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ABSTRACT

Aims. Calibrating the point spread function (PSF) is a fundamental part of weak gravitational lensing analyses. Even with corrected
galaxy images, imperfect calibrations can introduce biases. We propose an analytical framework for quantifying PSF-induced system-
atics as diagnostics for cross-correlation measurements of weak lensing with density tracers; for example, galaxy-galaxy lensing. We
show how those systematics propagate to physical parameters of the density tracers. Those diagnostics only require a shape catalog of
PSF stars and foreground galaxy positions.

Methods. We considered the PSF-induced multiplicative bias, and introduced three second-order statistics as additive biases. We
computed both biases for the weak-lensing derived halo mass of spectroscopic foreground galaxy samples; in particular, their effect
on the tangential shear and fit halo mass as a function of stellar mass. In addition, we assessed their impact on the recently published
black-hole — halo-mass relation for type I active galactic nuclei (AGNs).

Results. Using weak-lensing catalogs from the Ultraviolet Near Infrared Optical Northern Survey (UNIONS) and the Dark Energy
Survey (DES), we find the multiplicative biases in the tangential shear to be less than 0.5%. No correlations between additive bias
and galaxy properties of the foreground sample are detected. The combined PSF systematics affect low-mass galaxies and small
angular scales; halo mass estimates can be biased by up to 18% for a sample of central galaxies in the stellar mass range of 9.0 <
log M./My <9.5.

Conclusions. The PSF-induced multiplicative bias is a subdominant contribution to current studies of weak-lensing — density cross-
correlations, but might become significant for upcoming stage IV surveys. For samples with a low tangential shear, additive PSF

, Lucie Baumont!®,

systematics can induce a significant bias on derived properties such as the halo mass.

Key words. methods: statistical — galaxies: halos — cosmology: observations — large-scale structure of Universe

1. Introduction

Light from distant galaxies on its way to the observer is affected
by gravitational fields along the line of sight, distorting the light
distribution of the galaxies we observe. Weak gravitational lens-
ing refers to the typical few-percent distortions of the galaxy
image due to large-scale structure in the foreground (Jarvis et al.
2016). Weak lensing enables us to measure the distribution of
the total foreground mass, which consists of baryonic and dark
matter. Therefore, it is a powerful tool for studying cosmology
(Kilbinger 2015; Mandelbaum 2018).

Among the main applications of weak lensing is galaxy-
galaxy lensing, which is the correlation between the shapes
of background galaxies and the positions of foreground galax-
ies. Many studies have used this method to estimate the (dark
matter) halo mass, establishing various relations between the
halo mass and galaxy properties (Mandelbaum et al. 2006;

* Corresponding author; martin.kilbinger@cea. fr,
ziwen@mail.ustc.edu.cn

Leauthaud et al. 2012; Velander et al. 2014; Viola et al. 2015;
Luo et al. 2018; Zhang et al. 2021, 2022, 2024).

There are a number of potential systematics that can bias
weak-lensing measurements (Jarvis et al. 2016), such as: con-
tamination from cosmic rays and satellite trails, charge-coupled
device (CCD) effects including charge-transfer inefficiency, non-
linearity, or the brighter-fatter effect, which hinders the mea-
surement of the galaxy brightness distribution; observed galaxy
intensity profiles that may be contaminated by the flux from
nearby galaxies or stars; and observed images of galaxies that
are blurred due to atmospheric refraction or turbulence and opti-
cal imperfections. The combined effect of image blurring due
to the atmosphere and the optical system is known as the point
spread function (PSF; see for a recent focused review Liaudat
et al. 2023).

The PSF can strongly smear the weak-lensing shear infor-
mation in the observed galaxy shapes (Jarvis et al. 2021). In
addition, the PSF is difficult to estimate because it varies with
the field of view (FoV) and across individual exposures in
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multi-epoch observations. Therefore, a central part of weak-
lensing analyses and a formidable challenge is to correct for the
PSF in observed galaxy images. Nevertheless, even after PSF
correction, systematic errors can remain, induced by imperfec-
tions in the PSF model and the interpolation process (Jarvis et al.
2016).

Various methods exist to quantify PSF-induced systemat-
ics for weak lensing. For cosmic shear, the p statistics (Rowe
2010; Jarvis et al. 2016) are additive biases to the shear two-
point correlation function and directly propagate to cosmolog-
ical parameters. A generalisation is so-called 7 statistics (Gatti
et al. 2021) that allows one to separately estimate the impact
of PSF leakage and PSF model errors on galaxy shapes. The
PSF leakage quantifies, via the multiplicative parameter @, how
much the PSF ellipticity influences the PSF-corrected galaxy
ellipticity.

For galaxy-galaxy lensing, two kinds of null-test estimators
have been developed. The first is the tangential shear around
positions that are not correlated with the density tracers in an
ideal setting. These can be random positions (Mandelbaum et al.
2005), stars, or points fixed to a CCD-frame coordinate sys-
tem (Gatti et al. 2021). The second type of null test is the
cross-component shear measured around the foreground sample,
which is expected to vanish if parity is conserved.

So far, to the best of our knowledge, no PSF systematic diag-
nostics have been devised for lensing around foreground density
tracers that directly propagate to parameters of the foreground
population. Here, we have developed a set of three galaxy-PSF
cross-correlation functions, which we dub “A statistics”, which
are additive terms to the tangential shear around arbitrary den-
sity tracers such as galaxies, galaxy clusters, filaments, or voids.
The A statistics for weak lensing of density tracers are the analog
of the p statistics for cosmic shear.

