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ABSTRACT
Weak gravitational lensing directly probes the matter distribution surrounding satel-
lite galaxies in galaxy clusters. We measure the weak lensing signal induced on the
shapes of background galaxies around SDSS redMaPPer cluster satellite galaxies,
which have their central galaxies assigned with a probability Pcen > 0.95 in the redshift
range, 0.1 ≤ z ≤ 0.33. We use the galaxy shapes from the Subaru Hyper Suprime-Cam
(HSC) survey for this purpose. We bin satellite galaxies by their distance from the
cluster centre and compare it to the signal around a control sample of galaxies which
do not reside in clusters but have similar colours and magnitudes. We explore the effect
of environmental processes on the dark matter mass around satellites. We see hints of
a difference in the mass of the subhalo of the satellite compared to the halo masses
of galaxies in our control sample, especially in the innermost cluster-centric radial bin
(0.1 < r < 0.3 [h−1Mpc]). For the first time, we put an upper limit on the prevalence
of orphan galaxies which have entirely lost their dark matter halos with cluster-centric
distances with the help of our measurements. However, these upper limits could be
relaxed if there is substantial contamination in the satellite galaxy sample.

Key words: (cosmology:) dark matter < Cosmology; galaxies: clusters: general <
Galaxies; gravitational lensing: weak < Physical Data and Processes

1 INTRODUCTION

Satellite galaxies within galaxy clusters live in a dense envi-
ronment, where their baryonic and dark matter components
are susceptible to environmental effects. In contrast, field
galaxies behave more like ’island Universes’ (Tormen et al.
1998, 2004; De Lucia et al. 2004; Gao et al. 2004). Various
processes can affect the characteristics of galaxies in dense
galaxy clusters. Ram-pressure stripping can remove the hot
gas, hence quench the star formation of a galaxy (Gunn &
Gott 1972). A satellite galaxy may disrupt its spiral arms
and turn into an elliptical galaxy due to frequent encoun-
ters with other satellite galaxies (Moore et al. 1996, 1998)
in a process called galaxy harassment. In addition galaxies
can undergo mergers in these dense environments, where
survival may result in single massive galaxy at the clus-
ter center (Merritt 1985; Van den Bosch et al. 2005; Con-
roy et al. 2007). Furthermore, gravitational interactions can
tidally strip the dark matter subhalos and dictate the evolu-
tion of galaxies falling into the cluster (Merritt 1983; Giocoli
et al. 2008).

⋆ E-mail: amitk@iucaa.in (IUCAA)
† E-mail: surhud@iucaa.in (IUCAA)

The tidal effects are stronger near the cluster center
(i.e., near the brightest cluster galaxy, hereafter BCG), and
they fall off as a function of the distance of the satellite
from the BCG (Springel et al. 2001; De Lucia et al. 2004;
Gao et al. 2004; Zhao 2004; Xie & Gao 2015). Simulations
suggest preferential stripping of dark matter up-to a large
extent prior to the baryonic matter due to tidal forces (Smith
et al. 2016). The satellite galaxies also feel dynamical friction
because of their orbital motion around the BCG. Collision-
less dark matter particles transfer energy and momentum to
the particles of the host during such motion. Consequently,
the orbit of the satellite decays with time, transporting it
towards the center of the host’s potential well (Binney &
Tremaine 2008). In addition, self-interactions between dark
matter particles (Spergel & Steinhardt 2000) can cause the
dark matter in subhalos to evaporate (Bhattacharyya et al.
2022). Thus, there are interesting physical processes that can
affect the dark matter distribution around satellite galaxies,
and we expect satellites and their subhalos to evolve dif-
ferently than galaxies residing in non-cluster environment.
Observations of dark matter distribution around satellite
galaxies and their comparison with dark matter distribu-
tion around similar field galaxies can be used to constrain
the efficiency of such environmental processes.
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Cosmological simulations can be used to study the en-
vironmental processes that affect satellite galaxies in galaxy
clusters. Collisionless simulations have highlighted mass loss
due to tidal stripping for subhalos in galaxy clusters purely
due to gravitational effects (Ghigna et al. 1998; Tormen et al.
2004; Gao et al. 2004; Van den Bosch et al. 2005; Nagai &
Kravtsov 2005; Giocoli et al. 2008; Xie & Gao 2015; Rhee
et al. 2017). However there is growing evidence that numer-
ical simulations can artificially disrupt subhalos due to in-
sufficient mass and force resolution (see e.g., Van den Bosch
2017; Van den Bosch et al. 2018; Van den Bosch & Ogiya
2018). Studies that simultaneously aim to fit the abundance
and clustering of galaxies and use subhalos in simulations
as hosts of satellite galaxies thus need to invoke substantial
fractions of orphan galaxies, galaxies that have lost their
subhalos entirely in the simulations (see e.g., Behroozi et al.
2019).

