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A B S T R A C T 

The shear measurement from the Dark Energy Camera Le gac y Surv e y (DECaLS) pro vides an e xcellent opportunity for galaxy–
galaxy lensing study with the Dark Energy Spectroscopic Instrument (DESI) galaxies, given the large ( ∼9000 de g 

2 ) sk y o v erlap. 
We explore this potential by combining the DESI 1 per cent surv e y and DECaLS Data Release 8 (DR8). With ∼106 de g 

2 sk y 

o v erlap, we achiev e significant detection of g alaxy–g alaxy lensing for Bright Galaxy Surv e y (BGS) and luminous red galaxy 

(LRG) as lenses. Scaled to the full BGS sample, we expect the statistical errors to impro v e from 18(12) per cent to a promising 

level of 2(1 . 3) per cent at θ > 8 arcmin ( < 8 arcmin ). This brings stronger requirements for future systematics control. To fully 

realize such potential, we need to control the residual multiplicative shear bias | m | < 0.006 and the bias in the mean redshift 
| �z| < 0.008, requiring the introduced bias in the measurement is < 0.31 σ . We also expect significant detection of galaxy–
galaxy lensing with DESI LRG/emission line galaxy (ELG) full samples as lenses, and cosmic magnification of ELG through 

cross-correlation with low-redshift DECaLS shear. If such systematical error control can be achieved, we find the advantages of 
DECaLS, comparing with the Kilo De gree Surv e y (KiDS) and the Hyper Suprime-Cam (HSC), are at low redshift, large scale, 
and in measuring the shear ratio (to σ R ∼ 0.04) and cosmic magnification. 

Key words: gravitational lensing: weak – (cosmology:) large-scale structure of Universe – cosmology: observations. 
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 I N T RO D U C T I O N  

eak gravitational lensing is one of the most promising cosmological 
robes in studying the nature of dark matter, dark energy, and gravity
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Refregier 2003 ; Mandelbaum 2018 ). The combination between 
ifferent probes can be even more powerful, due to more constraining
ower and breaking the de generac y between the parameters (Planck
ollaboration I 2020 ; Abbott et al. 2022 ). Ho we ver, possibly due

o residual systematics or new physics beyond the standard � 

old dark matter ( � CDM) model, the tension between cosmic
icrowave background (CMB) at redshift z ∼ 1100 and the late- 

ime galaxy surv e ys at z < ∼1 troubles us when using their synergy
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Hildebrandt et al. 2017 ; Hikage et al. 2019 ; Hamana et al. 2020 ;
lanck Collaboration I 2020 ; Asgari et al. 2021 ; Heymans et al.
021 ; Abbott et al. 2022 ; Amon et al. 2022 ; Secco et al. 2022 ). Many
ttempts have been made to examine this tension, in terms of different
ystematics (Yao et al. 2017 , 2020 ; Fong et al. 2019 ; Kannawadi et al.
019 ; Pujol et al. 2020 ; Wright et al. 2020 ; Mead et al. 2021 ; Amon
t al. 2022 ; Secco et al. 2022 ; Yamamoto et al. 2023 ), different
tatistics (Lin & Ishak 2017 ; Shan et al. 2018 ; Chang et al. 2019 ;
sgari et al. 2021 ; Harnois-D ́eraps et al. 2021 ; Joachimi et al. 2021 ;
eauthaud et al. 2022 ; S ́anchez et al. 2022 ), and possible new physics

Jedamzik, Pogosian & Zhao 2021 ). We also refer to recent re vie ws
or the readers’ references (Mandelbaum 2018 ; Perivolaropoulos &
kara 2022 ). 
To fully understand the physics behind this so-called ‘ S 8 ’ tension,

ifferent cosmological probes are required, as their sensitivities to the
ystematics are different. Many new observations are also needed, to
xplore different redshift ranges, sky patches, and even equipment
roperties. Among the many proposed Stage IV galaxy surveys like
ark Energy Spectroscopic Instrument (DESI; DESI Collaboration

t al. 2016a , b ), Vera C. Rubin Observatory’s Le gac y Surv e y of Space
nd Time (LSST; LSST Science Collaboration et al. 2009 ), Euclid
Laureijs et al. 2011 ), Roman Space Telescope (or WFIRST ; Spergel
t al. 2015 ), and China Space Station Telescope ( CSST ; Gong et al.
019 ), DESI is the only one currently operating and has measured
ore than 7.5 million redshifts so far. 
DESI itself will provide tremendous constraining power in study-

ng the expansion history of the Universe and the large-scale structure
DESI Collaboration et al. 2016a ). Its cross-correlations with other
ensing surv e ys (referred to as g alaxy–g alaxy lensing or g–g lensing)
ill provide not only more, but also independent cosmological

nformation (Joudaki et al. 2018 ; Prat et al. 2022 ; S ́anchez et al.
022 ), while it can be used to study the galaxy–matter relation
Leauthaud et al. 2017 , 2022 ), test gravity (Zhang et al. 2007 ; Jullo
t al. 2019 ; Blake et al. 2020 ), and study the systematics (Zhang
010 ; Zhang, Pen & Bernstein 2010 ; Yao et al. 2017 , 2020 ; Giblin
t al. 2021 ). Ho we v er, Stage III surv e ys like Dark Energy Surv e y
DES; Abbott et al. 2022 ), Kilo-Degree Survey (KiDS; Heymans
t al. 2021 ), and Hyper-Suprime Cam (HSC; Hikage et al. 2019 )
o not offer extremely large overlap with DESI, while the Stage IV
urv e ys mentioned previously will require many years of observa-
ions before reaching their full o v erlap with DESI. In short, the sky
 v erlap will limit the cross-correlation studies with DESI in the near
uture. 

In this work, we study the cross-correlations between galaxy shear
easured from the Dark Energy Camera Le gac y Surv e y (DECaLS)
ata Release 8 (DR8) and galaxies from the DESI 1 per cent (SV3)

urv e y, and compare those with the o v erlapped data from KiDS
nd HSC. We measure the g–g lensing signals of the different
eak lensing surv e ys with DESI 1 per cent surv e y and estimate

heir signal-to-noise ratio (S/N) that can be achieved with full
ESI in the future. We explore the advantages of DECaLS, and

xhibit the measurements of shear ratio and cosmic magnification
s two promising tools in using the great constraining power of
ECaLS ×DESI. Additionally, to achieve the expected precision,
e propose requirements on the DECaLS data, in terms of the shear

alibration and the redshift distribution calibration. 
This work is organized as follows. In Section 2 , we briefly intro-

uce the observables and their theoretical predictions. In Section 3 ,
e describe the DESI, DECaLS, KiDS, and HSC data we use. In
ection 4 , we show the g–g lensing measurements for different DESI
ensity tracers and different lensing surv e ys, and the measurements
NRAS 524, 6071–6084 (2023) 

1

f shear ratio and cosmic magnification. We summarize our findings
rom DESI ×DECaLS for the 1 per cent surv e y in Section 5 . 

 T H E O RY  

n this section, we briefly re vie w the theory of the g–g lensing
bservables. We assume spatial curvature �k = 0 so that the
omoving radial distance equals the comoving angular diameter
istance. 

