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Dark Energy Survey Year 3 Results:
Exploiting small-scale information with lensing shear ratios
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Using the first three years of data from the Dark Energy Survey (DES), we use ratios of small-scale galaxy-
galaxy lensing measurements around the same lens sample to constrain source redshift uncertainties, intrinsic
alignments and other systematics or nuisance parameters of our model. Instead of using a simple geometric
approach for the ratios as has been done in the past, we use the full modeling of the galaxy-galaxy lensing
measurements, including the corresponding integration over the power spectrum and the contributions from
intrinsic alignments and lens magnification. We perform extensive testing of the small-scale shear ratio (SR)
modeling by studying the impact of different effects such as the inclusion of baryonic physics, non-linear biasing,
halo occupation distribution (HOD) descriptions and lens magnification, among others, and using realistic #-
body simulations of the DES data. We validate the robustness of our constraints in the data by using two
independent lens samples with different galaxy properties, and by deriving constraints using the corresponding
large-scale ratios for which the modeling is simpler. The results applied to the DES Y3 data demonstrate how
the ratios provide significant improvements in constraining power for several nuisance parameters in our model,
especially on source redshift calibration and intrinsic alignments (IA). For source redshifts, SR improves the
constraints from the prior by up to 38% in some redshift bins. Such improvements, and especially the constraints
it provides on IA, translate to tighter cosmological constraints when shear ratios are combined with cosmic shear



and other 2pt functions. In particular, for the DES Y3 data, SR improves (g constraints from cosmic shear by up
to 31%, and for the full combination of probes (3x2pt) by up to 10%. The shear ratios presented in this work are
used as an additional likelihood for cosmic shear, 2x2pt and the full 3x2pt in the fiducial DES Y3 cosmological

analysis.

I. INTRODUCTION

As photons from a distant light source travel through the
Universe, their paths are perturbed by the gravitational influ-
ence of the large-scale structure. Weak gravitational lensing
concerns the small distortions in the images of distant galaxies
due to the influence of the intervening mass along the line
of sight (see e.g. Kilbinger et al. 2009 for a review). In par-
ticular, galaxy-galaxy lensing (or simply galaxy-shear) refers
to the correlation between foreground (lens) galaxy positions
and the tangential component of lensing shear of background
(source) galaxies at higher redshifts, which is a measure of
the projected, excess mass distribution around the lens galax-
ies (Bardeen et al. 1986). Extracting useful cosmological or
astrophysical information from galaxy-galaxy lensing is com-
plicated by a number of factors. First, one needs to model the
relationship between the galaxy density field and the under-
lying matter field, i.e. galaxy bias (Fry & Gaztanaga 1993).
Second, at small angular separations between lens and source,
the signal-to-noise tends to be large, but lensing-galaxy two-
point functions become increasingly sensitive to the small-
scale matter power spectrum, whose modeling is convoluted
due to non-linearities and baryonic effects (van Daalen et al.
2014, Harnois-Déraps et al. 2015, Semboloni et al. 2013).
Also, galaxy bias may become scale-dependent at those scales
(e.g. Cresswell & Percival 2008). To sidestep these limita-
tions, several studies in the past have considered the usage of
ratios between galaxy-shear two-point functions sharing the
same lens sample, also called lensing ratios. This observ-
able cancels out the dependence on the galaxy-matter power
spectrum while keeping the sensitivity to the angular diameter
distances of both tracer and source galaxies.

Several applications of lensing ratios have been considered
in the literature. They were originally proposed in Jain &
Taylor (2003) as a novel way to constrain cosmology from ge-
ometrical information only, using ratios of galaxy-shear cross-
correlation functions sharing the same lens sample. They envi-
sioned dark energy properties could be constrained using these
ratios, in particular the parameter describing the equation of
state of dark energy, F. Taylor et al. (2007) proposed applying
this technique behind clusters using ratios of individual shear
measurements, rather than correlation functions. This revised
method was applied to data in Kitching et al. (2007) using
lensing measurements around three galaxy clusters, obtaining
weak constraints on F. Later, Taylor et al. (2012) used low-
mass systems from the HST Cosmos Survey and was able to
detect cosmic acceleration. Other authors developed variants

* carles.sanchez.alonso @ gmail.com
T jpratmarti @ gmail.com

of these initial methods, including Zhang et al. (2005), who
proposed an approach for both galaxy-shear and shear-shear
correlations. Also, Bernstein & Jain (2004) explored an al-
ternative formalism for implementing the original idea of Jain
& Taylor (2003), and documented for the first time that the
dependence on cosmology was rather weak. They showed that
to achieve sensitivity on cosmological parameters, photomet-
ric redshifts had to be extremely well characterized, together
with the calibration of shear biases, unless they were redshift
independent. Kitching et al. (2008) also discussed systemat-
ics affecting shear-ratio in detail, also finding that photometric
redshift uncertainties played a prominent role.

Given this dominant dependency on photometric redshift
uncertainties, lensing ratios of galaxy-galaxy lensing measure-
ments have been established as a probe to test redshift distribu-
tions and redshift-dependent multiplicative biases (Schneider
2016). Note that in combination with CMB lensing, geo-
metrical lensing ratios can can still constrain cosmological
parameters (Das & Spergel 2009, Kitching et al. 2015, Prat &
Baxter et al., 2019 ), but otherwise they have been found to
be dominated by redshift uncertainties. Because of that, many
studies have used shear ratios to cross-check the redshift distri-
butions of the source sample computed with another method.
This is what is known as the “shear-ratio test”, where ratios
of galaxy-galaxy lensing measurements are used to test the
redshift distributions of different redshift bins for the corre-
sponding shape catalog. This has been done in several galaxy
surveys such as in the Sloan Digital Sky Survey (SDSS), e.g.
Mandelbaum et al. (2005), where both redshifts and multi-
plicative shear biases were tested for the first time, in the Red-
Sequence Cluster Survey (RCS) (Hoekstra et al. 2005) and in
the Kilo-Degree Survey (KiDS) (Giblin et al. 2020, Heymans
et al. 2012, Hildebrandt et al. 2017, Hildebrandt et al. 2020).

In the Dark Energy Survey (DES) Y1 galaxy-galaxy lensing
analysis (Prat & Sdnchez et al., 2018), geometrical lensing ra-
tios were used to place constraints on the redshift distributions
of the source samples and obtained competitive constraints on
the mean of the source redshift distributions. This was among
the first times the shear-ratio information was used to place
constraints instead of just as a diagnostic test. They were also
able to constrain multiplicative shear biases. In the current
study, we continue this line of work, but generalize this ap-
proach in several ways. We develop a novel method that uses
lensing ratios as an extra probe to the combination of galaxy-
galaxy lensing, cosmic shear and galaxy clustering, usually
referred to as 3x2pt. Specifically, we add the shear-ratio
likelihood, that uses small-scale independent information, to
the usual 3x2pt likelihood. This extra likelihood places con-
straints on a number of astrophysical parameters, not only
those characterizing redshift uncertainties but, importantly,
also those characterizing intrinsic alignments and multiplica-
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tive shear biases at the same time. By helping to constraiaf extending the galaxy-galaxy lensing data-vector to smaller
these nuisance parameters, the lensing ratios at small scalsales, where most of the signal-to-noise lies, but using the
provide additional information to obtain tighter cosmological ratio transformation to retain the information we can con -
constraints, while still being insensitive to baryonic e ects anddently model. The threshold scale where we are not able
non-linear galaxy bias. to model DES Y3 tangential shear measurements accurately
Using the rst three years of observations from DES (Y3 enough given the current uncertainties has been set at 6 Mpc/
data), we construct a set of ratios of tangential shear measuré<rause & Ei er 2017) for the 3 2pt analysis. The ratios we
ments of di erent source redshift bins sharing the same lengise in this work only use tangential shear measurements be-
bin, for di erent lens redshift bins. These ratios have the ad-ow this threshold, to provide independent information. The
vantage that they can be modeled in the small, non-linear scafnall-scale limit of the ratios is set by the regime of validation
regime where we are not able to accurately model the origina®f our IA model, in some cases, and otherwise by the angular
two-point correlation functions and which is usually discardedrange that has been validated for galaxy-galaxy lensing (Prat
in cosmological analyses. This allows us to exploit infor-€t al. 2021).
mation from small scales which would have otherwise been ) . ,
disregarded given our inability to model the tangential shear ' thiS paper we explore the constraining power of lensing
at small scales due to uncertainties in the galaxy bias modeatios rst by themselves and then in combination with other
the matter power spectrum, baryonic e ects, etc, which canceP™0Pes such as galaxy clustering, galaxy-galaxy lensing and

outin the ratios. This cancellation happens exactly only in th&OSMIC shear. V\{e 93e| the _T,ar_ne model s?ltup as in the DlES
limit where the lens redshift distribution is in nitely narrow Y3 3 2Pt cosmological analysis (DES Collaboration et al.

which is when lensing ratios can be perfectly modeled with?921), using the same nuisance parameters including IA, lens

geometry only. Instead, if the lens redshift distribution hasand source redshift parameters and multiplicative shear biases.

some nite width, as happens in realistic scenarios as in thidVe test this con_guration rst using_simulated data vectors and
work, the cancellation is not exact and the ratios retain som%‘bOdy simulations to then apply it to DES Y3 data. We per-
dependence on the lens properties and matter power spectruffifm @ series of tests to validate our ducial model against
though still much smaller than in the tangential shear signaﬁj' erent e ects which are nof[ included in it such as t_he im-

itself. There are further e ects which introduce dependence oPCt of baryons, non-linear bias and halo-model contributions,
shear ratios on parameters other than cosmological distancd€duced shear and source magni cation, among others. In

such as magni cation of the lens galaxies, and the alignmen‘f‘ddition’ we also test the robustness of the results directly on

of the source galaxy orientations with the lens galaxy positiond€ data by using two independent lens galaxy samples, the so-
due to their physical association, what is usually referred to aS/l€dredMaGiC sample (Rodriguez-Monroy etal. 2021) and

Intrinsic Alignments (IA). a magnitude-limited sampl®agLim (Porredon et al. 2021b),
. which demonstrates that the lensing ratios information is ro-
There are several di erent approaches to account for magni . . ; . -
bust against non-linear small-scale information characterizing

cation and IA e ects on shear ratios. One possible approac . ; .
P pp hIhe galaxy-matter connection. We also use lensing ratios con-

is to mitigate these e ects in the ratios, e.g. recently Unruh : : :
e . _structed from large-scale information to further validate the
etal. (2019) proposed a mitigation strategy for lens magni ca-

tion e ects in the shear-ratio test. Another optionis to includesmall-scales ratios in the data. After thoroughly validating the

these e ects in the model, e.g. Giblin et al. (2020) performedShear'ratlo likelihood by itself (SR), we proceed to combine

a shear-ratio test on the latest KiDS data set and included n0&\évgshir?mirczoatsf#;ﬁt'gnjs?nnd fsttjgi?ntlmztglpég:/:;nn%ntﬁe:;Fl)DrgS
linear alignment (NLA, Bridle & King 2007, Hirata & Seljak ' 9