Furthermore, the stripping and disruption of subhalos
can be affected by the presence of baryons. Hydrodynamical
simulations can also capture the effects of the environment
on the baryons within satellite galaxies, however they also
suffer from limited numerical resolution (Vogelsberger et al.
2014). The goal of this paper is to find observational evi-
dence for the combined environmental effects on the dark
matter subhalo masses of these satellite galaxies.

The evolution of satellite and field galaxies can be
studied using their stellar-to-halo mass relation (hereafter
SHMR). Weak gravitational lensing provides a way to probe
the mass distribution around these galaxies. A number of
studies have inferred the SHMR for central galaxies with
a variety of methods including, satellite kinematics, strong
and weak lensing observations (Hoekstra et al. 2005; Hey-
mans et al. 2006; Mandelbaum et al. 2006; More et al. 2009;
Mandelbaum et al. 2016; More et al. 2010; Van Uitert et al.
2011, 2016; Leauthaud et al. 2012; Velander et al. 2013; Zu &
Mandelbaum 2015; Coupon et al. 2015). Measurement of the
SHMR for satellite galaxies is challenging. Natarajan et al.
(2009), used images from Hubble Space Telescope to mea-
sure the subhalo masses at different radial separations, for
L∗ galaxies from C10024+16(z=0.39) galaxy cluster, with
the combination of strong and weak gravitational lensing.
Okabe et al. (2014) measured the weak lensing signal around
the nearby Coma cluster, and computed masses of 32 sub-
halos from the cluster by constructing shear map using 4
deg2 deep field imaging data from Suprime-cam from the
Subaru telescope. To obtain results for a larger statistical
sample, one has to resort to stacking the weak lensing signal
around satellite galaxies (see e.g., Yang et al. 2006; Pastor
Mira et al. 2011).

We are in the era of large imaging surveys, which have
made such studies possible. Li et al. (2014) used the stacked
galaxy-galaxy lensing measurements to constrain the sub-
halo masses (log(Msub/h

−1M⊙) = 11.68 ± 0.76) in massive
galaxy groups 1013- 5× 1014h−1M⊙ with the CHFT lensing
survey (Heymans et al. 2012). On galaxy group scales, Sifón
et al. (2015) presented constraints on the subhalo masses
of satellite galaxies in a larger sample of more than 10000
spectroscopically selected GAMA galaxy groups (Robotham
et al. 2011), using the 100 deg2 of Kilo-Degree lensing sur-
vey (De Jong et al. 2013). On galaxy cluster scales, Li et al.
(2016) used the CFHT Stripe 82 survey (Moraes et al. 2014)
to measure the subhalo to stellar mass ratio for redMaPPer

satellites in different projected radial distance bins. In ad-
dition, Sifón et al. (2018) have also carried out a detailed
analysis of the stellar mass-subhalo mass relation of satel-
lite galaxies in MENeaCS, and its dependence upon cluster-
centric distance with a massive cluster sample (Sand et al.
2012), using imaging data from the Canada-France-Hawaii
Telescope.

In this paper, we carry out a similar analysis as Li et al.
(2016), but utilizing data from the first year galaxy shape
catalog from the Subaru HSC-SSP(see:2.2) survey. Ideally
one would like to track the subhalo masses of galaxies as
they infall in to a cluster halo to their current position. How-
ever such information is inaccessible to us from observations.
Therefore, we use a control sample of galaxies in the field as
a proxy of galaxies that have not entered the cluster halos.
It is expected that the photometric properties of the satel-
lite galaxies can change between the infall on to the cluster
and the current position of the galaxy and that a control
sample should ideally account for such differences. However,
Watson & Conroy (2013) studied the differences in the stel-
lar mass and (sub)-halo mass between central and satellite
galaxies1, and found approximately a 10 percent difference
between the two. A large part of this difference can also be
explained by the fact that halos undergo mass growth due
to pseudo-evolution (see fig. 10 in More et al. 2015), given
that the subhalo mass at accretion is defined at an earlier
point in time (Diemer et al. 2013). Given that these differ-
ences are not vast, we will compare the subhalo masses of
satellite galaxies selected from an optical cluster catalog to
the halo masses of a control sample of galaxies selected to
have similar photometric properties as the satellites. This
ensures that the control sample of galaxies have the same
current baryonic properties as well as redshift distributions
as our satellite galaxy sample.

This paper is structured as follows. We describe the data
we use in Section 2, followed by the procedure we follow to
measure the weak lensing signal in Section 3. We define our
model for the signal around the satellite galaxies and our
control sample of galaxies in Section 4. We present the sta-
tistical error estimates on the weak lensing signal and the
methodology we adopt for fitting our model to the data in
Section 5. In Section 6, we discuss our results and their im-
plications followed by a summary of our results in Section 7.

In this paper, we use the terms "halo" and "subhalo"
to refer to the dark matter halos corresponding to central
and satellite galaxies, respectively. We will refer to the three
dimensional radial distance from the center of the satellite
galaxy as "r" and its projection on the sky as "R". Through-
out this analysis, we use flat ΛCDM cosmology with param-
eters: Ωm = 0.315,Ωbh

2 = 0.02205, σ8 = 0.829, ns = 0.9603
(Planck Collaboration et al. 2014), and distances in comov-
ing h−1Mpc units.