.1 Galaxy–galaxy lensing 

ince the foreground gravitational field distorts the shape of the
ackground galaxy, there is a correlation between the background
alaxies’ gravitational shear γ G and the foreground galaxies’ number
ensity δg . The correlation of 〈 δg γ

G 〉 (or w 

gG ) will probe the
lustering of the underlying matter field 〈 δm 

δm 

〉 (or the matter
ower spectrum P δ( k )), the galaxy bias b g ( k , z), and the redshift–
istance relation, which are sensitive to the cosmological model
nd gravitational theory. We recall the g–g lensing angular power
pectrum (Prat et al. 2022 ): 

 

g κ ( � ) = 

∫ χmax 

0 

n l ( χ ) q s ( χ ) 

χ2 
b g ( k, z) P δ

(
k = 

� + 1 / 2 

χ
, z 

)
d χ, (1) 

hich is a weighted projection from the 3D non-linear matter power
pectrum P δ( k , z) to the 2D galaxy-lensing convergence angular
ower spectrum C 

g κ ( � ). It will also depend on the galaxy bias b g =
g / δm 

, the comoving distance χ , the redshift distribution of the lens
alaxies n l ( χ ) = n l ( z)d z /d χ , and the lensing efficiency as a function
f the lens position (given the distribution of the source galaxies)
 s ( χ ), which is written as 

 s ( χl ) = 

3 

2 
�m 

H 

2 
0 

c 2 
(1 + z l ) 

∫ ∞ 

χl 

n s ( χs ) 
( χs − χl ) χl 

χs 
d χs , (2) 

here n s ( χs ) denotes the distribution of the source galaxies as a
unction of comoving distance, while χ s and χ l denote the comoving
istance to the source and the lens, respectively. 
The real-space galaxy–shear correlation function can be obtained

hrough the Hankel transformation, 

 

gG ( θ ) = 

1 

2 π

∫ ∞ 

0 
d ��C 

g κ ( � ) J 2 ( �θ ) , (3) 

here J 2 ( x ) is the Bessel function of the first kind with order 2.
he ‘G’ represents the gravitational lensing shear γ G , which is
onventionally used to separate from the intrinsic alignment γ I ,
hose contribution is ignored in this work due to the photo- z

eparation shown later in Section 4 . The Hankel transformation is
alculated using FFTLOG . 1 

Therefore, by observing the correlation of w 

gG , we can derive the
onstraints on the cosmological parameters through equation ( 1 ),
 δ( k ) and χ ( z). In order to get an accurate cosmology constraint,
any systematics need to be considered, for example, the shear

alibration error that can shift the measurement of w 

gG , the inaccurate
stimation of redshift distribution for the source n s ( χ s ( z s )) that
an bias the theoretical prediction of equation ( 1 ), the massive
eutrino effects and the baryonic effects that can bias the matter
ower spectrum P δ( k , z), and the non-linear galaxy bias b g ( k ,
 https:// jila.colorado.edu/ ∼ajsh/ FFTLog/ 

https://jila.colorado.edu/~ajsh/FFTLog/
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). 2 In this work, we mainly focus on the statistical significance 
or DESI ×DECaLS, rather than the systematics. The theoretical 
alculation in this work are performed using the CCL (Chisari et al.
019 ) package, with non-linear matter power spectrum calculated by 
ALOFIT (Takahashi et al. 2012 ). The fiducial cosmology in this work

s KiDS-1000 Complete Orthogonal Sets of E/B-Integrals (COSEBI) 
 CDM cosmology with maximum a posterior (MAP) of the full
ulti v ariate distribution (Asgari et al. 2021 ), which has h = 0.727,
b h 2 = 0.023, �c h 2 = 0.105, n s = 0.949, and σ 8 = 0.772. 

.2 Shear ratio 

he g–g lensing two-point statistics normally contain stronger 
etection significance at the small scale than at the large scale, due
o a stronger gravitational lensing field (higher signal) and more 
ndependent angular modes (smaller statistical error). Ho we ver, due 
o the inaccurate modelling of small-scale effects, such as the non- 
inear galaxy bias b g ( k , z), suppression in the matter power spectrum
 δ( k ) due to massive neutrino and baryonic effects, etc., the small-
cale information is conventionally abandoned (Heymans et al. 2021 ; 
bbott et al. 2022 ; Lee et al. 2022 ). Ho we ver, by choosing the same

ens galaxies with source galaxies at different redshifts, i.e. with the 
ame redshift distribution n u ( z) for the lens while different redshift
istribution n v ( z) and n w ( z) for the sources, the ratio between the
ngular power spectra C 

g κ
uv and C 

g κ
uw (or the correlation functions w 

gG 
uv 

nd w 

gG 
uw ) will mainly base on the two lensing efficiency functions

s in equation ( 2 ) for the vth and wth source bins. This ratio does
ot suffer strongly from the modelling of the galaxy bias b g or the
atter power spectrum P δ( k ), as they share the same lens sample

ccording to equation ( 1 ). The shear ratio (or lensing ratio) has been
sed to impro v e cosmological constraints (S ́anchez et al. 2022 ), as
t is sensitive to the χ ( z) relation in equation ( 2 ) and the nuisance
arameters for the systematics, or to study the shear bias (Giblin et al.
021 ). In this work, we will show the great potential of measuring
hear ratio with DESI ×DECaLS. 

To account for the full covariance in measuring shear ratio R =
 2 / w 1 , and to prevent possible singular values when taking the ratio

when w 1 ∼ 0), we construct the following data vector: 

 = w 1 R − w 2 , (4) 

hich is designed to be 0 when R is correctly predicted from the
wo data sets w 1 and w 2 that we want to take the ratio. The resulting
ovariance for the data vector V is 

 

′ = R 

2 C 11 + C 22 − R( C 12 + C 21 ) , (5) 

here C ij is the covariance between w i and w j . The likelihood
f −2 ln L = V 

T C 

′−1 V will give the posterior of the shear ratio
 . To account for the covariance is R dependent, normalization 

s done thereafter so that its probability density function (PDF) 
atisfies 

∫ 
P ( R )d R = 1. An alternative way is to marginalize o v er

he theoretical predictions w i , similar to Dong et al. ( 2022 ) and Sun
t al. ( 2023 ), which we leave for future studies. 
 In this work, we use the mathematical classification of linear/non-linear bias 
s a matched filter, ho we ver, for more physical modelling, this is normally 
xpressed as one-halo/two-halo terms and halo occupation distribution (HOD) 
escriptions such as central/satellite fractions (Leauthaud et al. 2017 ). 

δ

|
c
r  

S  

t
g

 2024
.3 Cosmic magnification 

he observed galaxy number density is affected by its foreground 
ensing signals, leading to an extra fluctuation besides the intrinsic 
lustering of galaxies, namely, 
L 
g = δg + g μκ, (6) 

here δL 
g denotes the observed lensed galaxy o v erdensity, δg denotes 

he intrinsic o v erdensity of galaxies due to gravitational clustering,
nd κ is the lensing convergence affecting the flux and the positions
f the foreground galaxy sample, and due to the foreground inhomo-
eneities. For a complete and flux-limited sample, the magnification 
mplitude g μ = 2( α − 1). In that case, the magnification amplitude
s sensitive to the galaxy flux function N ( F ), denoting the number of
alaxies brighter than flux limit F , with α = −d ln N /d ln F . 

According to equation ( 6 ), for a given galaxy sample at z = z 1 , it
ot only contains clustering information of δg ( z = z 1 ), but also has
ensing information of κ from the matter at z < z 1 , which is normally
reated as a contamination to the clustering signals (Deshpande & 

itching 2020 ; Kitanidis & White 2021 ; von Wietersheim-Kramsta 
t al. 2021 ). Meanwhile, attempts have been made to directly measure
he cosmic magnification as a source of cosmological information 
Yang et al. 2017 ; Gonzalez-Nuevo et al. 2021 ; Liu et al. 2021 ). 

We follow the method of Liu et al. ( 2021 ) and correlate the shear
alaxies at lower redshift (bin i ) and the number density galaxies at
igher redshift (bin j ), 

 

κμ
ij ( � ) = g μ

∫ χmax 

0 

q i ( χ ) q j ( χ ) 

χ2 
P δ

(
k = 

� + 1 / 2 

χ
, z 

)
d χ, (7) 

hich requires the redshift distribution of n i ( z) being significantly
eparated from n j ( z), so that the intrinsic clustering × lensing shear
ignal vanishes. The corresponding correlation function from the 
ankel transformation is similar to equation ( 3 ). 

.4 Signal-to-noise ratio definition 

he signal-to-noise ratio (S/N) definition in this work uses amplitude 
tting. F or a giv en measurement w data and an assumed theoretical
odel w model , we fit an amplitude A to the likelihood: 

− 2 ln L = ( w data − Aw model ) 
T Cov −1 ( w data − Aw model ) , (8) 

o that a posterior of A 

+ σA −σA 
can be obtained, where σ A is the Gaussian

tandard deviation. Then the corresponding S/N is A / σ A . 
We note that, if w data is a single value rather than a data vector, this

/N defined by amplitude fitting is identical to the S/N of the data
tself, namely A/σA = w data /σw data . This is the case for most of the
/N calculated in this work, when there is one single measurement at
mall scale and one at large scale, and the small-scale and large-scale
ata correspond to different (non-linear/linear) galaxy biases so they 
hould be treated separately. 