AT . S . Y3 data. We nd SR to provide signi cant improvements in
2004) intrinsic alignment terms in their originally geometrical . : ; o :
9 .cosmological constraints, especially for the combination with
model. Importantly, they note that SR is mdeed VeTy SeNSI- osmic shear, due to the information SR provides on IA. The
tive to the I1A model, _and they suggest the comblnat_lon of S ES Y3 cosmic shear results are described in two companion
with other cosmological observables to fully exploit the IA | I h
constraining power of SR papers (Amon et al. 2021, _Secco, Samuro et al. 2021), the
] ' , results from galaxy clustering and galaxy-galaxy lensing in
In this work we develop a SR analysis that takes full advangin_pqole et al. (2021), Pandey et al. (2021), Porredon et al.

tage of the 1A dependence of the probe, and combine it with,51 2y and the combination of all probes in DES Collabora-
other observables to fully exploit the gains in cosmological;iy, et al. (2021).

constraining power. We can do that by describing the ratios
using the full tangential shear model, as it is used in the DES The paper is organized as follows. Section Il describes
Y3 3 2pt analysis, but on smaller scales. In this way, wethe data sets used in this work. In Section Ill we detail the
do not only take into account the width of the lens redshiftmodeling of the ratios and the scheme used to do parameter
distributions but also lens magni cation and intrinsic align- inference using that model. The ratio measurement procedure
ment e ects. Moreover, this original approach also has thes described in Section IV. The validation of the model is pre-
advantage of not adding extra computational cost3the2pt  sented in Section V. In Section VI we explore the constraining
analysis already requires calculation of the full galaxy-galaxypower of the lensing ratios when combined with other probes
lensing model for all the scales and source/lens combinationgsing simulated data. Finally, in Section VII, we apply the
that we use. methodology to DES Y3 data and present the nal results. We
Thus, the approach we develop in this work can be thoughtummarize and conclude in Section VIII.



A. Lens samples

In Table I we include a summary description for each of the
lens samples used in this work, with the number of galaxies
in each redshift bin, number density, linear galaxy bias values
and lens magni cation parameters.

1. TheredMaGiC sample

One of the lens galaxy samples used in this work is a subset
of the DES Y3 Gold Catalog selected lydMaGiC (Rozo
et al. 2016), which is an algorithm designed to de ne a sample
of luminous red galaxies (LRGs) with high quality photometric
redshift estimates. It selects galaxies above some luminosity
threshold based on how well they t a red sequence template,
calibrated using the redMaPPer cluster nder (Ryko et al.
2014, 2016) and a subset of galaxies with spectroscopically
veri ed redshifts. The cuto in the goodness of t to the red
sequence is imposed as a function of redshift and adjusted
such that a constant comoving number density of galaxies is
maintained.
FIG. 1. (Top panel): Redshift distributions ifdMaGiC lens galax- In DES Y3redMaGiC galaxies are used as a lens sample
ies divided in ve redshiﬁ b.ins. .The rst thr.ee redshift pins are useq in the clustering and galaxy-galaxy lensing parts of thef
forthe_shear ratio analysis in this work, whllethe two h|ghest_—reo_lshlftcosmo|ogica| analysis (Prat et al. 2021, Rodriguez-Monroy
ones (in gray) are not used. Thel°s are obtained by stacking in- o 5 "2021). " In this work we utilize a subset of the samples

dividual 221° distributions for each galaxy, as computed by - used in those analyses, in particular the galaxies with redshifts
MaGiC algorithm, and validated using clustering cross-correlations YS€s, Inp 9

in Cawthon et al. (2020). (Middle panel): Same as above but for thé Y 0°65: Sp“,t Into thr?e redSh'ﬁ_b'nS (see F'gur? 1). The rgd-
MagLim lens galaxy sample. The redshift distributions come fromShift calibration of this sample is performed using clustering
the DNF (Directional Neighbourhood Fitting) photometric redshift Cross-correlations, and is described in detail in Cawthon et al.
algorithm (De Vicente et al. 2016, Porredon et al. 2021a). (Bottom(2020). A catalog of random points foedMaGiC galaxies is
panel): The same, but for the weak lensing source galaxies, usingenerated uniformly over the footprint, and then weights are as-
the Metacalibration sample. In this case the redshift distributions signed toredMaGiC galaxies such that spurious correlations
come from the SOMPZ and WZ methods, described in Myles &with observational systematics are cancelled. The methodol-
Alarcon et al., (2020) and Gatti, Giannini et al. (2020). ogy used to assign weights is described in Rodriguez-Monroy
et al. (2021).

2. The Magnitude-limited sample

[l. DATA AND SIMULATIONS We use a second lens galaxy selection, which di ers from
redMaGiC in terms of number density and photometric red-
shift accuracy: théMagLim sample. In this sample, galaxies
are selected with a magnitude cut that evolves linearly with

DES is a photometric survey that covers about one quartehe photometric redshift estimat& Y Opnot, 1. The opti-
of the southern sky (5000 sg. deg.), imaging galaxies in Bnization of this selection, using the DNF photometric redshift
broadband Iters A8I.) using the Dark Energy Camera (DES estimates, yield® = 40 and1 = 18. This optimization was
Collaboration 2016, Flaugher et al. 2015). In this work we useperformed taking into account the trade-o between number
data from the rst three years of observations (from Augustdensity and photometric redshift accuracy, propagating this
2013 to February 2016, hereafter just Y3), which reaches & its impact in terms of cosmological constraints obtained
limiting magnitude («# = 10) of 23in the8band (witha from galaxy clustering and galaxy-galaxy lensing in Porredon
mean of 4 exposures out of the planned 10 for the full survey)et al. (2021b). E ectively, this selects brighter galaxies at low
and covers an area of approximately 4100 sq. deg. The dataiiedshift while including fainter galaxies as redshift increases.
processed using the DESDM pipeline presented in MorgansoAdditionally, we apply a lower cut to remove the most lumi-
et al. (2018). For a detailed description of the DES Y3 Goldnous objects, imposing j 17s5. The MagLim sample has
data sample, see Sevilla-Noarbe etal. (2020). Nextwe descriteegalaxy number density of more than four times that of the
the lens and source galaxy samples used in this work. ThenredMaGiC sample but the redshift distributions are30%
corresponding redshift distribution are shown in Figure 1.  wider on average. This sample is split into 6 redshift bins, but
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redMaGiC lens sample implementation can be found in Gatti, Sheldon et al. (2021).
Redshift bin #8 | =8 | 18 w8 The redshift calibration of the source sample has been per-
N o o formed using the Self Organizing Maps Photometric Redshifts
015Y | ¥ 0-35) 330243) 0.022141) 1.74 0.12} 1.31 (SOMPZ, Myles & Alarcon et al., 2020) and the clustering

0:35Y | Y 050 | 571551| 0.038319| 1.82 0.11| -0.52

050V | ¥ 065 | 872611 0.058504] 192 011! 0.34 cross-correlation (WZ, Gatti, Giannini et al. 2020) method.

The SOMPZ scheme uses information from the DES Deep
Fields (Hartley, Choi et al. 2020) and connects it to the wide
survey by using the Balrog transfer function (Everett et al.
Redshift bin #§a| :gal 18 w8 2020). Using the that method, the source sample is split into
four redshift bins (Figure 1), and the scheme provides a set of
source redshift distributions, including the uncertainty from
sample variance, ux measurements, etc. The WZ method
uses the cross-correlations of the positions of the source sam-
ple with the positions of theedMaGiC galaxies, narrowly
binned in redshift. For its application, samples are drawn
Redshift bin #§a| :gga| o U9 frpm the p(_)sterior distribution of redshift distribptions for all
bins conditioned on both the SOMPZ photometric data and the

MagLim lens sample

020 Y 1 Y 0040 | 2236473| 0.1499| 1.49 0.10| 1.21
040Y 1 Y 055 | 1599500| 0.1072| 1.69 0.11| 1.15
055Y |1 Y 070 | 1627413| 0.1091| 1.90 0.12 | 1.88

Metacalibration source sample

21 gggggjgg 1'2?8 8222 8'232 WZ clustering data. In addition, validation of the shape cat-

: : : alog uncertainties, and the connection to uncertainties in the
3 24891859| 1.484 | 0.259| 0.993 iated redshift distributi has b d | d in detalil
4 25091297 1.461| 0301 | 1.458 associated redshift distributions has been developed in detai

in MacCrann et al. (2020), using realistic image simulations.
TABLE |: Summary description for each of the samples usedFor this work we will employ the shear catalog and use the
in this work. # g is the number of galaxies in each redshift results from these analyses as priors on source multiplicative
bin, =ga is the e ective number density in units of biases and redshift calibration.

gal/arcmirf (including the weights for each samplé$ is the In Table | we include the number of galaxies in each redshift
mean linear galaxy bias from the 3pt combination, théJs ~ bin as well as the number density, shape noise and source
are the magni cation parameters as measured in Elvin-Poolénagni cation parameters.

etal. (2021) and ngis the weighted standard deviation of the

ellipticity for a single component as computed in Gatti, ) .
Sheldon et al. (2021). C. #-body simulations

In this work we uset -body simulations to recreate an end-
in this paper we only use the rst three of them. The char-to-end analysis and validate our methodology. For this we use
acteristics of these three redshift bins are de ned in Table Ithe Buzzard simulations described in Sec. I C 1. We also use
The redshift binning was chosen to minimize the overlap in thehe MICE2 simulations to validate our small scédalofit
redshift distributions, which is also calibrated using clusteringmodeling with a Halo Occupation Distribution (HOD) model.
redshifts in Cawthon et al. (2020). Porredon et al. (2021b)Ne describe the MICE2 simulation in Sec. 11 C 2.
showed that changing the redshift binning does not impact the
cosmological constraints. See also Porredon et al. (2021a) for
more details on this sample. 1. The Buzzard v2.8-body simulations