In the study of galaxy evolution, a common approach is to
relate galaxy properties to their halo mass (scaling relation), and
thus reveal the evolutionary paths of different galaxies in their
dark matter environment (Posti et al. 2019; Zhang et al. 2021,
2022, 2024). We have examined two scaling relations in this
paper; namely, the stellar-mass — halo-mass relation (SHMR)
and the black-hole-mass — halo-mass relation. Various studies
have investigated these relations in terms of analytic models
(Bower et al. 2017), abundance matching (Shankar et al. 2020;
Moster et al. 2010; Yang et al. 2009), and weak lensing (Zhang
et al. 2024; Li et al. 2024). Of these, weak lensing is the most
direct observational method for probing halo mass. The accuracy
of scaling relations is affected by the accuracy of the halo mass
estimates. In this paper, we have developed a method of quantify-
ing the impact of PSF-induced systematics on the weak-lensing
signal and also the halo mass estimates.

The outline of this paper is as follows. We describe the
weak-lensing catalogs and the foreground sample selections in
Sect. 2. Section 3 introduces the A statistics, and presents the
methods of quantifying PSF-induced multiplicative and addi-
tive biases for the weak-lensing tangential shear. This section
also briefly reviews the measurement of tangential shear, and
the connection of shear to halo mass. In Sect. 4, we show the
results for PSF-induced multiplicative and additive biases. In
addition, we investigate the impact of PSF-induced systemat-
ics on halo mass estimation. We discuss the implications of
the A statistics in Sect. 5 and summarize our results in Sect. 6.
Throughout this paper, we assume the Planck cosmology (Planck
Collaboration XIII 2016): Q,,, = 0.307, Q, = 0.048, Q = 0.693,
and i = 0.678.
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2. Observational data
2.1. Weak-lensing catalogs
2.1.1. UNIONS

We have used the weak-lensing shear catalog from the Ultra-
violet Near-Infrared Northern Sky Survey (UNIONS). Started
in 2018, UNIONS is an ongoing survey that targets 4800 deg’
in the Northern Hemisphere and covers the footprint of the
Euclid survey (Euclid Collaboration 2022). UNIONS combines
multiband photometric images from different telescopes. These
are the Canada-France Hawai’i Telescope (CFHT) providing
u- and r-band images (this part of UNIONS is called the
Canada-France Imaging Survey or CFIS); the Panoramic Sur-
vey Telescope and Rapid Response System (Pan-STARRS) for
the i and z bands; Subaru, which takes images in the z band in
the framework of WISHES (Wide Imaging with Subaru HSC of
the Euclid Sky); and the g-band Waterloo Hawai’i IfA Survey
(WHIGS). Here, we only use the UNIONS r-band data to calcu-
late the weak-lensing shear. Shape measurement was performed
with SHAPEPIPE (Farrens et al. 2022). A first version of the
ShapePipe catalog was presented in Guinot et al. (2022). In this
paper, we use v1.3 of the catalog, which contains 83,812,739
galaxies covering 3200 deg? of the effective sky area, which was
the available data in 2022 at the time of processing. The PSF was
modeled with MCCD (Liaudat et al. 2021), which builds a non-
parametric multi-CCD model of the PSF over the focal plane. To
obtain the parameters of the PSF model, we use the individual
exposures to select stars. The star sample is defined by the stellar
locus in the size — magnitude diagram. The stars were split into a
training sample (80%) and a validation sample (20%). The PSF
model was obtained by optimization using the training sample.

2.1.2. Dark Energy Survey

We also used the Dark Energy Survey (DES) Y3 weak-lensing
catalog in our analysis (Gatti et al. 2021). The catalog contains
100,204, 026 galaxies, covering 4139 deg” on the sky. Images
were taken in the g, r, i, z, and Y bands and have a weighted
source number density of 5.59 arcmin~2. The corresponding
shape noise is 0.261.

The DES star catalog contains 56 million objects, which
were identified as stars using the stellar locus in the magnitude
range [16.5,22.0]. The PSF was modeled and interpolated using
the PIFF algorithm (PSFs In the Full FOV, Jarvis et al. 2021).
The parametric model for a star i was fit iteratively using neigh-
bouring stars, rejecting outliers until convergence was reached.
Each of the riz bands was fit separately. PIFF is intended to sup-
port fitting to the entire focal plane; however, the DES Y3 catalog
is restricted to single CCD modeling.

2.2. Foreground galaxy catalogs

The following subsections describe the two samples of fore-
ground galaxies that have been used for weak-lensing cross-
correlation analysis in this paper.

2.2.1. Central galaxy samples

We use galaxies from the New York University Value Added
Galaxy Catalog (NYU-VAGC', Blanton et al. 2005) of the Sloan

I http://sdss.physics.nyu.edu/vagc/
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Digital Sky Survey Data Release 7 (SDSS DR7, Abazajian et al.
2009). Three selection criteria were applied to these galaxies:
1) r-band Petrosian apparent magnitude of r < 17.72; 2) spec-
troscopic redshift in the range of 0.01 < z < 0.2; 3) redshift
completeness of C, > 0.7. We only use the central galaxies in
our analysis. They are defined as the most massive galaxy in a
galaxy group, which are identified by the group catalog (Yang
et al. 2003, 2007)2. NYU-VAGC provides the measurements
of stellar mass (M.). We cross-matched our central galaxies
with the MPA-JHU DR7 catalog?, which provides galaxy star-
formation rates (SFR, Brinchmann et al. 2004) derived from both
spectroscopic and photometric data of SDSS.

In the overlapping sky area between SDSS and UNIONS,
there are 126 675 central galaxies. We divided these galaxies
into three stellar-mass bins: 9.0 < log M./My < 9.5, 10.0 <
log M./Mp < 10.5, and 11.0 < log M../Mp < 11.5. We further
divided each stellar-mass bin into star-forming and quenched
subsamples by using the demarcation line from Bluck et al.
(2016).

2.2.2. Active galactic nuclei samples

The AGNSs used here correspond to the type I sample described
in Li et al. (2024). They are collected from two catalogs. The first
one is the SDSS DR16 Quasar Catalog (Lyke et al. 2020). The
total number of quasars is 750 414 with redshifts in the range of
0.1 < z < 6. Their black-hole masses were estimated by Wu &
Shen (2022) using the full width at half maximum of HB, Mg II,
and C IV broad emission lines from spectroscopic observations.
The black-hole masses used here correspond to the HB emission
lines (see Wu & Shen 2022 for more details).