.5 Systematics control 

e follow Massey et al. ( 2013 ) and the treatments in Yao et al.
 2023 ), and require the systematical error induced bias in the signal
w sys to satisfy 

 δw sys | ≤ 0 . 31 σw , (9) 

omparing with the statistical error σw of the measurement. This 
equirement is only applied to the large-scale data of Bright Galaxy
urv e y (BGS), whose S/N is significantly larger than the other

racers, to decide the future calibration targets for DECaLS galaxy–
alaxy lensing cosmology. 
MNRAS 524, 6071–6084 (2023) 
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 DATA  

n this section, we introduce the DESI spectroscopic data and the
hear catalogues from DECaLS/KiDS/HSC. We note even though
he DES-Y3 catalogue is expected to have an overlap with full DESI
or ∼1264 deg 2 , its overlap with DESI SV3 catalogue is 0. We,
herefore, do not present any analysis for DES. 

.1 DESI 

ESI is the only operating Stage IV galaxy surv e y. It is designed
o co v er 14 000 de g 2 of the sk y, with 5000 fibres collecting spectra
imultaneously (DESI Collaboration et al. 2016b ; Silber et al. 2023 ;

iller et al. 2023 ). DESI aims to observe density tracers such as
GS (Ruiz-Macias et al. 2020 ), luminous red galaxies (LRGs; Zhou
t al. 2020 ), emission line galaxies (ELGs; Raichoor et al. 2020 ),
nd quasi-stellar objects (QSOs; Y ̀eche et al. 2020 ), with generally
ncreasing redshift. Other supporting papers on target selections and
alidations can be find in Allende Prieto et al. ( 2020 ), Alexander
t al. ( 2023 ), Chaussidon et al. ( 2023 ), Cooper et al. ( 2023 ), Hahn
t al. ( 2023 ), Lan et al. ( 2023 ), and Zhou et al. ( 2023 ). DESI plans to
se these tracers to study cosmology, especially in baryonic acoustic
scillations (BAO) and redshift-space distortions (RSDs; Levi et al.
013 ; DESI Collaboration et al. 2016a ). It is located on the 4-m
ayall Telescope in Kitt Peak, Arizona (DESI Collaboration et al.

022 ). From 2021 till now, DESI has finished its ‘SV3’ (DESI
ollaboration 2023a ) and ‘DA0.2’ catalogues, which will be included

n the coming Early Data Release (EDR; DESI Collaboration 2023b ).
he Siena Galaxy Atlas (Moustakas et al. 2023 ) is also expected soon.
The DESI experiment is based on the DESI Le gac y Imaging

urv e ys (Zou et al. 2017 ; Dey et al. 2019 ; Schlegel et al. 2023 ), with
ultiple supporting pipelines in spectroscopic reduction (Guy et al.

023 ), deri v ation of classifications and redshifts (Bailey et al. 2023 ),
bre assignment (Raichoor et al. 2023 ), surv e y optimization (Schlafly
t al. 2023 ), and spectroscopic target selection (Myers et al. 2023 ) 

In this work, we use the DESI SV3 catalogue, which is also
nown as the 1 per cent surv e y (with a sk y co v erage of ∼140 deg 2 ),
or the g–g lensing study. We consider the DESI BGS, LRGs, and
LGs, while ignoring the QSOs as the available number is relatively

ow. In SV3, each galaxy is assigned a weight to account for the
urv e y completeness and redshift failure. Since the purpose of this
aper is not a precise measurement of cosmology, we assume the
inear galaxy biases follow b BGS ( z ) D ( z ) = 1.34, b LRG ( z ) D ( z ) = 1.7,
nd b ELG ( z ) D ( z ) = 0.84, where D ( z ) is the linear growth factor
ormalized to D ( z = 0) = 1 (DESI Collaboration et al. 2016a ). The
umber of galaxies used will be informed later in the paper, as the
 v erlap between the DESI 1 per cent surv e y and the lensing surv e ys
s different. 

.2 DECaLS 

e use lensing shear measurement from DECaLS DR8, which
ontains galaxy images in g , r , and z bands (Dey et al. 2019 ). DECaLS
R8 galaxies are processed by TRACTOR (Lang, Hogg & Schlegel
016 ; Meisner, Lang & Schlegel 2017 ) and divided into five types
ccording to their morphologies: PSF, SIMP, DEV, EXP, and COMP
Phriksee et al. 2020 ; Yao et al. 2020 ; Xu et al. 2021 ; Zu et al. 2021 ).
he galaxy ellipticities e 1, 2 are measured – except for the PSF type
with a joint fit on the g , r , and z bands. A conventional shear

alibration (Heymans et al. 2012 ; Miller et al. 2013 ; Hildebrandt
t al. 2017 ) is applied as in 

obs = (1 + m ) γ true + c, (10) 
NRAS 524, 6071–6084 (2023) 
ith a multiplicative bias m and additive bias c , to account for
ossible residual bias from PSF modelling, measurement method,
lending, and crowding (Mandelbaum et al. 2015 ; Euclid Collab-
ration et al. 2019 ). This calibration is obtained by comparing
ith Canada–France–Hawaii Telescope (CFHT) Stripe-82 observed
alaxies and OBIWAN simulated galaxies (Kong et al. 2020 ; Phriksee
t al. 2020 ). 

Sev eral v ersions of the photometric redshift for the DECaLS
alaxies have been estimated (Zou et al. 2019 ; Zhou et al. 2021 ;
uncan 2022 ). We apply the most widely used one (Zhou et al.
021 ), which uses the g , r , and z optical bands from DECaLS while
orrowing W 1 and W 2 infrared bands from the Wide-field Infrared
urvey Explorer ( WISE ; Wright et al. 2010 ). The photo- z algorithm
s trained based on a decision tree, with training samples constructed
rom a wide selection of spectroscopic redshift surv e ys and deep
hoto- z surv e ys. We additionally require z-band magnitude m z < 21
o select galaxies with better photo- z. We use the photo- z distribution
o represent the true- z distribution n ( z), while allowing a systematic
ias of �z in the form n ( z − �z), to pass its effect to equation ( 2 ) then
quation ( 1 ). This is appropriate as weak lensing is mainly biased
ue to the mean redshift but slightly affected by the redshift scatter. 
Overall, the DR8 shear catalogue has ∼9000 deg 2 sky coverage
which will be the final o v erlap with full DESI – with an average

alaxy number density of ∼1.9 galaxies arcmin −2 . The o v erlapped
rea with DESI 1 per cent surv e y is ∼106 deg 2 , which is significantly
arger than the other Stage III lensing surv e ys. 

We note that the current DECaLS DR8 shear catalogue can have
ome residual multiplicative bias | m | ∼ 0.05 (Phriksee et al. 2020 ;
ao et al. 2020 ), possibly due to the selections in observational data
hile making the comparison (Jarvis et al. 2016 ; Li et al. 2021 ) or
ue to source detection (Sheldon et al. 2020 ; Li & Mandelbaum
023 ). This will prevent us from getting reliable cosmology for
easurements with S/N > ∼20. Also, there exists a possible bias

n the redshift distribution n ( z), which will require a galaxy colour-
ased algorithm (Hildebrandt et al. 2017 ; Buchs et al. 2019 ; Wright
t al. 2020 ) or a galaxy clustering-based algorithm (Zhang et al. 2010 ;
an den Busch et al. 2020 ; Peng et al. 2022 ) to get the correction.
or these two reasons, we choose not to extend this study to the
recision cosmology level. A future version of the DECaLS DR9
hear catalogue is under development, with improved data reduction
nd surv e y procedures, 3 with more advanced shear calibration for
 pure OBIWAN image simulation-based algorithm (Yao et al. in
reparation) and redshift calibration (Xu et al. in preparation). 

