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Dark Energy Survey year 6 results: Magnification modeling and its impact
on galaxy clustering and galaxy-galaxy lensing cosmology
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Gravitational lensing magnification alters the observed spatial distribution of galaxies and must be
accounted for to prevent biases in cosmological probes of the large-scale structure. We investigate its effects
on the Dark Energy Survey year 6 galaxy clustering and galaxy-galaxy lensing analyses using the fiducial
lens (position tracer) sample MagLim++. The combination of these two probes is referred to as the 2 x 2pt
analysis, while the full 3 x 2pt analysis additionally includes cosmic shear. Magnification bias is
parametrized by a coefficient that describes the response of the number of selected objects per unlensed
area element to a change in the lensing convergence. We quantify this coefficient using the BALROG
synthetic source injection catalog to account for the complexity of the selection function and compare these
results with simplified estimates. The resulting values of the magnification coefficients for each redshift bin
are [3.16 £ 0.08,2.76 = 0.21,4.09 £ 0.15,4.42 £+ 0.16,4.90 & 0.29, 4.83 £ 0.25]. Relative to year 3, this
analysis provides more precise and accurate magnification bias estimates through a larger BALROG area and
reweighting to better match the data properties. The cosmological results are robust when tested against
various magnification parameter prior choices and also when adding cross-clustering between lens redshift
bins. Neglecting magnification, however, introduces significant systematic shifts: relative to the fiducial
analysis with Gaussian priors centered on the BALROG-derived estimates, we observe shifts of 1.37¢ in Sy
and —0.84¢ in Q,, when fitting 2 x 2pt (which are reduced to —0.61¢ in Sg and —0.710 in Q,, for 3 x 2pt).
This agrees with findings from simulated data, demonstrating that magnification must be modeled to avoid
biases. Freeing the magnification bias in lens bin 2 leads to unphysical negative values, further justifying its
exclusion from the fiducial year 6 analysis.
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I. INTRODUCTION

Observations of the large-scale structure (LSS) of the
Universe provide key insights into both the growth of
cosmic structure and the expansion history of the Universe.
Over the past decades, wide-field imaging surveys have
enabled increasingly precise cosmological measurements,
playing a central role in the advancement of LSS studies. By
combining complementary probes—cosmic shear (the weak
gravitational lensing of background galaxies), foreground
galaxy clustering, and their cross-correlation, known as
galaxy-galaxy lensing—these surveys can extract maximal
cosmological information and break degeneracies among
key parameters. The combination of these three two-point
(2pt) correlation functions is commonly referred to as a
“3 x 2pt” analysis, while a “2 x 2pt” analysis includes only
galaxy clustering and galaxy-galaxy lensing.

Stage-III surveys such as the Dark Energy Survey (DES)’
[1], the Kilo-Degree Survey (KiDS)2 [2], and the Hyper
Suprime-Cam (HSC) Survey3 [3] have been particularly
impactful, providing unprecedented depth and area for
precision cosmology. The DES year 6 (Y6) analysis—based
on the full six years of observations, whereas the earlier
year 3 (Y3) analysis used only the data from the first three
years—provides the final results of the survey and marks a
significant advance over the previous Y3 analysis (DES
Collaboration [4]). Improvements in imaging depth, sample
selection and calibration, and modeling strategy increased
both the statistical power and the robustness of systematic
error mitigation. Several key Y6 cosmology papers present
these results, including analyses of the 2 x 2pt (DES
Collaboration [5]) and 3 x2pt combinations (DES
Collaboration [6]), alongside detailed descriptions of the
galaxy samples and their calibration. Of particular relevance
for this work are the galaxy clustering measurement and
sample selection described in Ref. [7] and the galaxy-galaxy
lensing measurement presented in Ref. [8].

An effect of growing importance in such analyses is
weak lensing magnification. Magnification arises when
foreground mass distributions alter the observed positions,
fluxes, and sizes of background galaxies. This modifies the
number of galaxies that meet survey selection thresholds
and, consequently, the observed clustering and lensing
signals. While magnification effects are typically subdomi-
nant compared to intrinsic clustering or shear correlations,
their impact grows with survey depth and precision and
becomes particularly relevant in the era of Stage-IV surveys
such as Euclid [9] and LSST [10]. Accounting for mag-
nification, and in particular using informative priors on the
magnification coefficients, can both reduce biases and
enhance the constraining power of cosmological analyses.

'http://www.darkenergysurvey.org/.
2http://kids. strw.leidenuniv.nl/.
3https://www.naoj .org/Projects/HSC/.

Forecasts for next-generation surveys underscore this
point. Studies for LSST [11], Euclid [12,13], and simu-
lation-based analyses [14—17] consistently show that mag-
nification must be accurately modeled to obtain unbiased
results and fully exploit the statistical power of these
datasets.

Other works have estimated magnification bias for
specific survey samples: for example, Ref. [18] used the
Millennium Simulation to estimate magnification for
KiDS, with their results later applied in the KiDS-1000
analyses [19]. More recently, magnification has also been
modeled in the context of spectroscopic galaxy clustering,
including in BOSS [12,20], WISE [21], and the forecast for
Euclid [13].

Within DES, lens magnification has been incorporated
into the theoretical modeling of galaxy clustering and
galaxy-galaxy lensing. This work follows the procedure
established in the DES Y3 analyses [22], extending and
adapting it to the improved data and modeling framework
of the Y6 analysis.

This paper is organized as follows. In Sec. II, we provide
an overview of the theoretical framework for magnification
and its role in LSS observables. Section III provides details
on the DES Y6 data and the simulations used in our
analysis. In Sec. IV, we estimate the magnification con-
tributions to our theoretical predictions using multiple
approaches. Section V extends these estimates to assess
the expected magnification effects on DES Y6 cosmology.
In Sec. VI, we discuss the impact of magnification on
cosmological results using the DES Y6 data. We conclude
in Sec. VII with a summary and outlook for future Stage-IV
surveys.

II. THEORY
A. Galaxy density field

In large-scale structure surveys, the observed distribution
of galaxies is used to probe the underlying matter density
field through tomographic clustering and galaxy-galaxy
lensing measurements. These measurements rely on accu-
rate modeling of the observed number density of galaxies,
which can be affected by various astrophysical and obser-
vational effects. In the absence of magnification and
redshift space distortions (RSDs), the line-of-sight projec-
tion of the three-dimensional galaxy density contrast in a
tomographic bin i can be expressed as

5;,int(ﬁ) = /d)(Wé,()()(SgD(ﬁ)(,)(), (1)

where y is the comoving distance, i represents a given
direction in the sky, and Wi(y) = nj(z)dz/dy is the
normalized selection function of galaxies in redshift bin i.

In this work, we explore the impact of magnification on
the observed projected galaxy density contrast and its
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contribution to two-point statistics. For simplicity, we omit
RSD from the following equations, although we note that
RSD effects are fully incorporated in both the DES Y6
modeling and all analyses presented in this paper. Because
RSD affect only the line-of-sight positions of galaxies,
while magnification modifies the projected galaxy density
through lensing, the two effects are independent at first
order and uncorrelated (any second-order couplings from
relativistic effects are negligible for the scales and precision
of this analysis).

B. Magnification bias

Gravitational lensing magnification distorts the apparent
distribution of galaxies by modifying their positions, sizes,
and brightness while preserving surface brightness. The
strength of this effect is quantified by the magnification
factor y, which depends on the local weak lensing con-
vergence k and shear y [23],

1 1
0= 1-2«

~ 1+ 2k, (2)

in the limit of weak lensing, where x < 1 and y < 1.
Magnification affects the apparent distribution of galaxies
by altering the solid angle subtended by a given patch of the
sky. This change in the observed area impacts the observed
number density of sources in two competing ways: by
modifying the apparent separation between objects and by
altering the selection probability of individual galaxies
through the change in the amount of light collected from
each by a telescope.

First, because lensing stretches the sky by a factor of y, a
given solid angle element AQ in the unlensed sky is
mapped to an expanded area uA€, causing the observed
number density of galaxies per unit solid angle to decrease
by the same factor. This dilution effect reduces the apparent
abundance of galaxies in magnified regions.

Second, the same stretching of the sky also affects the
observed flux and apparent size of individual sources. Since
the solid angle captured by the telescope increases while
surface brightness remains unchanged, the total observed
flux of a galaxy is boosted by a factor of y, and its apparent
size increases. These changes influence sample selection,
particularly for flux or size limited surveys: sources that
would otherwise fall below a survey’s detection threshold
can become observable due to magnification. This leads to
an excess of detected galaxies in magnified regions.

The net outcome of these competing effects, known as
magnification bias, depends on the properties of the galaxy
population, selection criteria, and survey characteristics. In
realistic galaxy surveys, selection effects are complex and
depend on multiple factors beyond total flux. Accurately
predicting the net impact of magnification thus requires
detailed modeling and simulations to account for the full
selection function of a given dataset.

To quantify the impact of magnification on galaxy
clustering and galaxy-galaxy lensing, we decompose the
observed density contrast of the lens sample into two
components: the intrinsic galaxy density contrast and an
additional term induced by magnification,

53 (R) = 5 () + 65" (A.x). (3)

The magnification-induced overdensity, 8¢ (f, k), can be
expressed in terms of the observed galaxy number density,
n(n, x), and the same quantity in the absence of lensing
(x =0):

-1 (4)

The galaxy sample is selected based on thresholds
applied to various observed (i.e., lensed) properties, rep-
resented by a vector F'. The observed number density of
galaxies at a given position i can be expressed as an
integral over N(F, ), which represents the absolute num-
ber of galaxies with intrinsic (unlensed) properties F,
divided by the lensed sky area element AQ(k),

1

#6) = S / dES(F)N(E.8), (5

where S(F’) denotes the selection function applied on the
lensed properties F'. For small convergence «, the area
element transforms as AQ(x) = AQ(0)/(1 — 2k), allowing
us to rewrite the number density as

1 -2«

(A, x) = AQ(0)

/ dFS(F)N(E.A).  (6)

Expanding the selection function S(F’) in a Taylor expan-
sion around x = 0, we obtain

! _2K/dF [S(F) 465

n(8.%) % 26570) oK

}N(F,ﬁ). (7)

K
Neglecting terms of order 2, this leads to

n(f, ) ~ ig‘z(zo’; / dFS(F)N(F, )

1 o8
dFZ N(F, i
+KAQ(O)/ o V()

~ (1 -=2«)n(R,0) +

AS;‘(O) / dF%N(F,ﬁ). (8)

Substituting this into (4), we obtain
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8y ¢ (A) = x(f) (—2 +m/dF§N(F,ﬁ))
)| 2+ g g ©
where
N(h,0) = / dFS(F)N(F, h). (10)

In Eq. (8), the first term corresponds to the number density
in the absence of lensing, n(fi, 0), modified by a factor of
(1 —2k) due to the change in area element. The second
term accounts for the response of the number of selected
galaxies per unit (unlensed) area to variations in «.
Consequently, the total magnification-induced contribution
to the number density contrast can be expressed as

6[9nag(ﬁ) = K(ﬁ)[carea + Csamplt]? (1 1)

where the area contribution is given by C,,.., = —2, and the
overall magnification effect is determined by a single
coefficient C = Cyreq + Coampre- For cases where the galaxy
sample is selected based solely on an observed magnitude
threshold, m,,, this expression simplifies to [24,251*

8y () = 2[a(mey) — 1]x(h). (12)

where

d
a(mcut) = ZSEIOgIONﬂ(WO ’ (13)

M=y

and N,(m) represents the (lensed) cumulative number of
galaxies as a function of limiting magnitude m. Whether
magnification increases or decreases the observed galaxy
density depends on the interplay between the boost in
observed flux and the dilution caused by area distortion. In
this context, the balance is governed by the intrinsic slope
of the cumulative luminosity function. The higher the ratio
of faint to bright objects in the sample, the more dominant
the flux magnification effect becomes.