2 DATA

In this section, we describe the data we use to carry out the
weak lensing analysis of satellite galaxies in galaxy clusters.
In particular, as described in Section 2.1, we use the galaxy

1 The subhalo mass is defined at accretion in this case.
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cluster members identified in the SDSS redMaPPer cluster
catalog as lens galaxies, while we use galaxies identified from
the first year data of the HSC-SSP survey as background
sources, as described in Section 2.2.

2.1 The redMaPPer cluster catalogue

The red-sequence photometric cluster finding algorithm
(redMaPPer) identifies galaxy clusters as overdensities of
red-sequence galaxies in large imaging surveys (Rykoff et al.
2014, 2016). The algorithm is designed for optimal use of
current and upcoming large photometric surveys. Briefly,
it constructs a model for the red sequence of galaxies as a
function of redshift with the help of a nominal training sam-
ple of spectroscopic galaxies. The algorithm self-calibrates
this model iteratively using multi-band photometric data,
which ultimately results in photometric redshift estimates
(σz/(1 + z) ≈ 0.01 for z ≤ 0.7) for galaxy clusters (Rykoff
et al. 2016). Cluster membership probabilities are assigned
to satellite galaxies, which are then further used to define the
richness of the cluster (λ). When compared to samples with
spectroscopic redshifts, the memberships are accurate to 1%
and show low (<5%) projection effects according to Rozo &
Rykoff (2014). Each cluster is assigned a photometric red-
shift (zλ) based on the high probability cluster members.
One of the salient features of the redMaPPer algorithm is
that it assigns a probability, Pcen to five of the members in a
galaxy cluster to correspond to its center based on the over-
all radial, luminosity, and redshift distribution of member
galaxies.

In our analysis, we use galaxy clusters and randoms
from the redMaPPer catalog v6.3 (Rykoff et al. 2016) ob-
tained from the SDSS DR8 (Aihara et al. 2011) photo-
metric galaxy catalog. We only use those clusters and ran-
doms which overlap with the HSC year-1 shape catalog foot-
print. We also restrict our lens sample to a redshift range
0.1 ≤ z ≤ 0.33 where the incompleteness corrections due to
the flux limit of SDSS are small. We have 169 such clusters
in the HSC footprint. Furthermore, to avoid issues related
to miscentering, we only choose satellites from galaxy clus-
ters where the most probable central galaxy has a centering
probability Pcen>0.95. This cut finally leaves us with a sam-
ple of 82 clusters as can be seen from the left hand panel
of Fig. 1. The right hand panel shows that the cut on Pcen

has a relatively minor effect on the richness distribution of
clusters in our sample.

2.2 The HSC-SSP Survey

The Hyper Suprime-Cam Subaru Strategic Program (Ai-
hara et al. 2017, 2018, 2019) is an ongoing multi-band (grizy
plus 4 narrow-band filters) imaging survey, that is being
conducted with the Hyper Suprime-Cam instrument on the
8.2m Subaru Telescope (Miyazaki et al. 2012; Miyazaki et al.
2015, 2017; Komiyama et al. 2017; Furusawa et al. 2017;
Kawanomoto et al. 2018). The HSC instrument is a 0.9 Gi-
gapixel camera with a 0.168 arcsec pixel scale, and it consists
of 104 science CCDs which cover a 1.5 degree diameter field
of view. The combination of a wide field of view, a large
aperture, and an excellent site with good seeing conditions
(median of 0.6′′in the i-band), makes HSC a unique instru-
ment to carry out weak lensing studies. In our study we

use the shape catalog of galaxies from the Subaru Hyper
Suprime-Cam survey.

The HSC first year shape catalog covers nearly ∼136
deg2 sky area in six disjoint fields (XMM, GAMA09H,
WIDE12H, GAMA15H, VVDS, & HECTOMAP), observed
over 90 nights in total, during March 2014 to Nov 2015,
described exhaustively in Mandelbaum et al. (2018a) and
Mandelbaum et al. (2018b). The survey fields are chosen
such that the HSC footprint entirely overlaps with SDSS’s
Baryon Oscillation Spectroscopic Survey (BOSS; Dawson
et al. 2013) which provides a large well characterized spec-
troscopic sample of galaxies with z∼0.7 which can act as
lens galaxies and also be used to train and calibrate pho-
tometric redshift finding algorithms. It also allows the HSC
survey to perform joint cosmological analysis with galaxy-
galaxy lensing and galaxy clustering (Miyatake et al. 2021;
Sugiyama et al. 2022), in addition to training photometric
redshift algorithms (Tanaka et al. 2018). In our work, we
use the shape catalogue from the data release S16a (Aihara
et al. 2019), which is an incremental release of the public
data release from the HSC Survey (Aihara et al. 2018).