.3 KiDS 

he Kilo-Degree Survey (KiDS) is run by the European Southern
bservatory and is designed for weak lensing studies in ugri optical
ands. The KiDS data are processed by THELI (Erben et al. 2013 )
nd ASTRO-WISE (Begeman et al. 2013 ; de Jong et al. 2015 ). The
alaxy shear measurements are obtained by LENSFIT (Miller et al.
013 ; Fenech Conti et al. 2017 ), and the photo- zs are measured
y BPZ (Benitez 2000 ; Ben ́ıtez et al. 2004 ) using the KiDS ugri
ptical bands and the ZYJHK s infrared bands from VIKING (Wright
t al. 2019 ). The KiDS shears are calibrated following the same
quation as equation ( 10 ) with image simulation (Kannawadi et al.
019 ). 
We use the KiDS-1000 shear catalogue (Asgari et al. 2021 ; Giblin

t al. 2021 ) in this work. The o v erlapped area with DESI SV3 is

https://www.legacysurvey.org/dr9/description/
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Figure 1. The galaxy redshift distributions for the DESI BGS with 0 < z < 

0.5 and photo- z (point estimates) distributions for the lensing surv e ys with 
0.6 < z p < 1.5. The numbers in the labels are the number of galaxies in the 
o v erlapped re gion. 

Figure 2. The g alaxy–g alaxy lensing angular correlation functions, corre- 
sponding to the galaxies samples in Fig. 1 . In the upper panel, the theoretical 
curv es are giv en by the fiducial cosmology and the assumed galaxy bias 
model. The (small-scale, large-scale) detection significances are (9.1, 5.8) for 
BGS ×DECaLS, (10.2, 3.9) for BGS ×KiDS, and (16.1, 4.3) for BGS ×HSC. 
In the lower panel, we show the ratio between our measurements and the 
corresponding theoretical model, with the latter reweighted using the number 
of pairs and lensing weights to account for the band power problem with wide 
angular bins. The DECaLS and HSC results are slightly shifted horizontally. 
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55 deg 2 . The expected overlapped area between the full DESI
ootprint and KiDS-1000 is ∼456 deg 2 . 

.4 HSC 

he Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP, 
r HSC) is a Japanese lensing surv e y using the powerful Subaru
elescope. It co v ers fiv e photometric bands grizy . Compared with
iDS and DES, HSC has its unique advantage in the galaxy number
ensity and high- z galaxies (but with a smaller footprint). The HSC
hears are calibrated similarly to equation ( 10 ) (Mandelbaum et al.
018 ) but with an additional shear responsivity (Hamana et al. 2020 ).
We use the HSC-Y1 shear catalogue (Mandelbaum et al. 2018 ; 

ikage et al. 2019 ; Hamana et al. 2020 ), which o v erlaps with DESI
V3 for ∼48 de g 2 . The e xpected o v erlap between HSC-Y3 data and
ull DESI is ∼733 deg 2 . We note this overlap is calculated from
he HSC third data release (Aihara et al. 2022 ) but not the shape
atalogue (Li et al. 2022a ), which applies a minimum cut on the
umber of input exposures in five bands. We use the EPHOR AB
hoto- z best fit for the HSC galaxies (Tanaka et al. 2018 ). 

 RESULTS  

n this section, we show the measurements of different galaxy–shear 
orrelation functions. The estimator for the galaxy–shear correlation 
s 

 

gG ( θ ) = 

∑ 

ED w E γ
+ 

E w D ∑ 

ER (1 + m E ) w E w R 
−

∑ 

ER w E γ
+ 

E w R ∑ 

ER (1 + m E ) w E w R 
, (11) 

here w E , m E , and γ + 

E denote the lensing weight (inverse-variance 
eight for DECaLS, Phriksee et al. 2020 , and HSC, Hikage 

t al. 2019 , an adjusted version for KiDS, Miller et al. 2013 ),
he multiplicative bias correction (for HSC there is an extra shear 
esponsivity included), and the tangential shear of the source galaxy, 
ith respect to the given lens galaxy with weight w D or w R . The �-

ummations are calculated for all the ellipticity–density (ED) pairs 
nd the ellipticity–random (ER) pairs. We note equation ( 11 ) already
ncludes the correction for boost factor (Mandelbaum et al. 2005 ; 
mon et al. 2018 ), and this equation is adequate for the multiplicative
ias m E defined either per galaxy or per sample. The correlation uses
ESI official random catalogues to simultaneously correct for the 

dditive bias in the presence of a mask and reduce the shape noise.
e will show the measurements with different lens samples and 

ource catalogues using the abo v e estimator. 

.1 DESI w 

gG 

e first show the g–g lensing measurements for DESI BGS and the
hree shear catalogues. The normalized redshift distributions n ( z) are 
hown in Fig. 1 , with the number of galaxies being used in the labels.
e use BGS with 0 < z < 0.5, and require the photo- z of the source

alaxies located at 0.6 < z p < 1.5, so that the o v erlap in redshift
s very small even considering the inaccuracy of photo- z. We see
hat DECaLS has the most available BGS lenses, while HSC has 
he most available sources and the highest redshift. We notice there 
re unexpected spikes for the photo- z distribution of KiDS, which 
s probably due to cosmic variance as the o v erlapped area is much
maller than the full KiDS data. 

We show the measured correlation functions for the DESI BGS g–
 lensing in Fig. 2 . The correlations are measured in two logarithmic
ins in 0.5 < θ < 80 arcmin, with the statistical uncertainties 
alculated using jackknife resampling. We find that all three lensing 
MNRAS 524, 6071–6084 (2023) 
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Figure 3. The g alaxy–g alaxy lensing angular correlation function w 

gG (up- 
per panel) and its 45 ◦ rotation test w 

gX (lower panel) for the BGS ×DECaLS 
g–g lensing only, with the same distribution as in Fig. 1 but with more angular 
bins with 50 jackknife subregions. In the upper panel, the theoretical curves 
are given by the fiducial cosmology and the assumed galaxy bias model. The 
detection significance for the five angular bins are (6.5, 6.6, 8.4, 4.7, 3.2), 
with the four large-scale bins well agreed with the prediction from fiducial 
cosmology and the linear bias assumption. The smallest scale measurement 
deviates from the theoretical prediction, demonstrating the breakdown of 
the linear galaxy bias assumption. The total S/N using amplitude fitting (as 
described in Section 2.4 ) is 8.9 σ ( A = 1 . 03 + 0 . 12 

−0 . 11 ) for the right three large- 

scale dots, and is 10.0 σ ( A = 1 . 0 + 0 . 1 −0 . 1 ) for the right four large-scale dots. In 
the lower panel, where the shear are rotated for 45 ◦, the results are consistent 
with 0, with reduced χ2 ∼ 3/5. 
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urv e ys hav e strong g–g lensing signals, even for the current
 per cent DESI data. The measurements are shown in blue dots
DECaLS), orange triangles (KiDS), and green squares (HSC), while
he corresponding theoretical comparisons are shown in the blue solid
urve, the orange dash–dotted curve, and the green dotted curve.
rom this figure, we find that the advantage of DECaLS is its large-
cale cosmological information, with the highest S/N ∼ 5.8. This
s due to DECaLS’s significantly large o v erlap with DESI, reducing
he cosmic variance. On the other hand, KiDS and HSC have larger
/N than DECaLS at small scale, due to their higher source galaxy
umber density, which lowers the shape noise. 
In this work, we choose not to estimate the best-fitting cosmology,

s for DECaLS, there are some unaddressed potential systematics
as discussed in Section 3.2 ), while for KiDS and HSC we do not
ant to harm the ongoing blinding efforts in the DESI Collaboration

although for a larger catalogue with the larger o v erlapped area). The
heoretical estimations in Fig. 2 and all the other similar figures in this
ork are based on the KiDS-1000 COSEBI � CDM cosmology with
AP of the full multi v ariate distribution (Asgari et al. 2021 ), which

as h = 0.727, �b h 2 = 0.023, �c h 2 = 0.105, n s = 0.949, and σ 8 =
.772. We note the choice of other fiducial cosmology (Hamana et al.
020 ; Planck Collaboration I 2020 ; Asgari et al. 2021 ; Abbott et al.
022 ) will give similar results for the current stage with DESI SV3.
he linear galaxy biases are assumed following the descriptions of
ifference density tracers in Section 3.1 . 
We note that the choice of two log-bins is limited by the 20

ackknife subregions (Mandelbaum et al. 2006 ; Yao et al. 2020 ),
hich is limited by (1) the requirement of each jackknife subregion

s independent up to the largest scale we use (80 arcmin), and (2)
he size of the o v erlapped re gion for KiDS and HSC ( ∼50 de g 2 ).
s the DESI surv e y e xpands, the available o v erlapped re gion will

ncrease accordingly, resulting in increase in both the available
umber of subregions and the maximum angular scale we can
easure. Alternatively, we can use an analytical covariance (similar

o Appendix A but more tests need to be done) or simulation-
ased covariance for future DESI data. We also note in this work
he inverses of the covariances are corrected (Hartlap, Simon &
chneider 2007 ; Wang et al. 2020 ) due to the limited number of
ubregions. 