Since real galaxy selections involve a complex combi-
nation of flux, color, position, and shape criteria, the
selection response constant, Cgyppe, cannot be easily
computed analytically. Instead, in the DES Y6 analysis,
this quantity is estimated using the BALROG image simu-
lation [26], as detailed in Sec. IVA.

“There is a wide variety of notations in the literature for the
magnification bias, which can be ambiguous. For instance, other
DES papers define the magnification coefficient as 2(a — 1) with
a = 2Cgmple; this should not be confused with the definition of
in Eq. (13) for a magnitude-limited sample.

C. Two-point statistics

As discussed in Sec. II B, gravitational lensing magni-
fication modifies the observed galaxy density contrast, 52,
relative to its intrinsic form, 6;“. This effect is parametrized

by the coefficient C' and is proportional to the convergence
x, such that

55}.mag(f) =C Ki(£)7 (14)

where the index i accounts for tomographic redshift
measurements, denoting the ith redshift bin, and the density
contrast is now expressed in harmonic space as a function
of the angular multipole #.

In this study, we focus on the magnification of the lens
sample, as its impact on clustering and lensing statistics is
significant. While galaxies in the source sample also
experience magnification, its effect enters the two-point
functions at higher order and can be safely neglected in our
analysis. Appendix A provides further details on source
magnification in DES Y6, and additional justification for its
exclusion in 2 x 2pt analyses can be found in Refs. [27]
and [14].

Magnification is important because the induced change in
the observed number density of lens galaxies is not random,
but correlated with the lensing convergence, k. This effect
propagates into the two-point correlation functions, affect-
ing both galaxy clustering [i.e., the galaxy autocorrelation,
Eq. (15)] and galaxy-galaxy lensing [i.e., the galaxy-shear
cross-correlation, Eq. (16)], collectively referred to as the
2 x 2pt analysis, and becomes more pronounced for high-
redshift lens bins, where « is larger due to more intervening
large-scale structure. Properly incorporating these magnifi-
cation contributions is crucial to avoiding biases in cosmo-
logical analyses.

By averaging over all galaxy pairs in redshift bins i and
J, the observed galaxy density correlation function can be
expressed as

<5§1,0b55§,0bs> = <5;,int6£.int> + el <Kin>
+ CI(8] i) + CH(8) i), (15)

g,int

where we have dropped the explicit dependence on the
angular multipole # for brevity. Similarly, the correlation
between the observed galaxy density and the shear of
background source galaxies is given by

<5;.0b57{)bs> = <5;,int(ij + 7{A)> + Ci <Ki (}/JG + y{A»
= (8, (7 +7ia)) + C'{K'rG) + CHK'Yia),
(16)
where the observed shear y., of the source galaxies

consists of two contributions: the shear due to gravitational
lensing, yg, and their intrinsic alignment, y1,, which arises

123520-5
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from their intrinsic orientation within the large-scale
structure.

The modeling of the two-point correlation functions is
described in detail in Ref. [28]. Here, we summarize the
key aspects of this computation.

The power spectra are related to the angular correlation
functions via a full-sky projection (e.g., Refs [29,30]).
Galaxy clustering, denoted as @(6), represents the angular
correlation of lens galaxy positions between tomographic
redshift bins 7 and j and is given by

wij(0)222f4;rle(cos€)Cij @). (17)

6_(/.0b55_q.ubs
4

The galaxy-galaxy lensing signal, y,(6), 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

’ 26 + 1 P%(cos ) ;i
V() = LY (). 18
}/l ( ) Ef: 4][ f(f + 1) ég,obsE( ) ( )

Here, P, and P2 are Legendre polynomials.

To compute the galaxy-galaxy lensing power spectrum,
we employ the Limber approximation, which simplifies the
line-of-sight integral and is accurate for sufficiently large
multipoles, where the radial kernels vary slowly compared
to the oscillations of the spherical Bessel functions. For two
general fields A and B, the power spectrum is given by

clye)= | dx%WPAB (k: L 05,z(){)>,

(19)

where Wi (y) and W%(y) are the tomographic lens effi-
ciencies for the respective fields and P,g(k,z) is the
corresponding three-dimensional power spectrum evalu-
ated at wave number k and redshift z(y). For details,
see Ref. [28].

However, when computing the galaxy angular clustering
power spectrum, the Limber approximation is insufficient,
particularly on large scales. Instead, we follow the approach
outlined in Ref. [31]. The exact expression for the galaxy
angular power spectrum (neglecting magnification and
RSD) is given by

y 2 , 4
cie) == [ arwitn) [ swite)
dk . .
X ?k ng(k,ﬂ(l7)(2)15’(k)(1>]f(k)(2>» (20)

where j,(x) are spherical Bessel functions and
P, (k. x1.x2) is the galaxy power spectrum as a function
of redshift. In practice, the computation of Eq. (20) is

simplified by applying the Limber approximation at high
multipoles (small angular scales), where it is accurate, and
by treating the large angular scales exactly. On these linear
scales, the power spectrum can be separated into scale- and
time-dependent components, which allows for a faster and
more accurate evaluation of the full integrals. The complete
expression, including magnification and RSD, is given
in Ref. [31].

D. Parameter inference
Constraints on the cosmological parameters are obtained
using a Bayesian analysis. The posterior, i.e., the a poste-
riori knowledge of the parameters p of the model M given
the observed data D, denoted by P(p|D, M), is related via

Bayes’s theorem to the likelihood L£(D|p, M) and to the
prior T1(p|M) as

Piplb.) = SRR )

where P(D|M) is the evidence of the data. The likelihood is
assumed to follow a multivariate Gaussian distribution,

In£(DJp.M) = —3 (DT, (p))'C' (D~ Ty (p)).  (22)

where C is the data covariance matrix and Ty, (p) is the
theoretical prediction for the data vector D. The data vector
is constructed by concatenating all tomographic two-point
correlation function measurements over N, angular bins
and N, redshift bins pairs, after applying scale cuts—which
remove small- and large-scale measurements where mod-
eling uncertainties (e.g., baryonic effects, nonlinear galaxy
bias) are significant. The covariance is modeled analyti-
cally, as described and validated in Ref. [28].

The posterior is sampled using the importance nested
sampling algorithm Nautilus® [32], and the analysis pipeline
is built upon CosmosIs® [33], a modular cosmological
parameter estimation framework using CAMB [34,35] to
calculate the linear matter power spectrum. We perform
parameter inference on the two-point correlation function
measurements over a set of cosmological, astrophysical,
and systematic parameters. The fiducial values and priors
for these parameters are detailed in Ref. [28]. We conduct
this analysis in two cosmological models, ACDM and
wCDM, both assuming a flat universe and allowing for a
free neutrino mass.

DES Y6 follows a three-stage blinding process to
prevent confirmation bias: (1) At the catalog-level, shear
values are rescaled by an unknown factor until the catalog
passes validation; (2) At the data vector level, data vectors

5https :/mautilus-sampler.readthedocs.io.
f’https://cosmosis.readthedocs.io.
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are blinded using the method of Ref. [36], which shifts
them by a cosmology-dependent factor; and (3) At the
parameter level, chains on unblinded data vectors are run
but remain blinded through random parameter offsets until
all analysis choices and validation steps are finalized.

For a comprehensive discussion of the DES Y6 analysis
choices, as well as validation of the modeling and pipeline
robustness, see Ref. [28].

III. DATA

The DES conducted imaging from 2013 to 2019 using
the 570 megapixel Dark Energy Camera (DECam) [1] on
the 4 m Blanco Telescope at Cerro Tololo Inter-American
Observatory in Chile. The survey covered approximately
5000 deg® of the southern sky in five broadband filters
(grizY), spanning visible to near-infrared wavelengths.

DES collected 76217 high-quality exposures, which
were processed through detrending, calibration, coaddition,
and object detection, resulting in Data Release 2 (DR2) [37]
with approximately 691 million detected objects. Data
processing was handled by the DES Data Management
system [38], which generated object catalogs using
SExtractor [39]. The Y6 Gold dataset [40] was built upon
DR2 with additional processing pipelines that enhance
measurement accuracy, photometric calibration, object
classification, and incorporate other essential metadata,
while retaining the same objects. The Y6 dataset provides
a deeper imaging depth than Y3, reaching a median depth
of ipg~23.4 mag for extended objects at S/N ~ 10,
compared to ixg ~ 23.0 mag for Y3 [41].

Alongside the wide-field Gold sample, the cosmological
analysis also relies on deep field observations [42]. These
consist of four fields with full eight-band coverage
(ugrizJHK) over an area of 5.88 deg®. These deep fields
combine DES optical imaging with near-infrared data from
VISTA surveys, including VIDEO [43] and UltraVISTA
[44], reaching depths roughly 10 times fainter than the
wide-field coadded images. After applying quality cuts,
the resulting catalog contains approximately 1.68 million
objects and serves as a high-fidelity reference sample for
calibrating photometric redshifts and characterizing the
survey transfer function (see Sec. III C).

A. MagLim++ lens sample

The DES Y6 fiducial lens sample, MagLim++ [7], follows a
selection similar to that of the Y3 MagLim catalog [45], with
additional quality cuts applied to refine the sample. Objects
are selected from the Y6 Gold catalog based on an i-band
magnitude limit that varies with the mean photometric
redshift, estimated using the Directional Neighborhood
Fitting (DNF) algorithm [46]:

17.5 <m; < 18 +4z. (23)

Objects with FLAGS GOLD = 0 are selected to exclude
those with unusual features in the measurement process or
those considered unphysical. A star-galaxy separation is
performed using EXT MASH = 4, where EXT MASH
assigns each object in the Y6 Gold catalog to a morpho-
logical class, with larger values indicating objects more
confidently classified as extended sources (see Ref. [40]).

The MagLim++ sample uses the DES Y6 JOINT mask [47]
(4031.04 deg?), which defines the survey footprint for both
galaxy clustering and weak lensing analyses. This mask
removes regions affected by imaging artifacts, poor observ-
ing conditions, and extreme values of spatially varying
observational systematics. By limiting these systematics,
the mask improves the performance of decontamination
methods and ensures more accurate galaxy weights.

Weights are applied to each galaxy to account for
variations in number densities that are correlated with
observing properties, as detailed in Ref. [7].

For the MagLim++ sample, additional selections are
implemented to improve sample quality beyond the Y3
MagLim catalog. These include (1) a near-infrared star-
galaxy separation technique described in [48], which uses
forced photometry magnitudes from the unWISE data
release [49] and applies redshift-dependent cuts in m, —
m, and m, — my, color space to optimally reduce stellar
contamination for each redshift bin, and (2) a self-organ-
izing map (SOM-)based method to exclude regions in color
space affected by significant systematic contamination
from interlopers. Further details on these additional cuts
can be found in Ref. [7].

The sample is divided into six tomographic redshift bins,
ensuring uniform number densities and robustness to
systematics [45]. Table I lists the redshift bin edges, number
of galaxies, and number densities for each bin.

B. Metadetection source sample

The Metadetection sample [50] is a weak lensing galaxy
shape catalog based on the full six years of DES imaging.
Covering the entire DES footprint, it includes around
152 million source galaxies detected in the griz bands,

TABLE L Redshift bin edges, number of galaxies Ny, and
number densities ng, for the six tomographic redshift bins of the
MagLim++ lens sample.

Bin Redshift range N Ngy (arcmin=2)
1 (0.20, 0.40] 1,852,541 0.128
2 (0.40, 0.55] 1,335,298 0.092
3 (0.55, 0.70] 1,413,743 0.097
4 (0.70, 0.85] 1,783,837 0.123
5 (0.85, 0.95] 1,391,524 0.096
6 (0.95, 1.05] 1,409,284 0.097
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with an effective number density of 8.22 galaxies per
arcmin?> and a shape noise of 6, = 0.29. Metadetection
incorporates advanced image-processing techniques,
including a cell-based image coaddition method and a
dedicated shear calibration algorithm, ensuring precise
shape measurements for weak lensing studies. After apply-
ing star and foreground masks [40], flux and color outlier
cuts [50,51], and the JOINT mask [47], the galaxies are
grouped into four tomographic bins.

