show the latter for easier comparisons
with the results of paper IVand to highlight the improvement from the inclusion of the DECADE SGC data. The full 13; 000 deg2 (13k)
dataset has a figure of merit that improves by three times over the DES Y3-only result (Table III). The combination with external data
(DESI DR2 BAO and DES Y5 SNe) constrainsΩm and prefers lower values of S8, which are still consistent with the posterior of the 13k
shear-only analysis.
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change but the p-value now increases to p ¼ 0.14. The
constraints on cosmology, S8 ¼ 0.805� 0.021 and
Ωm ¼ 0.259þ0.022

−0.042 , are fully consistent with the fiducial
constraints, and the two posteriors are within< 0.01σ in the
S8 −Ωm plane. In summary, the DECam 13k analysis
exhibits a low p-value that still passes our predetermined
criteria. The origin of this lower value is in just the
DECADE NGC dataset, and we confirm that dropping
the three tomographic bin combinations with the largest χ2

has a completely negligible impact on the final cosmology
constraints (including for the extended models we study in
this work). The resulting cosmology constraints in all cases
are consistent with Planck 2018. We also note that all other
variant analyses of DECam 13k exhibit much higher values
of p > 0.01, and most are at p ≈ 0.1 (Table III).
Table III also quotes the FoM for all the different ΛCDM

analyses. The DECam 13k dataset improves on the DES Y3
constraints by more than a factor of 3 in the FoM. As noted
earlier, the combined dataset spans slightly more sky area
(≈13; 000 deg2), and has half the source galaxy number
density, compared to the anticipated properties of the
upcoming Year 1 LSST dataset [29].
The IA constraints for the joint analysis are consistent

with those obtained from analyzing the individual data
vectors on their own. This is expected since we have
modeled the IA contribution in each data vector using a
separate set of IA parameters (see Sec. II B). The con-
straints from DECADE NGC are discussed in detail in
Sec. V. 2 of paper IV and those from DES Y3 in Secco and

Samuroff [10]. The SGC IA results, which are new to this
work, are statistically consistent with no IA, i.e., a1 ¼ 0
and a2 ¼ 0. Further discussion on all IA results can be
found in the Appendix C and Fig. 15.

B. Dynamical dark energy

Cosmological constraints from DES SNe [33] and DESI
BAO [32,75], when combined with other external data, hint
at a potential redshift evolution in the energy density of dark
energy. We consider two such parametrizations—the wϕ

model [76] and w0wa model [77,78]—and show constraints
below. The former is a physically motivated class of
trajectories for the evolution of this energy density over
redshift. In particular, all models in this class strictly follow
the null energy condition (NEC) for which the sum of the
pressure and the energy density of dark energy is non-
negative. The latter model is a generic, parametric approach
that was constructed to probe any evolution in wðzÞ without
being tied to a physical model. The two models use
a redshift-evolving equation-of-state, wðzÞ ¼ −1 þ ð1 þ
wϕÞe−αz and wðzÞ ¼ w0 þ zwa=ð1þ zÞ, respectively. We
use priors of wϕ ∈ ½−2;−1=3� and α∈ ½1.35; 1.45� for the
former, and w0 ∈ ½−2;−1.3� and wa ¼ ½−3; 3� for the latter.
The prior on the parameter α is informed by theoretical
considerations [[76], see their Sec. 2].
In both parametrizations, the majority of the constraining

power comes from the BAO and SNe results, with weak
lensing providing some, but still minor, improvements. We
present these results in Fig. 3. The left panel shows the

FIG. 3. The constraints on two dynamical dark energy models—the phenomenological w0wa model (left) and a first-principles scalar
field model from Shajib and Frieman [76] (right). In both cases, the combination of cosmic shear plus BAO does not find any deviation
from ΛCDM, while combining BAO and SNe does show deviations. Adding lensing to this latter combination marginally improves the
constraints. See Table II for numerical values.
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w0wa parametrization, where lensing provides noticeable
improvements to the constraints from the extended datasets
(BAO and SNe) but in a direction mostly orthogonal to the
best constrained direction of the contour. As a result,
the significance of the deviation from ΛCDM (3.1σ, for
the combined analysis) increases only slightly, to 3.2σ. A
similar result is found for the wϕ model, where lensing does
improve the constraining power but not significantly. In the
wϕ case the improvement from adding WL is more
marginal than in the w0wa case as the wϕ class of models
already spans a narrower range of predictions—it incor-
porates a theoretical prior (namely, the dynamical dark
energy field must not violate the NEC) that reduces the
space of predictions—and so the WL information provides
less improvement. We summarize these results in Table II.
Our results from the combination of just BAO and SNe is
consistent with DESI Collaboration et al. [32], see their
Table V for the w0wa model, and Shajib and Frieman [76],
see their Table II for the wϕ model. Upon computing the
ratio of the Bayesian evidences [Eq. (6)] from each
extended model with respect to LCDM, we find ratios
of Rw0wa

¼ 25.8 and Rwϕ
¼ 18.8, which indicates a pref-

erence toward these models over LCDM. This is expected
given the deviation (3.2σ) from LCDM as noted above. Our
values for Rwϕ

are largely consistent with those found in
Table II of Shajib and Frieman [76], and are dominated by
information from SNe and BAO.
DESI Collaboration et al. [32] also present results where

combining with DES Y3 shows considerable improvement
on the w0wa constraints. That analysis used measurements
of cosmic shear, as well as those of galaxy clustering and
galaxy-galaxy lensing [12]. Compared to the former probe,
the latter two probes have an enhanced sensitivity to the
time evolution of the expansion rate, HðzÞ, and so provide
better constraints on wðzÞ. For a similar reason, they also
constrain Ωm more precisely, and this parameter has been
linked to the observed deviations in the dark energy
parameter space [79].
Note that the measured deviation from ΛCDM can vary

depending on the exact choice of SNe sample used in the
analysis [[32], see their Fig. 11]. In particular, combining
DES Y5 SNewith BAO is known to cause larger deviations
from ΛCDM relative to that obtained by combining BAO
with other SNe samples like Pantheonþ [80,81] or
UNIONS [82]. In our work, we are interested in quantify-
ing the improvement to the dynamical dark energy con-
straints due to the addition of weak lensing from
13; 000 deg2. Given this goal, we do not analyze all
different permutations over SNe samples and utilize just
DES Y5 SNe.