As a demonstration of more angular binning, we use
GS ×DECaLS data to show the choice of 50 jackknife subregions
nd five angular bins, as in Fig. 3 . We show that with proper binning,
ore cosmological information can be extracted. The θ > ∼2 arcmin
easurements (the right four large-scale dots) agree with the linear

ias assumption very well. In the future, with a larger o v erlapped
ootprint, more jackknife subregions can be used, so that more
ngular bins can be measured, either to increase the total S/N or to
ddress any scale-dependent systematics. We do see great potential
or DECaLS from the abo v e results, although measurements will
ltimately be limited by systematic errors. 
We show the redshift distribution of the DESI LRGs and the three

ensing surv e ys in Fig. 4 , requiring z < 0.6 for the spec- z LRGs
nd 0.7 < z p < 1.5 for the source galaxies. Similar to the BGS,
ore LRGs can be used when o v erlapping with DECaLS, while the

vailable DECaLS source galaxies are less than in the other surv e ys.
ince LRGs are generally distributed at higher z than the BGS,
e choose to increase the z-cut of the LRGs and the z p -cut of the

ources, resulting in reduced source galaxies compared with Fig. 1 .
his figure shows the DECaLS source galaxies are more reduced

from 133 000 to 78 000) as it is shallower than the other two. 
The correlation measurements for the LRGs are presented in Fig. 5 .

t large scale, the DECaLS signal is weaker than KiDS and HSC, but
NRAS 524, 6071–6084 (2023) 
Figure 4. The galaxy redshift distributions for the DESI LRGs with 0 < z < 

0.6 and photo- z distributions for the lensing surv e ys with 0.7 < z p < 1.5. The 
numbers in the labels are the number of galaxies in the o v erlapped re gion. 
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Figure 5. The g alaxy–g alaxy lensing angular correlation functions, corre- 
sponding to the galaxies samples in Fig. 4 . In the upper panel, the theoretical 
curv es are giv en by the fiducial cosmology and the assumed galaxy bias 
model. The (small scale, large scale) detection significances are (3.5, 1.9) for 
LRG ×DECaLS, (8.7, 2.2) for LRG ×KiDS, and (10.6, 2.4) for LRG ×HSC. 
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numbers in the labels are the number of galaxies in the o v erlapped re gion. 
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t still offers comparable S/N. At the small scale, the S/N is dominated
y deep surv e ys. The small-scale measurements are significantly 
igher than the theoretical predictions, due to LRGs being generally 
ore massive than BGS, with stronger non-linear galaxy bias at such 

eparations. 
Furthermore, we study the g–g lensing measurements of the DESI 

LGs. We show the redshift distribution of the DESI ELGs and the
hree lensing surv e ys in Fig. 6 , requiring z < 0.7 for the spec- z ELGs
nd 0.8 < z p < 1.5 for the source galaxies. The available number of
alaxies is further reduced compared to BGS and LRGs, due to DESI
LGs being mainly distributed at z > 0.7. And the high- z sources

or DECaLS are significantly less than KiDS and HSC. 
The correlation measurements of the ELGs are shown in Fig. 7 .

SC appears to have the largest S/N at both large scale and small
cale, and the S/N of DECaLS at large scale is comparable to KiDS.
ll three lensing surv e ys hav e small-scale measurements lower than

he theoretical predictions, suggesting the low measurement is not 
 systematics of DECaLS. We suspect this might be due to shape
oise, sample variance, or possibly non-linear galaxy bias. As when 
e go from large scale to small scale, the non-linear halo bias for

ess massive haloes (e.g. the host haloes for ELGs, see Fig. 7 ) tends
o drop compared with its linear bias, while the non-linear halo bias
ends to increase for the more massive haloes (e.g. the host haloes
or the LRGs, see Fig. 5 ) according to fig. 1 of Fong & Han ( 2021 ).
he satellite galaxy fraction in the ELGs could also lead to a low
mplitude at small scale (Fa v ole et al. 2016 ; Niemiec et al. 2017 ;
ao et al. 2022 ). These will require a higher S/N to test in the future.

n this work, we only focus on large-scale ELGs measurement. 

.2 Forecasts and systematics 

e summarize our findings for the g–g lensing measurements from 

GS (Fig. 2 ), LRGs (Fig. 5 ), and ELGs (Fig. 7 ) in Table 1 . We see
hat DECaLS has its unique advantage in extracting cosmological 
nformation at large scale and at lower redshift (when correlating with 
he DESI BGS). Neglecting systematic errors for the moment, which 
ill be dominant in practice, we give the forecast of the S/N with the

omplete DESI surv e y by rescaling the co variance according to the
 v erlapped area. This rescaling assumes the covariance of the g–g
ensing signal is dominated by the Gaussian covariance. Since we are
xtrapolating from small regions with significant boundary effects in 
ur large-scale bin, this is only an approximation. We theoretically 
est the different components of the covariance in Appendix A for
our interest. The large-scale information of future DECaLS ×BGS 

an reach > 50 σ , which is stronger than most of the current g–g
ensing data, and will be very promising in studying the current S 8 
ension (Hildebrandt et al. 2017 ; Hikage et al. 2019 ; Hamana et al.
020 ; Planck Collaboration I 2020 ; Asgari et al. 2021 ; Heymans
t al. 2021 ; Abbott et al. 2022 ; Amon et al. 2022 ; Secco et al. 2022 ).
he contribution from LRGs and ELGs, and possibly QSOs in the

uture, can also offer independent cosmological information. 
We note that the S/N predictions in Table 1 ignored the potential

ias from systematics, such as residual shear multiplicative bias 
 and redshift distribution n ( z). The existence of the shear multi-
licative bias m will change the lensing efficiency from q s to (1 +
 ) q s in equations ( 1 ) and ( 2 ). The bias in redshift distribution �z

ill change the redshift distribution for the source galaxies from 

 s ( χ s ( z s )) to n s ( χ s ( z s − �z)) in equation ( 2 ), so that the whole
edshift distribution is shifted towards higher z direction by �z. 
 or e xample, if we assume the residual multiplicativ e bias is | m | ∼
.05 (which is found for some DECaLS galaxy subsamples as in
hriksee et al. 2020 ; Yao et al. 2020 ), and enlarge the covariance

o account for this potential bias, then the S/N of DECaLS ×BGS
t large scale will be reduced from > 50 σ to ∼20 σ . This is a huge
oss of cosmological information, although ∼20 σ is still comparable 
MNRAS 524, 6071–6084 (2023) 
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Figure 7. The g alaxy–g alaxy lensing angular correlation functions, corre- 
sponding to the galaxies samples in Fig. 6 . The theoretical curves are given 
by the fiducial cosmology and the assumed galaxy bias model. The (small 
scale, large scale) detection significance are ( −0.3, 1.4) for ELG ×DECaLS, 
( −1.1, 1.4) for ELG ×KiDS, and (2.5, 2.6) for ELG ×HSC. The ne gativ e 
values at small scale represent ne gativ e measurements, which might be due 
to the non-linear galaxy bias, satellite fraction, or shot noise. 
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Table 1. Forecast the future statistical power (upper table) and cali
lensing. We summarize the S/N of the DESI 1 per cent surv e y (SV
ideal final S/N with full DESI, by rescaling the covariance based o
calibrated. We note that the ELG measurements become ne gativ e 
From this table, we see that the advantage of DECaLS is at low- z (
focus on the forecast for the large-scale results (for cosmology) wit
present the possible bias in the forecasted S/N, namely � S/N. It inc
measurement, and residual systematical bias from the data calibratio
the 1 σ error from Figs 2 , 5 , and 7 , and is scale independent and reds
is also scale independent, while the contribution from redshift bias �
multiplicative bias | m | ∼ 0.05 (Phriksee et al. 2020 ; Yao et al. 2020 )
DR8, | m | ≤ 0.015 and | �z| ≤ 0.013 for KiDS (Asgari et al. 2021 ), a
Li et al. 2023 ) to predict their systematical error in the forecasted 
requirement of < 0.31 σ following Section 2.5 . If the potential bias i
is satisfied already. 