The second catalog is the SDSS DR7 AGN catalog (Liu et al.
2019), including both quasars and Seyfert galaxies. There are
14 584 AGNs with redshifts less than 0.35. Liu et al. (2019) used
Ha and HB emission lines to measure their corresponding black-
hole masses. We also adopted the black-hole mass based on the
Hp emission line.

We merged the two catalogs with duplicates removed, select-
ing AGNs in the redshift range of 0.05 < z < 0.6. The final cat-
alog of type I AGNs in the joint SDSS-UNIONS footprint con-
tains 14, 649 objects. We divided these AGNs into low, medium,
and high black-hole mass bins, which are log Mgy/My < 7.9,
7.9 < log Mgy /Mg < 8.5, and log My /Mg > 8.5, respectively.
It should be noted that the host galaxies of the selected AGNs
include both central and satellite galaxies.

3. Methods of analysis

This section describes the methods of estimating the impact
of PSF-induced systematics on galaxy ellipticity and tangential
shear, y;. We introduce the A statistics as additive PSF system-
atics to the tangential shear. We discuss our measurement and
modeling methodology and review how physical galaxy proper-
ties such as halo mass are derived from the measured tangential
shear.

3.1. Point spread function error propagation

In general, the observed ellipticity, £°*, of a galaxy is not an

unbiased estimator of shear, vy, at that position. The relation

2 https://gax.sjtu.edu.cn/data/Group.html
3 https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/

between those quantities is, in complex notation to linear order,

%% = & + (1 + m)y + ¢ + 6 + ae™. (1)

Here, £° denotes the intrinsic ellipticity of the galaxy, which is
assumed to have a random orientation, and consequently has a
vanishing expectation value, {(¢*) = 0. m and c are the multi-
plicative and additive biases, respectively. The fourth term on
the right-hand side, d¢, represents the residual in the PSF at the
galaxy position due to errors in PSF measurement, modeling,
and interpolation. The final term quantifies the leakage from the
PSF ellipticity into galaxy ellipticity, which can arise, for exam-
ple, from an insufficient PSF correction during galaxy shape
measurement. The coefficient, a, is the leakage amplitude.

These biases have a variety of origins (Massey et al. 2013):
m can arise from the misestimation of the PSF (Gatti et al. 2021),
but this effect is typically small (Massey et al. 2013). Larger con-
tributions come from calibration errors in the shear measurement
algorithm. The potential origins of ¢ are PSF errors or the incom-
plete application of the charge transfer inefficiency (CTI) (van
Uitert & Schneider 2016; Gatti et al. 2021).

In the model described by Eq. (1), we assume that m and ¢
are not correlated with the PSF; we exclude PSF-induced effects
from these two biases. The additive bias due to the PSF is shown
in the last two terms in Eq. (1). We show below how the PSF
uncertainty induces an additional multiplicative bias that is not
included in the above equation. Since we are primarily focusing
on PSF errors, we assume that the shear measurements have been
accurately calibrated for m and ¢, and set m = ¢ = 0.

Assuming ellipticity to be measured via second moments
of the light distribution, the PSF residual has been derived via
Gaussian error propagation in Paulin-Henriksson et al. (2008) as

N o7t st .
oe = (s"bs - sp“> — - &P 2)
T T

where T is a measure of the galaxy’s intrinsic (PSF de-
convolved) size, and TP the PSF size. We note that these
quantities scale with the area of the object; for a 2d Gaussian
profile with scale o, the relationship is 7 = 20°>. The PSF resid-
ual is induced by the error of the PSF model, which is denoted
as the difference between the measured and modeled PSF in
their size, 6T, and ellipticity, 5Pt Unfortunately, we cannot
directly measure 677" and 6P at galaxy positions. However,
the PSF can be estimated using stars, and PSF residuals can be
obtained at star positions. Therefore, we write Eq. (2) as

pst psf psf _
TROTRT T 3
T Tpsf

Se = (Sobs _ 8psf) - ,

and measure TP/T at galaxy positions, and 67P/TP at star
positions.

3.2. Point-spread-function-induced systematics for tangential
shear

A sample, S, of objects that trace matter in the large-scale struc-
ture induces a tangential shear, >, on background galaxies. This
tangential shear can be written as a second-order correlation
between background shear and the foreground number density,
n. Therefore, an average tangential shear caused by a foreground
sample, S, is

¥S = (nn). 4)
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The observed tangential shear can be expressed as

1= 9" = (eln). )

This calculation is the average of the observed tangential ellip-
ticity of background galaxies, £, around foreground positions.

We can additionally define the cross-component of shear, yy,
rotated by 45 degrees with respect to y;. These two components
can be combined to form the complex shear y = y; + iyx. The
tangential shear, vy, is identified as E-mode, induced via gravi-
tational lensing, whereas the cross-component, yy, indicates the
parity-odd B-mode.

We denote &y, with

%, (6)

the difference between the observed and true shear. Insert-
ing Eq. (1) into Eq. (5), we find the residual tangential shear
component to be

obs

oY ="

S TpSf (STpSf TpSf 6Tp5f st
6Yt = <8tn> + <Tmytn> - < T Tpst glta n>
Tpsf . .
_ <T&9§‘ fn> +{acln). (7)

The correlators can be further expanded under some assump-
tions, as follows. First, we can safely assume that the intrinsic
galaxy ellipticity is uncorrelated with foreground number den-
sity. Next, we assume that the PSF model uncertainties are not
correlated to the shear. Third, we separate out the prefactors
TP/T and a, following Rowe (2010). This yields

Tpsf 6Tpsf Tpsf 6Tpsf of
on={ ) (o) - () )

_ <£Sf> <65F5fn> +a <8F5fi’l> . ®)

T

We define three new cross-correlation functions in analogy to
the p statistics introduced for cosmic shear in Jarvis et al. (2016).
These functions are

/ll — <8€Sf n>;
e ()
A3 = (08" ). 9)

With that, we write the residual tangential shear as

Tpsf 5TpSf P Tpsf
6)/[ = <T><W>7t +a/11 —< T >(/12 +/13).