C. Baryon signatures

We now use the three cosmic shear data vectors (without
applying any scale cuts) and account for the impact of

baryon imprints on nonlinear scales via various phenom-
enological models.2 Awide array of such models have been
used in the literature: HMX [57,83,84], BCEMU [85,86],
BACCO [87], and many more. Multiple weak lensing-based
analyses have been undertaken using one of these models
[e.g., [48,88–93]]. Of these works, Bigwood et al. [48]
considered a variety of models and performed a systematic
comparison of the corresponding results when applied to
DES Y3 data. Our analysis here is also motivated by the
findings of Bigwood et al. [48]; namely, that the data prefer
a strong (≈25%) suppression in the matter power spectrum.
The above models (BCEMU, BACCO, HMX) differ signifi-

cantly in their exact model parametrization, implementa-
tions, and assumed astrophysical (and cosmological) priors.
We direct the interested reader to the corresponding
references above for more details on these models. To
enable more normalized comparisons across different
choices, we build a single pipeline that predicts the baryon
suppression using a halo-model approach [e.g., [94,95]]
with the halo density profiles assumed by each of these
models (HMX, BCEMU, and BACCO). These predictions are
derived using the BARYONFORGE

3 codebase [96], where we
have implemented all profiles from these models. We then
build an emulator for the baryon suppression that spans
both astrophysical nuisance parameters and cosmology
parameters. All halo-model calculations are implemented
using the CORE COSMOLOGY LIBRARY [CCL, [97]]. The
exact modeling choices are provided in the Appendix B. In
all results to follow, we refer to the BARYONFORGE-based
calculation of BCEMU, BACCO, and HMX as BFG-BCEMU,
BFG-BACCO, and BFG-HMX, respectively.
To reiterate, our cosmology analysis pipeline now

includes an additional step: the matter power spectrum is
rescaled by the predicted suppression from a given baryon
model. As mentioned previously, the analysis in this section
uses the entire cosmic shear data vector from all three
datasets (NGC, SGC, DES Y3) and does not apply scale
cuts to any of them. All other parts of our cosmology
inference pipeline remain identical to the fiducial analysis
of Sec. III A.

1. Baryon suppression of the matter power spectrum

Figure 4 presents the baryon suppression of the matter
power spectrum predicted by each model. This is shown for
our fiducial analysis using the DECam 13k data, and for the
extended analysis which adds BAO and SNe information to
the WL data. Constraints from the two different data
combinations are consistent with each other, so we focus

2Our covariance model follows that of paper III, and does not
account for baryonic effects. Such effects will matter only on
small scales, where the covariance is completely dominated by
shape noise (the random orientations of intrinsic galaxy shapes)
rather than cosmic variance. Hence, these effects can be ignored
in the covariance model.

3https://github.com/DhayaaAnbajagane/BaryonForge
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our discussion on the former setup. The astrophysical priors
for the different models are listed in Table V. For HMX, we
use the recommended prior Tagn ∈ ½107.6; 108.0�K as in
Mead et al. [57]. The results for the different models in
Fig. 4 show many features. First, our BARYONFORGE-based
replication of BCEMU and BACCO produces similar results to
the published emulators. In Fig. 10 and Appendix B, we
show the remaining differences between BFG-BCEMU and
BCEMU can be accounted for by the fact that the latter model
was trained within a narrower cosmology prior.4

Differences between BFG-HMX and HMX are expected
as the latter varies the single “effective” parameter, Tagn,
whereas the former varies 10 parameters. See Appendix B
for more details.

Figure 4 reproduces a known result—for the same
dataset, the BACCO and HMX models predict shallower
suppression than BCEMU [e.g., [48,88,89,91]]. The work of
Bigwood et al. [48] shows the difference between HMX and
BCEMU can be alleviated by widening the priors on the
former, and we confirm the same by changing the priors to
Tagn ∈ ½107; 109�K. We now show a similar scenario is true
for the BACCO modeling, and this is done by retraining our
BFG-BACCO model with a broader prior on the mass-
scaling parameter, Mc.

5 See Appendix B for more details
on this variant. The retrained version (“BFG-BACCO wide”)
prefers a stronger suppression and is now in agreement
with BCEMU.
Therefore, multiple different parametrizations of the

baryon suppression produce similar results, provided
that the priors on model parameters are sufficiently wide.

FIG. 4. The baryonic suppression at z ¼ 0 from the different models. We show three popular methods—BCEMU, BACCO, and HMX. For
each, we provide a version obtained from a halo-model calculation using the BARYONFORGE pipeline. See text for details. The black
dotted line in each panel is the BCEMU result for the DECam 13k dataset, shown as reference. In general, the BCEmu-derived matter
power suppression is stronger than those from the other models. However, concordance can be achieved by adequately widening the
priors of the other models (the models tagged with “wide” in the above plot). See Appendix B for more details on the modeling and the
choice of priors. The BFG-BCEMU results matches the BCEMU result if the former adopts the narrower cosmology priors of the latter
(Fig. 10). The inclusion of external data, from DESI DR2 BAO and DES Y5 SNe (bottom), provides results that are consistent with the
fiducial case.

4Both the BCEMU and BACCO emulators are trained within a
cosmology prior that is narrower than the ones used in lensing
analyses. A common solution—which is also the one employed
in this work—is to extrapolate these emulators by using pre-
dictions from the nearest point in the prior [e.g., [88]]. This is not
required for our BARYONFORGE-based models as these models are
trained over the same cosmology prior used in the lensing
analysis.

5Existing analyses of BACCO on DES Y3 data show this
parameter’s posterior is limited by the upper bound of the prior
[88,89]. That is, the DES Y3 data prefer larger values of Mc than
is allowed by the prior. We note that a largerMc predicts stronger
suppression to the matter power spectrum.
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This consistency across models is a nontrivial result and
highlights the robustness of the inferred suppression. All
models are in agreement that the power spectrum

suppression has an amplitude of ≈25%, consistent with
the DES Y3-based results of Bigwood et al. [48].