C. BALROG synthetic source injection

The BALROG catalog [26] is a synthetic source injection
dataset designed to characterize detection and measurement
biases in the DES wide-field survey. It is created by
injecting artificial galaxies—whose light profiles are
derived from model fits to DES Y3 deep-field observa-
tions—into real DES on-sky images. These injected
sources, with known photometry and morphology, are
processed through the full DES photometric pipeline to
produce object catalogs that can be matched to their
original inputs. This provides a distribution of realistic,
noise-affected measurements for each injected source,
enabling a detailed study of the survey transfer function.
The final catalog contains 146 million injected sources
distributed across the full 5000 deg? DES footprint.

In the Y6 BALROG simulations, alongside the fiducial
run, a magnification run was performed in which the same
sources were injected but with their fluxes and areas
increased by 2%, simulating the effect of magnification
corresponding to a convergence of dx = 0.01. This mag-
nified variant of BALROG was run on 2000 tiles, covering
1000 deg? (or 20% of the full DES Y6 footprint), with each
tile maintaining identical source injections, including the
same sky positions, as in the fiducial run.

Figure 1 presents the distributions of measured flux ratio
of the same MagLim++ objects in the magnified and fiducial

100} g band
r band
80+ i band
z band
6ol 1.02
=
40¢
20t
0
0.95 1.00 1.05 1.10
flux ratio
FIG. 1. Distributions of measured flux ratio of the same

MagLim++ objects in the magnified and regular BALROG runs in
the griz bands. The distributions are centered at 1.02 with minimal
tails, in agreement with the expected input 2% magnification.

BALROG runs in the griz bands. The peak at 1.02 is
consistent with the applied 2% magnification.

In the Y6 BALROG simulations, source injections are
divided into five categories to enhance statistics for key
DES Y6 cosmology analyses. These include an unweighted
“Y3-scheme” sample as well as targeted selections for LSS
and weak lensing (WL) samples and additional subsets
requiring high-quality redshift estimates. This refined
weighting scheme significantly increases the number of
detected sources in Y6 BALROG, improving the statistical
power of analyses while maintaining a representative
distribution of objects across the full magnitude range
relevant to Y6 cosmology studies. See Appendix B and
Ref. [26] for details.

A key systematic in our estimation of the magnification
coefficients arises from discrepancies between the BALROG
catalog and the real data. To mitigate this, we apply a
reweighting scheme that assigns deep-field galaxy weights,
ensuring that the weighted property distribution of the
MagLim++ sample in BALROG matches that of the data.
Appendix C details this method and demonstrates the close
agreement between the weighted BALROG and real data
MagLim++ in measured properties such as magnitudes,
colors, photometric redshifts, and sizes.

To estimate magnification bias with BALROG, we use the
simulations that incorporate all injection weighting
schemes and apply reweighting to match the distribution
of data properties.

IV. MAGNIFICATION COEFFICIENT
ESTIMATION

As discussed in Sec. I, the response of galaxy number
density to convergence « is characterized by C = Cgypple +
Carea» Where Cy.; = —2 accounts for the area change. The
term Cgypple Teflects variations in galaxy selection resulting
from changes in flux and size.

To estimate Cg,ple, We rely on simulations. Specifically,
we examine how the number of selected galaxies changes
when a small convergence perturbation dx is applied to the
input galaxy properties (flux and size), while keeping their
spatial distribution unchanged to exclude the area effect
from the measurement. The fractional variation in the
number of selected galaxies gives

N(8x) — N(0)

WO (24)

Csample =

where N(0) and N(6k) represent the total number of
galaxies selected from the simulations without and with
the applied convergence perturbation, respectively.

These estimates are affected by shot noise due to the
limited number density of objects in the simulation. We
quantify this uncertainty as
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2N(0 only)

Csample

where N (0 only) represents the number of objects selected
from the x =0 simulation but not from the x = éx
simulation and N (8 k only) represents those selected from
the x = ok simulation but not from the x = 0 simulation.
This is the statistical contribution to the error bars shown in
Fig. 2. The full derivation of this uncertainty is available in
Appendix D.

These equations serve as the basis for estimating Cgymple
using different datasets, as detailed in the following
sections.

A. Estimation with BALROG

We compute the magnification coefficients Cgyppie using
the fiducial and magnification BALROG runs described in
Sec. III. The latter applies a constant magnification oy =
1.02 (6x ~ 0.01) to the same galaxy models and positions as
the fiducial run. The choice of ok ~ 0.01 is deliberate—it is

LN
5
(!
%
4 ¥
o =
=3
g i
0O
2
11§ Balrog
{1 Balrog flux-only
ok Data flux-only
0.3 04 05 06 07 08 09 1.0
Z

FIG. 2. Magnification coefficient estimates for the six redshift
bins of the MagLim++ lens sample, computed using the three
methods described in Sec. IV. The blue points represent our
fiducial estimates from BALROG simulations (Sec. IVA), while
the green and yellow points correspond to approximate flux-only
estimates derived from BALROG and real data, respectively
(Sec. IV B). If the BALROG sample were perfectly representative
of real data, the flux-only estimates would be identical; therefore,
their difference serves as a measure of systematic error in the blue
BALROG estimates. We present both statistical errors and the total
uncertainty—obtained by adding statistical and systematic errors
in quadrature—for the BALROG estimates. The solid line repre-
sents zero magnification bias from sample selection alone, while
the dashed line accounts for zero magnification bias when also
considering changes in the area element. The blue BALROG
measurements will be used as the default choice in the DES
Y6 3 x 2pt analysis.

6Comple \/N(O only) + N(dk only) 1
a [N(6x) — N(0)]?

N©) " N(O)IN(5x) — N(O)] (25)

large enough to ensure a precise estimate of Cgyppie, as a
sufficient number of galaxies are shifted above the detec-
tion threshold, yet small enough that higher-order &>
contributions to the change in number density remain
negligible (on the order of 107*). We apply the MagLim++
lens sample selection to the galaxy catalogs from both the
k = 0 and « = 6k runs. We then use Eq. (24) to estimate
Cample> capturing the effects of magnification on the
specific selection function, including cuts on color, mag-
nitude, and size-dependent selection, such as star-galaxy
separation.

B. Estimation via flux perturbation

In this method, we create a magnified sample by adding a
constant offset Am to the data magnitudes used for sample
selection,

Am = —2.51og;o(1 + 25), (26)

where 6k = 0.01. We then reselect the MagLim++ sample
based on these perturbed magnitudes, and we compute
Cample using Eq. (24).

Notably, we do not rerun the DNF algorithm to compute
the photometric redshifts, meaning they remain derived
from the original, unperturbed magnitudes. However, to
account for the impact of the flux perturbation, we
introduce an additional redshift offset Az, which is com-
puted as

Az = ch Am;, (27)
J

where c; are the DNF fit parameters, with j indexing over
the griz bands. For each galaxy, DNF performs a linear fit
between spectroscopic redshift and multiband magnitudes
of nearby spectroscopic galaxies in color space, estimating
a parameter vector ¢ that best describes this relationship.
This vector is then used to compute a photometric redshift
estimate z from the observed magnitudes. Instead of
retraining DNF, one can reuse these coefficients to predict
anew z for a different set of magnitudes, assuming minimal
magnitude changes. This is an addition to the Y3 flux-only
estimation method, and its impact is shown in Appendix E,
where we compare to the results we would have obtained if
magnification did not affect the photometric redshifts. Note
that Am; = Am V j, since the same magnitude perturba-
tion is applied across all bands.

This approach provides an estimate of how magnifica-
tion influences fluxes but does not account for the broader
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TABLEII.  Magnification coefficient estimates, Cgypple, along with their associated errors for the six redshift bins
of the MagLim++ lens sample, computed using the three different approaches outlined in Sec. IV.

Bin Redshift range faf;lf}feOG fﬁn};‘;oc" flux-only Ciﬁg“"'omly

1 (0.20, 0.40] 3.163 £+ 0.083 3.190 £ 0.019 3.164 £ 0.018
2 (0.40, 0.55] 2.760 +0.211 2.615 +0.029 2.790 + 0.025
3 (0.55, 0.70] 4.086 £ 0.152 4.267 £ 0.025 4.378 £0.022
4 (0.70, 0.85] 4417 £0.162 4.327 £0.025 4.458 +£0.021
5 (0.85, 0.95] 4,902 +0.287 4.636 +0.039 4.878 +£0.028
6 (0.95, 1.05] 4.832 +0.250 5.214 + 0.054 5.111 +0.028

survey transfer function, excluding effects such as selection
based on galaxy size, photometric noise, and observational
systematics.

Additionally, we apply this flux-only approach to the
fiducial BALROG catalog. By comparing these results to
those obtained from real data, we assess how well the
BALROG sample reflects actual observations.

C. Magnification coefficient estimates

Table II presents the magnification coefficient Cgyppie
estimates for each MagLim++ redshift bin, obtained using the
three different methods. Figure 2 provides a visual com-
parison of the estimates across methods.

BALROG ot ; ;
The Cgnple ~ estimates incorporate a systematic error to

account for differences in color, magnitude, and size
selection between BALROG and the real data. While
BALROG properties closely match the real data, especially
after reweighting (see Appendix C), minor deviations
remain. If BALROG perfectly represented the real data,
flux-only estimates from both would be identical; thus,
the systematic uncertainty in the BALROG estimates is
quantified by their difference and added in quadrature to
the statistical error. Because the BALROG magnification
simulations cover a smaller area (1000 deg?) than the data
and full BALROG run (5000 deg?), the corresponding

Commi ¢ estimates have larger statistical uncertainties than

the flux-only BALROG and data measurements.

The Cgmpie flux-only BALROG and data estimates are
consistent with each other across all redshift bins, with the
largest deviations observed in bins 2 and 5, suggesting that
the BALROG MagLim++ sample may be less representative of
the real data at these redshifts. Overall, these estimates also
align well with our fiducial BALROG measurements. This
contrasts with the Y3 results [22], where significant
discrepancies between flux-only and BALROG estimates
were particularly evident in bin 2. As shown in
Appendix E, these differences in Y3 were driven by the
impact of magnification on photometric redshifts, which
was not accounted for in the flux-only method at the time.

Compared to the Y3 MAGLIM estimates [22], the stat-
istical uncertainties are smaller in Y6 due to the larger size
of the samples used for measurement (see Appendix B).

Additionally, the flux-only estimates show better agree-
ment in Y6, thanks to BALROG reweighting, which reduces
systematic uncertainties relative to Y3. Differences in
Coample Values may arise from variations in sample selection
between MAGLIM and the Y6 MagLim++.

We also tested different values of dx around 0.01 using
the flux-only method and found no significant shifts in the
magnification coefficients.

We consider BALROG, which incorporates a broad range
of observational effects and accounts for selection on
quantities beyond just flux, to be the most accurate method
for estimating magnification coefficients. Thus, we use the

ComiO0 estimates as fiducial moving forward. However,

for this specific sample, using flux-only estimates from the
data—without the need to run an image simulation—can be
considered safe. In Appendix F, we demonstrate that this
approximate approach is not always reliable, particularly
when selection criteria involve size cuts.