10)

The first term on the right-hand side, the prefactor of yf ,is a
PSF-induced multiplicative bias. The remaining three terms are
PSF-induced additive biases, expressed as the A statistics; that
is, the correlations between the PSF and foreground positions.
We used the TreeCorr* package (Jarvis 2015) to calculate the
A statistics. Their error bars were estimated using the jackknife
method.

In the case of cosmic shear, the multiplicative term is usually
ignored, and only the additive terms to the shear two-point cor-
relation function, &., are kept. In the following, we consider both

4 https://pypi.org/project/TreeCorr/
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Table 1. Prefactors and PSF leakage, «, for different catalogs.

Parameter UNIONS DES
psf
(%) 13189 1.014
psf
o) -0.0032  0.0003
V() -0.0042  0.0003
@ 0.033  0.001

contributions using two different approaches. The first approach
is indicated in Eq. (10), which assumes a knowledge of ¥ .
However, y; is not a direct observable. Therefore, we adopted
a theoretical model to derive y; given a sample of foreground
tracers, S (see Sect. 3.3 for details). For the second approach, we
calculated ¢y, from the observation by combining Eqgs. (6) and
(10). Consequently, 6y, can be written as

Yo —ady + <%J> (A2 + A3)

obs

=" - . . ; (1D
L+ () ()
where y° is measured by using the shear catalog around fore-

ground tracers, S (see Section 3.4 for the calculation of yfbs).
In the limit where PSF-induced multiplicative bias vanishes, this
expression reduces to Eq. (10).

We refer to the two expressions Egs. (10) and (11) as the

theory-based and observation-based approach, respectively. We

denote the corresponding residual tangential shears as 57;he°ry

and 6)/be, respectively. We adopt the same <m>, <6TTT?>’ and

T
a in calculating 5™ and 6y°". The values of these prefactors

for UNIONS and DES catalogs are listed in Table 1, respectively.

3.3. Theory-based approach and its impact on constraining
halo mass

The key ingredient of the theory-based approach (Eq. (10)) in

calculating the residual tangential shear, 5y"**7, is the derivation
of the model prediction, y; . We used an analytical method based
on three assumptions. All galaxies from the foreground sample
described in Sect. 2.2.1 are central galaxies. We have assumed
that these galaxies follow the SHMR from Kravtsov et al. (2018).
We calculated the average stellar mass of the galaxy sample and
interpolated the SHMR to infer the average halo mass of the
sample. We have also assumed that the halo is described by the
Navarro—Frenk—White (Navarro et al. 1997, NFW) density pro-
file and defined the halo mass as the total mass within a spherical
region of radius rppom, inside of which the mean mass density is
equal to 200 times the mean matter density of the Universe. We
further assumed that the halo mass and halo concentration satisfy
the relation in Bhattacharya et al. (2013). With these assump-
tions, we can use the analytical equations from Yang et al. (2006)
to derive the excess surface density, A.

The relation between AZ, and y> is given by the following
equations:

AS = T ¥
2 Dy
4dnG D] D]S ’

z:crit(Zl’ Zs) = (12)
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where c is the speed of light, G is the gravitational constant, and
Dy, Dg, and Dy are the angular diameter distances to the lens,
to the source, and between the lens and source, respectively. We
adopted the mean redshift of the foreground galaxy sample to
calculate z; and the corresponding D). Instead of using a single
source redshift value for z5, we used the redshift distribution,
n(z), of the UNIONS catalog to derive X via

Zlim
Zgr%t(zl) = f 2;}&21, Zs) 1(zs) dzs, (13)

2

where zji, represents the maximum redshift value in the redshift
distribution of the UNIONS catalog.

Taken together, we can derive y>, and hence 6yihe°ry. The
above approaches were referred to as the Yang-halo model.

The y’ represents the true tangential shear that includes no

systematics, while 5y corresponds to the PSF-induced sys-

tematical uncertainty in tangential shear. Thus, the combination

of y5 + 6yihe°ry corresponds to the inclusion of PSF-induced sys-

tematics to the true tangential shear, according to Eq. (6); that is,

) . th
it corresponds to y°". Therefore, we consider ¥ + dy, " to be

an estimator of y°* and denote it as i/{’bs

To investigate the influence of the 6y:he°ry on the estimated

halo mass, we constrained the halo mass by fitting $° using a
modified version of the Yang-halo model: instead of using the
halo mass — halo concentration relation from Bhattacharya et al.
(2013), we set these two parameters as the free parameters in the
model. The priors of these parameters were chosen to be flat,
with the logarithm of the halo mass (logM,/M;) in the range of
[10.0, 16.0] and halo concentration in the range of [1.0, 16.0]. To
constrain these parameters, we used emcee’ (Foreman-Mackey
et al. 2013) to run a Markov chain Monte Carlo (MCMC). The
likelihood function was set to be
Inf = _% (’i/tObS _ ,y:nodel)T C—l (,iltobs _ ,y{nodel) , (14)
where y™°%! j5 the model prediction and C~! is the inverse of the
covariance matrix.

In the following, the constrained halo masses are the medium
values of the posteriors, and the error bars correspond to 16 and
84% of the posterior distributions.