Mandelbaum et al. (2018a) implemented a number of
conservative cuts to select galaxies in the shape catalog in
order to meet the requirements for carrying out weak lens-
ing analysis. For example, the full depth and full color cut
(FDFC cut) restricts galaxies to those sky regions which
reach the nominal full depth in all five band filters (g,r,i,z,y).
This ensures the uniformity of the sample and better de-
termination of photometric redshifts. Mandelbaum et al.
(2018a) also restrict galaxies to have an i−band c-model
magnitude brighter than icmodel < 24.5. This is much more
conservative than the i-band limiting magnitude of 26.4
(which corresponds to a S/N ∼ 5σ for PSF photometry,
see Aihara et al. 2018).

The shapes of galaxies are measured using a moment-
based shape measurement algorithm which utilizes the re-
Gaussianization PSF correction method (Hirata & Seljak
2003). The shapes are measured on coadded images in the
i-band with an average seeing FWHM of 0.58′′(Mandelbaum
et al. 2018a). The ellipticities are measured as,

(e1, e2) =
1− (b/a)2

1 + (b/a)2
(cos 2ψ, sin 2ψ) . (1)

Here b/a and ψ represent the axis ratio and the angle made
by the major axis of the source galaxy with respect to
the equatorial coordinate system, respectively. Mandelbaum
et al. (2018b) performed detailed image simulations of galax-
ies using the GalSim 2 (Rowe et al. 2015) accounting for the
survey properties such as the depth and the seeing of the
HSC survey in order to calibrate the multiplicative (m) and
additive biases (c1, c2), and other quantities such as the RMS
intrinsic distortions erms and the photon noise per compo-
nent in galaxy shapes σe, required to assign optimal weights
(Eq. 2) to the galaxy shape measurements. The shape weight
is related to the RMS intrinsic dispersion eRMS and σe by,

ws =
1

(σ2
e + e2RMS)

. (2)

For overall shear calibrations, Mandelbaum et al.

2 https://github.com/GalSim-developers/GalSim
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Figure 1. The left hand panel shows a scatter plot of all redMaPPer clusters in the HSC survey footprint in blue symbols. The red
symbols correspond to the clusters selected after applying the cut of Pcen>0.95. The right hand panel shows that the richness distribution
of the entire cluster sample is largely unchanged after we apply the cut on Pcen.

(2018b), estimate the residual systematic uncertainties to be
of the order 0.01. Extensive null tests of the shear catalog are
presented in Mandelbaum et al. (2018a), Oguri et al. (2018),
and Hikage et al. (2019) to demonstrate that the systematic
uncertainties in the shear catalog are small enough that the
cosmological weak lensing analyses using galaxy-galaxy lens-
ing and cosmic shear will be predominantly dominated by
statistical error. Even after relatively considerate cuts, the
HSC first-year shear catalog produces galaxy shapes with a
high source number density 24.6 (raw), and 21.8 (effective)
arcmin−2 (Mandelbaum et al. 2018a) at a median redshift
of 0.8, which makes it ideal to study the weak lensing of the
redMapper satellite galaxies which we restrict to redshifts
less than 0.33. We note that the systematic effects on shear
recovery in dense fields has not yet been properly quantified
for the HSC survey. Such characterizations would require
detailed image simulations around cluster regions, an area
of focus for our near future work, but it is beyond the scope
of the current paper.

2.2.1 HSC Photometric redshift catalog

Photometric redshift uncertainties are one of the major
source of systematics in interpreting the weak lensing sig-
nal measured around the lenses. Photometric redshifts are
used to identify the source galaxies which lie behind the lens
galaxies in order to measure the weak lensing signal. Inclu-
sion of foreground galaxies as a part of background sources
due to incorrect determination of photometric redshifts can
dilute the lensing signal and lead to an underestimate of the
mass profile (Broadhurst et al. 2005). However, acquiring
spectroscopic redshifts for all the source galaxies is virtually
impossible for current and upcoming weak lensing surveys
due to the faint magnitude limits as well as the high source

number density of galaxies. Therefore photometric redshifts
are inevitable.

Multi-wavelength observations of galaxies help to sam-
ple the spectral energy distribution of the galaxies in broad
bands and thus are essential for the accurate determina-
tion of redshifts. All on-going weak lensing surveys, e.g.
Kilo-Degree Survey (KIDS, Kuijken et al. 2019), Dark En-
ergy Survey (DES, Abbott et al. 2022), Hyper Suprime-Cam
(HSC, Aihara et al. 2022), observe the sky in multiple filters
in order to aid in the estimates of photometric redshifts.
The depth and the 5-band (g, r, i, z, y) photometry in the
HSC survey allow a reasonably accurate determination of
the redshifts of galaxies (with σz/(1 + z) ≈ 0.05 and a 15%
outlier rate for galaxies down to i=25 and 0.04 with 8% out-
liers for i<24) over a wide redshift range (0.2 ≤ z ≤ 1.5)
(Tanaka et al. 2018). The HSC survey provides photomet-
ric redshifts obtained using 6 different codes. In this work,
we use the photometric redshift distributions from the tem-
plate fitting code Mizuki (Tanaka 2015). For each galaxy,
Mizuki provides the posterior distribution of its redshift
by using the multi-band photometry in HSC coupled with
physical Bayesian priors. Although the photometric redshift
performance is slightly worse for Mizuki compared to other
photometric redshift codes (22% outlier rate for the WL
sample and a σz/(1 + z) ≈ 0.08), the template fits allow
us a measure of the stellar mass of the galaxies. As we ex-
plain in the next section, we also use quite conservative cuts
based on the photometric redshift PDF of each galaxy which
helps to reduce contamination of the weak lensing signal due
to galaxies physically associated with the clusters. We have
also verified that our results and conclusions remain simi-
lar within our quoted statistical uncertainties even if we use
alternative photometric redshifts measured from different al-
gorithms.