V. EXPECTED IMPACT ON COSMOLOGY

We evaluate the impact of magnification on the DES Y6
galaxy clustering and galaxy-galaxy lensing (2 x 2pt)
analysis, using a noiseless data vector generated from

our theoretical model [28]. For these tests, we adopt the

__ ~Balrog
- Csample

simulations. Additionally, we assess the impact of includ-
ing the cross-correlation clustering signal between different
lens redshift bins, which—although not included in the
fiducial Y6 analysis—helps self-calibrate the magnification
signal, and we also extend this investigation to the full 3 x
2pt analysis incorporating cosmic shear. We perform
cosmological parameter inference following the DES Y6
analysis choices [28] and test this within a ACDM model
with linear galaxy bias. Note that all of this analysis is
carried out before unblinding the DES Y6 cosmology
results.

In Fig. 3, we illustrate the effect of lens magnification on
the various components of the 2 x 2pt data vector. For
galaxy-galaxy lensing, magnification has the most signifi-
cant impact on source-lens pairs involving high-redshift
lenses, which are more strongly magnified by the greater
amount of foreground structure along the line of sight. The

fiducial Cgyppie values obtained from the BALROG

123520-10



DARK ENERGY SURVEY YEAR 6 RESULTS: MAGNIFICATION ... PHYS. REV. D 113, 123520 (2026)

2
4 X . Lo
N 2
22 ! 05
0 0 0.0 N ===
So1f— — | o1 1
<0.0 -— 0.0 0 —
i 50 L0
>
EN 2.5 0.5 =2\
o= Y 00 :
o
<0.0 0.0 8
=10 10
E 1
30.23 028 22
<10.00 0.00 0.0
14
. [14] 4
< 10
= 5 2
q 8/\ 0.28 9 25
<
00510z 0.00——qr 7107 010t 10 0—1or 107 0.0=1r 107 0.0=1r7¢7
6 [arcmin] 6 [arcmin] 6 [arcmin] 6 [arcmin] ¢ [arcmin] ¢ [arcmin]
0.2 —— Total
————— Magnification
—— Contribution of magnification to SNR
0.1
8:8
0.0
0.02
0.1
0.00 0.0
Z 0.5
0®4
0.10
0.005
0.02 0.05
0.00(5) Oé)g g 0.0(f
0 0.0 0
0.04
51005 0.005 01
' 0.02
0.000 0.000 0‘08 = 0.?
5 2.5
0.0 0 0
0.018
2,6 5,6
0.050
0.005 0.01 0.05
0.005 0.025
0.000 0.00g 0.00 0.008 =5 0.00k=
3 5 5 2.5 1
011102 011 {o2 01T {02 0.0=70r 102 07T 102 0™for 102
6 [arcmin] 0 [arcmin] ¢ [arcmin] 6 [arcmin] ¢ [arcmin] 6 [arcmin]

FIG. 3. The impact of magnification on model predictions for galaxy-galaxy lensing [y,(6), top panel] and galaxy clustering [w(6),
bottom panel] across all redshift bin combinations. In each panel, the black line represents the model prediction with lens magnification
included, with the surrounding shaded region indicating the corresponding statistical uncertainty. The blue dotted line isolates the lens
magnification contribution, derived using fiducial magnification coefficient values estimated from BALROG. The lower subpanels show
the fractional change in the signal relative to its statistical uncertainty, highlighting the contribution of magnification to the overall
signal-to-noise ratio. Gray shaded regions indicate the Y6 scale cuts. For galaxy-galaxy lensing, magnification primarily affects
combinations involving high-redshift lenses, while most of the signal-to-noise arises from the three lowest-redshift lens bins where
magnification biases are minimal. Its impact on clustering autocorrelations is small and becomes relevant only for cross-correlations
between widely separated redshift bins, which are excluded in the fiducial DES Y6 3 x 2pt analysis.
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main lensing signal is also weaker when lens and source
redshift distributions overlap, making the relative contri-
bution from magnification naturally larger in those cases.
Magnification also plays a crucial role in clustering cross-
correlations, particularly for widely separated redshift
bins, where it becomes the dominant contribution to the
signal. However, its impact on clustering autocorrelations
is relatively small. In the fiducial DES Y6 3 x 2pt analysis,
cross-correlation clustering between different lens redshift
bins is not included, and most of the signal-to-noise ratio in
galaxy-galaxy lensing comes from the three lowest-red-
shift lens bins, where magnification biases are small. As a
result, lens magnification is expected to have a limited
impact on cosmological parameter constraints in the
fiducial DES Y6 cosmology analysis. However, magnifi-
cation bias can still be significant even without cross-
redshift bin clustering, as the galaxy bias introduced by
magnification-induced cross-correlations acts opposite to
galaxy-galaxy lensing, potentially shifting inferred cos-
mological parameters (see Ref. [15]).

We explore five prior choices on the magnification
coefficients:

I Gaussian prior

--- Fixed mag
No mag

—— Gaussian prior shifted
Flat prior

0.40

£0.35

0.30

0.25

0.70 0.75 0.80 0.85 0.25 0.30 0.35 0.40
58 Qm

(a) Simulated 2x2pt.

(1) Gaussian prior. Gaussian priors centered on the true
Csample Values, with widths set to the total uncer-
tainties in the BALROG estimates.

(ii) Fixed mag. Ceypmpie values fixed to their true values
used to generate the data vector.

(iii) No mag. Cgmpe values fixed to 2, effectively
removing the magnification contribution from the
data vector.

(iv) Gaussian prior shifted. Gaussian priors centered on
the true Coypmpie + 30¢ where O C e fot is the
total uncertainty in the BALROG estimates.

(v) Flat prior. Wide uniform priors on Cgpple in the
range [—4, 12].

Figure 4 shows the two-dimensional (2D) posterior

contours, and Fig. 5 shows the corresponding one-dimen-

sional (1D) marginalized constraints, on Sg = 0g+/£2,,/0.3
and Q,,. Results are presented for different prior choices on
the magnification coefficients, considering both the fiducial
2 x 2pt analysis and the extended case including cross-
clustering, as well as the full 3 x 2pt analysis. The resulting

sample s {O1?

B Gaussian prior

—— Gaussian prior w/ x-corr
-=-- Fixed mag w/ x-corr
—— Flat prior w/ x-corr

0.40¢
£ 0.35

0.30¢

0.25¢

0.70 0.75 0.80 0.85 0.25 0.30 0.35 0.40
s8 Qm

(b) Simulated 2x2pt w/ x-corr.

FIG. 4. Recovered 2D constraints on Sg and Q,, derived from a simulated, noiseless data vector, following the DES Y6 modeling
strategy. The results explore five different priors on the magnification bias, Cgyppie, as outlined in Sec. V: (i) applying Gaussian priors
centered on the true values with widths given by the BALROG-derived uncertainties (“Gaussian prior”), the fiducial choice in the Y6
cosmological analyses; (ii) fixing Cgyppe o its true values (“Fixed mag”); (iii) fixing Cgympe to 2, thereby removing magnification from
the model (“No mag”); (iv) using Gaussian priors shifted by 3o¢_ . o (“Gaussian prior shifted”); and (v) wide uniform priors (“Flat
prior”). The figure shows the outcomes for both a 2 x 2pt analysis (a), and a 2 x 2pt analysis including the additional cross-clustering
signal [“w/ x-corr,” (b)] that further constrains the magnification effect. The dashed lines mark the true input values. Beyond prior
volume effects, the results show that marginalizing over magnification with Gaussian priors recovers unbiased constraints on Sg and Q,,,,
while omitting magnification or shifting the Gaussian priors introduces biases; adopting flat priors slightly increases uncertainties
without significantly shifting the cosmological parameters, and including cross-clustering slightly improves cosmological constraints.
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(a) Simulated 2x2pt.

FIG. 5.

Gaussian prior t ,.é—_|
Fixed mag —e—o— I R S—
0.75 0.76 0.77 0300 0.325 0.350

Sg Om
(b) Simulated 3x2pt.

Recovered 1D constraints on Sg and €, from a simulated, noiseless data vector, following the DES Y6 modeling strategy. The

results consider the five different priors on the magnification bias, Cgpple, outlined in Sec. V, and are presented for three analysis
configurations: the fiducial 2 x 2pt analysis, the 2 x 2pt analysis including the additional cross-clustering signal (“w/ x-corr”), which
further constrains magnification (a), and the full 3 x 2pt analysis (b). The solid horizontal lines show the 68% marginalized posterior
intervals, with the filled circles marking the corresponding posterior means and the open circles indicating the MAP values. The dashed
black vertical lines mark the true input values. The dashed blue vertical lines indicate the posterior means of the fiducial analysis with
Gaussian priors, and the shaded regions denote the corresponding 1o uncertainty. Note that, because of noise, the MAP estimates may

deviate from the true input values (see Appendix G).

constraints on the magnification coefficients, Cgympie, for
flat and Gaussian priors are shown in Fig. 6.

When fixing the magnification coefficients in the 2 x 2pt
analysis, the means of the Sg and Q,, posteriors are biased
relative to the input values by —0.64¢ and 0.89¢, respec-
tively (and by —0.77¢ and 0.810, respectively, in the 3 x
2pt analysis). However, the maximum a posteriori (MAP)
parameter values remain close to the true cosmological
parameters, suggesting that these biases do not arise from
systematic errors but rather from prior volume or projection
eﬁ‘ects.8 Note that some deviation of the MAP estimates
from the true values is expected even for a noiseless data
vector, as discussed in Appendix G.

Even in the idealized scenario of applying the baseline
analysis to a synthetic, noiseless data vector generated from
the same model, the marginalized posteriors may still
appear biased due to prior volume effects. These effects
occur when the shape of the prior and the available
parameter space influence the posterior, along with param-
eter degeneracies, where correlations between parameters
shift the constraints—particularly when certain parameters
are prior constrained. The impact of projection effects is

"The mean values and their 68% posterior bounds are
computed using the CosmoSIS postprocessing pipeline. The
MAP values are obtained by running local optimizations initial-
ized from 20 high-posterior samples from the chains. For more
details on the MAP estimates, as well as a discussion of the impact
of noise on the recovered parameters, refer to Ref. [28] and
Appendix G.

¥Note that we found smaller projection effects when using a
data vector generated at the best-fit of the cosmological analysis
of real data (DES Collaboration [4]) than with the simulated data
vector used in this paper, which was generated before unblinding.

closely linked to the constraining power of the data: when
strong constraints are present, the influence of priors
diminishes, reducing these effects. However, when param-
eters are weakly constrained, the choice of priors can have a
significant impact on the posterior distributions. As a result,
marginalized constraints should be interpreted with cau-
tion, especially when comparing results across different
analysis choices or datasets.

Beyond prior volume effects, we observe an additional
bias of 0.81¢ in Sg and —0.56¢ in 2, when magnification is
not included in the analysis, compared to the case where the
correct magnification coefficients are assumed (and of
—0.610 and —0.640, respectively, when cosmic shear is
included). Marginalizing over the magnification coefficients
with Gaussian priors shifted by 3o¢_ . o introduces biases

of —0.76¢ in Sg and 0.21¢ in Q,, relative to the scenario
where the coefficients are fixed at their true values. This
highlights the importance of properly incorporating mag-
nification effects in the theoretical model. Adopting a flat
prior on Cgppe slightly degrades the constraining power,
increasing the 1o uncertainty in Sg by 15%, and amplifies
the prior volume bias in the marginalized Sg by —0.506 (for
the 3 x 2pt case, the uncertainty increases by only 8% and
the bias is reduced to —0.07¢). When marginalizing over the
magnification coefficients with Gaussian priors, the recov-
ered constraints remain nearly identical to the case where
the coefficients are fixed at their true values (0.015¢ and
—0.0060 in Sg and €, respectively, and —0.05¢ and
—0.01¢ when including cosmic shear).