2. Cosmology with scale cuts and with all scales

Having established concordance in the baryon suppres-
sion constraints from different models, we now turn to the
effectiveness of scale cuts in mitigating baryon-driven
biases in the inferred cosmology. For simplicity, we only
consider the BCEMUmodel for this analysis. We quantify the
baryon-driven bias by analyzing the full data vector and
scale-cut data vector with a “No baryons”model and BCEMU

model. Results from the four possible permutations are
shown in Fig. 5. The constraints from the full data vector
and scale-cut data vector are consistent within 0.1σ when
analyzed with the BCEMU model, but the shift grows to 0.8σ
if we do not use any baryon modeling. When focusing on
the data vector with scale cuts, the cosmology constraints
shift by 0.3σ if we include/exclude BCEMU from the
modeling pipeline. We interpret this shift as the impact
of baryons on cosmology estimated using the data vector
with scale cuts. The amplitude of the shift is at the level
allowed by different lensing analyses [e.g., [6,10], paper III,
paper IV]. This result is somewhat expected as the baryon
suppression assumed by these works (“OWLS AGN,” see
Fig. 13) when determining scale cuts is similar, though with
mildly lower amplitude, to our suppression constraints from
the data. In summary, Fig. 5 and its surrounding results
indicate that existing scale cuts minimize the impact of
baryon effects to a bias that is ≈0.3σ in the S8 − Ωm plane.
The Bayesian evidence supports this interpretation, as the
evidence ratio between the fiducial and BCEmu models—
under the standard scale cuts—is Rcuts ¼ 3.15, indicating
only a mild preference for the BCEmu model. However,

FIG. 5. The ΛCDM constraints from (i) using our fiducial
model (“No baryons”) or one that includes baryon power
suppression (“BCEMU”) and (ii) using a data vector with all
scales or with scale cuts. The constraints from including the
baryon modeling (with and without scale cuts) is consistent with
those from the fiducial model with scale cuts. The results indicate
that after scale cuts are applied, the residual bias is 0.3σ in the
S8 − Ωm plane. Using all scales with an explicit baryon model has
a 7% higher FoM compared to using scale cuts with no baryon
model. See Sec. III C for more discussion.

FIG. 6. The ΛCDM constraints from using all available measurements/scales and marginalizing over the impact of baryons on the
power spectrum, where this impact is modeled via different formalisms (different panels). We use publicly available modules and
corresponding halo-model approaches evaluated under the common framework of the BARYONFORGE pipeline. The resulting predictions
for the power-spectrum suppression are shown in Fig. 4. See Sec. III C for details on the different variants. We find that different baryon
modeling frameworks can achieve concordance in cosmology constraints once the models marginalize over sufficiently wide
astrophysical priors.
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once we use all scales, we find Rnocuts ¼ 37.1, which is a
strong preference for this model.
We also note that the constraining power from using all

scales, with an explicit baryon model, only marginally
improves on that from the fiducial result, “No baryons, w/
cuts.” Table III shows the FoM improves from 1872 to
1993, which is a 7% improvement. The additional scales
included in the “No baryons, all” analysis primarily inform
the baryon suppression model and have minimal impact on
the cosmology constraints. This is similar to the results of
Bigwood et al. [48], see their Table 3.
Finally, Fig. 6 presents the constraints on S8 and Ωm

when using the full data vector alongside all the baryon
suppression models shown in Fig. 4. We see a general trend
of tighter constraints, and a preference for highΩm and low
S8, when the corresponding baryon suppression predictions
of a model are shallower than that found in BCEMU. For
example, the BACCO and HMX constraints are generally
tighter but limited to lower S8 and mildly higher Ωm. The
prior-extended models for BACCO and HMX (BFG-BACCO
“wide” and HMX “wide”) show constraints that closely
match the BCEMU ones. On inspecting the BCEMU contour
and the BFG-BCEMU analog, we also see the former has no
preference (relative to the latter) for higher values of Ωm.
Figure 10 in the Appendix B confirm this is because the
former uses narrower priors on cosmology (which is then
circumvented through a nearest-neighbor extrapolation).
Note also that the cosmology constraints from the various
models are all consistent with Planck within 1.5σ to 1.9σ.
The IA constraints also do not shift due to the inclusion of
small scales and baryon modeling (Fig. 15 and
Appendix C). The evidence ratios for each variant, relative
to the case where we use all scales but with no baryon
model, spans 33 < R < 62 depending on the model and the
choice of prior. In all cases (assuming all scales are used),
there is a clear preference for including baryon suppression
modeling.
In summary, the analyses above explicitly show that

different baryon models can achieve concordance for the
suppression of the matter power spectrum and for the
associated cosmology constraints. In some cases (for
BACCO and HMX), this requires widening the priors on
the astrophysical parameters of the baryon models. There is
currently no significant benefit to utilizing all scales of the
data vector and modeling small scales with an adequately
flexible baryon suppression model. The FoM improves by
7% relative to the fiducial analysis, where the latter uses
scale cuts but does not marginalize over any astrophysical
nuisance parameters.
We once again note that the above constraints are

obtained using the largest weak lensing catalog to date,
improving on the existing catalogs by a factor of 3. Even
with this additional constraining power, the baryon sup-
pression cannot be sufficiently “self-calibrated” by the
lensing data alone. Instead, any additional constraining

power from lensing on small scales benefits only the
baryon suppression constraints. Current work has shown
that the path forward is to use external probes, such as the
thermal and kinetic Sunyaev Zeldovich effects [98], to
place data-informed priors on the baryon modeling
[48,90,93].

IV. SUMMARY

In this work, we present the largest weak lensing analysis
to date, using 270 million source galaxies covering
13; 000 deg2 of the sky. This is obtained by combining
the DECADE NGC, DECADE SGC, and DES Y3 datasets
which cover 5412 deg2, 3356 deg2, and 4143 deg2,
respectively. We use this data to produce constraints on
ΛCDM, as well as on two models of dynamical dark
energy. We then utilize a variety of methods for modeling
the impact of baryons on the matter power spectrum, and
provide a number of constraints that distinguish between
the various approaches.
Our key results are as follows:
(i) Our fiducial ΛCDM constraints, S8 ¼ 0.805�

0.019 and Ωm ¼ 0.262þ0.023
−0.036 , are within 1.9σ of

the Planck 2018 constraints (Fig. 2). Our analysis
uses conservative scale cuts and a flexible, five-
parameter IA model for each of the three datasets,
but still achieves constraints on S8 that have the
same precision as those from Planck 2018.

(ii) The addition of lensing measurements to BAO and
SNe data provides noticeable, but still minor, im-
provements to the constraints on dynamical dark
energy models (Fig. 3 and Table II). The combined
data is in tension with ΛCDM at 3.2σ for the w0wa
model, and 3.5σ for the wϕ model.

(iii) A wide range of baryon modeling approaches/
methods—BCEMU, BACCO, HMX, and alternative
halo-model predictions using the BARYONFORGE

codebase—all provide consistent constraints for
the suppression of the matter power spectrum, and
this requires placing sufficiently wide priors on the
astrophysics parameters of HMX and BACCO (Fig. 4
and Appendix B). It also requires using consistent
priors for the cosmology parameters (Fig. 10).