3.4. Observation-based approach and its impact
on constraining halo mass

To apply the observation-based approach to study the PSF-
induced systematics, we need to obtain the observed tangential
shear, ¥, for a galaxy sample, as is shown in Eq. (11). We used
the UNIONS shear catalog to calculate y{’bs. The ellipticities
of galaxies in UNIONS are calibrated; therefore, the following
equation is accurate enough to perform the calculation:

N
yobs _ Zi Wi Eit
t — T <N
Z,’ w;

where w; and &;; are the weight and the ellipticity in the tangen-
tial direction around the lens of the source galaxy with index i,
respectively. The sum was carried out over all suitable source
galaxies. We calculated & as

(15)

& = —& oS 20 — &, sin 20, (16)

5 https://emcee.readthedocs.io/en/stable/

where € and &, are two ellipticity components of the source
galaxy, and 6 is the angle between the line connecting the lens
and the source and the direction of increasing right ascension.

The source galaxies in UNIONS do not have photometric
redshifts, and we used all of the sources in our calculations.
Some source galaxies are thus in front of the “foreground” galax-
ies and will dilute the observed tangential shear. Eq. (13) models
this dilution correctly.

Based on the UNIONS shear catalog and a given foreground
galaxy sample, we applied TreeCorr to calculate its y°*. The
error bars were estimated using the jackknife method.

We further quantified the impact of the observation-based
approach on halo mass estimates. More specifically, we investi-
gated the impact of PSF-induced systematics on the black-hole-
mass — halo-mass relation. Li et al. (2024) recently investigated
this relation for type I AGNs using the UNIONS shear catalog;
we adopted the same method in Li et al. (2024) to calculate y°®,
and therefore AX,. Then, we derived 67{"’5 with Eq. (11). Follow-
ing the method in Sect. 3.3, we treated y°* — 5y as an estimator
of ¥ and denote it as §; , which represents the estimator of the
true tangential shear without PSF-induced systematics.

We used the halo model introduced in Guzik & Seljak (2002)
and applied in Li et al. (2024) to fit the excess surface density,
A, and Zcmi/f of the AGN sample, respectively. Our model
contains contributions from the central host halo, AX..,, and
satellite host halo, AZ,. It further includes a baryonic term from
the galaxy, AZy, and a two-halo term from the neighbouring
halos, AX,;,. The overall model is

Azt = (1 - fsat) Az:(:en + f%at Azsat + Az:b + AZZh: (17)

where f, describes the fraction of satellite galaxies in the
sample.

We treated the baryonic contribution of the galaxy as a point
mass and considered the stellar mass to be a free parameter in
the model. The two-halo term was calculated by combining the
halo bias model from Tinker et al. (2010) and the linear matter-
matter correlation function from COLOSSUS (Diemer 2018).
The model contains a total of three free parameters, which are the
halo mass (My,), the stellar mass (M,), and the satellite fraction
(fsa), respectively. We constrained these parameters by running
MCMC with the emcee package. The likelihood function is the
same as Eq. (14). We refer to the above model as the AGN-halo
model (see Li et al. 2024 for more details on calculating and
modeling the weak-lensing signals of the AGN samples).

We discussed several versions of tangential shear above, and
to make it easier for the reader to distinguish between them, we
have listed their definitions in Table 2.

3.5. Halo mass change and tangential shear residuals

The average halo mass of a galaxy sample derived from
in the manner described in Sect. 3.3 might be biased by PSF-
induced systematics. To visualize this potential change in halo
mass, we defined a halo mass, le , modified by a percentage, P,
as

M{ = My - (1 +P). (18)

where M}, corresponds to the halo mass derived from the SHMR.
In this way, we can evaluate the percentage change in halo mass
corresponding to PSF-induced residual tangential shear, ¢y(6),
at different angular scales, 6. As before, we used the Yang-
halo model to generate the tangential shears corresponding to
different M.
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Table 2. Definition of different tangential shears.

Tangential shears

Definitions

¥ The true tangential shear

s The observed tangential shear

Sy PSF-induced residual tangential shear calculated by the theory-based approach (Eq. (10))
5y PSF-induced residual tangential shear calculated by the observation-based approach (Eq. (11))
¥ The estimator of the true tangential shear calculated by 2% -5y°bs

Fobs The estimator of the observed tangential shear calculated by 5 +6y"Y

e=3 le=3 e—4

o —— DES, A\ 1.0 —¢— UNIONS, A, 1‘2-_+_ DES, aA; — <¢>Mz+/\3)

' i EE: :; ¢ UNIONS A, LOF —4— UNIONS, aAy — <Z > (4, +A3)

0.5F —#— UNIONS, A3
0.0
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b 04}
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Fig. 1. Comparison of the PSF-induced bias for the DES and UNIONS catalogs based on random positions. The left and middle panels show the
three A statistics for the DES and UNIONS catalogs, respectively. The right panel shows the PSF-induced additive bias for the DES and UNIONS
in red and blue, respectively. The error bars correspond to the 1o~ uncertainty using the jackknife method.

4. Results

In this section, we present our results on the impact of PSF-
induced multiplicative and additive biases on galaxy-galaxy
lensing.

4.1. Point-spread-function-induced multiplicative bias

As was introduced in Eq. (10), the multiplicative bias associ-
ated with the PSF manifests itself as a prefactor. Table 1 shows
the average prefactors for both the UNIONS and DES catalogs.
The PSF leakage, «, is typically computed via ratios of galaxy-
and PSF auto- and cross-correlations. We quote its values from
Guinot et al. (2022) and Gatti et al. (2021) for the UNIONS
and DES catalogs, respectively. For « in the UNIONS catalog,
Guinot et al. (2022) fit values of « at different angular scales.
The average value for all scales in the model fitting method is
a = 0.033.

The PSF-induced multiplicative biases in both catalogs are
lower than 1%, indicating that their PSFs are well calibrated.
This bias is thus smaller than the typical residual multiplicative
bias of current weak-lensing surveys, which is on the order of
1-2% (e.g., Giblin et al. 2021; MacCrann et al. 2022). We con-
clude that the PSF uncertainty is not a major contributor to the
multiplicative bias.