Including cross-clustering correlations does not mitigate
projection effects when informative priors are used.
However, when adopting a flat prior on Cgyppe, it slightly
reduces the additional bias in Sy relative to the case where
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FIG. 6. Constraints on the magnification coefficients Cgyppe for

each lens redshift bin. These constraints are derived from a simulated,

noiseless 2 x 2pt (a) and 3 x 2pt (b) data vector, for the various analysis variations presented in Sec. V where Cgypye is allowed to vary.
The solid horizontal bars represent the 68% marginalized posterior intervals, with filled circles marking the posterior means and open
circles showing the MAP estimates. The dashed black vertical lines denote the true input BALROG values, and the gray shaded region

corresponds to the total uncertainties in the BALROG estimates (i.

dashed yellow vertical lines mark Cgyppe = 2, corresponding

e., the width of the Gaussian prior used in the fiducial analysis). The
to the case without magnification bias. The input magnification

coefficients are accurately recovered even with flat, uninformative priors, while the inclusion of clustering cross-correlations provides a
modest improvement in constraining power at the highest redshifts.

the correct magnification coefficients are assumed, bring-
ing it to —0.32¢, without degrading the constraining power
compared to fixing Cgppe- This improvement arises
because cross-terms are more sensitive to magnification,
as reflected in the recovered Cgyppie constraints shown in
Fig. 6. In particular, when comparing the flat prior cases,
adding cross-correlations tightens the 68% posterior
bounds on Cg,ppie, especially at high redshift.

Among the approaches considered, the fiducial DES Y6
cosmology analysis adopts Gaussian priors on the BALROG
magnification coefficients, in contrast to the fixed values
used in Y3, as this provides a conservative treatment that
incorporates their uncertainties. The flat prior case is the
least sensitive to the magnification coefficient measure-
ments but introduces additional prior volume effects, while
fixing the coefficients is the most computationally con-
venient for inference yet ignores their uncertainty.

Overall, these results demonstrate that magnification is a
significant systematic effect in DES Y6, which must be
carefully modeled to avoid biases in cosmological con-
straints. This conclusion aligns with recent magnification
studies for other survey specifications, such as those in
Refs. [11,13,14].

Additional validation was performed in Ref. [22] for
DES Y3 using Buzzard simulations. Applying the same
modeling to the redMaGiC lens galaxy sample in these
simulations demonstrated unbiased recovery of both the
magnification coefficients and the cosmological parameters

across different prior choices, providing a robust founda-
tion for its application in DES Y6 analyses.

VI. IMPACT ON DES Y6 COSMOLOGY

We investigate the impact of magnification model
choices on unblinded DES Y6 data and assess the robust-
ness of our results under different assumptions. Our fiducial
cosmological analysis models magnification by adopting
Gaussian priors on the magnification coefficients Cgmple,
centered on the BALROG estimates and with widths equal to
the total uncertainty on those estimates. The fiducial
analysis also excludes lens bin 2 (see Refs. [5,6]), a choice
motivated by internal consistency tests. As we discuss
below, the data indicate that this exclusion is unlikely to be
related to magnification.

To test the sensitivity of the results, we repeat the analysis
using the same alternative priors on Cgyppe €xplored with
the simulated noiseless data vector in Sec. V: using a wide
flat prior on the magnification coefficients (Cgypple €
[—4, 12]), fixing them to the BALROG values, fixing mag-
nification to zero (Cgymple = 2), and using flat priors while
also including clustering cross-correlations. We also run
chains including lens bin 2 to examine whether its exclusion
affects the magnification posteriors or cosmological con-
straints. All analyses are performed for 2 x 2pt and 3 x 2pt
statistics, adopting a linear galaxy bias model in ACDM.
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TABLE III. Values of the metric Appp for the PPD for each
cosmology chain described in Sec. VI. Appp measures the
consistency between the observed data and the PPD, with values
near 1 indicating good agreement and values near O indicating
significant tension. Analyses that exclude lens bin 2 consistently
yield higher Appp values across all prior choices. Allowing the
magnification coefficients to vary under flat priors generally leads
to the best model-data agreement; however, this improvement
disappears once clustering cross-correlations are included.

Data Coample PIiOT Appp
2 x 2pt Gaussian prior 0.173
2 x 2pt Fixed mag 0.108
2 x 2pt No mag 0.205
2 x 2pt Flat prior 0.313
2 x 2pt w/ x-corr Flat prior 0.119
2 x 2pt w/ bin 2 Gaussian prior 0.032
2 x 2pt w/ bin 2 Flat prior 0.074
3 x 2pt Gaussian prior 0.059
3 x 2pt Fixed mag 0.022
3 x 2pt No mag 0.063
3 x 2pt Flat prior 0.086
3 x 2pt w/ bin 2 Gaussian prior 0.006

As an indicator of our model’s goodness of fit, we use the
metric Appp derived from the posterior predictive distribu-
tion (PPD) for each cosmology chain. The PPD represents
the distribution of possible data realizations, conditioned on
the observed data and a given model. Appp, is defined as the
fraction of the PPD volume with a worse fit than the
observed data, thereby quantifying how likely the particular
realization of the data is under the assumed cosmology.
Values close to unity indicate that the data is consistent with
the model (or that the model is weakly constraining), while
values near zero indicate significant tension. For more
details, see Ref. [52]. Table III reports the resulting Appp
values for our analysis variations.

The posterior constraints on the magnification coeffi-
cients are stable to the inclusion of lens bin 2. As shown in
Fig. 7, the posteriors shift very little when bin 2 is included
(both for the Gaussian prior and flat prior cases), indicating
that the issues motivating its exclusion do not arise from
magnification. The dip in Cyyppie (2) for bin 2 (Fig. 2) is also
far too small to explain the observed data behavior, and
magnification effects are expected to be minimal at the low
redshift of this bin (see Fig. 3 for the bin 2 combinations in
a simulated data vector). When using a flat prior, the Cgyppie
posterior for bin 2 extends to negative values, which are
unphysical and inconsistent with expectations. Although
the posterior remains broad, the Gaussian prior used in the
fiducial analysis lies in the tail of this distribution. Given
the good agreement between the prior estimates in this
redshift bin, it is likely that the magnification parameter is
instead capturing another systematic in the data that biases
the two-point measurements. This behavior provides

additional justification for excluding bin 2 from the fiducial
analysis. Appp values for the Gaussian prior cases are
generally low (e.g., 0.006 for the 3 x 2pt amalysis).9 When
allowing the magnification coefficients to vary under flat
priors, the 2 x 2pt goodness of fit improves only modestly,
with Appp increasing from 0.032 (Gaussian prior) to 0.074.
For further discussion of the exclusion of lens bin 2, see
Refs. [5,6].

Cosmological constraints from 2 x 2pt data are broadly
insensitive to how magnification is treated. Figure 8 shows
the 2D constraints on Sg and €, obtained under different
priors on Cgppie, While Fig. 9(a) presents the 1D margin-
alized posteriors. Across all cases, the shifts relative to the
fiducial results are small, with the exception of fixing
magnification to zero, which shifts the contours on Sg by
1.37¢ and on Q,, by —0.84¢. Using flat priors slightly
broadens the posterior distributions compared to the fidu-
cial Gaussian prior case (by 23% for Sg) but does not lead
to significant parameter shifts, either with or without bin 2.
Fixing the magnification coefficients to the BALROG values
yields results that are nearly identical to the fiducial,
Gaussian prior, constraints. Including clustering cross-
correlations and adopting flat priors also produces a modest
shift in the inferred cosmology compared to the fiducial
analysis (0.79¢ in Sg and —0.535 in Q,,), though the results
remain consistent within uncertainties. All of these findings
are consistent with trends seen in simulated data before
unblinding. The Appp values generally increase when the
magnification coefficients are allowed to vary under flat
priors (0.313), compared to case with Gaussian priors
(0.173) or fixed magnification (0.108). However, this
improvement is reduced once clustering cross-correlations
are included (0.119). Our fiducial baseline, which excludes
lens bin 2 from the analysis, results in a consistent
improvement in Appp, regardless of the priors on the
magnification coefficients.

The inferred Cgypmpie values [shown in Fig. 7(a)] exhibit
consistent trends irrespective of whether lens bin 2 is
included and are generally consistent with the BALROG
estimates. Under flat priors, the data prefer a lower
magnification coefficient in bin 6 relative to the BALROG
value, consistently with the Gaussian prior case also hitting
the prior boundaries, while the coefficient for bin 2 shifts
negative. Including clustering cross-correlations causes all
Csample Posteriors to shift slightly lower, although the
majority—four out of five when excluding bin 2—remain
consistent with the BALROG predictions. This behavior may
indicate that the BALROG-derived magnification coeffi-
cients are imperfect or that an additional systematic effect
is present—in particular, cross-correlations are likely more

°For unblinding, we required Appp to be grater than 0.001.
Internal consistency tests failed this threshold—in particular
Appp (7,|éL + w)—ultimately motivating the exclusion of bin
2. For more details, see Ref. [6].
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FIG. 7. Unblinded constraints on the magnification coefficients Cg,ppie for each lens redshift bin. These constraints are derived from
Y6 data, for the various analysis variations presented in Sec. VI. The dashed yellow lines denote Cgyppe = 2, corresponding to the
absence of magnification bias. In the lower panels, the solid horizontal lines show the 68% marginalized posterior intervals, with the
filled circles marking the corresponding posterior means, and the open circles indicating the MAP values. Overall, for 2 x 2pt data [see
(a)], the constraints are consistent with the BALROG estimates (dashed black lines, with shaded regions indicating the total uncertainties),
except for the flat priors cases on bin 6, where the posteriors shift toward lower values, and on bin 2 when included in the analysis, where
the posteriors shift to unphysical negative values. For 3 x 2pt data [see (b)], allowing the magnification coefficients to vary freely results
in posteriors that are generally lower than the BALROG estimates.
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FIG. 8. 2D constraints on Sg and Q,, from unblinded DES Y6 2 x 2pt data, shown for different priors on the magnification bias,
Caample: (1) Gaussian priors centered on the BALROG coefficients with widths given by the BALROG-derived uncertainties (“Gaussian
prior”), which is the fiducial choice in the Y6 cosmological analyses; (ii) fixed magnification coefficients set to C gﬁ;ﬁoc’ “Fixed mag”);
(iii) Cample fixed to 2, thereby removing magnification from the model (“No mag”); and (iv) wide uniform priors (“Flat prior”), both
excluding and including the additional cross-clustering correlations (“w/ x-corr”). Results from the alternative analysis with the
inclusion of lens bin 2 are also shown (“w/ bin 2”). Note that, unless stated, the analysis excludes lens bin 2. Using flat priors slightly
reduces the constraining power but does not introduce any significant shift in cosmology compared to the Gaussian priors case,
regardless of whether lens bin 2 is included or excluded [see (a)]. When the magnification coefficients are fixed to the BALROG estimates,
the resulting contours are consistent with those obtained using Gaussian priors, while the largest deviation in cosmology occurs when
magnification is fixed to zero [see (b)].

sensitive to the tails of the lens redshift distributions  corresponding cosmological shifts align with projection
than autocorrelations alone. Moreover, these shifts more  effects seen in simulated data, suggesting that large
plausibly reflect unmodeled systematics because the  magnification-induced biases are unlikely. Despite these
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FIG.9. 1D constraints on Sg and Q,, from unblinded DES Y6 2 x 2pt (a) and 3 x 2pt (b) data. The results show the differences arising
from different priors on the magnification bias, Cgmpie, as described in Sec. VI. The figure also shows results from the alternative
analysis that includes lens bin 2 (“w/ bin 2”) in the lower panel. The dashed vertical lines mark the posterior means from the fiducial
analysis with Gaussian priors, while the shaded areas indicate the associated 1o uncertainties. The 68% marginalized posterior intervals
are illustrated with solid horizontal bars. Filled circles correspond to posterior means, while open circles denote the MAP values.
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FIG. 10. 2D constraints on Sg and €2, from unblinded DES Y6 3 x 2pt data (a) and a comparison with 2 x 2pt (b) shown for different
priors on the magnification bias, Cymple: (1) Gaussian priors centered on the BALROG coefficients with widths set by their uncertainties

(“Gaussian prior”); (ii) magnification coefficients fixed to C

BALROG
sample

(“Fixed mag”); (iil) Cgmple fixed to 2, corresponding to no

magnification (“No mag”); and (iv) broad uniform priors (“Flat prior”). The alternative analysis including lens bin 2 is also shown (“w/
bin 27). 3 x 2pt results are largely unchanged across magnification priors and remain consistent with the fiducial Gaussian prior

analysis.

variations, all the changes have a negligible impact on the
cosmological constraints.