Surv e y SV3 o v erlap SV3 S/N [small scale, large scale] 
(deg 2 ) BGS LRG ELG 

DECaLS 106 [9.1, 5.8] [3.5, 1.9] [ −0.3, 1.4
KiDS 55 [10.2, 3.9] [8.7, 2.2] [ −1.1, 1.4
HSC 48 [16.1, 4.3] [10.6, 2.4] [2.5, 2.6] 

Surv e y Forecast potential bias � S/N 

( ×BGS, large scale) Statistical Systematical 

DECaLS ±9.2 ±5 per cent ( m ) ±
1 . 4 per cent ( �z) 

KiDS ±2.9 ±1 . 5 per cent ( m ) ±
0 . 8 per cent ( �z) 

HSC ±3.9 ±1 per cent ( m ) ±
1 . 6 per cent ( �z) 
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o the ∼11 σ of KiDS-DR4 and ∼17 σ of HSC-Y3. Therefore, we
mphasize the importance of calibrating DECaLS data in a more
recise way in the future for reliable cosmological measurements.
e note the current measurements with DESI 1 per cent surv e y

ave S/N 	 20 σ , therefore the impacts from such biases are still
ithin the error budget. The assumed systematics can enlarge the

arge(small)-scale uncertainties from ∼17 per cent ( ∼10 per cent ) to
18 per cent ( ∼12 per cent ). 
We further estimate the requirements on the DECaLS calibrations

or precision cosmology. We e v aluate the fractional bias in the
easured correlation function w 

gG , considering some residual multi-
licative bias m and redshift bias �z, and present the results in Fig. 8 .
o safely use the ∼50 σ data from the large scale of DECaLS ×BGS,

he residual multiplicative bias alone need to be controlled within
 m | < 0.02, and the mean of the redshift distribution of the source
alaxies 〈 z〉 need to be controlled within | �z| < 0.03 on its own. The
et bias considering both m and �z should be controlled in between
he orange dotted curves in Fig. 8 . To safely use the cosmological
nformation in both the large scale and the small scale, with o v erall
/N ∼ 100 σ , we require the calibrations to have | m | < 0.01 and | �z|
 0.015 individually, while the net bias considering both m and �z

hould be controlled in between the blue dashed curves in Fig. 8 . 
We note that using tomography and combining g–g lensing
easurements from different density tracers (BGS, LRGs, ELGs,

nd possibly QSOs in the future) can bring stronger S/N, so the
equirements on the calibration terms will be stricter. Ho we ver, these
tudies will require a much larger covariance, thus more jackknife
ubregions and much larger overlapped regions, which are beyond
bration targets for the systematics (lower table) for DESI g–g 
3) g–g lensing results in Figs 2 , 5 , and 7 , and forecast the 
n the o v erlapped area, assuming DECaLS data can be well 

sometimes, and therefore decide not to predict its final S/N. 
with BGS) and large scale. In the lower part of the table, we 
h DESI BGS (as the y hav e the highest S/N), and additionally 
ludes the contribution from the statistical error of the current 
n. The statistical contribution of � S/N results from rescaling 
hift independent. The contribution from multiplicative bias m 

z is weakly scale dependent and redshift dependent. We use 
 and redshift bias | �z| ∼ 0.02 (Zhou et al. 2021 ) for DECaLS 
nd | m | ∼ 0.01 and | �z| ≤ 0.038 for HSC (Hikage et al. 2019 ; 
S/N. We also estimate the tolerance for the biases using the 
s smaller than the tolerance, we suggest the calibration target 

Full o v erlap Ideal forecast S/N [small scale, large scale] 
(deg 2 ) BGS LRG ELG 

] ∼9000 [83.8, 53.4] [32.2, 17.5] [N/A, 12.9] 
] 456 (DR4) [29.3, 11.2] [25.1, 6.3] [N/A, 4.0] 

733 (Y3) [62.9, 16.8] [41.4, 9.4] [9.8, 10.2] 

Bias tolerance Calibration satisfied? (Y/N) 
m �z m �z 

0.006 0.008 N N 

0.028 0.045 Y Y 

0.018 0.043 Y Y 
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Figure 8. The impact of the residual shear multiplicative bias m and the 
bias in the redshift distribution �z. For different m and �z, we evaluate the 
resulting w bias / w true at the large scale of Figs 2 , 5 , and 7 ( θ ∼ 51 arcmin) and 
show the ratio as the colour map. The effect of m is totally scale independent, 
while the effect of �z is weakly scale dependent, which can bring an 
additional ∼20 per cent difference at maximum. We also show where the 
bias from m and �z perfectly cancel each other (black solid curve), and the 
location where the net bias reaches ±0.01 (blue dashed curve) and ±0.02 
(orange dotted curve). 

t  

w

4

S  

(  

s
c  

a  

a

n  

i  

t
R  

i
 

a
w
θ

c  

u
t
c
i  

t  

R  

t  

d  

w
f
b

Figure 9. The Markov chain Monte Carlo (MCMC) posterior PDF of the 
shear ratio measurements for BGS ×DECaLS using equations ( 4 ) and ( 5 ), 
with different maximum θ binning. The galaxies are distributed as in Fig. 1 , 
with source galaxies split into 0.6 < z p < 0.9 and 0.9 < z p < 1.5. The 
constraint on the shear ratio is stronger when we apply more θ -bins at larger 
scales. We use the two small-scale angular bins ( θ < ∼4 arcmin, shown in 
orange) as our fiducial analysis, as in Fig. 3 , with a resulting R = 1 . 21 + 0 . 42 

−0 . 35 . 
All the results agree with the theoretical prediction in the blue R ( θ ) curve, 
which has a weak angular variation between 1.13 and 1.18. When rescaling 
the covariance to the final o v erlap of DESI ×DECaLS, the shear ratio can be 
constrained as good as σR ∼ 0.04 when using the small-scale information 
(rescale the orange distribution), and σR ∼ 0.03 when using the full scale 
(rescale the purple distribution). 

r  

a  

s  

C  

σ

r  

a  

c
2

4

W  

a  

w  

o  

E  

f  

d  

l
m
s  

a
 

a  

D  

r  

C

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/4/6071/7231812 by U
niversity of C

alifornia Library - Berkeley Library user on 14 February 2024
he ability of the current data size. We leave this study to future
orks. 

.3 Shear ratio 

hear ratio is a powerful tool to probe cosmology or test systematics
Giblin et al. 2021 ; S ́anchez et al. 2022 ), and it is insensitive to many
mall-scale physics. As shown in Table 1 , DECaLS ×DESI, espe- 
ially for the BGS and LRGs, can offer very high S/N measurements
t the small scale. We take the BGS from the DESI 1 per cent surv e y
s an example to study this topic. 

The galaxy samples are distributed similarly to the BGS ×DECaLS 

 ( z) as in Fig. 1 , but in addition, the source galaxies are further split
nto two groups: 0.6 < z p < 0.9 and 0.9 < z p < 1.5. We calculated
he corresponding correlations w 

gG 
1 and w 

gG 
2 , and their ratio with 

 = w 

gG 
2 /w 

gG 
1 , following equations ( 4 ) and ( 5 ) and the description

n Section 2.2 . 
The shear ratio results are shown in Fig. 9 . Following the same

ngular binning as in Fig. 3 for the correlation measurements, 
e show the shear ratio measurements with different maximum 

binning. As we include more angular bins at large scale, the 
onstraints on the shear ratio R also impro v es. Our fiducial analysis
ses the two small-scale angular bins with θ < ∼4 arcmin, since 
he three large-scale bins are expected in the direct two-point 
osmology study, as described in Section 4.1 . The current small-scale 
nformation can constrain shear ratio at R = 1 . 21 + 0 . 42 

−0 . 35 , as shown in
he orange distribution in Fig. 9 . The theoretical prediction (using
 = w 

gG 
2 /w 

gG 
1 , equations 1 and 3 ) has a weak angular dependence

hat varies between 1.13 and 1.18. This small angular variation is

ue to the angular dependence in P 

(
k = 

� + 1 / 2 
χ

, z 
)

in equation ( 1 ),

hich is not fully cancelled when taking the ratio using correlation 
unctions. We note this weak angular dependence is small and can 
e easily taken into account in the theoretical predictions. 
To predict the constraining power when full DESI finishes, we 
escaled the covariance based on the o v erlapped area as in Table 1 ,
nd find the shear ratio can be constrained at σ R = 0.04 with the
mall-scale information, which is not used in getting the S 8 constraint.
onsidering full information for the shear ratio study, we can obtain
R = 0.03. These statistical errors are comparable with the shear 

atio studies in S ́anchez et al. ( 2022 ) with DES-Y3 data, showing
 promising future in using shear ratio to impro v e cosmological
onstraint and/or to further constrain the systematics (Giblin et al. 
021 ). 