Buzzardv2.0 (DeRose et al. 2021a) is a suite of 18 simulated
B. Source sample galaxy catalogs built or#-body lightcone simulations that
have been endowed with a number of DES Y3 speci ¢ survey
The DES Y3 source galaxy sample, described in Gatti, Sheleharacteristics. Each pair of 2 Y3 simulations are produced
don et al. (2021), comprises a subset of the DES Y3 Gold sanfrom a set of 3 independert-body lightcones with mass
ple. Itis based oMetacalibration (Hu & Mandelbaum  resolutions of3«3 10°-16 10'*-59 10 "  and
2017, Sheldon & Hu 2017), which is a method developed to simulated volumes afs05-2¢6 and4«01 3 Gpc®. Galaxies
accurately measure weak lensing shear using only the avaie included in these simulations using theédgals model
able imaging data, without need for prior information about(DeRose et al. 2021b, Wechsler et al. 2028ddgals makes
galaxy properties or calibration from simulations. The methoduse of the relationship¥dX |" A°, between a local density
involves distorting the image with a small known shear, andproxy, X , and absolute magnitude measured from a high
calculating the response of a shear estimator to that appliesksolution sub halo abundance matching (SHAM) modelin or-
shear. This technique can be applied to any shear estimatiater to populate galaxies into these lightcone simulations. This
code provided it ful lls certain requirements. For this work, it model reproduces the absolute magnitude dependent cluster-
has been applied to tgmix shear pipeline Sheldon (2014), ing of the SHAM.
which ts a Gaussian model simultaneously in tA8lbands The Calclens algorithm is used to ray-trace the simula-
to measure the ellipticities of the galaxies. The details of thigions, using a spherical-harmonic transform (SHT) based Pois-



son solver (Becker 2013). Agige = 8192HealPix grid is Ill. MODELING OF THE RATIOS
used to perform the SHTsCalclens computes the lensing

distortion tensor at each galaxy position, and uses this quan- |n this section we describe how we model the ratios of
tity to de ect galaxy angular positions, shear galaxy intrinsic tangential shear measurements and why it is possible to model

ellipticities, including e ects of reduced shear, and magnify them to signi cantly smaller scales than the tangential shear
photometry and shapes. Convergence tests have shown thafantity.

resolution e ects are negligible in relevant lensing quantities
on the scales used for this analysis (DeRose et al. 2019).

We apply a photometric error model based on DES Y3 data A. Theidea: Geometrical ratios
estimates in order to add realistic wide eld photometric noise
to our simulations. A lens galaxy sample is selected from our When we take ratios of tangential shear measurements
simulations by applying theedMaGiC galaxy selection with around the same lens sample, the dependence on the mat-
the con guration described in Rodriguez-Monroy et al. (2021).ter power spectrum and galaxy bias cancels for the most part,
A weak-lensing source galaxy selection is performed by seeanceling exactly if the lens sample is in nitely narrow in
lecting on PSF-convolved sizes ag&tland signal-to-noise in  redshift. In this approximation the ratios can be modelled in-
a manner that matches the measured non-tomographic sourdependently of scale, and they depend only on the geometry
number density in the DES Yi®etacalibration source cat- of the Universe. As we will see now, this fact allows us to
alog. SOMPZ redshift estimation is used in the simulationsmodel ratios of tangential shear measurements down to sig-
in order to place galaxies into four source redshift bins. Theni cantly smaller scales than what is typically used for the
shape noise per redshift bin is also matched to that measurdangential shear measurements themselves. For instance, in
from themetacalibration catalog. Two-point functions are the case of the DES Y3 2pt cosmological analysis, scales
measured in the Buzzard v2.0 simulations with the same codeelow 6 Mpc/ are discarded for the galaxy-galaxy lensing
used for the Y3 datanetacalibration responses and inverse probe due to our inability to accurately model the (non-linear)
variance weights are set equal to 1 for all galaxies, because oaratter power spectrum, the galaxy bias, baryonic e ects, etc.
simulations do not include these values. Weights for the simukn order to see why these dependencies may cancel out in the
lated lens galaxy sample are assigned using the same algorithiatios, it is useful to rst express the tangential sh&gin
used in the DES Y3 data. terms of the excess surface mass density

W= —- 1)

crit

where the lensing strengthcr}t is a geometrical factor that,
for a single lens-source pair, depends on the angular diameter
distance to the lens, the source ¢and the relative distance

We use DES-like mock galaxy catalogs from the MICE between them s
simulation suite in this analysis. The MICE Grand Chal-
lenge simulation (MICE-GC) is a# -body simulation run in
a cube with side-length 3 Gpcvith 4096 particles using
the Gadget-2 code (Springel 2005) with mass resolution of . 11 _ o = 2
2993 1010' e« . Halos are identi ed using a Friends-of- With - g*l;—° = Ofor | ¥ I;, and wherd, andl are the

; . o .. _lens and source galaxy redshifts, respectively. For a single
Friends algorithm with linking length 0.2. For further details : . . :
about this simulation, see Fosalba et al. (2015). These h lens-source pair, Eg. (1) is exact and can be used to see that if

. e takes the ratio of two tangential shear measur -
los are then populated with galaxies using a hybrid sub-hal 9 ements shar

) X T I g the same lens with two di erent sources, cancels since
abundance matchllng plus halo occupation distribution (HOD tis a property of the lens only (see Bartelmann & Schneider
approach, as detailed in Carrgtgro e.t aI_. (2914)' Thege m.et 2001) for a review), and we are left with a ratio of geometrical
ods are designed to match the joint distributions of Ium|n05|tyfactors.

6 Acolor, and clustering amplitude observed in SDSS (Ze- '

2. The MICE2# -body simulation

4c Is |
cr}t1| -k = > s - (2)
s

havi et al. 2005). The construction of the halo and galaxy V;{B il —g°
catalogs is described in Crocce et al. (2015). MICE assumes B 11 _ 5" 3)
a at CDM cosmological model with = 0¢7, . = 025, V¥ it 17 B

1 = 0-044andf g = 0-8, and it populates one octant of the This means that ratios de ned in this way will depend on

slf<y (5156 sq. degrees), which is comparable to the sky arege reqshift of the lens and source galaxies, as well as on

of DES Y3 data. the cosmological parameters needed to compute each of the
To validate our small scaldalofit modeling in Sec VC, angular diameter distances involved in Eq. (2), through the

testing it against an HOD model with parameters measuredistance redshift relation.

from MICE2, we use a DES-like lightcone catalog refd- So far we have only been considering a single lens-source

MaGiC galaxies matching the properties of DES Y3 data,pair. For a tangential shear measurement involving a sample

including lens magni cation. of lens galaxies with redshift distribution1° and a sample



of source galaxies withg!l °, which may also overlap, we can
generalize Eqg. (3) by de ningane ectivecr}t integrating over
the corresponding redshift distributions. For a given lens bin

8and source birg, it can be expressed as:

1
| max | pax
18-9_ B o0 .
crite 3', 3IB—;1|;0—BI|BO critll;_bo'
0 0
. . 4)
Then, the generalized version of Eq. (3) becomes:

: 1,-B

VY:—B ! crit-e
B 1,8 %)

V% crit-e

In this equation it becomes apparent that the main depen-
dency of the ratios is on the redshift distributions of both the
lens and the source samples. Eg. (3) is only exact if the lens
sample is in nitely narrow in redshift and a good approxima-
tion if the lens sample is narroenough This approximation
is what was used in the DES Y1 shear-ratio analysis (Prat &
Sanchez et al., 2018) to model the ratios. In this work we will
go one step further and we will not use the narrow-lens bin ap-
proximation. Instead, we will use a full modeling of the ratios
adopting the tangential shear model used in the DES Y2pB  FIG. 2. Lensing ratios using the full model of the ratios we use in
analysis, which includes explicit modeling of other e ects suchthis work as a function of scale evaluated at the best- t values of the
as lens magni cation, intrinsic alignments and multiplicative 3 2pt analysis (see Sec. Il B) compared with the purely geometrical
shear biases, which will also play a role in the ratios. Next wemodel used in previous shear-ratio analyses until this date, which is

describe in detail the full modeling of the ratios we use in thisscale independent (see Sec. Ill A). We can appreciate the geometrical
work component still dominates the modeling of the ratios but small but

signi cant deviations are found when comparing with the full mod-
eling. The unshaded regions correspond to the small scales we use
in this analysis, which are adding extra information below the scales
used in the 32pt cosmological analysis for the galaxy-galaxy lensing
probe. The grey shaded regions are not used for the ducial ratios in
Ratios of tangential shear measurements are the main prolugés work.
used in this work. In this section we will describe how we
model it for our ducial case, including the integrals of the

power spectrum over the lens bins range, where we do not The tangential shear two-point correlation function for each
use the narrow lens bin approximation, and with contnbutlon%ngmar bin can be expressed as a transformation of the galaxy-

from lens magni cation and intrinsic alignments. The model matter angular cross-power spectrumg * °, which in this
of the ratio for the lens redshift biBbetween source redshift work we perform using the curved Sky projection:

bins 9and: can be expressed as:

*

B. The full model

. + 0
5B D E _ 2.1 — 89
Al:s—B—B" V-g—Bi\ Z_ = Al:s—B—B%\o \ _ (6) V@%\o =11, < % 4ct | 1° % 1\ min— Ynax’ 6<—tot1 -
W \ 7

where the averaging over the di erent angular bins is perfor a lens redshift birBand a source redshift bi§, where

formed as detailed in Sec. IV, in the same way as we do itg 1\ min—\nax® iS the bin-averaged associated Legendre poly-
fpr the measprement. To model each tangential shear quafomial within an angular bish min— \na2de ned in Prat et al.

tity in the ratio, we use exactly the same model used for th§2021). < 9 are free parameters that account for a multiplica-
galaxy-galaxy lensing probe in the DES Y32pt cosmolog-  tive uncertainty on the shape measurements. The total angular
ical analysis, which we will summarize in this section and forcross-power spectrumgf_tot in the equation above includes

which further details can _be found in Krause et al. (2021).an%rms from Intrinsic Alignments (IA), lens magni cation, and
Prat et al. (2021). Also, in Fig. 2 we show the full modeling ;455 terms between the two e ects:

of the ratios as a function of scale, before performing the an-

gular averaging. We compare it with the purely geometrical gg 89 89 89 89

modeling described in the previous section, and nd that, even 6<-tot = 6< . 6<-lA> 6<-lensmag: 6<—IAxlens mag ®)
though the geometrical part component continues to be the

dominant component needed to model the ratios, other corFhe main angular cross-power spectrum can be written as this
tributions become signi cant for some of the lens-source bingprojection of the 3D galaxy-matter power spectrfg , using
combinations and thus the full modeling is needed. Limber's approximation (Limber 1953, LoVerde & Afshordi
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2008) and assuming a at Universe cosmology: where LB is a parameter that depends on the properties of
1 the lens sample and has been measured in Elvin-Poole et al.
(2021) for the DES Y3 lens samples within theZpt analy-
sis. The measured values can be seen in Tabl83.1 © is
the convergence power spectrum between the lens and source
where distributions, as de ned in Elvin-Poole et al. (2021).
81 | & Intrinsic Alignments The orientation of the source galax-
= 0 3] o ; ;
—— (10) lesis correl_ated with the unde_rlylng_ large-scale structure, a_nd
=, 3] therefore with the lenses tracing this structure. This e ect is
only present in galaxy-galaxy lensing measurements if the lens
with  I#accounting for the uncertainty on the mean redshift ofand source galaxies overlap in redshift. To take it into account,
the lens redshift distributions. For tagLim sample we also  we employ the TATT (Tidal Alignment and Tidal Torquing)
marginalize over the width of the lens redshift distributions,model (Blazek et al. 2019) which is an extension of the NLA

introducing the parametefs®, one for each lens redshift bin (Non-linear alignment) model (Hirata & Seljak 2004). Then,
(see Cawthon et al. 2020, Porredon et al. 2021a for additionahe |A term is:

details about the introduction of the width parameterization).
In the equations above, is the 3D wavenumber, is the 2D #8jog 910 .