We repeat the analysis with the 3 x 2pt data vector,
although we explore the inclusion of lens bin 2 less
extensively, based on the findings from the 2 x 2pt analy-
sis. The resulting 3 x 2pt constraints on Sg and €,, are
shown in two dimensions [Fig. 10(a)] and 1D [Fig. 9(b)].
The 1D marginalized posteriors for the magnification
coefficient are shown in Fig. 7(b). For comparison, we
show the 2 x 2pt results alongside the 3 x 2pt cosmology
constraints [Fig. 10(b)]. Including cosmic shear reduces
shifts in the cosmological parameters across different
magnification coefficient priors, yielding results that are
highly consistent with the fiducial analysis. As in the 2 x
2pt case, fixing magnification to zero produces the largest
deviations from the fiducial constraints (—0.61¢ in Sg and
—0.710 in Q,,). The goodness-of-fit is slightly improved
when the magnification coefficients are varied under
uninformative flat priors. In this scenario, the data prefer
slightly lower values of Cgypple compared to the BALROG
estimates for all bins, which could arise from projection
effects or other systematic effects in the data. These results
should be interpreted with caution, as allowing the mag-
nification coefficients to vary freely may effectively intro-
duce more free parameters than the data can robustly
constrain.

We now compare the results of this analysis to those
found in the DES Y3 data in Ref. [22]. In this analysis, the
2 x 2pt constraints on Cg,nple3 When using a flat prior on
magnification parameters is fully consistent with the
BALROG estimate, unlike in Y3 where this bin showed a
significant overestimation from the 2 x 2pt data in this bin.
The Y3 data also found a similar low posterior on Cgympie 6
indicating that this could be caused by a common system-
atic in the two analyses.

In Appendix H, we examine the possible degeneracy
between the magnification coefficients and other system-
atic parameters, such as those describing intrinsic align-
ments and galaxy bias. We find no evidence of significant
degeneracy in the data.

VII. CONCLUSIONS

In this work, we investigated the role of weak lensing
magnification in the Dark Energy Survey year 6 analysis,
with a particular focus on the impact of lens magnification
on cosmological parameter inference with galaxy clustering
autocorrelations and galaxy-galaxy lensing. Magnification
affects the observed number of selected galaxies in the
MagLim++ lens sample and must therefore be properly
modeled to avoid biases in the inferred cosmology.

We derived lens magnification coefficients using differ-
ent approaches and found good consistency among them
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(see Sec. IV C). For the fiducial Y6 analysis, we adopt
estimates obtained from BALROG synthetic source injection,
with Gaussian priors centered on these values.

Validation tests conducted prior to unblinding on simu-
lated data showed that our modeling choices, including the
treatment of magnification, do not bias the recovered
cosmological parameters. These tests also confirmed that
magnification must be included in the modeling, as its
omission leads to significant biases: 0.81¢ in Sg and —0.56¢
in Q,, (and —0.616 and —0.640, respectively, when cosmic
shear is included). We further explored the effects of
different priors on the magnification coefficients, as well
as the inclusion of clustering cross-correlations. Using
uninformative priors slightly reduces the constraining
power, increasing the lo uncertainty in Sg by 15% and
introducing a bias of —0.50¢ (when including cosmic shear,
the uncertainty increases by 8% and the bias is —0.070).
Including clustering cross-correlations mitigates this effect,
tightening constraints on magnification and reducing the
bias in Sg to —0.326. When marginalizing over the
magnification coefficients with Gaussian priors (our fiducial
choice), the recovered constraints remain nearly identical to
the case where the coefficients are fixed at their true values.
Projection effects themselves lead to biases of —0.64¢ in Sg
and 0.89¢ in Q,, (and of —0.77¢ and 0.816, respectively,
when including cosmic shear) when the magnification
coefficients are fixed, and the biases quoted above are
additional to these offsets (see Sec. V).

We repeated a similar exploration with the real, unblinded
DES Y6 data (see Sec. VI). While allowing the magnifi-
cation coefficients to vary under alternative priors produces
some shifts in their inferred values, the resulting cosmo-
logical constraints remain stable. Allowing the coefficients
to vary under uninformative flat priors leads to an improved
goodness of fit, with some broadening of the posteriors
(23% in Sg, while minimal when including cosmic shear)
and negligible cosmological shifts relative to the fiducial
Gaussian-prior case (minor shifts when including cosmic
shear: —0.27¢ in Sg and —0.41c in Q,,). Fixing the
magnification coefficients to the BALROG values yields
results nearly identical to the fiducial analysis, while fixing
magnification to zero produces the largest deviation, shift-
ing Sg by 1.37¢ and Q,, by —0.846 (when cosmic shear is
included: —0.61¢ in Sg and —0.71¢ in Q). Including
clustering cross-correlations and adopting flat priors leads to
a modest shift of 0.79¢ in Sg and —0.53¢ in Q,,. The
inferred magnification coefficients are broadly consistent
with the BALROG estimates, although the highest redshift bin
shows deviations when flat priors are adopted, and even
more so when clustering cross-correlations or cosmic shear
are also included. These shifts are more likely driven by
unmodeled systematics rather than incorrect inputs, as the
cosmological changes align with prior volume effects
observed in simulated data, suggesting that large biases

from degeneracies with the magnification parameters are
unlikely.

Based on preunblinding goodness-of-fit tests, lens bin 2
was excluded from the fiducial analysis, and all data results
presented above were therefore obtained without this bin.
When included, the inferred magnification coefficient for
lens bin 2 with flat priors shows a significant discrepancy
from the BALROG estimate, yielding unphysical negative
values and further justifying its exclusion. Importantly, the
inferred magnification coefficients for the remaining bins
remain stable when bin 2 is included, confirming that its
exclusion does not bias the magnification analysis.

Overall, these results demonstrate that our fiducial
modeling choices provide a reliable and conservative
treatment of magnification effects in the DES Y6 analysis.
Using a synthetic source injection framework to infer priors
on the magnification coefficients is recommended, particu-
larly when dealing with complex selection functions.
Compared to simpler estimation methods—although for
this specific sample they yield consistent results—BALROG
provides a more accurate characterization of the coeffi-
cients and yields more realistic uncertainty estimates.
Moreover, while uninformative priors do not significantly
affect the constraining power in the present analysis,
employing informative priors is expected to become
increasingly important for future surveys with greater depth
and precision.

In conclusion, weak lensing magnification is an impor-
tant effect that must be modeled for precision cosmology.
Within the DES Y6 dataset and our modeling framework,
its impact on cosmological inference is well controlled.
Future analyses with larger datasets or grater constraining
power will be more sensitive to magnification, making
accurate modeling essential to avoid potential biases in
cosmological parameters, while also enabling more precise
measurements of magnification that can improve the
modeling itself.
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DATA AVAILABILITY

All data from the Dark Energy Survey used in this work
is publicly available through the cosmological data release
at [53]. The measurements of the magnification coefficients
as well as the code used to produce them are available
at [54].

APPENDIX A: SOURCE MAGNIFICATION

In addition to affecting the lens galaxies, magnification
also impacts the source sample by increasing the number of
observed source galaxies behind regions of high mass
density. However, its impact on the 3 x 2pt data vector is
generally smaller than that of lens magnification and can be
neglected, as demonstrated in the DES Y3 analysis in
Ref. [27]. Furthermore, source magnification has a minimal
impact on the estimation of source redshift uncertainties
when applying the clustering redshift (WZ) method, as
shown in Ref. [55]. While magnification is included in our
WZ modeling—since it significantly affects the WZ data
vector—its overall influence on the combined self-organ-
izing map photometric redshift (SOMPZ) 4+ WZ redshift
calibration remains small, as the SOMPZ component is
insensitive to magnification.

In this appendix, we present the magnification coeffi-
cients Cgmple €stimates for source galaxies. Since source
magnification is not included in the baseline 3 x 2pt
analysis model from Ref. [28] but is only used in the
WZ calibration, we report only the values obtained with the
BALROG method and do not perform a complete systematic
error analysis.

We generate a source sample in BALROG that is equiv-
alent to the Metadetection shape catalog described in Ref. [50],
following the methodology outlined in Ref. [26]. To assess
the redshift dependence of the source magnification signal,
we divide the sample into four tomographic bins using the
SOMPZ photometric redshift binning method in Ref. [51],
which is also applied to the wide-field data objects.

The resulting Cgymple Values are provided in Table IV.
The source magnification coefficients increase with red-
shift, as expected from the growing impact of magnification
bias, and are broadly comparable to Y3 results, although
differences may arise from sample selection and the greater

TABLE IV. Magnification coefficient estimates, along with
their associated statistical errors, for the four redshift bins of
the Metadetection source sample, computed using the fiducial
BALROG method outlined in Sec. IV.

Bin Comos

1 1.628 + 0.045
2 1.504 + 0.052
3 1.757 4 0.047
4 2.731 +0.055

depth of Y6. The associated error bars are smaller than
those for the lens coefficients, reflecting the larger size of
the BALROG source sample.

APPENDIX B: BALROG INJECTION
AND WEIGHTING SCHEME

The Y6 BALROG simulations introduce an improved
injection scheme designed to enhance the statistical power
of cosmological analyses while ensuring a realistic repre-
sentation of survey data. Building on the framework used in
DES Y3 [56], where sources are randomly drawn from the
deep-field sample and injected into relevant CCD images,
the Y6 scheme introduces targeted weighting for different
cosmological samples. Instead of treating all sources
equally, the injections are divided into five categories, each
reflecting the primary scientific goals of the survey:

(1) All sources (Y3-scheme). One-third of injections
follow the unweighted Y3 method, including all
galaxies and stars without selection.

(i1) LSS sample. One-sixth of injections are weighted
toward brighter galaxies (m; < 21.5), applying a
sigmoid weighting function and star-galaxy selection.

(iii) LSS high-quality redshifts sample. Another sixth
uses the LSS sample weights but is further restricted
to galaxies with high-precision redshifts from COS-
MOS [57,58], PAUS [59], or C3R2 [60-62].

(iv) WL sample. One-sixth of the injections prioritize
fainter galaxies relative to the LSS sample, down-
weighting those with m; > 23.5, in line with weak
lensing sample requirements.

(v) WL high-quality redshifts sample. The final sixth
combines the weak lensing selection with high-
quality redshifts.

See Fig. 11 for a visualization of the weighting scheme.

This refined injection scheme greatly increases the
number of usable injections—those that are successfully
detected and included in the relevant samples—compared
to the Y3 approach, with improvements by factors of 12
(LSS) and 2.7 (WL). These enhancements provide a more

1.00f = -
\\ \4
\ \
0.75¢ \“ \
' \
2.0.50 \ i
—— All sources ' i
0.25f ---- LSS weight ‘\ \
—-— WL weight . \\
0.00: . - ) T S —
16 18 20 22 24 26
m; [mag]

FIG. 11. Magnitude-based weighting functions used for inject-
ing the LSS and WL samples in BALROG. Both follow a sigmoid
profile, with transition points centered at i = 21.5 for the LSS
sample and m; = 23.5 for the WL sample.
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complete and representative synthetic catalog, improving
the robustness of DES Y6 cosmology measurements,
reducing statistical uncertainties, and enhancing the pre-
cision of constraints on cosmological parameters.