(iv) Our data-driven test for baryonic effects shows that
with current scale-cut approaches, the constraints in
the S8 −Ωm plane are biased by at most ≈0.3σ due
to such effects, even with the increased precision of
our combined data (Fig. 5). The scale cuts in both
our work and past work are derived assuming the
“OWLS AGN” model for power suppression. This
model is fairly consistent with the predicted sup-
pression from our data (Fig. 4).

(v) For a lensing-only analysis, it is not necessarily
advantageous to use all scales alongside explicit
baryon modeling as this improves the figure-of-merit
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in S8;Ωm by only 7%, relative to the fiducial analysis
(Table III). The new information provided by the
small scales constrains only the additional degrees of
freedom in the baryon model. External probes are
necessary for optimally using small-scale lensing

data. This statement assumes baryons are the only
statistically significant systematic on small scales.

The current precision of our lensing analyses is limited
primarily by two factors: (i) uncertainty in the baryon
suppression or alternatively, the use of scale-cuts to remove

FIG. 7. All ΛCDM constraints from this work, in comparison to external constraints (lines 8-15) and to variations of different baryon
models. The gray bands show the 1σ and 2σ regions of the fiducial results (line 5, DECam 13k). The numerical constraints are listed in
Table III. KiDS-Legacy only quotes constraints on S8.
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baryon sensitivity, and (ii) uncertainty in the intrinsic
alignment signals of source galaxies. The former can be
improved through multiprobe analyses [e.g., [48,90,93]]
while the latter can be improved either with direct mea-
surements of IA from spectroscopic datasets [e.g., [99–
101]] or by utilizing more stringent selections on the source
galaxy sample [102]. The uncertainties from redshift
calibration are negligible relative to the other two; though,
we note this is also because DECADE and DES Y3 data are
shallower than the data from DES Y6 [103] and the
upcoming LSST Y1 release. The calibration uncertainties
will grow larger as we incorporate fainter objects into our
source galaxy samples. In summary, while our analysis—
like other lensing analyses—is limited by modeling uncer-
tainties, there is a clear path to different data-driven
approaches that can reduce such uncertainties in the near
future.
This work presents the largest weak lensing analysis to

date, spanning 270 million galaxies over 13; 000 deg2 of
the sky. The entire survey is constructed using images from
a single instrument, the Dark Energy Camera, and the
images have all been processed by a single framework, the
Dark Energy Survey Data Management (DESDM) pipe-
line. The combined dataset,≈9; 000 deg2 of DECADE data
and ≈4; 000 deg2 of DES data, spans comparable sky area
as is expected from the upcoming LSST Y1 dataset, though
with fewer galaxies. As the community awaits the flagship
data releases from the next phase of lensing experiments,
such as LSST and Euclid [104], this dataset serves as an
early preview of a coherent catalog covering one-third of
the sky with high fidelity.
The DECADE cosmic shear project has leveraged the

weak lensing correlations in this data to extract precise
cosmology constraints. However, as the last decade of
precision photometric datasets have shown, there is a vast
landscape of science—spanning both astrophysics and
cosmology—that can be accessed with such a dataset,
ranging from galaxy cluster profiles [e.g., [47,54,105,106]]
to cross-correlations with other tracers [e.g.,
[49,51,55,93,107–110]] to higher-order statistics of the
lensing field [e.g., [111–115]] and many more. In order
to better facilitate this wide breadth of science, we publicly
release the DECADE shear catalogs, data vectors, and
associated data products. We hope the DECADE dataset
provides the community an apt avenue for such work at the
dawn of the next generation of wide-field photometric
surveys.
All analysis in this work was enabled greatly by the

following software: PANDAS [116], NumPy [117], SciPy [118],
Matplotlib [119], and GetDist [120]. We have also used the
Astrophysics Data Service (ADS) and arXiv preprint
repository extensively during this project and the writing of
the paper.
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DATA AVAILABILITY

All catalogs and derived data products (data vectors,
redshift distributions, calibrations etc.) for the cosmology
analysis are now publicly available through the Noirlab
Datalab portal [123,124] as well as through Globus and
other avenues. Please visit [125] for a list of the available
data products and their corresponding data access. Our
intention is to make all useful products immediately
available to the community. Please reach out to D. A. if
a data product of interest to you is not on the above list.

APPENDIX A: DATA AND COSMOLOGY
CONSTRAINTS FROM THE DECADE
SOUTHERN GALACTIC CAP (SGC)

The DECADE dataset presented in paper I, paper II,
paper III, and paper IV, consists of the NGC region of the
sky. In this work, we have added an additional dataset
covering the SGC region. This dataset spans 3; 356 deg2

(computed using a map of source galaxy counts at
NSIDE ¼ 4096) and contains 63 million galaxies. The
characteristics of this sample are noted in Table IV. The sky
area spanned by the SGC data is presented in Fig. 1.
The image and catalog processing follow the exact

same approach as paper I. The one notable addition is a

TABLE IV. Statistics of the DECADE SGC dataset. The number density (n), different components of the shear response (Rγ=S=tot;1=2),
effective number density of source galaxies (neff ) and shape noise (σe) in the Heymans et al. [126] and Chang et al. [127] definitions, and
the mean weighted shear (hγ1;2i), all computed for each of the tomographic bins as well as the full nontomographic sample. The number
densities are calculated with an area of 3; 356 deg2 and are presented in units of 1=arcmin2. The DECADE NGC statistics are shown in
Table 2 of paper I.

n Rγ;1 RS;1 Rtot;1 Rγ;2 RS;2 Rtot;2 neff;C13 σe;C13 neff;H12 σe;H12 hγ1i hγ2i
Bin 1 1.312 0.854 −0.010 0.843 0.855 −0.011 0.844 1.167 0.234 1.174 0.234 −0.00006 −0.00004
Bin 2 1.296 0.761 0.017 0.778 0.762 0.017 0.778 1.067 0.260 1.084 0.262 −0.00009 0.00001
Bin 3 1.294 0.723 0.024 0.748 0.725 0.024 0.748 1.074 0.248 1.102 0.251 0.00006 −0.00010
Bin 4 1.292 0.594 0.031 0.625 0.595 0.033 0.628 1.030 0.284 1.089 0.292 0.00025 −0.00018
Full sample 5.194 0.751 0.013 0.764 0.752 0.013 0.765 4.247 0.253 4.328 0.256 0.00001 −0.00006
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20° and 10° aperture (diameter) circular mask around the
Large and Small Magellanic Clouds, respectively, as these
regions are particularly crowded. The resulting catalogs
have a similar distribution of object properties (fluxes, sizes,
etc.) as the NGC catalog. The ensemble redshift distribu-
tions for the NGC and SGC datasets are shown in Fig. 8.
They both share similar shapes as the dominant uncertainty
on the distributions’ morphology is contributions from the
(small) datasets used in the calibration—see the discussion of
“deep field redshift sample” in paper II—and not the sample
variance in the photometry of the shear catalogs. The former
datasets are shared across the NGC and SGC calibrations.
This statement naturally causes a concern that the redshift