: o : i 89, o _ e - PV A
multipole momentj is the comoving distance to redshift = 3% =—FF° -
0 is the scale factor=? is the lens redshift distributiors? is J
the mean number density of the lens galaxies & is the
lensing e ciency kernel:

1

3 2 69j 0
89, o_ 2> 0 < o 8y J 2 e
6<' °= 3j# 1 OWO/‘IK ~f2-nje - (9)

#;811' 0—

1

(14)
where% = 1% , with 1 being the linear bias of the lens
galaxies.% is model dependent and in the TATT model is

j tim F0 given by:
6jo= g%l (11)
j : % =0.%1%< , 01x%%jo , 0211°%; o~  (15)

. 9, . (03} . - .
with #gj ™ being analogously de ned for the source galax-yhare the full expressions for the power spectra of the second
les as in Eq. (10) for the lens galaxies, introducing the SOUrC§,j third term in the can be found in Blazek et al. (2019) (see

redshift uncertainty parameterdg. j iim is the limiting co-  equations 37-39 and their appendix A). The other parameters
moving distance of the source galaxy sample. Also, we wanttg,e de ned as:

relate the galaxy-matter power spectrum to the matter power
spectrum for all the terms above. In our ducial model we derit m 1.1 (1

assume that lens galaxies trace the mass distribution following 01°= 11— T (16)
a simple linear biasing modeX{ = 1 X ). The galaxy-matter -0
power spectrum relates to the matter power spectrum by a
multiplicative galaxy bias factor:

0,l1°=5 , ldcrit m 1,1 (2 (17)
92 = 1942 - (12) a1e 1t
even though the galaxy bias mostly cancels in the lensing ratios.
We nd the lensing ratios to have signi cant dependence on 01x° = 11a011°= (18)

the IA and lens magni cation terms but almost no sensitivity

to the galaxy bias model. We compute the non-linear mattewhere 1 is a normalisation constant, by convention xed at a
power spectrurfe.< using the Takahashi et al. (2012) versionvalue ;=5 10 " 2Mpc?, obtained from SuperCOS-
of Halofit and the linear power spectrum wibAMB To  MOS (see Brown et al. 2002). The denomindtgis a pivot
compute the theoretical modelling in this study, we use theedshift, which we x to the value 0.62. Finally, the dimen-

CosmosSISramework (Zuntz et al. 2015). sionless amplitude30;,— 0°, the power law indice$[ 1—[,°
Below we brie y describe the other terms included in our and thelra parameter (which accounts for the fact that the
ducial model. shape eld is preferentially sampled in overdense regions) are

Lens magni cation Lens magni cation is the e ect of the 5 free parameters of our TATT model.
magni cation applied to the lens galaxy sample by the struc- Lens magni cation cross Intrinsic Alignments ternThere
ture that is between the lens galaxies and the observer. The leissalso the contribution from the correlation between lens mag-
magni cation angular cross-power spectrum can be written asni cation and source intrinsic alignments, which is included
in our ducial model:
89 =B 10 810 (13)

6<—lens mag™ 1

. 9,.
89, o - @jo#e° 2
8910- g2 "B o =22 pjo _

2
(19)

1https://camb.info/ where%: =%
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1. Parameters of the model amplitudes governing the strength of the alignment for
the tidal and for the torque par, respectively, 0o,
Next we will describe the di erent dependencies of the mod- two parameters modeling the dependence of each of the

eling of the ratios. In most cases, such dependencies will be ~ amplitudes in redshift,, U, and17a, describing the
described by parameters in our model (listed below), some of ~ 9alaxy bias of the source sample.
which will have Gaussian priors associated with them.

" Cosmological parameters (6 or 7) 6 for CDM,
whichare <, o, 1,78 s(orfgdand , 2 For 2. Dierent run con gurations
FCDM, there is an additional parametér, that gov-

erns the equation of state of dark energy. Also, in our , ,
model we are assuming 3 species of massive neutrinos Now we have listed all the dependencies of the model used

following DES Collaboration et al. (2021), and a at to describe the_ ratios throu_ghout this paper. Across_ the paper,
geometry of the Universe ( = 0°. howeyer, we will perform di erent tests using thfa ratios, free-.
ing di erent parameters in each case. We consider three main
Source redshifts parameters In order to characterize di erent scenarios, and for each scenario we use di erent mea-
the uncertainties, we allow for an independent shiff  surements and allow di erent parameters to vary. The tests
in each of the measured source redshift distributionswill be described in more detail as they appear in the paper, but
Priors for these parameters have been obtained in Gattiyere we list these distinct scenarios and the modeling choices
Giannini et al. (2020), Myles & Alarcon et al., (2020). adopted in each of them:
Additional validation with respect to marginalizing over
the shape of the source redshift distributions is provided

in Cordero et al. (2021) using thyperrank method. 1. Shear-ratio only (SR} In this case, the data vector con-

sists of small-scale shear-ratio measurements only (see

~ Lens redshift parameters We allow for independent Sec. IV A 2 for the de nition of scales Ulsed). The model
shifts in the mean redshift of the distributions,, one has 19 free parameters for thedMaGiC sample: 3
per eactBlens redshift bin, as de ned in Eq. (10). For lens redshift parameters, 4 source redshift parameters, 4
the MagLim sample there are additional parameters to multiplicative shear bias parameters, 3 galaxy bias pa-
marginalize over: the width of the redshift distributions rameters and 5 |A parameters. For MagLim sample
f js. That is because the width of the distributions is there are 22 free parameters, with the additional 3 lens
more uncertain in th&lagLim case. Priors for these redshift parameters describing the width of the distribu-

parameters have been obtained in Cawthon et al. (2020).  tions. In this case we x the cosmological parameters
since the lensing ratios have been found to be insensitive

Multiplicative shear bias parameters We allow for to cosmology (see Sec. V E for a test of this assumption).
a multiplicative change on the shear calibration of the

source samples usirg®, one per eacl®source redshift ) )

bin. Priors for these parameters have been obtained in 2. Large-scales shear-ratio only (LS-SR)In this case,

MacCrann et al. (2020). the data vector consists of large-scale shear-ratio mea-
surements only (see Sec. IVA?2 for the de nition of
" Lens magni cation parameters: They describe the scales used). The model (and number of free parame-
sign and amplitude of the lens magni cation e ect. We ters) is the same one as for the small scales lensing ratios
denote them byf’, one per eact8lens redshift bin. scenario. This setup is only used as validation for the

These parameters have been computed in Elvin-Poole small-scale shear-ratio analysis.
et al. (2021) and are xed in our analysis as well as in

the 3 2pt analysis.
3. Shear-ratio + 3 2pt (SR + 3 2): In this case, the data

" (Linear) Galaxy bias parameters They model the vector consists of small-scale shear-ratio measurements
relation between the underlying dark matter density eld and the usual 32pt data vector, that is, galaxy clus-
and the galaxy density eld:1% one per eaclglens tering F1\°, galaxy-galaxy lensing\¢\ °, and cosmic
redshift bin, since we assume linear galaxy bias in this shear,b 1\°, b 1\° measurements, each one with the
analysis. corresponding scale cuts applied to the DES Y2/

cosmological analysis. In this case we used exactly
the same model as in the 3pt cosmological analy-
sis, freeing all the parameters described above, that is,
for the redMaGiC sample 29 parameters in total for
CDM, 30 for FCDM, and 31 for theMagLim sam-

Intrinsic Alignment (1A) parameters : Our ducial IA
model is the TATT model, which has 5 parameters: two

2We sample our parameter space with, and convert td g at each step ple for CDM’ 32 'for FCDM. The Onlly di erence be-
of the chain to get the posterior d¢fg. We also use the parametes, tween this scenario and the 3pt one is the addition of
which is a quantity well constrained by weak lensing data, de ned here as the small-scales lensing ratios measurements in the data

(=gl <+030%. vector.
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C. Parameter inference methodology IV. MEASUREMENT AND COVARIANCE OF THE
RATIOS

In this work we want to use ratios of small-scale galaxy-
galaxy lensing measurements around the same lens bins tolnthis Section, we describe the measurement and covariance
constrain redshift uncertainties and other systematics or nuif the ratios, including the choice of scales we use, and we test
sance parameters of our model, as described above. Next wee robustness of the estimation. The measurement of the ratios
summarize the methodology we utilize to perform such taskés based on the tangential shear measurements presented and
using Bayesian statistics. validated in Prat et al. (2021), where several measurement tests
Let's denote the set of measured ratios &g and the set are performed on the 2pt measurements, such as testing for B-
of parameters in our model 4§ g We want to know the modes, PSF leakage, observing conditions, scale-dependent
probability of our model parameters given the ratios data. Irresponses, among others.
particular, we are interested in estimating pusterior prob-
ability distribution function of each parameter in our model