4.2. Point-spread-function-induced additive bias

To examine the overall intrinsic bias levels of the DES and
UNIONS catalogs, we randomly generated 2 000 000 positions
in the survey footprints. We used these random samples as the
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position catalog, n, in Eq. (9). This gives us an indication of
a correlation between the PSF and the footprint mask. The A
statistics for the DES and UNIONS catalogs based on random
positions are shown in the left and middle panels of Fig. 1,
respectively. We find that the A, and A3 in the DES and UNIONS
catalogs are broadly consistent with zero, but the 4, in both cat-
alogs deviates from zero at large angular scales and with large
errors.

We also show the residual tangential shear (additive terms of
Eq. (10)) in the right panel of Fig. 1. The PSF-induced additive
biases for UNIONS and DES are broadly consistent with zero
within the margin of error. The results from the DES catalog
show a lower level of systematics compared to the results from
the UNIONS catalog. The consistency with zero on most angu-
lar scales indicates an accurate PSF correction for both surveys.
However, in regimes in which the tangential shear induced by
a density tracer is below a few x107, the gravitational lensing
shear might be significantly affected by PSF errors.

Previous weak-lensing-based studies have investigated the
relation between galaxy stellar mass and halo mass and found
a positive correlation between these two quantities. The disper-
sion in this relation is however large. In addition, at fixed stellar
mass, quenched galaxies tend to reside in more massive halos
compared to star-forming galaxies (Mandelbaum et al. 2016;
Bilicki et al. 2021; Zhang et al. 2021, 2024). Here, we investigate
whether PSF-induced systematics can bias the relation between
galaxy properties and halo mass.

Galaxy samples have selection functions that depend on their
properties; for example, size, magnitude, or star-formation rate.
The galaxy selection can vary with observing conditions such as
seeing, image quality, and local star and galaxy density. Since
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Fig. 2. PSF-induced additive bias for the central galaxy samples with different stellar mass and SFR. The three panels correspond to the three
stellar-mass bins. In each panel, black circles show all galaxies in the stellar-mass bin, while the red diamonds (blue stars) correspond to the
quenched (star-forming) subsample. These calculations are based on the UNIONS catalog.

these factors also depend on the PSF, the galaxy-galaxy lens-
ing PSF systematics discussed in this work can vary between
different foreground samples.

We calculated the dependence of PSF-induced additive bias
on the foreground galaxy samples with different stellar masses
as well as SFRs (see Sect. 2.2.1 for the sample selections).
We focused on the UNIONS catalog and its large overlap with
SDSS/eBOSS. The PSF-induced additive biases based on differ-
ent stellar-mass samples are shown in Fig. 2. In each stellar-mass
bin, PSF-induced bias is consistent with zero on most angu-
lar scales. This indicates that PSF-induced systematics do not
have a significant effect on the galaxy-galaxy lensing of these
samples.

Also shown are PSF-induced additive biases for subsam-
ples with different SFRs. Overall, the biases of the quenched
and star-forming subsamples are consistent within the error
bars. Therefore, we do not find a significant dependence of
PSF-induced additive bias on stellar mass and SFR.

4.3. The overall point-spread-function-induced systematics
on weak-lensing measurements

We now turn to the overall effect of PSF-induced biases on weak-
lensing measurements and halo mass estimates. We used stellar-
mass samples described in Section 4.2 as density tracers and the
UNIONS star and galaxy catalogs as shape catalogs.

We first applied the theory-based approach introduced in
Sect. 3.3 to predict the theoretical tangential shear, y;, of the
foreground galaxy sample. With that, we calculated the residual

tangential shear, 55", using Eq. (10). Following the method
theory

in Sect. 3.3 (see also Table 2), we adopted §° = y5 + oy, " as
the estimator of the observed tangential shear that now includes
PSF-induced systematics. We then fitted the model described in
Sect. 3.3 to haty?™. By comparing the model fit halo mass with
the corresponding halo mass of y>, we can quantify the differ-
ence in halo mass due to PSF-induced systematics. The results
are shown in the upper panels of Fig. 3.

The tangential shear is most affected by the PSF in the low-
est stellar mass bin, and mainly on small angular scales. The
corresponding halo mass is biased by up to 18%. For higher
stellar masses, the measured halo masses deviate by 11 and 1%,
respectively.

Next, we applied the observation-based approach. We cal-
culated the observed tangential shear, ¥, for the above galaxy
samples, computed 6y°* using Eq. (11), and adopted 35 = y°® —
5y°% as the estimator of the true tangential shear, yf. The com-
parisons are shown in the lower panels of Fig. 3. Similar to the
theory-based approach, PSF-induced systematics mainly affect
the results in the low stellar mass range at a level that is smaller
than the statistical errors.

We compared PSF-induced systematics from the two
approaches and also the residual tangential shear due to halo
mass change (for calculating the halo mass-induced residual
tangential shear, see Sect. 3.5) in Fig. 4. The theory- and
observation-based approaches yield similar results. As is dis-
cussed in Sect. 4.2, the PSF-induced multiplicative bias is very
small so that the residual tangential shear, dy;, is dominated by
the A statistics (PSF-induced additive bias). We further compared
the halo mass-induced residual tangential shear with the PSF-
induced residual tangential shear. On individual angular scales,
PSF-induced systematics can impact the tangential shear corre-
sponding to a change in halo mass significantly exceeding the
average bias of the halo mass. Such residuals can be removed
using the methods described in this work.

Our analysis suggests that the weak-lensing measurements
for the low-mass galaxies are facing potential challenges from
PSF-induced systematics. In addition, the galaxy number density
of these galaxies is low. The current survey depths are insuf-
ficient to detect more low-mass central galaxies. Together, these
drawbacks make the accuracy of the weak-lensing measurements
at the low-mass end always low. The error bars in the lensing
signals are more significant than the PSF-induced systematics
we detect here, making PSF-induced systematics less important.
However, our work may inspire future studies using deeper data,
for which correcting for PSF-induced systematics may become
important.