MNRAS 000, 1–18 (2021)
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3 WEAK GRAVITATIONAL LENSING:
THEORY AND MEASUREMENTS

Weak gravitational lensing causes a coherent distortion in
the shapes of background source galaxies as a result of the
presence of matter between the source and the observer
along the line-of-sight. This distortion caused by the lensing
shear can be quantified by measuring the observed ellip-
ticities of source galaxies. As galaxies are not intrinsically
circular, it is impossible to infer the lensing shear individ-
ually from the measured shape of each galaxy. However, it
is possible to statistically observe the effect of lensing shear
by averaging the shapes of background galaxies that lie a
certain projected distance away from the lens galaxy.

Starting from the observed images of the source galaxies
(Eq. 1), the tangential shape distortion of a source galaxy is
given by,

et = −e1 cos(2ϕ)− e2 sin(2ϕ) . (3)

Here ϕ is the angle made by the line joining the source to
the lens in projected space with respect to the x-axis of the
equatorial coordinate system. In the weak lensing regime,
the expectation value of the tangential ellipticity at a given
distance from the center of the lens is proportional to the
tangential shear at that distance (Schramm & Kayser 1995;
Seitz & Schneider 1997). The dominant contribution to the
noise comes from the intrinsic non-circular shapes of galax-
ies, and this noise decreases as ∝ 1/

√
N , where N is the

number of lens-source galaxy pairs in a given radial bin.
The gravitational lensing shear is sensitive to the matter

density distribution projected along the line-of-sight called
the surface mass density, Σ(R), as well as the anuglar diame-
ter distances between the source, the lens and the observer.
For a source galaxy located at redshift zs, the tangential
component of the shear induced by a lensing object at red-
shift zl, separated by a comoving projected distance R, is
given by (Schneider 2006),

γt(R) =
Σ(< R)− Σ(R)

Σc(zl, zs)
=

∆Σ(R)

Σc(zl, zs)
. (4)

Here Σ(< R) is the average surface mass density within a
projected distance R, and Σ(R) denotes the azimuthally av-
eraged surface mass density within a thin annulus at that
distance R. The critical surface mass density, Σc(zl, zs), de-
pends upon the geometry of the lensing configuration, and
is related to the angular diameter distances to the lens
DA(zl), the source DA(zs) and between the lens and source
DA(zl, zs) and is given by,

Σc(zl, zs) =
c2

4πG

DA(zs)

DA(zl)DA(zl, zs)(1 + z2l )
. (5)

The presence of an extra factor of (1+zl)2 in the denomina-
tor is due to our use of comoving coordinates (Bartelmann &
Schneider 2001). Given that the HSC shape catalog provides
information about the measured ellipticity and the shape
weight i.e. e1, e2, ws for each source galaxy, along with addi-
tive and multiplicative biases, i.e. c1, c2,m in them, we can
write the weighted signal, for many-many source-lens galaxy

pairs with the help of Eq. 4 as,

∆Σ(R) =
1

(1 + m̂)

(∑
ls wlset,ls

〈
Σ−1

c

〉−1

2R∑ls wls

−
∑

ls wlsct,ls
〈
Σ−1

c

〉−1∑
ls wls

)
.

(6)

Here, we use the probability distribution for the source red-
shifts p(zs) to define ⟨Σ−1

c ⟩ as

⟨Σ−1
c ⟩ = 4πG(1 + zl)

2

c2

∫ ∞

zl

DA(zl)DA(zl, zs)

DA(zs)
p(zs)dzs , (7)

and we conservatively choose only those sources that have
an integrated probability to lie at a redshift greater than
that of our entire sample of lenses, i.e.∫ ∞

zmin

p(zs)dzs > 0.99 , (8)

where we set zmin equals to the maximum redshift of our lens
sample (zlmax = 0.33) plus some offset factor (zdiff = 0.1).
Also wls = ws⟨Σ−1

crit⟩2 assigns less weight to the lens-source
galaxy pairs closely separated in redshift space, to reduce the
contamination of galaxies associated with the lens galaxies in
our source galaxy sample. Whereas, R in the Eq. 6 denotes
the shear responsivity, which quantifies how application of
small shear affects measurement of e1, e2. For the observed
ellipticity definition used in Eq. 1, the quantity

R = 1−
∑

ls wlse
2
RMS∑

ls wls
, (9)

can be determined with the help of variance in the ellipticity
as a function of source galaxy properties (Bernstein & Jarvis
2002). This variance is provided in the shape catalog itself.
Lastly, in the Eq. 6, m̂ represents multiplicative bias defined
as m̂ = Σlswlsms/Σlswls.