(f" ¢ given the ratios datbAg, ?:f" gjfAg® In order to get A. Methodology
that posterior probability, we will use Bayes theorem, which re-
lates that posterior distribution to thikelihood, ?*f Agjf" g° 1. Lens-source bin combinations

computed from the model and the data, andather, ?1f" g°

which encapsulates priori information we may have on the | this work we use three lens redshift bins, for both lens
parameters of our model, via the following relation: galaxy samplesfedMaGiC and MagLim, and four source
21f" gjfAge | 21 Agjf' g " g% (20) redshift bins, as described i_n Section Il and dep_icted in F_igure
1. The DES Y3 32pt project uses ve and six lens bins
We will use a given set of priors on the model parameters(Figure 1) for the two lens samples, respectively. In this work
some of them will be uniform priors in a certain interval, We stick to the three lowest redshift lens bins both because
others will be Gaussian priors in the cases where we havihey carry the bulk of the total shear ratio S/N and because the
more information about the given parameters. For SR, wémpact of lens magni cation is much stronger for the highest
will assume a Gaussian likelihood, which means that for gedshift lens bins, and we choose not to be dominated by lens
given set of parameters in the modg! (g), we will compute magni cation even though we include it in the modeling, given
the corresponding ratios for those model parameteds (), the uncertainty in the parameters calibrating it. Regarding
and then estimate & value between these and the data ratiossource redshift bins, we use the four bins utilized in the DES
(fAg), using a xed data covarianc€}, and then the logarithm Y3 3 2pt project.
of the SR likelihood becomes: From the redshift bins described above, we will construct
combinations with a given xed lens bin and two source bins,
1 1 denoted by the labél,g— B~ B°, whereB corresponds to the
log L SR = log ?1f Agj"® = Ej 2 Elog DetC; (21)  source bin which will sit in the denominator. Then, for each
lens bin we can construct three indegeBndent ratios, to make
Lo o ~ 1 o a total set of 9 independent ratide)’s"%-8°g. Note there is
with j © = *fAg T Ag: ' C Ay 1A (22) not a unique set of independent ratios one can pick. In this
This method will provide constraints on the parameters ofvork we choose to include the highest S/N tangential shear
our model given the measured ratios on the data and a coreasurement in the denominator of all of the ratios since that
variance for them. For the ducial DES Y3 cosmological choice will minimize any potential noise bias. In our case the
analysis, this SR likelihood will be used in combination with highest S/N tangential shear measurement corresponds to the
the likelihood for other 2pt functions such as cosmic shearhighest source bin, i.e. the fourth one, and hence, for a given
galaxy clustering and galaxy-galaxy lensing. Because SR ikens bin8we will use the following three independent ratios
independent of the other 2pt measurements (see Sec. IV B)A e B FgfAsB-FgfAis8#g  See also Table Il for a

the likelihoods can be simply combined: complete list of the ratio combinations we use in this work.
logL ™ = |ogL SR logL 2Pt (23)
The speci ¢ details of the parameters and the associated priors 2. Small and large scale ratios: choice of scales

used in each test will be described in detail later in the paper,

together with the description of the test itself. For MCMC  When measuring the lensing ratios, we will be interested in
chains, we us®olyChord (Handley et al. 2015) as the du- two sets of angular scales, which we label as small-scale ra-
cial sampler for this paper. We use the following settingstios and large-scale ratios . Large-scale ratios are de ned to
for this sampler:feedback = 3, fast_fraction = 0.1 , use approximately the same angular scales as the galaxy-galaxy
live_points = 500 , num_repeats=60, tolerance=0.1 , lensing probe in the pt DES Y3 cosmological analysis, and
boost_posteriors=10.0  for the chains ran on data, and for that we use scales above 8'Mpc and until angular sep-
live_points = 250 , num_repeats=30for chains on sim- arations of 250 arcmins. In fact, the minimum scale used in
ulated data vectors, consistent with DES Collaboration et althe 3 2pt analysis is 6 *Mpc, but due to their usage of ana-
(2021). lytical marginalization of small-scale information (see Section
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ratios that are closest to purely geometrical ratios. There are
two cases in which the ratios are insensitive to IA (Figure 3)
and well modeled with geometry only (Figure 2), which cor-
respond to the combinationg€ B-B) and (,— B-B). These
ratios involve lens-source combinations with negligible over-
lap between lenses and sources and are thus not a ected by
IA. For these geometrical ratio combinations, we predict scale-
independent ratios and hence we are able to accurately model
the measurements at all scales, down to the minimum angular
separation in which we measure the tangential shear, which is
2.5 arcmins (Prat et al. 2021).

For the remaining combinations we choose not to include
physical scales below 2 Mpc, to avoid approaching the
1-halo regime. This decision is driven by the importance
of shear ratio in constraining IA and the corresponding re-
guirement to restrict the analysis to the range of validity of our
dicual IA model, the Tidal Alignment Tidal Torquing (TATT)
model. This model captures nonlinear IA e ects, notably the
tidal torquing mechanism relevant for blue/spiral galaxies and
the impact of weighting by source galaxy density, which be-
comes important on scales where clustering is non-negligible.
The TATT model is thus signi cantly more exible than the
frequently-used nonlinear alignment model (NLA), which it-
self has been shown to accurately describe alignments of red

FIG. 3. Impact of di erent IA models (di erent parameter choices galaxies down to a few Mpc (e.g. Blazek et al. 2015, Singh
for TATT) on all the lensing ratios considered in this work. We nd et al. 2015). However, as a perturbative description, the TATT
that for ratios whose modeling is close to a pure geometrical modenodel will not apply on fully nonlinear scales and thus is
(Figure 2) the impact of IA is negligible. The dierentlines in the ot considered robust within the 1-halo regime. While this
plot have di erent IA parameters in the ranged; = >05-1%4 @ = o5ice of minimum scale is supported by both theoretical ex-
» 22 08% U = » 2604 Y = » 4o 12 3 = 0612% o oiations and past observational results, we use our analysis
The grey bands show the size of the data uncertainties on the ratlog, - P T Y
for reference. when restricting to large scales as an additional robustness
check. As shown in Figure 13, the IA constraints from the
large-scale shear ratio information are fully consistent with

4.2 in Prat et al. 2021 and MacCrann et al. 2019) the scalgde ducial shear ratio constraints, providing further support
between 6-8 Mpc do not add signi cant information. Re- for our assumption that the TATT model can describe IA down

gardless, we use the large-scale ratios purely as validation &€ minimum scale. In Table Il we summarize the scale cuts
the small-scale ratios. as detailed in Section VIL. described in this section for each of the ratio combinations.

Small-scale ratios are de ned using angular measuremen{:ina”y’ itis worth noting that the choice of phySiCal sc_ales is
e same for the two lens galaxy samples used in this work,

below the minimum scale used in the cosmology analysis, |eb t the choi f I | ies due 1o their sliahtl
6 Mpc. Small-scale ratios will be our ducial set of ratios, ut the choice of anguiar scales varies due to their stightly
Sd| erent redshift distributions.

and next we focus on de ning the lower boundary of scale
to be used for those ratios. If ratios were purely geometrical,
they would be scale-independent, and hence we could use
all measured scales to constrain them (the full measured set
of scales for galaxy-galaxy lensing in DES Y3 is described
in Prat et al. 2021). However, as we saw in the previous Having de ned the set of ratios of galaxy-galaxy lensing
Section, lensing ratios are not purely geometrical but theréneasurements to be used, and the set of angular scales to
are other physical scale-dependent e ects which need to bemploy in each of them, now we will describe the procedure
modeled accurately, and hence we are restricted to angulés measure the lensing shear ratios. ‘wg‘tal\o andv@‘rB 10
scales where the modeling is well characterized. In particulae two galaxy-galaxy lensing measurements as a function of
in some ratio con gurations there is enough overlap betweemngular scale\() around the same lens bijg but from two
lenses and sources to make the ratios sensitive to Intrinsigi erent source bins,By and B, and we want to estimate
Alignments (lA), even if this dependence is smaller than forthe ratio of them. Since the ratios are mostly geometrical
the full tangential shear measurement. they are predominantly scale independent (Figure 2). We
Figure 3 shows the impact of di erent IA models (di erent have checked that using ratios as a function of scale does not
parameter choices for TATT) on all the lensing ratios con-signi cantly improve our results (although that may change for
sidered. This Figure can be compared to Figure 2, and it ifuture analyses with larger data sets). Therefore, for simplicity,
unsurprising to nd that the impact of IA is smallest for the we average over angular scales between our scale cuts in the

3. Estimation of the ratio
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1.9-B-B° Scales #32 RM | #3, ML

L1-B-8° 2 6 Mpc 4 S 1. 0 L o

11— BB 26 *Mpc 4 5 AeEB {2 D C e R

1,-B-B° | 25arcmin 6 IMpc 10 10 ) L1 27)

Lo BB 2 6 IMpc 4 5 withf = D' C 1 ®® D .

1—B—B° 2 6 IMpc 4 5 _ _ _

1,—B-B° | 25arcmin 6 Mpc 8 9 Here D is a design matrix squal oto a vector of ones,
b B 26 IMoc A 5 »l—eeld); | of the same length as's88° (the number of an-
1_‘3_ B B° 2 6 1Mpc 4 5 gular bins considered). Note that the estimator for the ratio in
1f2_ BB 5 6 1MSC 4 5 Equation (27) reduces to an inverse variance weighting of the

angular bins for a diagonal covariance, and to an unweighted

TABLE II: Redshift bin combinations and scales used in this mean in the case of a diagonal covariance with constant diag-
work for the small-scales lensing ratios probtg-B-B°is  onal values.
a label that speci es the lens and source bins considered in For the ducial simulated data in this work, we use the
the ratio, Wher@ is in the denominator. In generaL we use redshift distributions of theedMaGiC lens Sample, although
scales between 2 6 Mpc, except for the combinations ~ the di erences between thredMaGiC andMagLim samples

which have almost no overlap between lenses and sources, f8fé small in the rst three lens bins (see Figure 1). Figure
which we use all scales available (with a lower limit of 2.5 4 shows values of the ducial estimated lensing shear ratios

arcmins) since they are dominated by geometry and a|mostf0r both our simulated data and the real unblinded data. For
not a ected by IA and magni cation e ects# s is the the simulated case, we show the true values of the ratios,
number of data points remaining after applying our scale cutd;e- those measured directly from the noiseless case, as well
which we show for both lens sampleedMaGiC (RM)and  as the estimated ratios when noise is included. For the data

MagLim (ML) (the variations in# 3 for both samples come cases, we show the ducial set of data ratios used in this work
from them having slightly di erent mean redshifts). for bothredMaGiC andMagLim lens samples together with

the corresponding best t model using the full 3 DES Y3
cosmological analyses. The data results will be discussed in

following way: detail in Section VII. Next, we will describe the covariance
. estimate of the ratios and we will assess the performance of
V@_Bl\ o * D E our estimator.
As—B-B° = Alis—B—B"l\o _ (24)
\

g B
V@ 1\0 \
where the average over angular scalesi, , includes the

corresponding correlations between measurements at di er- We have described above how we compute the ratio of a

ent angular scales. We can denote the ratio measurements as.a . .
function of scale as vectors. suchAig-B-B1\0 le-B-B° given pair of galaxy-galaxy lensing measurements. Now, we

) o . . __describe how we compute the covariance between di erent
and!;s— B- B is a label that speci es the lens and source bins___: . ! . :

; . . . “ratios, from di erent pairs of lensing measurements. First, we
considered in the ratio. In order to account for all correlatlonsUse the ducial model and theorv ioint covariance for all the
we will assume we have a ducial theoretical model for our . Y] .