.4 Cosmic magnification 

e discussed that the ELG ×DECaLS results have low S/N in Figs 6
nd 7 and Table 1 , as the ELGs are mainly distributed at large- z,
hile the advantage of DECaLS is at low- z. On the other hand, this
pens a window to the study of cosmic magnification by putting the
LGs at high- z and using shear from low- z DECaLS galaxies. We

ollow the methodology in Liu et al. ( 2021 ) and use galaxy samples
istributed as in Fig. 10 . The DECaLS galaxies are located at a much
ower photo- z compared with the ELGs, as in the targeted shear–

agnification correlation, the shear–density correlation exists as a 
ource of systematics when even a small fraction of shear galaxies
ppear at higher z than the ELGs. 

The measurements are shown in Fig. 11 . We find positive signals
t the small scale, and null detections at the large scale, for all
ECaLS, KiDS, and HSC. We tested the 45 ◦ rotation of the shear,

esulting in consistency with 0 on all scales for all the source samples.
onsidering the similar calculation with the extended Baryon Oscil- 
MNRAS 524, 6071–6084 (2023) 
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M

Figure 10. The redshift distribution for high- z ELGs (1 < z < 1.6) and low- z 
source galaxies (0.4 < z p < 0.7) for magnification study. The choice of such 
a large redshift gap is to prevent potential leakage due to photo- z inaccuracy. 
The numbers in the labels are the number of galaxies in the o v erlapped re gion. 

Figure 11. The magnification(ELGs)–shear correlation measurements, cor- 
responding to the galaxy samples in Fig. 10 . The theoretical curves are based 
on equation ( 6 ), assuming g μ, eff = 1 as a reference, and no contribution 
from intrinsic alignment, which can potential lower the theoretical curve and 
weaken the measurement. The (small scale, large scale) detection significance 
for ELG ×DECaLS are (2.2, 0.3), for ELG ×KiDS are (1.2, −0.3), and for 
ELG ×HSC are (2.8, −0.3). The ne gativ e values at the large scale represent 
ne gativ e measurements, which might be due to shot noise, sample variance, 
or impact from systematics with ne gativ e values, like intrinsic alignment if 
there exists some photo- z outlier. 

Table 2. Best-fitting amplitude g μ, eff for the cosmic magnification. The 
upper part corresponds to the results in Fig. 11 for DECaLS, KiDS, HSC, and 
the combination of them (the ‘all’ case). We find with the DESI 1 per cent 
surv e y, we can already detect cosmic magnification at ∼3.1 σ for the shear 
galaxies distributed at 0.4 < z p < 0.7, while the z p < 0.4 galaxies are mainly 
contributing noise as it corresponding lensing efficiency (equation 2 ) is low. 
The degrees of freedom is calculated as dof = N data − N para . We see no 
significant deviation between data and model as χ2 /dof ∼ 1. 

Case g μ, eff S/N χ2 /dof 

DECaLS 0.4 < z p < 0.7 10 . 6 + 5 . 2 −5 . 8 1.8 σ 0.6/1 

KiDS 0.4 < z p < 0.7 4 . 2 + 6 . 0 −5 . 7 0.7 σ 1.3/1 

HSC 0.4 < z p < 0.7 5 . 6 + 2 . 3 −2 . 3 2.4 σ 1.1/1 

All 0.4 < z p < 0.7 6 . 1 + 1 . 9 −2 . 0 3.1 σ 3.9/5 

All 0 < z p < 0.7 5 . 3 + 2 . 0 −2 . 0 2.7 σ 12.5/11 
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NRAS 524, 6071–6084 (2023) 
ation Spectroscopic Surv e y (eBOSS) ELGs 4 and DECaLS sources
s a reference, we found the measurements are consistent with 0
n all scales, see Appendix B for details. In the measurements of
ig. 11 , the null detections at the large scale could be due to cosmic
ariance or some ne gativ e systematics such as intrinsic alignment.
he positive measurements at the small scale could be due to the

argeted magnification signals, the cosmic variance, or photo- z errors.
e note to separate these different signals, either a stronger signal
ith clear angular dependencies or additional observables are needed

o break the de generac y. 
As a further step, we present an ef fecti ve amplitude fitting of g μ, eff 

or the magnification signals, following equation ( 7 ), in Table 2 .
e find ∼1 σ measurement for KiDS and ∼2 σ measurement for
ECaLS and HSC. Considering the ELG samples are quite similar

s shown in Fig. 10 , and the three best-fitting g μ, eff amplitudes
re consistent, we e v aluated the combined best fit, achieving ∼3 σ
ignificance. The covariance between different surv e ys is ignored for
he combined estimation, as shot noise is more dominant in this case
han the cosmic variance. Additionally, we find that by including
hear galaxies from 0 < z p < 0.4, the significance of magnification
etection drops, due to the low- z data having much weaker lensing
fficiency as in equation ( 2 ), and is mainly contributing noise. 

The fitting goodness of the reduced χ2 (defined by the χ2 between
he best fit and the data, divided by the degrees of freedom) is
enerally close to ∼1 for each case. This shows no significant
eviation between the model and the data. The detected ∼3 σ positive
ignal can be either due to the cosmic magnification, or very similar
tochastic photo- z outliers between the three lensing surv e ys. As
ECaLS, KiDS, and HSC have totally different photometric bands,
hoto- z algorithms, and training samples, we think the detected
ignals are less likely due to the similar photo- z outliers, and more
ikely to be the cosmic magnification signal. Therefore, by assuming
he combined best fit of g μ, eff ∼ 6.1 as the true value and rescaling
he covariance similar to Table 1 , we expect ∼10 σ detection for
ECaLS DR9, which is very promising for a Stage III lensing surv e y.
y then, with a better understanding of the systematics such as IA
nd photo- z outlier, these cross-correlations can bring very promising
onstraining power in studying cosmic magnification. We can choose
o (1) cut a complete and flux-limited sample and compare it with the
ux function; (2) try to use the given DESI completeness and flux
unction to find a relation of g μ, eff ( α) rather than g μ = 2( α − 1); (3)
ompare with realistic mocks to infer g μ, eff ; and (4) add an artificial

https://www.sdss.org/surveys/eboss/
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ensing signal κ to real data and infer g μ, eff as a response ∂ δL 
g / ∂ κ ,

imilar to metacalibration (Huff & Mandelbaum 2017 ; Sheldon & 

uff 2017 ) or Fourier Power Function Shapelets (FPFS; Li, Li &
assey 2022b ; Li & Mandelbaum 2023 ). 

 C O N C L U S I O N S  

n this work, we study the cross-correlations between DESI 1 per cent
urv e y galaxies and shear measured from DECaLS, one of the
maging surv e ys for DESI target selection. For the 1 per cent DESI
ata, DECaLS can have comparable performances compared with the 
ain Stage III lensing surv e ys KiDS and HSC. More specifically, we
easure the cross-correlations of DESI BGS/LRGs/ELGs ×different 

hear catalogue, shown in Figs 2 , 5 , and 7 . We forecast the level of
ignificance with full DESI data in Table 1 . Assuming systematic 
rrors can be cleaned with high precision in the future, we find
he large-scale S/N could reach > 50 σ for DECaLS ×BGS, > 15 σ
or DECaLS ×LRG, and > 10 σ for DECaLS ×ELG, which are very
romising before the Stage IV surv e ys come out. 
We point out that the main difficulty in obtaining DECaLS 

osmology is the calibrations for the systematics. In order to safely 
se the large-scale ∼50 σ information of BGS ×DECaLS, we need to 
chieve the minimum requirements on (1) the multiplicative bias of 
 m | < 0.006 and (2) the mean of redshift distribution | �z| < 0.008,
hen requiring the introduced bias follows < 0.31 σ . To safely use

he full-scale ∼100 σ data, the requirement is a factor of 2 stronger.
he requirement could be even higher when combining different 
bservables, but it will require a larger footprint than the 1 per cent
urv e y for the study. These requirements are essential guides for
uture calibrations and studies on cosmology. 