4.4. Impact of point-spread-function-induced systematics
on the black-hole-mass — halo-mass relation

Recently, Li et al. (2024) studied the black-hole-mass — halo-
mass relation based on SDSS AGNs as foreground samples and
UNIONS as the background shear catalog. We now quantify the
impact of PSF-induced systematics on the halo mass estimates
for the type I AGN samples.
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Fig. 3. Effect of PSF-induced systematics in UNIONS weak lensing by the theory-based and observation-based approaches. Different columns
correspond to the results of galaxy samples in different stellar mass bins. In each upper panel, the solid blue line is the theoretical y¥, while the
red circles with error bars and the dashed red line are the estimator of the observed tangential shear (7°°) and model fitting, respectively. Their
corresponding halo masses are also labeled in the panel. In each lower panel, the blue and red symbols with error bars correspond to the observed
tangential shear (y**) calculated from the UNIONS shear catalog and the estimator of the true tangential shear (37 ), respectively.
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observation-based approaches, respectively. Shaded regions of different colors correspond to the different degrees of the halo mass-induced shear

residuals.

We began by constructing the foreground samples as in Li
et al. (2024) (see Section 2.2.2 for the sample selections). We
then used the methods in Sect. 3.4 to calculate ¥, 97 (see also
Table 2) and their corresponding model fit results, respectively.

These results are shown in Fig. 5.
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The weak-lensing tangential shears in the three black-hole
mass bins are weakly affected by PSF-induced systematics on
scales larger than 2 arcmin. The largest differences appear in
the low-black-hole-mass sample. We used the AGN-halo model

(see Section 3.4) to measure the halo masses for the three AGN
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Fig. 5. Effect of PSF-induced systematics on the black-hole-mass — halo-mass relation, measured with UNIONS. The upper left, upper right,
and lower left panels correspond to the low, medium, and high-black-hole mass AGN samples, respectively. In each panel, blue (red) symbols
show the raw measured y°* (PSF-induced systematics corrected %7 ) tangential shear; lines correspond to the results of the model fitting, with the
corresponding fit halo mass indicated in the panel (see Section 3.4). The lower right panel shows the black-hole-mass — halo-mass relation using
the raw measured (PSF-induced systematics corrected) halo masses in blue (red).

samples. Their black-hole-mass — halo-mass relations are shown
in the lower-right panel of Figure 5. Ignoring PSF-induced biases
leads to a slight but systematic underestimation of the halo
masses in the low and medium-black-hole mass samples, with
the degree of deviation of their halo masses being 15 and 11%,
respectively. These halo mass deviations are however smaller
than the statistical errors.

5. Discussion
5.1. Motivation for the A statistics

In analyses of weak-lensing correlations with density tracers —
for example, weak lensing of clusters or galaxy-galaxy lensing —
null tests and diagnostics of additive biases are used routinely.
These are, for example, the mean tangential shear around non-
tracers such as random points, stars, or coordinates relative to
the CCDs, and the cross-component of shear around tracers or
non-tracer points Mandelbaum et al. (2005). These correlations
are either found to be consistent with zero or very small and

then discarded, or they are subtracted from the tangential shear
to remove this potential systematic effect from the data.

The A statistics Eq. (10) introduced here are motivated in a
similar way. They extend those previous works by quantifying
the contribution of PSF-induced systematics for lensing by fore-
ground density tracers. In particular, our formalism allows for the
propagation of PSF errors to derived physical quantities. Such
quantities are, for example, the average halo mass of foreground
galaxy samples, as is illustrated in this paper. Other examples
not studied here are the halo concentration, galaxy bias parame-
ters, cluster mass calibration for cosmology, the intrinsic galaxy
alignment amplitude, and void density profiles, to name just
a few.

We argue that residuals quantified by the A statistics are
present in all weak-lensing measurements of density tracers. This
is due to the spatially varying PSF within the FoV, a phenomenon
that can lead to a correlation between the PSF and sky position.

Some of the PSF residuals can in principle be removed from
the tangential shear from a density tracer by subtracting the
shear around random points. However, this does not remove
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correlations between PSF and tracer number density. This was
noted in Mandelbaum et al. (2005). The A statistics quantify this
correlation, and correspond to the term {0n ygy,) in Eq. (26) of
Mandelbaum et al. (2005).

5.2. Interpretation of the A-statistic terms

We now provide an intuitive interpretation of the three A-statistic
terms. The function, A, is qualitatively different from the other
two, A, and A3, which can be grouped together.

The first function, A;, quantifies the correlation between
tangential PSF ellipticity and foreground sample position. The
function, Ay, is proportional to the PSF ellipticity, not its residual,
and can be on the order of 10%. For example, the require-
ment on the PSF ellipticity for the Euclid space mission is 0.15
(Laureijs et al. 2011); in UNIONS, the focal-plane PSF elliptic-
ity averaged over atmospheric fluctuations is on the order of 0.05
(Guinot et al. 2022). Multiplied with a PSF leakage, a, at the
percent level (Giblin et al. 2021; Gatti et al. 2021, e.g.,) yields an
additive PSF-induced bias, nalively on the order of 10™#-1073,
which is indeed in the range of sought-after weak-lensing shear
correlations.

For the A;-term to impact the measured tangential shear, the
PSF ellipticity needs to display a spatial pattern that is correlated
to the positions of the foreground sample. An example is the
commonly observed circular PSF pattern in the focal plane and
the foreground sample being a cluster (sample) near the image
centre. We note that the A; term is independent of the quality of
the PSF model.