: 5B\ o 5B\ o - galaxy-galaxy lensing measurements produced and validated
lensing measurement#f "1\ ° and W "1\ ° and a joint co-

) . in Friedrich et al. (2020), to produd€® covariant realizations
variance for the two measurements as a function of s€alge, .
such that of the galaxy-galaxy lensing measurements drawn from a mu-

tivariate Gaussian centered at the ducial model, and with the
theoretical galaxy-galaxy lensing covariance.
Cw.._= Cov>9a°{§_51\ < o_\ﬁ'g—B 1\ _0L4 (25) For each of thes&( realizations of galaxy-galaxy lensing
measurements, we measure the set of 9 shear ratios using the
Now we want to estimate the average ratio of lensing meaprocedure described above. That yiel@® realizations of the
surements. The ratio is a non-linear transformation, as it iset of 9 ratios. We use that to compute the9%ovariance
clear from Equation (24). The covariance of the ratio as af the ratios, which is shown in Fig. 16 in Appendix A. The
function of scale can be estimated as number of realizations we use to produce this covariah@? (
C = 3Cuwd is arbitrary, but we have checked that the results do not vary
r =JCwJ — (26) . o
when using a larger number of realizations.
wherel is the Jacobian of the ratio transformation as a function
of scale from Equation (24),¢88° and can be computed
exactly using the theoretical model for the lensing measure- B. Independence between small and large scales
ments. Note thaCw C; andJ are all computed for a given
ratio 1;g— B— B°. Having the covariance for the ratio as a func-  In this section we discuss why the SR likelihood is indepen-
tion of scale, the estimate of the mean ratio having minimundent of the 2pt likelihood. We also discuss the independence
variance is given by: of the large-scale ratios de ned in Section IV A 2 with respect

4. Covariance of the ratios
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relation with scales smaller than the small-scale limit of 6

Mpc, ensuring that the information from the 3pt mea-
surements is independent from the small-scale ratios used in
this work, which use scales smaller than 6Mpc. We call
this procedure point-mass marginalization . This point-mass
marginalization scheme signi cantly increases the uncertain-
ties in galay-galaxy lensing measurements around 6tB1pc
(see Figure 8 and Section 4.2 in Prat et al. (2021)). Also, see
MacCrann et al. (2019) and Pandey et al. (2021) for a de-
scription of the point-mass marginalization implemented in
the 3 2pt analysis.

Regarding the large-scale shear ratios used in this work, we
will only use scales larger than 8 *Mpc, to ensure indepen-
dence from the small-scale ratios using scales smaller than
6 Mpc (since for the SR-only chains we do not apply the
point-mass marginalization, given that the ratios are not sen-
sitive to rst approximation to any enclosed mass). In order to
assess the independence of small and large-scale ratios, we es-
timate the cross-covariance of the small and large-scale ratios,
using agairlL(® realizations of the galaxy-galaxy lensing mea-
surements and deriving small and large-scale ratios for each
of them, using the same procedure as in $IV A4. We ensure
that the correspondingj 2 due to including or ignoring the
cross-covariance is smaller than 0.25. The reasons for this
independence relate to the 2'Mpc gap left between small
and large scales and to the importance of shape noise at these
scales, which helps decorrelating di erent angular bins.

FIG. 4. (Upper panel:) True values of the ratiobAg for our du-
cial theory model, together with the estimates of the simulated ratios o o
using the measurement procedure described in YIV A 3 and the uncer- C. Gaussianity of the SR likelihood
tainties estimated using the procedure described in YIV(Middle
pane|:) Measured set of shear ratios and their uncertainties in the Because the Shear rauos are a non_“near transformat|0n Of
redMaGiC data, together with the best- t model frgm theBDES e galaxy-galaxy lensing measurements, it is important to test
Y3 cosmological analysis of thedMaGiC sample [ </ndf=11.3/9, the assumption of Gaussianity in the likelihood. We have a
?-value of 0.26). (Lower panel:) Measured set of shear ratios and o . ’

number of realization8of the lensing measurements, drawn

their uncertainties in thélagLim data, together with the best- t f he th dth di . d
model from the 32 DES Y3 cosmological analysis of tidagLim rom the theory curves and the corresponding covariance, an

sample { 2/ndf = 18.8/9, ?-value of 0.03, above the threshold for for each of them we have a set of 9 measured rafiégs,
inconsistencies which we originally setawalue = 0.01 for the DES and we have a 9 covariance for those ratios, which we can

Y3 analysis). denoteCsag. Importantly, we also have the set of ratios for
the noiseless ducial model used to generate the realizations,
denoted byf Agy. Figure 4 shows the noiseless (or true) ratios

. ) from the modelf Ay, together with the estimated mean and
to the small-scale ones. That independence will allow US 1Q¢andard deviation of the noisy ratiddigs. Also, if the like-
use_the large-scale ratio information as validation of the inforyi 50 of observing a given set of noisy ratios given a model,
mation we get from small-scales. 21f Agejf Agy®, is Gaussian and given by the covariai@gy,

The correlation of the SR likelihood with the (Bpt like-  then the following quantity:

lihood will come mostly from the galaxy-galaxy lensing 2pt

measurements. Since we do not leave any gap between the i éz fAgg f AQR° Cflig 1A f Ag? (28)

minimum scale used for 2pt measurements {&1pc) and the

small-scale ratios, this can in principle be worrying since theshould be distributed like a chi squared distribution with a

tangential shear is hon-local, and therefore it receives contrirumber of degrees of freedom equal to the number of ratios

butions from physical scales in the galaxy-matter correlatior(9 in this case), sg3 | °!Gadf = 9. Figure 5 shows
function that are below the scale at which it is measured (Balthe agreement between the distributiorj gicompared to the
dauf et al. 2010, MacCrann et al. 2019, Park et al. 2020)expected chi squared distribution for ratios at small and large

However, for the large scales 2pt galaxy-galaxy lensing usedcales. This agreement demonstrates that our likelihood for

in the DES Y3 3 2pt analysis, we follow the approach of the ratios is Gaussian, and in conjunction with Figure 4, it

MacCrann et al. (2019) and marginalize analytically over theprovides validation that our estimator does not su er from any

unknown enclosed mass, which e ectively removes any corsigni cant form of noise bias.
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three lens bins (see Figure 1). We have generated our ducial
simulated data vector using the best- t values of th@@t+SR
results for the cosmological parameters and the IA and galaxy
bias parameteBs
In addition, the ducial case allows us to determine what
parameters are being constrained using the information com-
ing from the ratios. Figure 6 shows the constraints on the
parameters corresponding to source redshifts, source multi-
plicative shear biases and lens redshifts. Due to the strong
priors imposed on these parameters, no correlations are ob-
served between them and hence we show the marginalized 1-D
posteriors. In the ducial SR case, the ratios improve the con-
straints on the parameters corresponding to source redshifts,
while shear calibration and lens redshifts are not signi cantly
constrained beyond the priors imposed on those parameters
(Table 1l1). In detalil, for the four source redshift parameters
in Figure 6, the posteriors using the ratios improve the prior
FIG. 5. Distribution ofj § from Equation (28), for small and large- constraints on g by 12%, 25%, 19% and 8% respectively
scale ratios, compared to a chi squared distribu_tion_with a number%r each bin. Furthermore, the ratios are able to place con-
degrees of freedom equal to the numbers of ratid#gs. straints on some of the intrinsic alignments (IA) parameters
of our model, for which we do not place Gaussian priors. For
IA, out of the 5 parameters in the model, the ratios are most
e ective at constraining a degeneracy direction between 1A
parameter$; and0,, as in Figure 7 (see Prat et al. 2021 or
In this section we validate our model for the lensing ratiosSecco, Samuro et al. 2021 for a full description of the IA
by exploring the impact of several e ects that are not includedmodel used or Section 11 B in this paper for a summary of the
in our ducial model, which are relevant to galaxy-galaxy most relevant equations). These IA constraints from SR will
lensing measurements at small scales (the corresponding védlecome important for constraining cosmological parameters
idation for other DES Y3 data vectors is performed in Krausewhen SR is combined with other probes like cosmic shear (see
et al. 2021). The ducial model is described in Y1l B. The Section VI).
e ects we consider are in some cases explored directly at the
theory level (e.g. by changing the input power spectrum) or
using ratios measured in realisicbody simulations. In this 1. Large-scale ratios (LS)
way, all the tests in this section are performed using noiseless
simulated data vectors except for the Buzzard case (in YV H) One important test that will be used as a direct model vali-
which includes noise. For testing purposes, we will analyzejation in the data is the comparison of model posteriors using
the impact of such e ects in the ratios, at both small and largeratios from small and large scales. This comparison is inter-
scales, but we will also assess their impact on the derived coresting because the model for galaxy-galaxy lensing is more
straints on our model parameters using the same priors we uggbust at large scales, and because small and large scales are
in the data, which are the most relevant metric. For that, waincorrelated since they are dominated by shape noise. There-
will perform MCMC runs as described in Yl C for the various fore, we can compare our ducial model constraints coming
e ects under consideration. The priors and allowed ranges ofrom small-scale ratios to the corresponding constraints from
all parameters in our model are described in Table Il and aimarge scales, and a mismatch between these will point out a
to mimic the con guration used for the nal runs in the data, potential problem in the modeling of small scales. In Figures
described in YVII. A summary of the resulting constraints forg and 7, we show the model constraints from large-scale ratios,
each test is included in Figures 6 and 7, while further detailgor reference. We will also perform this test for the results on
are included in each subsection. # -body simulations in Section V H, and directly on the data
in Section VIIA.

V. VALIDATION OF THE MODEL

A. Fiducial simulated constraints ) )
B. Baryons and non-linear galaxy bias

For the purpose of comparison and reference, in the gures Hvdrod ical simulati hat b .
of this section we also include constraints from the ducial _1ydrodynamical simulations suggest that baryonic e ects,

SR case, where ratios are constructed directly using the inp§PeC! cally the ejection of gas due to feedback energy from

theory model. As we did in the previous section, we use———

the redshift distributions of theedMaGiC lens sample for

the ducial simulated ratios, although the di erences between 3Speci cally, we use the values of the rst 2pt+SRredMaGiC unblinded
the redMaGiC and MagLim samples are small in the rst results and the halo-model covariance evaluated at these values.
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FIG. 6. Summary of the posteriors on the model parameters corresponding to source redshifts, shear calibration and lens redshifts for di erent
SR-only test runs described in Section V and combination runs from Section VI. All the above tests are performed using noiseless simulated
data vectors except for the Buzzard ones which include noise. The coloured bands shéwpttier in each parameter, while the black
errorbars showfl posteriors.