calibration uncertainty is correlated across surveys. Our
existing pipelines do not jointly produce distributions for
both NGC and SGC, and so we are unable to produce
correlated calibration priors. Furthermore, we do not have
the requisite dataproducts to do the same for DES Y3
dataset. However the analysis of Cordero et al. [128] studied
the impact of correlated priors across tomographic bins
within a given survey and showed that uncorrelated priors
are sufficient in producing unbiased cosmology constraints.
In addition, we check that the impact of redshift calibration
uncertainties on our final constraints (the DECam 13k
combination) is minimal. If we fix the redshift calibration
to Δzi ¼ 0, the mean of the S8 marginal posterior changes
by 0.05σ and the posterior width has a fractional change of
5%, relative to the fiducial analysis.

We pass the SGC dataset through the same series of tests
performed on the NGC dataset, and confirm all tests pass.
We provide a brief summary of the tests:

(i) The brighter-fatter effect on the PSFs (the change in
PSF size and/or ellipticity with the magnitude of the
star) has the same amplitude in the SGC as it did in
the NGC (Fig. 6 in paper I), and therefore remains
negligible for our analysis.

(ii) Similarly, the variation of PSF properties with
the stellar color is the same across the SGC and
NGC (Fig. 7 in paper I), and therefore remains
negligible.

(iii) The correlation of measured galaxy shear, γ1;2, with
other estimated properties (PSF shape, galaxy color,
signal-to-noise, PSF size, ratio of galaxy size to PSF
size) is statistically consistent with zero in all cases
(< 3σ), and the overall variation in the shear is
always below δγ < 2 × 10−4.

(iv) The Rowe and Tau statistics, which estimate the
contamination in lensing due to spatial correla-
tions in the PSF (and PSF errors), have negli-
gible amplitudes. The coefficients for the SGC
region—α ¼ −0.003 � 0.005; β ¼ 1.58 � 0.11;
η ¼ 0.28 � 1.7—are consistent with our NGC
results (Sec. IV. 5 in paper I) and with DES Y3
[27]. Similar to Fig. A1 in paper III, extreme values
of PSF contamination have no visible change in the
S8 −Ωm contours for the SGC data.

FIG. 8. The redshift distribution for each of the four tomographic bins for galaxies in the DECADE SGC region. We show the NGC
region results for comparison. The distributions are fairly similar across both samples as the dominant uncertainty is from the (small)
calibration fields used in the redshift estimation method (paper II), and these fields are shared across both analyses. See Appendix A for
more details. The mean redshifts for the NGC sample are hzii ∈ f0.31; 0.50; 0.71; 0.91g for the four tomographic bins.
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(v) The tangential shear around faint (bright) stars is
consistent with p ¼ 0.70 (p ¼ 0.13).

(vi) The mean shear has no statistically significant
correlation with the suite of systematic maps used
in paper I (see their Fig. 13). All correlations are
consistent with the null signal within < 3σ.

(vii) The B-modes in the catalog are consistent with the
null signal at p ¼ 0.4 when using the real-space
estimator (Sec. IV. 8 in paper I). We also check this
using a harmonic-space estimator as in Fig. A1 of
paper III, and find values of p ¼ 0.25, 0.11, 0.16,
0.85 for the four tomographic bins.

Most of the above tests quantify if there is a large variation
in shear with some other property, and we find all variations
(in NGC and SGC) are negligible. Similar tests have
already been demonstrated in DES Y3 [27]. The remaining
tests are null tests, which provide a p-value for the
measurement being consistent with no signal. We compute
the joint probability of the null signal across all three
datasets (NGC, SGC, and DES Y3). This can be trivially
done as these datasets are all uncorrelated with each other.6

We focus on the tangential shear and B-mode tests, which
serve as a general metric sensitive to any systematics
contaminating galaxy shape estimates. First, the B-modes
across all three datasets are consistent with the null signal at
p ¼ 0.38. Second, the tangential shear around bright (faint)
stars is consistent with the null signal at p ¼ 0.37
(p ¼ 0.51). We therefore find the NGC, SGC, and DES
Y3 datasets jointly satisfy these null tests.
The redshift and calibration parameters, estimated using

the same procedures as the NGC analysis, are presented in
Table I. We also carry out the same unblinding procedure
for the SGC sample, including the data variations in Fig. 6
of paper IVand all split tests from Fig. 4 and Fig. 6 of paper
III, which pass as well; the constraints on S8 and Ωm from
all variations are within 1σ of the base constraint from
fiducial analysis choices. In addition, we ran the split tests
on the joint analysis of NGC and SGC, where both catalogs
were simultaneously split into halves based on some survey
property (depth, seeing, etc.), and constraints were obtained
by combining each half with the fiducial DES Y3 dataset
(this combination is directly analogous to our “DECam
13k” analysis in the main text). The DES Y3 data was not
split as we do not have the pipeline to do so. From this
analysis, we find the variants are all within 1.5σ of the
fiducial constraints. The cosmology constraints from
“DECam 13k” show no statistically significant dependence
on survey properties. In summary, we have performed the

full set of tests described in paper I, paper II, paper III, and
paper IV, and find the SGC dataset—as well as the
combination of NCG, SGC, and DES Y3 datasets—passes
all tests.
Our fiducial cosmology constraints from this sample are

presented in Fig. 9. The SGC results are within 1σ and 0.9σ
of the NGC and DES Y3 results, respectively. All datasets
are consistent with one another. The SGC result is also
consistent at< 0.01σ with Planck, while the NGC and DES
Y3 results are consistent with Planck within 1.5σ and 1.1σ,
respectively. We estimate all significances using the
Gaussian metric in TENSIOMETER, as is done in the main
text. In summary, the SGC dataset has been processed and
validated through the same methods in paper I, paper II,
paper III, and paper IV and its resulting cosmology
constraints are consistent with the NGC and DES datasets.
As a result, we can combine all three datasets into the
DECam 13k analysis presented in the main text.