To fully use the advantage of DECaLS, we further explored two 
romising observables, the shear ratio and the cosmic magnification. 
e show the current 1 per cent BGS data can constrain shear ratio
ith σ R ∼ 0.4, while the full DESI BGS can give σ R ∼ 0.04 using
nly the small-scale information, as shown in Fig. 9 . Furthermore, 
eak detections of potential cosmic magnification are shown in 
ig. 11 and Table 2 . We discussed how the possible systematics
an affect this signal in Section 4.4 . We also expect DECaLS to
ave a strong contribution ( ∼10 σ detection) to future magnifica- 
ion studies, if the observed signals in this work are not due to
uctuations. 
To summarize, DECaLS lensing is a very promising tool that can 

nrich the cosmological output of DESI. It will bring new cosmolog- 
cal information with its huge footprint. It has great advantages in the
arge-scale and the low- z information, after carefully addressing the 
ystematics. It will offer strong S/N for shear ratio study, and good
otential in measuring cosmic magnification. Careful calibrations 
f the shear and redshift distribution can result in very promising
utcomes. 
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Figure A1. The theoretical covariance matrix (normalized, i.e. correlation 
coefficient) for the DECaLS ×BGS angular power spectrum, corresponding to 
the measurements in Fig. 3 and the DECaLS results in Fig. 2 . It is clear that the 
Gaussian component in the total covariance is much larger than the connected 
non-Gaussian component and the supersample covariance component. 
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PPEN D IX  A :  T H E O R E T I C A L  C OVA R I A N C E  

n this appendix, we test the Gaussian covariance assumption 
eing used in Table 1 . We use DECaLS ×BGS and KiDS ×BGS
s examples, using the same galaxy number densities and redshift 
istributions as in Fig. 1 , and the same area as shown in Table 1 . The
ngular power spectrum C 

gG ( � ) is calculated within range 10 < � <
0 000, binned with �� = 0.2 � , thus total 37 angular bins. We follow
he procedures in Joachimi et al. ( 2021 ) and divide the components
nto Gaussian covariance, connected non-Gaussian covariance, and 
upersample covariance. 

The Gaussian covariance is calculated by 

ov G ( � 1 , � 2 ) = 

δ� 1 ,� 2 

(2 � + 1) ��f sky 

[ (
C 

gG 
)2 + ( C 

gg + N 

gg ) 
(
C 

GG + N 

GG 
)] 

, (A1) 

here δ� 1 ,� 2 is the Kronecker delta function; C 

gG , C 

gg , and C 

GG are
he g alaxy–lensing, g alaxy–g alaxy, lensing–lensing angular power 
pectrum, respectively; N 

gg = 4 πf sky / N g and N 

GG = 4 πf sky γ
2 
rms /N G 

re the shot noise for C 

gg and C 

GG , where f sky is the fraction of sky of
he o v erlapped area, N g and N G are the total number of the galaxies
or the lens and source. 
The connected non-Gaussian covariance (Takada & Jain 2004 ) is 
alculated by 

ov cNG ( � 1 , � 2 ) = 

∫ 
d χ

b 2 g n 
2 
l ( χ) q 2 s ( χ) 

χ6 
T m 

(
� 1 + 1 / 2 

χ
, 
� 2 + 1 / 2 

χ
, a( χ) 

)
, (A2) 

here n l and q s are the lens distribution and source lensing efficiency,
 g denotes the lens galaxy bias, χ denotes the comoving distance, 
ame as those in equation ( 1 ); T m 

is the matter trispectrum, calculated
sing a halo model formalism (Joachimi et al. 2021 ). We assume the
avarro–Frenk–White (NFW) halo profile (Navarro, Frenk & White 
996 ) with a concentration–mass relation (Duffy et al. 2008 ), a halo
ass function (Tinker et al. 2008 ), and a halo bias (Tinker et al.

010 ). 
The supersample covariance (Takada & Hu 2013 ) is calculated 

y 

ov SSC ( � 1 , � 2 ) = 

∫ 
d χ

b 2 g n 
2 
l ( χ) q 2 s ( χ) 

χ6 

∂ P δ( � 1 /χ) 

∂ δb 

∂ P δ( � 2 /χ) 

∂ δb 
σ 2 

b ( χ) , (A3) 

here the deri v ati ve of ∂ P δ/ ∂ δb gi ves the response of the matter
ower spectrum to a change of the background density contrast δb ,
hile σ 2 

b denotes the variance of the background matter fluctuations 
n the given footprint. In this test, we use a circular disc that co v ers
he same area as the given survey to calculate σ 2 

b . 
The calculation is performed with the halo model tools in PYCCL .
e show the results of DECaLS ×BGS in Fig. A1 and KiDS ×BGS in

ig. A2 . It is clear that the contribution from connected non-Gaussian
ovariance and supersample covariance in DECaLS is negligible, so 
 Gaussian covariance can be fairly assumed for DECaLS in Table 1 .
he Gaussian covariance is still dominant in KiDS, ho we ver, the
ontribution from the other two is not negligible. Therefore, due to
he small footprint, the forecasted S/N for KiDS and HSC in Table 1
o longer scales exactly with the overlapped area. 
We note that this test for different components of the covariance 

s only used to make an estimated comparison. Before using those
ovariances directly in the study, one needs to take care of the non-
inear galaxy bias b g , the exact shape of the footprint that produces

2 
b , and build simulations to validate the accuracy of the theoretical
ovariance transferring from angular power spectrum to correlation 
unctions as in Joachimi et al. ( 2021 ). Therefore, we choose to stick
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igure A2. The theoretical covariance matrix (normalized, i.e. correlation
oefficient) for the KiDS ×BGS angular power spectrum, corresponding to
he measurements of the KiDS results in Fig. 2 . The Gaussian component in
he total covariance is still the dominant part. But the connected non-Gaussian
omponent and the supersample covariance component are relatively larger
han Fig. A1 and are no longer negligible. 

ith the data-driven jackknife covariance introduced in the main text,
hile we note that this effect could potentially reduce the forecasted
/N for KiDS and HSC in Table 1 . 

PPENDIX  B:  EBOSS  E L G S  ×D E C A L S  SHEAR  

e show the cosmic magnification measurements using eBOSS
LGs ×DECaLS shear, following a similar procedure as described in
ections 2.3 and 4.4 . The o v erlapped area between eBOSS ELGs and
ECaLS shear is ∼930 deg 2 , which enables us to use 200 jackknife

ubre gions and fiv e angular bins, while we calculate the correlation
n the angular range of 0.5 < θ < 120 arcmin, which is wider than
ig. 3 , see discussions in Section 4.1 . 
In Fig. B1 , we show the galaxy redshift distribution being used

n this measurement. We see that the eBOSS ELGs are distributed
t lower redshift compared with DESI ELGs in Fig. 10 , and more
alaxies are used in this eBOSS measurement. The corresponding
orrelation function measurement is shown in Fig. B2 , which is
onsistent with 0. We think this is due to the fact that the galaxy
umber density for the eBOSS ELGs is much lower than the DESI
LGs, leading to a larger shot noise. 
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( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
igure B1. The galaxy redshift distribution for the eBOSS ELGs (blue) and
hoto- z distribution for DECaLS (orange). We use 0 < z p < 0.5 for DECaLS
nd z > 0.7 for eBOSS ELGs. The redshift ranges are generally lower than
n Fig. 10 as eBOSS ELGs are at lower redshift than DESI ELGs. 

igure B2. The magnification(ELGs)–shear correlation measurements for
BOSS ×DECaLS. Unlike Fig. 11 for DESI, this measurement is consistent
ith 0. 
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