3.1 Galaxy-Galaxy lensing measurements

Our lens galaxy sample consists of satellite galaxies in galaxy
clusters. We would like to investigate the effects of the galaxy
cluster environment on the dark matter distribution around
these satellite galaxies. Therefore we bin our satellite galax-
ies from the redMapper member galaxy catalog in four bins
in cluster-centric projected comoving distances, (0.1-0.3],
(0.3-0.5], (0.5-0.7], (0.7-0.9] h−1Mpc. In Table 1, we list the
number of satellites that fall in each of these distance bins.
We calculate the weak lensing signal around these satellite
galaxies in 20 logarithmically spaced comoving radial bins
between 0.01− 5 h−1 Mpc from the satellite galaxies, which
enables us to study not only the subhalo mass of these satel-
lites but also the halo masses of their host clusters.

In order to understand how the cluster environment af-
fects satellite galaxies, we also measure the weak lensing
signal around a control sample of galaxies that do not reside
in galaxy clusters. We construct a control sample of galaxies
using the photometric galaxy catalogs from SDSS, such that
they have similar ugriz magnitudes as those of our satellite
galaxy sample. We ensure that none of the galaxies from
the control sample are members of the SDSS redMaPPer
clusters or fall within the nominal cluster radius Rλ pro-
vided in the redMaPPer cluster catalog (Rykoff et al. 2014).

MNRAS 000, 1–18 (2021)
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Given that the colors of galaxies depend upon the redshift
of these galaxies, such a selection also helps us to select a
control sample which statistically has the same redshift dis-
tribution as that of the satellite galaxy sample. For each of
these satellite galaxies, we find 5 nearest neighbours in the
magnitude space in order to construct a control sample of
field galaxies.

In Fig. 2, we show the color distribution for these satel-
lites and the control sample of galaxies in different wave-
length filters to show the degree to which the colors of
the control sample match with that of the satellite galax-
ies. Given the similarity of the control sample, we expect
that these galaxies will have similar stellar mass and red-
shift distribution, and the differences in the weak lensing
signal can be attributed to differences in the dark matter
around them. We calculate the lensing signal around the
control sample of galaxies in 10 logarithmic bins spaced be-
tween 0.01− 0.3 h−1Mpc in projected comoving separation.
At such distances, the contribution to the weak lensing sig-
nal is expected to be dominated by the dark matter halos of
central galaxies in the control sample.

3.2 Weak lensing systematics

In the left hand panel of Fig. 4, we present the measurements
of the cross component of the lensing signal around satel-
lite galaxies as starred symbols with errors, while the round
symbols show the signal around random points distributed
in the same redshift range and spread over the entire sky
area as our satellite galaxy sample. In the right hand panel
we show similar results but corresponding to the control
sample of galaxies.

For the signal around random points corresponding to
satellite galaxies, we obtain a χ2 value of ∼ 27 for 20 de-
grees of freedom. This implies a p-value of 0.14 to exceed
χ2. The signal around random points corresponding to the
control sample is ∼ 10 for 10 degrees of freedom, which cor-
responds to a p-value of 0.43. The cross-signal around the
control sample shows a χ2 value of ∼ 14 for 10 points which
corresponds to a p-value of 0.17.

We obtain a somewhat larger value of χ2 ∼ 32 for the
cross signal around satellite galaxies with 20 points which
implies a p-value of 0.04. This could be a result of a statis-
tical fluctuation. The measurements suggest that the χ2 is
driven by points at R > 1 h−1Mpc . Given that we mea-
sure distances from satellite galaxies, this could also be a
result of shape measurement systematics at distances which
correspond to the central regions of the galaxy clusters in
which these satellites reside. Given that the galaxy cluster is
a crowded environment with lots of blending, the possibility
that the shape measurements in such environments could
possibly be affected. As the statistical errors go down with
increasing area covered by the HSC survey, we flag it as a po-
tential systematic to be explored in the near future. Here we
note that the measurements of the subhalo masses of satel-
lite galaxies that we are interested in come from scales which
are closer to the satellite galaxies and thus at radii smaller
than the possibly problematic regions mentioned above and
proceed with our analysis.

We also observe that the errors in R∆Σ× increase at
larger radial distances. The error in this quantity is expected
to be constant in size as a function of radial distance if all

of the lens-source pairs are independent. However, as we are
considering satellite galaxies which are spatially close to each
other, the source galaxies used for the signal computation
are not independent of each other, and thus the errors tend
to increase as a function of distance from the satellite galaxy.