Range Prior
Source redshifts | 5 [-0.1,0.1] N (0, [0.018,0.015,0.011,0.017])
Shear calibratior 2 [-0.1,0.1] N (0, [0.0091,0.0078,0.0076,0.0076])
Lens redshifts 18 [-0.05,0.05] N (0, [0.004,0.003,0.003])
Galaxy bias1® [0.8,3.0] Uniform
1A 01-3—-Y-y [-5,5] Uniform
IA bias TA [0,2] Uniform

TABLE IlI: Allowed ranges and priors of the model parameters for the chains run in Sections V and VI. |8di¢cks labels
refer to the 3 lens redshift bins, and indic@sefer to the 4 source redshift bins, all de ned in Section Il.

active galactic nuclei (AGN), have an impact on the matter disproduce a set of simulated galaxy-galaxy lensing data vectors
tribution at cosmologically relevant scales (Mead et al. 2015)including the e ects of baryons and non-linear galaxy bias as
Such e ects may lead to di erences in the galaxy-galaxy lens-described above, and produce the corresponding set of shear
ing observable at the small scales considered in this work. Imatios. Overall we use the same procedure which is used in
order to test this e ect, we model it rescaling the non-linearKrause etal. (2021) to contaminate the ducial data vector with
matter power spectrum with the baryonic contamination fromthese e ects and propagate this contamination to the ratios.
OWLS (OverWhelmingly Large Simulations project, SchayeThen, we derive constraints on our model parameters using
et al. 2010, van Daalen et al. 2011) as a function of redshifthis new set of ratios, and we show the results in Figures
and scale. Speci cally, to obtain the baryonic contamination,6 and 7. In those gures we can see the small impact of
we compare the power spectrum from the dark matter-onlghese e ects in our constraints compared to the ducial case,
simulation with the power spectrum from the OWLS AGN con rming that baryonic e ects and non-linear galaxy bias do
simulation, following Krause et al. (2021). not signi cantly bias our model constraints from the ratios.

In addition, non-linear galaxy bias e ects would potentially
produce di erences in the ratios that could be unexplained by
our ducial model. We utilize a model for non-linear galaxy C. Halo Occupation Distribution Model
bias that has been calibrated usitigbody simulations and
is described in Pandey et al. (2020), Pandey et al. (2021). The Halo Occupation Distribution (HOD, Cooray & Sheth
In order to test the impact of these e ects on the ratios, we2002) model provides a principled way of describing the con-
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FIG. 7. This plot summarizes the posteriors on the two intrinsic

alignment model parameters that are constrained by the ratios, for
di erent SR only test runs described in Section V, using noiseless

simulated data vectors.

nection between galaxies and their host dark matter halos, and

it is capable of describing small-scale galaxy-galaxy lensing-IG. 8. E ects of HOD modeling and HOD evolution on the shear
measurements at a higher accuracy than the Halo t approackgtios, for both small and large angular scales. The error bars show
which is used in our ducial model for the shear ratios (de-the ratio uncertainties from the same covariance as used in the data.
scribed in Y111 B). Next we test the di erences between HOD

and Halo t in the modeling of the ratios, and assess their im-

portance compared to the uncertainties we characterized in

Section IV. We aim at performing two tests to assess the ro-

bustness of the ducial Halo t modeling by comparing it t0 ¢ the HOD simulated ratios compared to the ducial ones
two HOD scenarios. One scenario showing the e ect of HOD( j 2= 0,22 for 9 data points), which do not signi cantly alter

mode[ing, w'ith a xed HOD for eag:h'lens redshift bin, and an- the constraints on the model parameters when using the HOD-
other including HOD evolution within each lens redshift bin. gerjved ratios. It is worth noting that this is not a trivial test
Forthese tests, we perform the comparisons to a ducial mod&lince the e ect on the tangential shear itself is very signi cant

without intrinsic alignments and lens magpni cation, for sim- o, these scales, as can be seen in gure 8 from Prat et al.
plicity and to isolate the e ects of HOD modeling compared (2021).

to Halo t.

For these tests we use the MI@Ebody simulation where ) :
a DES-like lightcone catalog sEdMaGiC galaxies with the '_I'he lower panel of I_:lgure 8 shows the di erence of S_hea!f
spatial depth variations matching DES Y3 data is generateffitioS Produced by using a mean HOD for each redshift bin
(see Section I C 2). Using this catalog, we measure the mea@'d @n evolving HOD as obtained _b%’ high resolution measure-
HOD of the galaxies in the ve redshift bins (Y11) as well as in ments in MICE. We nd aresidual j “ of 0.04 at gmall scales )
higher resolution redshift bins witkl  0<02. Note that these (even smaller at large scales) and hence consistent shear ratio

measurements are done using true redshifts of the galaxie€Stimates. Given the results shown in Figure 8, we conclude
in order to pick up the true redshift evolution. We use thes at non-linearities introduced by HOD evolution within a to-

two measurements to predict the galaxy-galaxy lensing Sigm;pographic redshift bin will not bias our shear ratio estimates.

using a halo model formalism as described in the Appendix C.

The upper panel of Figure 8 shows the di erence between It is important to note that the HOD tests described in this
the simulated ratios using the ducial model and the simulatedsection correspond to one of our two lens samplesyéle
ratios obtained using a mean HOD model for each redshift binMaGiC sample, and that we do not show the equivalent test
for both small and large scales. As expected, the di erencdor the MagLim lens sample. However, having validated this
for large scales is negligible ( 2 = 0.02), since the ducial for one of the lens samples, we will test the consistency be-
Halo t modeling is known to provide an accurate descriptiontween the SR constraints obtained with the two lens samples
of galaxy-galaxy lensing at large scales§Mpc/ ). Atsmall  in Section VII, and also Amon et al. (2021) performs the same
scales (between 2 and 6 Mpg/we see very small deviations validation test in the combination of SR with cosmic shear.
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D. Lens magni cation

The theoretical modeling of the galaxy-galaxy lensing sig-
nal and hence of the lensing ratios used in this work includes
the e ects of lens magni cation. In the ducial case, the lens
magni cation coe cients are xed to the ones estimated using
theBalrog software (Everett et al. 2020) in Elvin-Poole et al.
(2021). Here, we test the e ect of letting the lens magni -
cation coe cients be free for the SR analysis. In particular,
Figure 6 and 7 test the e ects of that choice (labelled there
as Free mag) on the parameters corresponding to lens and
source redshifts, shear calibration and intrinsic alignments. No
signi cant biases are observed and the derived constraints are
comparable to the constraints using xed lens magni cation
coe cients.

FIG. 9. Impact of di erent e ects on the lensing ratios, including
cosmology dependence (see Sec. VE), boost factors (see Sec. VF)
E. Cosmology dependence and reduced shear + source magni cation (see Sec. V G). All these
tests use noiseless simulated data vectors, and the error bars show the
The lensing ratios themselves have very little sensitivity toratio uncertainties from the same covariance as used in the data.
cosmology. If they help with cosmological inference, it is be-
cause they help constrain some of the nuisance parameters that
limit the cosmological constraining power. Here we will show receives contributions from both the alignment of galaxies and
their exact dependency, and that it is indeed safe to x cosmothe fact that sources cluster around lenses, leading to an excess
logical parameters when running SR only chains. Despite thigumber of lens-source pairs. We account for this term using
weak dependency, the cosmological parameters are set as fige TATT model but on the smallest scales, roughly below a
parameters when the SR likelihood is run together with the 2pfew Mpc, the TATT model will not su ciently capture the
likelihood (when combined with cosmic shear and the othehon-linear clustering and IA (Blazek et al. 2015). By check-
2pt functions). Hence even the small sensitivity of the ratiogng that the boost factors impact on the ratios is small, we are
to cosmology is properly handled in the runs together with thealso checking that our ducial TATT model will su ce over
2pt likelihoods. the scales we use to construct the ratios. In Fig. 9 we show
In Fig. 9 we show how the lensing ratios change as a functiofhe di erence in the ratios when including or not the boost
of <. Our ducial simulated data vector assumes ' 035  factor correction and nd it has a small impact on the ratios
and we show that varying that to< = 030 or to < =  compared with their uncertainty, withj 2 = 0¢16.
0440 has very little impact on the ratios, compared with their
uncertainties, yielding j 2 = 0:03-0+01, respectively, for 9
data points.

G. Higher-order lensing e ects
F. Boost factors and IA

In this section we test the impact of higher-order lensing

Boost factors are the measurement correction needed tects to our model of the ratios, such as using the reduced
account for the impact of lens-source clustering on the redshifhear approximation and not including source magni cation
distributions. When there is lens-source clustering, lensem our model. In order to do that, we will propagate to the
and sources tend to be closer in redshift than represented logitios the model developed and described in detail in Krause
the mean survey redshift distributions that are an input to ouet al. (2021) to include the combination of reduced shear and
model. This e ect is scale dependent, being larger at smalsource magni cation e ects. This model is computed with
scales where the clustering is also larger. See Eq. (4) of Préthe CosmoLike library (Krause & Ei er 2017) using a tree-
et al. (2021) for its de nition, related to the tangential shearlevel bispectrum that in turn is based on the non-linear power
estimator. spectrum. For the source magni cation coe cients, we use

We include boost factors as part of our ducial measure-the values computed in Elvin-Poole et al. (2021). In Prat et al.
ments as detailed in Prat et al. (2021) (see their gure 3 for §2021), the reduced shear contamination is illustrated for the
plot showing the boost factors). However, since boost factorgangential shear part. Here, we propagate that model to the
are more sensitive to some e ects which are notincluded in outensing ratios, showing the small di erences they produce on
modeling, such as source magni cation, it is useful to test theithe ratios in Fig. 9, with j 2 = 009 for 9 data points. The
impact on the ratios. Another e ect that we test by checkingreduced shear contamination only producesj& = 0402
the impact of the boost factors on the ratios is the contributiorand therefore most of the change is coming from the source
of lens-source clustering to intrinsic alignments. The IA termmagni cation part.
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H. Validation using # -body sims < (s

0:077 0026
In this section we have so far considered di erent physical 12pt 0057 6oz 01005 g3

e ects and tested their impact on the ratios at the theory level, 1 2pt+SR 0050 3978 0002 2022
for instance changing the input power spectrum used to gener- 2 2pt 00082028 (.19 0:044
ate the galaxy-galaxy lensing estimates. Now, instead, we use 0-046 0-027
the Buzzard realisti# -body simulations, described in YII C 1, 2 2pt+SR 0002 3235 0:006 393
to measure the lensing signal and the ratios which we then an- 3 2pt 0006 0038 (.03 0-013
alyze using the ducial model. These simulations are created 0-021 0-022
to mimic the real DES data and hence they implicitly contain 3 2pt+SR 0011 F038  0-006 G073

several physical e ects that could potentially a ect the ratios _ . . .
(e.g. non-linear galaxy bias or redshift evolution of lens prop- IABLE IV: Impact of SR on cosmological constraints using

erties). For that reason, they constitute a stringent test on the Simulated DES Y3 data. The table shows parameter
robustness of our model. In addition, the tests in this part will 4 €rénces with respect to the truth values for the simulated
be subject to noise in the measurement of the lensing signal data, which are < = 0-350and(s = 0768
and the ratios, due to shot noise and shape noise in the lensing
sample, as opposed to the tests above which were performed
with noiseless theoretical ratios. That measurement noise will
also propagate into noisier parameter posteriors. . .
In Figure 6 we include the results of the tests usingody Cosmic shear, or simply 2pt, measures the correlated
simulations, named SR Buzzard for the ducial small-scaledistortion in the shapes of distant galaxies due to gravitational
ratios and SR Buzzard LS for the large-scale SR test. Th@psing by the large-scale structure in the Univer;e. It is sen-
results are in line with the other tests in this Section, showin%'“}’e to both the growth rate and the expansion history of the
the robustness of the SR constraints alsa#ebody simula- niverse, and independent of galaxy bias. Here we explore the
tions (considering the fact that the Buzzard constraints includ€onstraining power of DES Y3 cosmic shear in combination
noise in the measurements, as stated above). In addition, d4dth SR using simulated data. For that, we run MCMC chains
to the fact that there are no intrinsic alignments in BuzzardWhere we explore cosmological parameters and the nuisance
and the fact that lens magni cation is not known precisely, weParameters corresponding to source galaxies, such as intrin-

run. shear biases. Also, when using SR in combination withit,

we sample over lens redshift calibration and galaxy bias pa-
rameters for the three redshift bins included when building