The second function, A,, weighs the PSF ellipticity-
foreground position correlation by the relative PSF size
residual. This function shows some similarity to p5 =
(&Pt (P s TP/ TPS)) for cosmic shear (see Appendix A). The
third function, A3, is the correlation of PSF ellipticity residu-
als with foreground positions, having a resemblance in p, =
(P 6eP5H*). Both the second and third A statistics contribute to
galaxy-galaxy lensing in the presence of PSF residuals that are
spatially correlated to the positions of the foreground sample.
Such correlations can be induced where detection and selection
of the density tracer populations depend on the PSF. Examples
where PSF residuals can affect the tracer number density are:

— seeing and depth variations;
star-galaxy separation, and cross-contamination of both
samples;
— detector effects such as CTI
— survey strategy; for example scan direction, or fiber
placement;
photometry and photometric redshifts;
local object density (crowded fields) and extinction.
In all of these cases, spurious correlations between PSF residu-
als and tracer positions might be introduced that will be captured
by A, and A3. Some of those effects such as varying seeing will
only give rise to PSF — number density correlations if the lensing
and density tracer catalogs originate from the same data. Others,
such as crowded fields, are intrinsic. The contamination of the
PSF sample by density tracer objects and vice versa can induce
systematic biases studied here, even if they are selected from dif-
ferent surveys, if the target sample consists of small objects close
in size to the PSF in either survey.

5.3. Comparison to the p statistics for cosmic shear

Contrary to the p statistics that were introduced to quantify
PSF systematics for cosmic shear, the A statistics do not involve
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correlations between PSF uncertainties. Instead, they quantify
the correlation of PSF residuals with respect to foreground
positions.

The conditions for nonvanishing A statistics are stronger than
for p # 0. In both cases, we need an imperfect PSF model or
PSF leakage that displays a spatial pattern. In addition, for the A
statistics to be significant, the PSF residual pattern also needs to
be correlated to the positions of the density tracer in question.

Related to this is the second difference between A and p: Cos-
mic shear involves second-order correlations of the statistical
homogeneous and isotropic galaxy shear field. The p statistics
are evaluated not at galaxy positions but at star positions. The
star or PSF ellipticity field can be assumed to be statistically
homogeneous and isotropic. This allows for the addition of the
measured p and &,.

Galaxy-galaxy lensing, however, is the cross-correlation
between two correlated fields, background shear and foreground
density. The second-order correlation estimators are not invari-
ant under translation or rotation of only one of the fields. To
capture PSF systematic correlations, we need to use the actual
galaxy positions.

6. Summary

This paper introduces PSF-induced systematics for weak-lensing
cross-correlations with foreground density tracers. We have
developed a theoretical framework for quantifying PSF-induced
systematics that contributes to both the multiplicative and the
additive bias in weak-lensing tangential shear. In particular,
we introduce three scale-dependent ellipticity-position corre-
lation functions dubbed “A statistics” to characterize PSF-
induced additive biases. These correlation functions can be
computed from the information about ellipticities and size resid-
uals of the PSF, and the positions of the foreground sample. In
this framework, PSF-induced systematics propagate to physical
parameters of the density tracer sample measured from weak
lensing.

The PSF-induced multiplicative bias is a prefactor in the
residual tangential shear. We used the UNIONS and DES weak-
lensing catalogs to calculate PSF-induced multiplicative bias,
which we find to be —0.0042 and 0.0003, respectively. This is
a subdominant contribution to the overall multiplicative bias of
current weak-lensing surveys.

We quantified the impact of PSF-induced systematics on the
halo masses of two cases of the foreground galaxy samples.
The first case is a sample of central galaxies from the Yang
group catalog (Yang et al. 2005, 2007), which we split into
subsamples by stellar mass and star-formation rate. The PSF-
induced bias acts mainly on small angular scales and low stellar
masses. The largest resulting bias in the weak-lensing derived
halo mass is 18% for the subsample in the stellar mass range of
9 <logM./My <9.5.

The second case is the type I AGN sample, used in Li et al.
(2024) to estimate the black-hole-mass — halo-mass relation. We
calculated the impact of PSF-induced systematics on the halo
mass estimation. Similar to the previous case, PSF-induced sys-
tematics is most important on small angular scales and absent
on large angular scales. Without accounting for PSF-induced
systematics, the halo mass is underestimated at low black-hole
masses.

Our proposed framework can be used for quality-checking of
weak-lensing — density cross-correlations. It is straightforward
to extend the formalism to weak-lensing-like observables and
estimators such as intrinsic alignments of galaxies.
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Appendix A: p statistics for cosmic shear

Two correlation functions between PSF ellipticity and its resid-
uals were introduced in Rowe (2010). The purpose of those
diagnostics was to distinguish between different PSF models in
a quantitative way In particular, the second correlation function,
D, corresponding to p, in the Jarvis et al. (2016) notation, is an
indication of over-fitting. In that case the PSF model fits part of
the noise, which creates a correlation between the observed PSF
ellipticity and the model (residual).

These correlations were generalised in Jarvis et al. (2016).
This work rederived the two original Rowe (2010) diagnostics
and three additional functions by considering the two-point cor-
relator of Eq. (1), which is an estimator of the shear two-point
correlation function,

£.0) = (6™) 0. (A1)

into which Eq. (3) is inserted. The p statistics are defined as
second-order correlation functions

p1(6) = (57" 66™") (0);
p2(6) = (6" 5575 (0);

sf sf
p0) = [+ ) o )

T st T st
ST
p4(0) = <5gpsf (spsﬂ g )> )
ST
5(0) = <8Psf (Spsf, W» ). (A2)

With some prefactors that depend on the ratio between PSF and
galaxy size and the leakage parameter «, the five p-statistic func-
tions are written as additive terms to the cosmological shear
two-point correlation function &, estimated by the correlation
of observed galaxy ellipticities.

The choice to leave the size ratio and leakage parameters out
of the p statistics is conveniently done such that the quantities
to correlate only depend on quantities that are available at star
positions. In Rowe (2010) the size ratio and leakage parameter
are computed independently from the p statistics.

The ensemble average of the p statistics is thus estimated
using star position, whereas the two-point correlation function
&, is estimated by averaging over galaxy positions. Both can be
added if both stars and galaxies randomly sample the underlying
PSF and cosmic-shear fields, respectively.

The case of galaxy-galaxy lensing is more complex since the
A statistics involve star - galaxy cross-correlations.
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