We have also computed the boost factors by comput-
ing the ratio between the number of satellite galaxy lens-
source pairs and the number of random-source pairs. The
boost factor can be used to correct the signals for contami-
nation from source galaxies intrinsically at redshifts similar
to the galaxy clusters, but whose photometric redshifts are
much larger due to systematic and/or statistical errors. We
find boost factors of the order 10 percent in the regions be-
yond 0.8 h−1Mpc (and is smaller than our relative errors),
while in the inner regions we see a value for the boost fac-
tor below unity consistent with obscuration effects (see e.g.,
Miyatake et al. 2015). Therefore rather than applying any
boost factor correction, we have tested our signals by chang-
ing zdiff = 0.37, thus only using source galaxies that have
their integrated probability to lie at a redshift greater than
0.7 to be 0.99 much more separated from lens samples. We
have repeated our entire analysis and the results we obtain
are consistent with the fiducial results presented in the paper
given the errors.

We have computed the photometric redshift biases us-
ing a sample of COSMOS galaxies with 30 band photometric
redshifts (Laigle et al. 2016), which have also been observed
with HSC. These galaxies were reweighted to follow the same
color and photometry difference. We follow the procedure
laid out in section 3.4 in Miyatake et al. (2019), to com-
pute the ratio between the Σ−1

crit estimated based on HSC
photometric redshifts and that based on the better quality
COSMOS redshifts (Nakajima et al. 2012). We estimate that
these biases are less than 2 percent, much smaller than the
statistical uncertainty in our measurements.

Finally, we also have computed the stacked photomet-
ric redshift posterior distribution for our weak lensing galaxy
samples as a function of distance of these galaxies from the
satellite lens galaxies. Varga et al. (2019) demonstrate that
their weak lensing sample of DES galaxies has a substan-
tial contribution at the redshifts of the clusters especially
at small cluster-centric separations. In contrast, in Fig.3, we
see that our weak lensing galaxy sample has negligible sup-
port at redshifts between [0.1, 0.33], even when plotted with
a log scale on the y-axis. This is a result of our use of a
conservative cut on the photoz PDF (see Eq.8). The depth
of HSC implies that we have a statistically large sample of
galaxies, even after such a conservative cut.

4 MODEL

In this section, we describe our model to fit the weak lens-
ing observations for satellite and control sample galaxies de-
scribed in Section 3.1.

4.1 Halo Density Profile

In order to describe the dark matter distribution within a
halo, we use the Navarro, Frenk & White (NFW) (Navarro
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Figure 2. The left hand panels show the magnitude distribution of all the satellite galaxies from redMaPPer cluster catalog (blue), and
the control sample of galaxies (orange) chosen from SDSS. The right hand panels show the color distribution for both galaxy samples.
The match in color and magnitude statistically allows us to match the redshift and magnitude distributions of the satellite and control
sample of galaxies.
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Figure 3. This figure shows the stacked photoz distribution of
source galaxies in HSC field of view, around our redMaPPer satel-
lite galaxies with separation, Rsat:[0.1-0.3] from the BCG. The
different colored dots represent the PDFs of sources at different
radial distances away from the satellite galaxies, whereas the ver-
tical dashed blue line marks the maximum redshift value, zmax

for the lens sample we used in our analysis.

et al. 1996) profile given as ,

ρ(r) =
δcρm(

r
rs

)(
1 + r

rs

)2 . (10)

Rsat[h−1Mpc] Satellite sample Control sample
(0.1-0.3] 949 4434
(0.3-0.5] 997 4648
(0.5-0.7] 977 4614
(0.7-0.9] 1028 4821

Table 1. The number of redMaPPer satellite galaxies which
fall in the HSC year-one footprint, have a redshift range
0.1<z<=0.33, and that are part of clusters with a BCG with
Pcen>0.95 are listed in each cluster-centric projected distance
bin. For each of the satellite galaxies, we find 5 galaxies not resid-
ing in clusters in order to construct a control sample of galaxies
with the same flux distribution in the SDSS ugriz bands. The
number of galaxies in the control sample are listed in the last
column.
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Figure 4. Systematics tests: The left hand panel shows the cross
component of the lensing signal ∆Σ× for the satellite galaxies
(shown with blue symbols with errors). The signal around ran-
dom points is shown with orange symbols with error, and is also
consistent with zero given the errors. The right hand panel shows
similar systematics test but for the control sample of galaxies.
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Figure 5. The figure shows the geometric configuration of a satel-
lite galaxy in a galaxy cluster. We calculate the ∆Σ around the
satellite galaxy having separation Rsat from the host center, in
logarithmic bins of on-sky projected distance R, by accounting
for the baryonic and dark masses of the satellite along with the
dark mass of the host galaxy.