It is important to note that these weights must be taken
into account when calculating the magnification coeffi-
cients with BALROG. Since the improved injection scheme
increases the number of detected sources, this effect—
combined with the extension of BALROG to the full
5000 deg” survey footprint (146 million injections across
the full survey area, compared to about 30 million over a
~20% subset in Y3) and the expansion of the magnification
BALROG run from 500 to 2000 tiles (covering ~1000 deg?,
or about 20% of the full footprint)—results in smaller error
bars for the magnification coefficient estimates in Y6
BALROG compared to those obtained in Y3.

For a detailed description of the injection scheme and its
implementation, refer to Ref. [26].

APPENDIX C: BALROG REWEIGHTING

One of the main systematic uncertainties in our magni-
fication coefficient estimates comes from differences
between the BALROG catalog and the real data. If the
distribution of galaxy properties—such as magnitudes,
colors, and sizes—differs between the two, the magnifi-
cation inferred from BALROG may not fully capture the
magnification effects present in the actual dataset. For
instance, an underrepresentation of bright galaxies in
BALROG compared to the data could lead to a biased
estimate of magnification.

To address this, we apply a reweighting procedure that
adjusts the contribution of each deep-field galaxy. By
assigning appropriate weights, we ensure that the weighted
MagLim++ sample in BALROG closely matches the observed
distribution of galaxy properties in the corresponding data-
selected sample, thereby improving the accuracy of our
magnification estimates.

We define a set of galaxy properties, F, that we aim to
explicitly match between BALROG and the data. In our case,
F consists of the key properties used in selecting the
MagLim++ sample,

Fe{z,m,m,—m,m, —my,, T}, (C1)
corresponding to photometric redshift point estimate from
DNF, i-band magnitude, colors used for star-galaxy sep-
aration, and galaxy size. An ideal, theoretical weighting
function would be

Pdata (F)

W = PBALROG (F)

(€2)

However, accurately estimating this function across the full
N-dimensional space requires far more data than available.
To circumvent this, we discretize the function by binning

galaxies into coarse groups,

N;iata
W, = — 53 meE . C3
NBALROG (C3)
where w; is the weight assigned to all galaxies in group i
and N¢ represents the number of galaxies from sample a €
{data, BALROG} in group i.

To define these groups, we employ the k-means cluster-
ing algorithm from SCI-KIT LEARN, using the galaxy
property distribution from the data sample. Before cluster-
ing, all galaxy properties are rescaled so that their 99.7%
bounds map to the interval [0, 1], preventing any one feature
from dominating due to differences in normalization.'” The
data sample is then divided into 100 clusters based on the
five selected properties. Once the clusters are established,
BALROG galaxies are assigned to them accordingly.

Note that a direct application of Eq. (C3) would
inadvertently suppress the magnification signal, because
both the regular and magnification samples in BALROG
would be forced to match the data distribution. To preserve
the magnification signal, we assign weights to the unique
deep-field galaxies in BALROG rather than all wide-field
realizations.

For each deep-field galaxy j, we define its weight based
on its wide-field realizations:

Nuyide.j data
deep 1 N i

J

. (C4)
Nwide,j i N?ALROG

. . . deep
Then, every BALROG galaxy is assigned the weight w;

corresponding to the deep-field galaxy from which its
wide-field realization was generated. This procedure is
repeated consistently for both the regular and magnification
samples.

However, as magnification alters the sample selection,
some deep-field galaxies that were not selected in the
regular sample may appear in the magnification sample.
These galaxies do not have preassigned weights from
Eq. (C4), as these are estimated using the regular
BALROG sample. For such cases, we assign the average
weight of all deep-field galaxies in the same cluster:

1 N
avg deep
w, "~ =— E w, .
J Nt
1

The entire weighting procedure is performed bin by bin,
meaning a given deep-field galaxy may receive different
weights depending on the specific bin under consideration.
This added flexibility enhances our ability to match the data
more accurately.

(C5)

10 Sy .. .
We avoid using the absolute minimum and maximum values
to minimize the influence of outliers.
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FIG. 12. Histograms comparing various properties of the MagLim++ lens sample between real data (in black) and BALROG (including all
injection weighting schemes; weighted in blue, unweighted shown as filled gray). The plotted quantities include magnitudes and colors
in the g, r, i, and z bands; the photometric redshift point estimate from the DNF algorithm used for selection and binning; colors in the r,
z, and W1 bands; and size estimates 7 used for star-galaxy separation. The agreement between the two samples improves when applying

weights to BALROG.

Figure 12 compares the real data with the BALROG
MagLim++ sample. We find good agreement in the color,
magnitude, photometric redshift, and galaxy size distribu-
tions between the two samples, with the agreement improv-
ing when BALROG is weighted using the procedure
described here. Any remaining differences are accounted

: : : . ("BALROG
for by incorporating a systematic error in Cg,1 5>, equal to

the difference between the flux-only measurements in
BALROG and in the real data.

Figure 13 illustrates how reweighting the BALROG sam-
ples affects the magnification coefficients. While most
redshift bins show little change, bin 1 exhibits improved
agreement between the flux-only BALROG estimates and the
data when weights are applied. This improvement is
reflected in a reduction of the systematic uncertainty on
Csample across most bins, from [0.393,0.193,0.099,0.109,
0.315,0.092] to [0.026,0.175,0.110,0.130,0.242,0.104].

APPENDIX D: STATISTICAL UNCERTAINTY

In this appendix, we derive the statistical uncertainty for
the magnification coefficients estimates in Eq. (25) and
provide the explicit equation used when galaxy weights are
included.

We denote the number of objects common to both the
regular and magnified samples as N(5k + 0), while the
numbers of objects unique to each sample are labeled
N(0 only) and N(8k only), respectively. We assume these
three quantities are independent and follow Poisson dis-
tributions with associated uncertainties:

) = N(dk +0),
GIZV((SK only) = N(5K Only)’

612\,(0 only) = N(O only).

2
ON(5k+0

(D1)
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FIG. 13. Magnification coefficient estimates for the six redshift

bins of the MagLim++ lens sample, computed using the three
methods described in Sec. IV (BALROG, BALROG flux only, and
data flux only). The lighter points with triangles indicate the
estimates obtained from the BALROG samples prior to reweight-
ing. Overall, applying weights has minimal impact on the
estimates, with the exception of bin 1, where it improves the
agreement of flux-only BALROG coefficients with the data
estimates.

The total number of objects in each sample can be
expressed as

we can rewrite Cgmpe form Eq. (24) as

C = = , D4
sample N(0)6x N(0)6x (b4
and its uncertainty as
1 2 X 2
2 — 2 — 2
7 Coampe =~ (N(O)5K> Xt < N(0)261<> oNO)
1 X
2 - , D5
* <N(0)5K> ( N(0)25;<> TXN(O) (B3)
and thus, dividing by Cgmpies
2 2
Coample __ ﬁ n ON(0) _20x1v(0)' (D6)
Cgample X2 N(O)z XN(O)

We can then derive the error for Cgppe in Eq. (25) by
substituting the following relations into the previous
equation,

2 _ 2 2
N(6k) = N(6k only) + N(8k 4 0), X = ON(sx only) T ON(0 only)"
N(0) = N(0 only) + N(6k + 0). (D2) "12\'(0) = ‘712\/(0 only) T 6]2V(5K+0)’
=02 , D7
If we introduce the quantity 7XN(©) N (0 onty) (B7)
X = N(6k) = N(0) = N(6k only) = N(0 only), (D3) 54 get the final statistical uncertainty,
|
6Cample _ [N(0 only) + N(Jx only) 1 2N(0 only) (DS)
Csample [N(5K> - N(O)]z N(O) N<0) [N(&K‘) - N(O)]
|
When galaxy weights are included, such as those from  of the variances on the right-hand side:
the BALROG injection weighting scheme or BALROG weights
used to better match data property distributions, they must M-1
be taken into account when measuring the statistical Var(Pois(A = M)) = Zvar(Pois(ﬂ =1)). (D10)
uncertainty. i=0

A Poisson process with mean M can be thought of as M
independent Poisson processes, each with mean 1:

Pois(A =M) = Mz_:lPois(/l =1). (D9)
i=0

One way to think of this is that each galaxy measurement
[for N(0), N(5k), etc.] is defined by a Poisson process of
mean 1. The variance of the left-hand side is simply the sum

Rewriting this, a weighted count Y can be seen as the sum
of M weighted Poisson distributions with mean 1:

M-1
Y= wPois(i =1). (D11)
i=0

The variance of the weighted sum is
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L

Var(Y) = Var(w;Pois(4 = 1))
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L

w?Var(Pois(4 = 1))
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S
L
-t

, (D12)

|
Ji
[}

=

where Var(Pois(4 = 1)) = 1. If there are no weights, the
variance simplifies to Var(Y) = M, which is the original
Poisson result.

We assume that the number of objects common to both
samples, N(Sk + 0), and the number of objects unique to
each sample, N(5konly) and N(0only), are independent
Poisson-distributed quantities. These are given by

N(8k only) = Z w,
i € 6k only
N(0 only) = Z w;
Jj €0 only
N(6x +0) Z Wy (D13)
k € 5k+0
The variances for each of these quantities are
2 _ 2
GN(&K only) — Zwi ’
]
o2 _ 2
N(0 only) — ij,
5K+0 Zwk’ (D14)
and then
O-g( = 6?\/(& only) N(0 only) ZW + ZW ’
2 _ .2
ON©O) = ON(O only) T 5K+0 ZW + ZW/a
OXN(0) = UN (0 only) ZW (DIS)

Thus, the statistical error for the magnification coeffi-
cient, including the galaxy weights, is

G ST T T
o~ NN - <o>>2+ N(0)?
ZZJ-W§
MO (N (o) - N(0)) (D16)

This is the expression we use when any form of galaxy
weights is included.

We also compare the theoretical error estimates with
those obtained via a jackknife resampling over the 2000
tiles of the magnified BALROG sample footprint and find
good agreement.

APPENDIX E: IMPACT OF MAGNIFICATION
ON PHOTOMETRIC REDSHIFT

This appendix examines the case where magnification
effects on photometric redshift estimates are neglected, by
applying the flux-only method without recalculating red-
shifts to reflect flux changes, i.e., without using Eq. (27).

Comparing these estimates with the baseline ones in
Fig. 14 reveals that the low fiducial Cg,ppe value in bin 2 is
primarily driven by the photo-z assignment. As in Y3 [22],
the discrepancy between the flux-only and fiducial BALROG
estimates in bin 2 is more pronounced when photo-zs are
not recalculated for the flux-only methods. If the photo-
metric redshift assignments do not account for magnifica-
tion-induced flux changes, the Cgypnpe measurements
become biased. This highlights the importance of properly
updating redshift estimates in response to flux changes due
to magnification, thereby improving accuracy and reducing
discrepancies in the measurements.

Similarly, assuming the same redshift estimates for both
the regular and magnification BALROG runs (i.e., using the
photo-zs from the regular run for the magnification objects,
which we know to be inaccurate) shifts the Cgympre
estimates, with the fiducial BALROG estimate in bin 2
moving to higher values around 4.5.

-
5
ke 1
- i‘
4 L3
[} .
=3
O
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1 { Balrog flux-only
Data flux-only, no Az
0 Data flux-only |
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FIG. 14. Magnification coefficient estimates for the six redshift
bins of the MagLim++ lens sample, computed using the three
methods described in Sec. IV (BALROG, BALROG flux only, and
data flux only). The lighter points with triangles indicate the
estimates obtained without accounting for the impact of magni-
fication on photometric redshift estimates, i.e., when the redshifts
are not recalculated according to the changes in flux for the flux-
only estimates. Without this correction, the flux-only coefficients
in bin 2 are biased and deviate from the fiducial BALROG
estimates.