APPENDIX B: BARYON MODELING
AND ADDITIONAL RESULTS

We now detail our modeling approach for the baryon
suppression of the matter power spectrum. We use the
philosophy of Mead et al. [84], Pandey et al. [93], etc. by
employing a halo-model formalism for computing the
power spectrum PdmoðkÞ and PbaryðkÞ [see [94,95], for
reviews]. Here “dmo” is the dark matter-only model and

FIG. 9. The constraints from the DECADE SGC region,
compared to DECADE NGC, DES Y3, and Planck. The three
lensing datasets are consistent with each other, within 1σ in all
cases. This motivates the DECam 13k combination presented in
the main text and reproduced here as well. The constraints are
also listed in Table III.

6We have three independent p-values, pi. These are
distributed as pi ∈U½0; 1�. One can show this means
−2 lnpi ∈Pðχ2N¼2Þ, i.e. the log p-value is chi-squared distributed
with two degrees of freedom [129], and therefore, the
value −2

P
a
i¼1 lnpi ∈Pðχ2N¼2aÞ. Therefore, the joint likelihood

of observing the set of values, fpig is estimated as
Pðχ2N¼6 > −2

P
2
i¼1 piÞ.
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“bary” is the combined dark matter and baryon model. The
density profiles in the former comprise a simple Navarro-
Frenk-White (NFW) profile [130] while those of the latter
include a number of components (gas, stars, etc.) that
we discuss further below. We can then predict the corre-
sponding power spectrum suppression through the ratio,
SðkÞ ¼ PbaryðkÞ=PdmoðkÞ.
There are a variety of models for the combined dark

matter and baryon density profile of the halo. In this work,
we use the implementation of profiles in the BARYONFORGE

codebase [96], which provides all profiles used in the
models from BCEMU [85,86], BACCO [87], and HMX [84].
We pass these profiles through the halo-model calculator in
the CORE COSMOLOGY LIBRARY [CCL, [131]] to obtain
predictions for the different power spectra. Our halo model
calculation uses the halo mass function and halo bias
relation from Tinker et al. [132]. We consider all masses
from 1010 < M200 c=M⊙ < 1016 in the halo-model integral,
and utilize the additive correction of Cacciato et al. [133] to
account for all halos below this mass scale. The rest of the

formalism follows the halo-model approach described in
Pandey et al. [93] and references therein, and we do not
replicate the description here.
We do not detail here the exact profiles used for each of

the models. We refer readers to Schneider et al. [86], Giri
and Schneider [85] for the BCEMU model, Aricò et al. [87]
for the BACCO model, and Mead et al. [57] for the HMX

model. The only change made in this work is to the HMX

model, where the ejected gas is now parametrized by an
extended profile as in Schneider and Teyssier [134] and
Aricò et al. [87] rather than as an additive constant to the
large-scale density field as chosen in Mead et al. [57].
As mentioned in the main text, we refer to the

BARYONFORGE-version of these models as BFG-BCEMU,
BFG-BACCO, and BFG-HMX. In all cases, our priors on the
baryon parameters in each model follow the same choices
as the fiducial models above. The one difference is for HMX,
where the original model is calibrated to a single Tagn

parameter, whereas BFG-HMX varies all ten parameters
listed in Table 2 of Mead et al. [57]. In particular, we use
the full list of parameters used for fitting the gas, star, dark
matter, and pressure power spectra in that work. Unlike in
our approach to BCEMU and BACCO, we now vary these ten
parameters within a somewhat ad hoc prior range as we did
not have existing results to base our choices on. Our main
conclusions are not impacted by this as our HMX inter-
pretations rely more on the public implementation than our
BARYONFORGE-based implementation here. The astrophys-
ics priors used for the different models are listed in Table V.
The priors on cosmology parameters are equally impor-

tant when computing the response. In particular, the baryon
modeling is sensitive to variations in fb ¼ Ωb=Ωm [[135],
see their Fig. 2]. The public BCEMU and BACCO emulators
choose a prior on cosmology that is more closely matched
to priors from analyses that combine CMB data with other
probes. This means the variation in Ωm is much narrower
than the prior used in cosmic shear analyses (Table I). We
must therefore account for the mismatched prior ranges in
some manner. One approach is to simply extrapolate the
BCEMU or BACCO model using the nearest available point
with the prior. While this is a reasonable approach—and
one we take for the fiducial BCEMU and BACCO models—it
is still a limitation/inconsistency in the model. In our
BARYONFORGE-based models of this work, we have control
over the prior ranges of the model, and therefore generate
SðkÞ for variations in Ωb;Ωm; σ8; ns that span the cosmol-
ogy prior in Table I.
Figure 10 shows the difference in constraints if one uses

wider cosmology priors for the baryon model. We start with
the BCEMU and BFG-BCEMU results of Fig. 6, and compare
them to results of a modified BFG-BCEMU model where the
model’s cosmology priors mimic the narrower ones used in
BCEMU. For these priors, we fix all cosmology values
except fb, which is varied in the range 0.1 < fb < 0.25. In
particular, we fix σ8 ¼ 0.811 and ns ¼ 0.96 following the

TABLE V. The priors on the astrophysics parameters for each
model. All parameters are given uniform priors within the range
[lower, upper] as denoted in this table. For the parameter
definitions and associated priors, see Table 1 in Giri and
Schneider [85] for BCEMU, Sec. III. 2 in Aricò et al. [87] for
BACCO, and Table 2 in Mead et al. [57] for HMX. For BFG-BACCO,
we also consider two variants: (i) the “wide” variant where we use
the updated prior, log10 Mc ∈ ½11; 17�, and (ii) the “Extr” variant
where all parameters have their priors widened by a factor of 2.