VI. COMBINATION WITH OTHER PROBES AND the ratios, even if the posteriors on the galaxy bias are uncon-
EFFECT ON COSMOLOGICAL CONSTRAINTS strained. We make this choice to be fully consistent with the

tests we have performed in the previous section but the results
re consistent if we x the galaxy bias parameters. For the

In the previous section we explored the constraining powe ens redshift calibration parameters, we use the same priors
of the lensing ratios de ned in this work and we validated their S X par ' P
ggtalled in the previous section.

ing thei i | . . N
usage by demonstrating their robustness against several e ec The e ect of adding SR to 12pt is shown in Figure 10

in thei ling. H in the DES Y logical ; -
in their modeling owever, in the DES Y3 cosmologica for cosmological and IA parameters and in Figure 6 for the

analysis, lensing ratios will be used in combination with other th . i E dshift i SR
probes. For photometric galaxy surveys, the main Iarge—scal% Ernuisance parameters. or Source redsnitt parameters,

structure and weak lensing observables at the two-point lev ﬁzgrove; ;rg/e constrati.ntsl Ofl\?l" f;).ur SOL:rC% bigsty 9%’ 13;|%
are galaxy clustering (galaxy-galaxy), galaxy-galaxy lensin | oan % rﬁpec |vety.. tos impor anl Y, bs'g&f;n Y
(galaxy-shear) and cosmic shear (shear-shear), which co €IpS Improve he constraints on cosmology, by a 0

o 4 S
bined are referred to as 2pt. In this section, we will explore on (s and3/o_0n < (see '_I'able IV). From Figure 10, it is
the constraining power of ratios when combined with suctfiPparent the improvement in cosmology comes mostly from a

probes in DES, with the galaxy-galaxy lensing probe usin ajor .improvement in constraining the amplitude; of the I_A
larger scales cc;mpared to the lensing ratios odeling. The e ect on the other IA parameters is shown in

When used by themselves, lensing ratios have no signi Appendix B.

cant constraining power on cosmological parameters, however,

when combined with other probes, they can help constrain ) _ _
cosmology through the constraints they provide on nuisanceB- SR impact on galaxy clustering and galaxy-galaxy lensing
parameters such as source mean redshifts or intrinsic align-

ments (IA). Next we will show simulated results on the impact The combination of galaxy clustering and galaxy-galaxy
of the addition of SR to the three 2pt functions used in thdensing, also named 2pt, is a powerful observable as it
DES Y3 cosmological analysis. We will analyze the improve-breaks the degeneracies between cosmological parameters and
ment in the di erent nuisance parameters but also directly orgalaxy bias. When using SR in combination with2pt, there
cosmological parameters. is no need to sample over additional parameters, and we use

A. SR impact on cosmic shear
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impact for the other nuisance parameters. For example, for
source redshift parameters, SR improves the constraints of the
second source bin by more than 15%. The e ect on the IA
parameters is shown in Appendix B.

VII. RESULTS WITH THE DES Y3 DATA

In this section we will present and validate the constraints
on model parameters derived from SR in the DES Y3 data
sample. We compute SR for our two di erent lens samples,
and for small and large scales. For a given set of ratitgs we
use the following expression for computing the signal-to-noise:

q
(+# = fAQ°C % 1fAgY  ndi- (29)

where ndfis the number of degrees of freedom, which equals
the number of ratios (9 in our case), a@ds the covariance
described in YIVA4. Using the data ratibégs (presented
in Figure 4), we estimate, for the ducial small-scale ratios,
a combined(«# 84 for the MagLim sample (¢# 60

FIG. 10. Simulated likelihood analysis showing the constraints onfpr theredMaGiC sample), and for large-scale ratios we es-

cosmological paramete(g and < and intrinsic alignments param- tmate(# 42 for the MagLim sample (+#  38for the
etersO; and0, from cosmic shear only (12pt) and cosmic shear FEdMaG_'C sample). . o .
and lensing ratios (12pt + SR). We will broadly split the section in two parts: First, we

will describe the model parameter constraints from SR alone,

speci cally by looking at their impact on source redshift and
the same priors detailed in the previous section. IA parameters, and study their robustness by using two di er-

When we add SR to the DES Y3 2pt combination thereis ent lens samples€dMaGiC and MagLim) and large-scale

amodest improvement in constraining power for cosmologicatatios for validation. Then, we will study the impact of SR
parameters, by abod®oon (gand3%on <« (see Table V). in improving model parameter constraints when combined
The reason this improvement is smaller than for the cosmiavith other probes such as cosmic shear, galaxy clustering and
shear case is due to the fact that the 2pt galaxy-galaxy lensirgplaxy-galaxy lensing in the DES Y3 data sample. It is worth
measurements are already providing IA information in thispointing out that SR will also be used for correlations between
case. This makes the change in the IA parameters when WeES data and CMB lensing, although these will not be dis-
add SR smaller, as shown in Appendix B. In Figure 6 we showcussed here (see Chang et al. prep, Omori et al. prep for the
the impact of adding SR for the other nuisance parametersisage of SR in combination with CMB lensing). For the results
For source redshift parameters, SR improves the constraints of this Section, unless we speci cally note that we free some
the rst three source bins by 9%, 14% and 4%, respectivelyof these priors, we use the DES Y3 priors on the parameters
There is also a modest improvement on the other nuisandgf our model, summarized in Table V.
parameters as shown in Figure 6.

A. DES Y3 SR-only constraints
C. SRimpacton 3 2pt

Now we will present and discuss the model parameter con-

A powerful and robust way to extract cosmological informa- straints from SR in DES Y3. Because we will show and com-
tion from imaging galaxy surveys involves the full combination pare the constraints from various SR con gurations, including
of the three two-point functions, in what is now the standard inratios from two independent lens samples, we will also assess
the eld, and referred to as a 2pt analysis. This combination the robustness of these results. As we demonstrated in YV,
helps constraining systematic e ects that in uence each prob&R provides constraints on model parameters corresponding
di erently. When using SR in combination with 2pt, there  to source redshifts and intrinsic alignments, so we will focus
is no need to sample over additional parameters, and we usm those for this part.
the same priors detailed in the previous section. Figure 11 presents the SR constraints on the source redshift

The e ect of adding SR to the DES Y3 2pt analysis is parameters of our model using a number of SR con gurations.
similar as for the 22pt case. For cosmological parameters,The left panel shows the SR constraints coming from the inde-
there is an improvement in constraining power of ab®4t pendentredMaGiC andMagLim galaxy samples, using at,
on(gand5%on < (see Table IV). In Figure 6 we show the uninformative priors on the source redshift parameters and the
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FIG. 11. Mean source redshift constraints from a shear-ratio only chain (SR), with a at uninformative prior, in comparison with the results
from the combination of the alternative calibration methods of SOMPZ + WZ, and the nal combined results of SOMPZ+WZ+SR on data

using theredMaGiC sample.

Range Data Priors
Source redshifts | 8 [-0.1, 0.1] N (0, [0.018,0.015,0.011,0.017])
Shear calibratior 2 [-0.1,0.1] N ([-0.0063, -0.0198, -0.0241, -0.0369], [0.0091,0.0078,0.0076,0.0076])
Lens redshiftsedMaGiC 18 [-0.05, 0.05] N ([0.006, 0.001, 0.004], [0.004,0.003,0.003])
Lens redshiftvagLim 18 ’ [-0.05, 0.05] N ([-0.009, -0.035, -0.005], [0.007,0.011,0.006])
Lens redshiftdagLim f |8 [0.1,1.9] N ([0.975, 1.306, 0.87], [0.062,0.093,0.054])
Galaxy bias18 [0.8,3.0] Uniform
1A 01-3—-Y-y [-5, 5] Uniform
IA bias TA [0, 2] Uniform

TABLE V: Allowed ranges and priors of the model parameters for the DES Y3 data chains run in Section VII. Bidittes
labels refer to the 3 lens redshift bins, and indi®esfer to the 4 source redshift bins, all de ned in Section 11 B.

priors described in Table V for the rest of the parameters. Inhe mild tension between SR and the redshift prior for the
that panel, for comparison, we also include the source redshifilagLim sample, we refer to DES Collaboration et al. (2021)
prior used in the DES Y3 analysis, which comes from a com+for results demonstrating the consistency of the cosmological
bination of photometric information (SOMPZ) and clustering constraints with and without SR.

redshifts (WZ), and which is presented in detail in Myles & The right pane| in Figure 11 shows tmedMaGiC and
Alarcon et al., (2020) and Gatti, Giannini et al. (2020) andmagLim SR constraints when using the DES Y3 redshift prior,
shown here in Table V. At this point we can compute the tenso we can visualize the improvement that SR brings to the
sion between SR redshift constraints and the redshift prior, foprior redshift constraints. Speci cally, forredMaGiC SR,

the 4 source redshift bins combined, and we obta(af the constraints on the 4 source redshift parameters are
tension (-valuej 0.33) for theredMaGiC SR, and2-08f improved by 11%, 28%, 25% and 14% with respect to the prior,
(?-valuej 0.04) for theMagLim (numbers computed follow- and forMagLim, by 14%, 38%, 25% and 17%, respectively
ing Lemos & Raveri etal., 2020). Since these values are abov@r the 4 redshift parameters (the percentage numbers quote
our threshold for consistency?{valuej 0.01), the SR con- the reduction in the width of parameter posteriors compared
straints are in agreement with the prior and we can proceeg the prior). Note that within the DES Y3 2pt setup, we

to use the redshift prior for the SR likelihoods (see Myles &do not use the SR information in this way, i.e., by using the
Alarcon et al., 2020 for a review of the complete DES Y3 weakredshift prior that comes from the combination of SOMPZ
lensing source calibration, and Amon et al. 2021 for SR consis+ Wz + SR, but instead we add the shear-ratio likelihood to
tency checks in combination with cosmic shear). Regardinghe 3 2pt likelihood as written in Eq. (23). In this way, the
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