123520-25



E. LEGNANI et al.

PHYS. REV. D 113, 123520 (2026)

Regular sample Magnified sample

20.07

19.5¢

[mag]

19.0r
£18.5¢

18.0p

17.5¢

0.4 0.5 0.6 04 0.5 0.6
Z Z

Regular sample Magnified sample

0.4 0.5 0.6 04 0.5 0.6
7+ Az z+ Az

FIG. 15. Scatter plots of galaxy magnitudes in the i band versus
redshift for the MagLim++ second redshift bin, selected from data.
Black lines in all panels indicate the MagLim++ selection cuts for
this bin. The top row shows unmagnified quantities, while the
bottom row displays magnified quantities. The left column
corresponds to the unmagnified sample, while the right column
shows the magnified sample, where magnification is applied
using the flux-only method (i.e., adding a constant offset to
magnitudes and redshifts). Color represents galaxy density: gray
indicates low density, while blue and orange represent high-
density regions for the unmagnified and magnified samples,
respectively. White regions indicate areas with no objects. The
gray regions outside the selection boundaries (black lines) in the
bottom-left and top-right panels highlight objects that exit or
enter the sample due to magnification effects on magnitudes and
redshifts.

We observe from Fig. 15 and Table V that the main factor
contributing to the difference in the Cgyppe measurement
for the second redshift bin when applying magnification to
the redshift estimates is the movement of objects near the
z > 0.4 cut. Magnification tends to shift more objects from
bin 2 to bin 1 than the reverse, leading to a redistribution of
galaxies across redshift bins. This shift lowers the Cgyppie
measurement for bin 2 (see the “Net change” values in
Table V when ignoring versus applying magnification to
the redshift estimates).

A similar conclusion can be drawn by examining the
DNF fit parameters. The mean of the DNF parameters,
> ; ¢j» where j iterates over the griz bands, as a function of
redshift for the MagLim++ data sample is shown in Fig. 16.
The DNF fit parameters are larger around z = 0.4,

TABLE V. Object counts entering or exiting redshift bin 2 of the
MagLim++ data sample (0.4 < z < 0.55), based on the cuts illus-
trated in Fig. 15, namely, the bin boundaries and the MagLim++
upper selection cut m; < 18 +4z. The percentages indicate
changes when flux-only magnification is applied to magnitudes
only (with redshifts fixed to the unmagnified values) and when
magnification is applied to both magnitudes and redshifts.

Cut type Entering (%) Exiting (%) Net change (%)
Flux-only magnification applied to magnitudes only
All cuts 442 0.0 4.42
z>04 0.0 0.0 0.0
7<0.55 0.0 0.0 0.0
m; < 18 + 4z 4.42 0.0 442
Flux-only magnification applied to magnitudes and redshifts
All cuts 5.57 2.78 2.79
z>04 0.76 2.12 —1.36
7<0.55 0.51 0.41 0.1
m; < 18 44z 4.38 0.28 4.1

indicating that redshift estimates are more sensitive to
magnitude shifts in this region. The redshift shift due to
flux-only magnification is given by Az = }; c;Am;, with
Am; = Am for all bands j [see Eq. (27)]. The plot explains
the observed behavior in the second redshift bin: when the
redshift shift is applied, the selection condition m; +
Am; < 18 +4(z + Az) selects fewer objects in bin 2, as
compared to m; + Am; < 18 4+ 4z; moreover, due to the
applied Az, some objects shift into bin 1. In bin 1, the
reduction in selected objects is compensated by those
entering from the boundary with bin 2 (see Table VI).
Few objects move from bin 3 to bin 2 due to the DNF
parameters being small in bin 3. For the other bins, the

TABLE VI. Object counts entering or exiting redshift bin 1 of
the MagLim++ data sample (0.2 <z <0.4), due to the bin
boundaries and the MagLim++ upper selection cut m; <
18 + 4z. The percentages show changes under flux-only mag-
nification applied to magnitudes alone (with redshifts held
constant, i.e., unchanged from the unmagnified sample) and
under magnification applied to both magnitudes and redshifts.

Cut type Entering (%) Exiting (%) Net change (%)
Flux-only magnification applied to magnitudes only
All cuts 341 0.00 3.41
7>0.2 0.00 0.00 0.00
7504 0.00 0.00 0.00
m; < 18 + 4z 341 0.00 3.41
Flux-only magnification applied to magnitudes and redshifts
All cuts 4.67 1.33 333
z>0.2 0.27 0.44 -0.17
72504 1.51 0.50 1.01
m; < 18 + 4z 291 0.40 2.51
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FIG. 16. Mean of the DNF fit parameters, i Cjs where j
iterates over the griz bands, as a function of redshift for MagLim++
selected from data. The vertical dashed lines represent the redshift
bins boundaries at z = [0.20,0.40,0.55,0.70,0.85,0.95, 1.05].
The curve peaks near z = 0.4, indicating increased sensitivity of
redshift estimates to magnitude shifts at the boundary between
bins 1 and 2.

impact is minimal as ) c; is smaller. This explains the
reduced Cgymple measurement for bin 2 when magnification
effects on redshift estimates are taken into account.

The increased sensitivity of redshift estimates to magni-
tude shifts around z = 0.4 arises from greater uncertainties
in photometric redshift assignments in this region. In
particular, this could be due to the 4000 A break tran-
sitioning between the g and r bands, weak spectral features
that make color-based redshift determination harder, and
color degeneracies from the limited number of filters.
Consequently, small magnitude shifts due to magnification
can significantly impact redshift estimates, affecting sam-
ple selection.

This underscores the importance of properly accounting
for magnification effects on redshift estimates, as neglect-
ing them can lead to biases, especially in regions with
higher photo-z uncertainty.

APPENDIX F: MAGNIFICATION
WITH SIZE SELECTION

In this appendix, we explore the impact of object size
selection on the magnification coefficient estimates,
Cample» for the MagLim++ sample. We consider two different
ways of selecting subsamples based on object size and
analyze how these selections affect the magnification
coefficient estimates.

The first method involves applying a size cut at a
threshold value, T';,,;;, to divide the sample into subsamples
of objects smaller than this threshold, with the number of
objects increasing as Ty, increases. Importantly, in this
analysis, the subsamples are not binned in redshift, which
isolates the effects of size selection on the magnification
coefficient estimates. The estimates of the magnification
coefficient for these subsamples are shown in Fig. 17. We
find that the flux-only estimates, when a selection on size is
applied, are biased. These estimates do not agree with the
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FIG. 17. The upper panel shows the distribution of object sizes
T for the BALROG and real data MagLim++ samples, highlighting a
subsample defined by a size cut at Ty, (shaded in gray). The
lower panel presents the magnification coefficient estimates,
Coample> computed using the three methods from Sec. IV, as a
function of the size threshold of each selected subsample. Unlike
the fiducial analysis, these subsamples are not binned in redshift.
The flux-only estimates are biased for size-selected subsamples,
particularly for those dominated by small objects, and only align
with the fiducial BALROG results when most of the size distri-
bution is included.

fiducial BALROG results, except when the selected sub-
sample includes a large portion of the size distribution, and
the bias is more pronounced when the subsample consists
of smaller sizes.

The second method creates subsamples by binning
object sizes into intervals of roughly equal number density,
rather than using a fixed size cut. This technique aims to
provide more balanced subsamples by distributing objects
across bins based on their size. Similarly to the first
method, these subsamples are also not binned in redshift,
allowing for a focused analysis of size selection. Figure 18
shows the magnification coefficients for these subsets as a
function of the mean size in each bin. Again, we observe
that the flux-only estimates are biased and do not match the
fiducial BALROG estimates, except for the bins at 7 ~ 1.5,
where the size distribution peaks.

These analyses demonstrate that size selection can
significantly impact the magnification coefficient esti-
mates, highlighting the need for caution when using
approximate methods such as flux only, which do not
account for this effect. The fiducial BALROG estimates,
which incorporate the full range of magnification effects,
remain more consistent and accurate, especially when the
selection criteria extend beyond a simple flux cut.
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FIG. 18. The upper panel shows the distribution of object sizes

T for the BALROG and real data MagLim++ samples, with vertical
lines marking bins of roughly equal number density. The lower
panel presents the magnification coefficient estimates, Cyppie, fOr
each bin, computed using the three methods from Sec. IV, plotted
as a function of the mean size T, in the bin. Unlike the fiducial
analysis, these MagLim++ subsamples are not binned in redshift.
The flux-only estimates are biased and largely inconsistent with
the fiducial BALROG values, with agreement observed only for
subsamples with 7'.., ~ 1.5, corresponding to the peak of the
size distribution.

APPENDIX G: MAXIMUM
A POSTERIORI ESTIMATES

The MAP parameters are estimated by first selecting the
20 highest-posterior samples from the chains and then
refining them through local optimization searches using the
Powell algorithm; the result with the highest posterior is
chosen as the MAP estimate. Because of the high dimen-
sionality of the parameter space, simply taking the highest-
posterior sample gives a poor MAP estimate, SO a two-step
optimization procedure is used instead.

Tests on simulated data with multiple noise realizations
show that, while this method reliably identifies parameter
sets that yield good fits to the data, the recovered MAP
parameters themselves can be noisy and do not necessarily
reflect the true underlying values. This behavior persists
across different optimization algorithms and arises not from
optimization failures but from the fact that many parameter
combinations can, by chance, fit a particular noise reali-
zation better than the true model. For more details,
see Ref. [52].

As a result, MAP estimates can differ even for identical
underlying data. For example, in Fig. 5, the MAP values
differ between the “Gaussian prior w/ x-corr” and “Fixed
prior w/ x-corr” cases, despite both data vectors being
generated from the same fiducial cosmology and the priors
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FIG. 19. Scatter of the 20 highest-posterior samples for the
“Gaussian prior w/ x-corr” and “Fixed prior w/ x-corr” chains.
The top panel shows the log-posterior, and the lower panels show
Q,, and Sg. Light blue crosses indicate the original highest-
posterior samples, while blue open circles show the results after
the optimization search. Vertical lines mark the highest-posterior
sample from each group. The dashed horizontal lines mark the
true input values. Although the optimized points have higher log-
posterior values, the scatter in ,, and Sg remains similar,
illustrating the variability arising from noise in the MAP estima-
tion, even when the underlying data and priors are very similar.

on the magnification coefficients being very similar. This
discrepancy arises from the inherent noise in the MAP
estimation procedure. Figure 19 further illustrates this
effect by showing the scatter among the 20 individual
optimization runs for these two cases, highlighting the
resulting variability in the recovered cosmological
parameters.

APPENDIX H: SYSTEMATIC PARAMETERS
DEGENERACY

This appendix provides additional details on parameter
degeneracies that arise when varying the magnification
parameters Cg,mpe under different priors. Our aim is to
identify the features in the data that lead to cases where the
Coample posteriors deviate from the BALROG estimates—for
instance, when flat priors are used in bin 6.

Figure 20 shows the 2D parameter constraints illustrating
the correlations between the magnification coefficients
Ceample and other systematic parameters, including the
intrinsic alignment and galaxy bias parameters, for both
the 2 x 2pt and 3 x 2pt analyses.
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FIG. 20. Data 3 x 2pt and 2 x 2pt. Unblinded constraints on the magnification coefficients Cgyppie for each lens redshift bin, the
intrinsic alignment parameters of the TATT model (ATATT, ATATT  TATT and oIATT), and the galaxy bias parameters b for each lens
redshift bin. These constraints are derived from Y6 2 x 2pt and 3 x 2pt data, for the various analysis variations presented in Sec. VI.
Estimates of Cg,pp. from the BALROG image simulations are shown as dashed black lines. There are no strong degeneracies among these

parameters.

We do not find significant correlation between the  of the low Cyyyye posteriors cannot be described by the
magnification Cg,npe parameters and the other free sys- existing systematics model.
tematic parameters in the analysis, indicating that the cause
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