Model Param Prior

BFG-BCEMU log10 Mc [11, 15]
μ [0, 2]
θej [2, 8]
γ [1, 4]
δ [3, 11]
η [0.05, 0.4]
δη [0.05, 0.4]

BFG-BACCO log10 Mc [11, 15]
log10 η [−0.7, 0.7]
log10 β [−1, 0.7]

log10 M1;0 [9, 13]
log10 θout [0, 0.5]
log10 θinn [−2, −0.5]
log10 Minn [9, 13.5]

BFG-HMX A⋆;0 [0.01, 0.1]
A⋆;1 [−0.03, 0.03]
M⋆;0 [9, 13]
M⋆;1 [−0.3, 0.3]
η [−2, 0.1]
ϵ1;0 [−1, 1]
ϵ1;1 [−0.1, 0.1]
Γ0 [1.05, 5]
Γ1 [−0.1, 0.1]

log10 M0 [11, 16]
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choice made in the BCEMU emulator [[85], see their
Sec. II. 2. 1]. We see that this choice brings the BCEMU

and BFG-BCEMU models into precise agreement, for both
the predicted baryon suppression and for the resulting
cosmology constraints. Using a wider cosmology prior, as
in BFG-BCEMU, causes the model to explore slightly larger
values of Ωm. This, in turn, results in a slightly weaker
suppression since the baryon fraction is lowered.
In addition to producing models with wider cosmology

priors, we also produce those with some changes to their
baryon parameter priors. In particular, the results of Aricò
et al. [88] find that the constraints from weak lensing data
prefer a value for the mass scale Mc

7 that is limited by the
upper-bound prior. While the existing BACCO emulator has
the same prior range, we now build our BARYONFORGE-

based SðkÞ model for BACCO with a wider prior in this one
parameter (Table V). This enables us to test and show the
impact of the parameter prior on the final constraints.
In all cases, the BARYONFORGE-based models are gen-

erated at 215 ¼ 32, 768 points across the prior of astro-
physics and cosmology parameters, and we train a neural
network emulator using these points. Our network archi-
tecture contains four dense layers. The first three are of size
512, 256, 128, respectively, and the last layer is N ¼ 100 to
match the dimension of our target suppression (we sample
SðkÞ at 100 values of k). After each of the first three dense
layers, the inputs go through a LeakyReLU activation with
negative slope, α ¼ 0.1 before being sent to the next dense
layer. We quantify the emulator precision using the
commonly used R2 metric,

R2
j ¼ 1 −

PNtest
i ðXemu;i − Xmodel;iÞ2PNtest

i ðXmodel;i − hXmodeliiÞ2
; ðB1Þ

where Xmodel;i and Xemu;i are the model and emulator
predictions, respectively, for parameter set, i. We evaluate
this on Ntest ¼ 7, 000 test points. The quantity R2

j is the
metric for wave number, kj. In practice, we compute
hR2ij—i.e., the average over all scales—as our final
test statistic. In all cases, our emulators exhibit R2 > 0.99.
We train a separate emulator for each redshift
z∈ f0; 0.5; 1.0; 1.5; 2.0g and linearly interpolate between
their results when predicting SðkÞ for any intermediate
redshifts. This follows the approach of Giri and Schneider
[85]. The redshift range spanned by our emulator covers the
entire range probed by our lensing data, so there is no
necessity to extrapolate our model. We have also evaluated
the true SðkÞ model for each sample from our MCMC
chains and verified the emulator prediction is accurate (to
within 2%) across the parameter space spanned by the
posteriors.
In Fig. 11, we translate the priors on the baryon and

cosmology parameters into priors on the predicted SðkÞ.
Specifically, we show the minimum and maximum sup-
pression values spanned by a model at a given wave
number. We will denote this range as the “span” of the
model. We find the span is not a sufficient statistic for
validating that the model has an adequately wide prior. For
example, the span of the BACCO model clearly encompasses
the BCEMU constraint (dotted line). However, the final
constraints from the model are still shallower in their
predicted suppression. The second set of gray bands
(enclosed by dashed lines) shows the prior range for the
BFG-BACCO “wide” model, which widens the prior on the
BFG-BACCO model. While the final range of the maximum/
minimum suppression at each k is relatively unchanged, the
change in the prior still causes differences in the range of
shapes of the suppression, which then allows it to better
match the BCEMU result. We highlight this result as a

FIG. 10. The impact of fixing cosmology priors in the baryon
model. The BCEMU model (blue) fixes all cosmology parameters
except the baryon fraction with prior, fb ∈ ½0.1; 0.25�. The BFG-
BCEMU model (purple) varies all cosmology parameters within
the same prior as Table I. If we change the BFG-BCEMU model to
use the fixed priors of BCEMU (black), then we recover the same
constraints on the cosmology (top) and the power spectrum
suppression (bottom). The 1σ posterior on the suppression is
denoted in the bands, or the dotted black lines.

7In BACCO, this parameter sets the mass scale where the
halo has ejected half of its gas mass beyond the associated halo
radius [87].
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counterexample against using the span of a model to
validate its flexibility.
One may then be concerned that all constraints on the

baryon suppression are prior dominated. However, this is
not the case. The suppression discussed in Sec. III C are
data-informed constraints. To highlight this, we show in
Fig. 12 the 1σ width of the suppression posterior (evaluated
using the 16% and 84% percentiles). We show a number of
models, and also three variants for the BFG-BACCO model.
The “wide” variant increases the prior on Mc as discussed
in Sec. III C, while the “Extr” variant widens the prior by a
factor of 2 for all parameters in the model. Notably, the
latter constraint has very little difference in its constraining
power compared to the former. Thus, the power spectrum

suppression—in the cases where the model prior is suffi-
ciently wide—is indeed being constrained by data and is
not an artifact of the specific prior ranges chosen for the
astrophysical nuisance parameters of the model.
Figure 13 shows our constraints on the suppression in

relation to the predictions from various cosmological
hydrodynamical simulations. The simulations we compare
to are the overwhelmingly large simulations [OWLS,
[136]], Eagle [137], Illustris [138], HorizonAGN [139],
IllustrisTNG [140], Bahamas [141], and Cosmo OWLS
[142]. In line with existing work [e.g., [48,90,93,143,144]],
we find the suppression preferred by the data is best-
matched by simulations with stronger AGN feedback
prescriptions. In particular, the CosmoOWLS T8.5 model
is the closest match, as is the original Illustris model.
Figure 13 also shows that the no-suppression case,
Pbary=Pdmo ¼ 1, is excluded at around 3σ.
Finally, Fig. 14 compares our results to previous works

that use one or more of WL, x-ray, and the thermal and
kinematic Sunyaev-Zeldovich effects [see [145], for a
review], which we abbreviate as tSZ and kSZ, respectively.
The SðkÞ inferred by our BCEMU analysis is generally
stronger than those from existing works. However, the
BFG-BCEMU analysis—which uses a more consistent
cosmology prior (Fig. 10)—is in better agreement with
existing results. We also show comparisons to the BACCO

analysis of Aricò et al. [87] and Chen et al. [89], finding
good agreement. All BACCO results are shallower than
BFG-BCEMU given the narrower priors on astrophysics
parameters (Fig. 14). The results in Fig. 14 span a range of
datasets and analysis choices, but still corroborate the

FIG. 11. The prior on the baryon suppression (plotted as the
maximum and minimum values at each wave number, k)
translated from the prior on the astrophysical and cosmology
parameters. In dark gray, we show the prior evaluated on BCEMU,
BACCO, and HMX models, for the top, middle, and bottom panels,
respectively. The priors for the BFG-BACCO wide and HMX wide
analysis are enclosed in dashed gray lines. The dotted black line
in each panel is the Fiducial BCEMU result for the suppression,
and is plotted for reference. Even though the BACCO model has a
prior including the BCEMU suppression, it is unable to
reproduce the latter, as the model has more restrictions on the
shapes it can predict. Widening the prior to BFG-BACCO wide
enables a better match.

FIG. 12. The 1σ width of the predicted baryon suppression
(computed using the 16% and 84% percentiles at each wave
number, k) for different models. The models are fairly similar,
with the fiducial HMX and BACCO models showing smaller
uncertainties as they have more restrictive priors. We show three
variants of the BACCO model: BFG-BACCO, BFG-BACCO wide,
and BFG-BACCO Extr, in order of increasing prior widths. The
constraints between wide and Extr are similar, showing the data is
indeed constraining this suppression and is not a purely prior-
limited constraint.
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findings of Bigwood et al. [48] by showing a consistent
preference for ≈25% suppression in the matter power
spectrum around k ¼ 4 h=Mpc at z ¼ 0.

APPENDIX C: INTRINSIC ALIGNMENTS

We list our IA constraints in Fig. 15. As a reminder to the
reader, the joint DECam 13k analysis does not assume all
three datasets (DECADE NGC, DECADE SGC, and DES
Y3) can be modeled using a shared set of five IA
parameters. We instead perform a more conservative
analysis and use three sets of IA parameters—one for each
of the three data vectors. This results in fifteen total IA
parameters. We distinguish parameters between the differ-
ent sets using the superscripts NGC, SGC, and DES.
In Appendix B1 of paper IV, we found the DECADE

NGC data had a statistically significant preference for a
nonzero TATT amplitude, a2 > 0. We now briefly repro-
duce the summary from Sec. V. 2 of paper IV—namely, at
this time, we do not have a clean explanation for the exact
origin of the NGC IA constraint. We performed a variety of
empirical tests in paper IV which together indicate that the
underlying signal does not come from variations in image
quality, nor from a specific subset of the data (e.g., galaxies
with large angular sizes). Deeper investigations of this
signal cannot be made using weak lensing measurements

alone, and will require cross-matching with spectroscopic
data to isolate the IA signal [e.g., [99–101,146]]. Note that
the final cosmology constraints from the NGC data are
insensitive to these oddities in the IA behavior. paper IV
discusses all additional tests performed in relation to this
result.
The IA constraints from the DECADE SGC dataset, on

the other hand, are consistent with no IA signal. This is
somewhat anticipated as the SGC dataset is less precise
than the NGC dataset—we have 63 million galaxies,
compared to the 107 million of the NGC. These constraints
from DECADE SGC are also consistent with those from

FIG. 13. The suppression from the BCEMU model compared to
predictions from different simulations. The gray bands show the
68%, 95%, and 99.7% credible intervals. The constraints from the
lensing data are most consistent with the models of OWLS AGN,
CosmoOWLS T8.5, and Illustris.

FIG. 14. Comparison of our inferred suppression (Fig. 4) with
other works, which use different models and independent pipe-
lines. The bands denoted the 68% credible interval. The top three
panels use the halo profiles defined in BCEMU, whereas the last
panel uses those defined in BACCO. There is good consistency
between the different results. Our BCEMU result prefers slightly
stronger feedback than other works, whereas our BFG-BCEMU

result (which uses a more consistent cosmology prior; see Fig. 10)
is in better agreement with them. The BACCO constraints have a
preferentially shallower amplitude than BCEMU due to narrower
priors (Fig. 4). In summary, multiple analyses—crossing different
datasets and probes—find a consistent suppression of ≈25% in
the matter power spectrum.

D. ANBAJAGANE et al. PHYS. REV. D 114, 043527 (2026)

043527-22



DES, and consistent with the no-IA scenario (a1 ¼ a2 ¼ 0)
within 1σ to 2σ. In all cases, the constraints on bTA are not
shown as they are prior-dominated, consistent with results
from other analyses [[6,10], paper IV].
Figure 15 also shows the change in IA constraints if we

forego scale cuts in the data vector. This nearly doubles
(692 to 1200) the number of measurements. The IA
constraints, however, are consistent across the two analy-
ses. If we then add baryon suppression to our model, the IA
constraints continue to be consistent. This confirms that the
baryon suppression presented in this work (e.g., Fig. 4) is
not compensating for some change in the IA parameters.
In summary, Fig. 15 showcases that the IA parameters

are well behaved, except for the nonzero a2 amplitude of
DECADE NGC which we discuss in detail in paper IV. The
constraints remain relatively unchanged if we utilize all

small-scale measurements as well, and if we add baryon
suppression to our modeling pipeline. This showcases the
relative robustness of the IA measurements extracted from
this work.

APPENDIX D: DATA VECTORS
AND BEST-FIT MODEL

Figure 16 shows the cosmic shear data vectors for
DECADE NGC, DECADE SGC, and DES Y3. The scale
cuts for each bin are denoted by gray bands. We also
overplot the best-fit theory from the fiducial ΛCDM
analysis, and from the baryon suppression analysis with
the BARYONFORGE BCEMU (BFG-BCEMU) model. The latter
uses all available measurements, and not just those unaf-
fected by the marked scale cuts.

FIG. 15. The intrinsic alignment (IA) constraints of different datasets, for the fiducial DECam 13k analysis (blue), using all scales
(red), and using all scales with baryon modeling from BARYONFORGE (black dashed, see Appendix B). The left (right) triangle plot
shows the amplitude (redshift scaling) of the IA parameters. We mark ai; ηi ¼ 0 in gray dotted lines for reference. The constraints are
consistent across the three analysis setups. The NGC dataset shows a strong preference of a2 > 0, which is discussed in detail in paper
IV (see their Appendix B1). The DES Y3 and SGC constraints are consistent with each other and show no statistically significant
preference for nonzero IA.
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FIG. 16. The measured ξ� data vectors for DECADE NGC (top), DECADE SGC (middle), and for DES Y3 (bottom). We overplot
best-fit theory predictions from the fiducial ΛCDM analysis, and from using all scales but including baryon suppression for our small-
scale modeling. The gray bands denote the scale-cuts derived from assuming a specific baryon suppression model (paper III).
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