Here, r represents the radial distance from the halo center,
ρm = 3H2

0Ωm(1 + z)3/8πG is the mean density of the Uni-
verse at redshift z, and rs is the scale radius of the halo. We
assume that dark matter halo boundary is given by r200m, a
radius that encloses a density within the halo which is 200
times the mean matter density. Therefore the proportional-
ity constant in the above equation δc is given by,

δc =
200

3

c3

ln(1 + c)− c/(1 + c)
. (11)

Here c denotes the concentration parameter, and corre-
sponds to the ratio between r200m and the scale radius rs.

We will use this model to describe the 3 dimensional
density profile of dark matter belonging to the subhalos of
the satellite galaxies, the control population as well as the
dark matter distribution around the centers of galaxy clus-
ters. There are indications from numerical simulations that
the concentrations of subhalos get altered in response to the
tidal stripping and the subsequent relaxation of the density
profiles (Hayashi et al. 2003; Pastor Mira et al. 2011; Moliné
et al. 2017). In their modelling scheme, Sifón et al. (2018)
use such higher concentrations for the subhalos motivated
from numerical simulations, but then quote a subhalo mass
within an aperture where the density of the subhalo matches
the ambient density within the main halo. Given our statis-
tical errors, our attempts of constraining the concentrations
and masses of the subhalos independently resulted in large
degeneracies. Therefore, we take the simpler route of fixing
the concentrations based on the masses, but an approach
which can be mimicked in mocks before appropriate com-
parisons are made.

4.2 Modelling lensing signal around satellite
galaxies

The weak lensing signal around a satellite galaxy in a galaxy
cluster consists of the contribution from its own baryonic
mass ∆Σbary

sat (R), the dark matter belonging to its own sub-
halo ∆ΣDM

sat (R), as well as the dark matter associated with
the galaxy cluster ∆ΣDM

clu (R), whose gravitational influence
dictates its motion and evolution within the halo. There-
fore we can write the lensing signal around a satellite at a
projected radius R, as a sum of three separate terms,

∆Σ(R) = ∆ΣDM
sat (R) + ∆ΣDM

clu (R) + ∆Σbary
sat (R) . (12)

In order to model the signal contribution due to DM
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Figure 6. The figure shows the theoretical prediction for the
excess surface mass density as a function of satellite centric on-
sky projected distance R, for a satellite galaxy having separa-
tion Rsat from the BCG’s center. The dashed orange (dashed-
blue) line depicts the contribution due to the baryonic mass
(dark matter mass) of the satellite, whereas the dashed green line
shows the signal contribution from the cluster halo. The dark
blue line corresponds to the overall sum of these three compo-
nents. The host galaxy contributes negligibly for small values of
R, while it becomes quite negative as R approaches Rsat. (Fig
parameters: Rsat= 0.5 h−1Mpc, Mclu = 1014.31, Msat = 1011.87,
Mbary = 1011.57 in h−1M⊙)

mass of the satellite galaxy, i.e. the first term in Eq. 12, we
first obtain the projected surface density profile, Σ(R), by
integrating ρ(r) given by Eq. 10 along the line-of-sight,

ΣDM
sat (R) =

∫ ∞

−∞
ρ
( √

R2 + z2
)
dz . (13)

Subsequently, the average surface density within a given ra-
dius R is given by,

ΣDM
sat (< R) =

2

R2

∫ R

0

ΣDM
sat (R

′)R′dR′ , (14)

and the above two equations allow us to obtain ∆Σ for the
dark matter associated with the subhalo using Eq. 4. We
use the analytical expressions given in eq. 14 of Wright &
Brainerd (2000) to evaluate this lensing signal. In Fig. 6,
we show the lensing signal as a function of the projected
distance around the satellite galaxy.

We model the contribution from the dark matter of the
galaxy cluster around the satellite galaxy as an off-centered
NFW density profile. Consider a satellite (S) with separa-
tion Rsat from the host cluster’s BCG (B), as shown in the
Fig. 5. We need to compute the average of the lensing shear
due to the cluster halo at a distance R away from the satel-
lite galaxy at a location (O) but tangentially oriented with
respect to the satellite. Under the assumption of a circu-
larly symmetric density distribution for the cluster halo, the
lensing shear is tangentially oriented with respect to the line
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BO. From geometry, we see that,

RBO =
[
R2 +R2

sat + 2RRsat cos(θ)
] 1

2 , (15)

where RBO is the distance between B,O and θ is the angle
between the line joining the cluster center and the satel-
lite to the line joining the satellite to the position at which
the lensing signal is being computed. We can transform this
shear by transforming to a coordinate system oriented at
an angle α to obtain the shear at the location O but in the
tangential direction with respect to the line joining S and
O. The angle α is given by,

α = arccos

(
R+Rsat cos(θ)

RBO

)
. (16)

Averaging over the angle θ, yields the contribution of the
tangential shear from the cluster halo,

∆ΣDM
clu (R) =

∫ 2π

0

∆ΣNFW
clu (RBO) cos(2α)dθ

2π
. (17)

Here ∆ΣNFW
clu (RBO) is the excess surface density of a NFW

halo of mass corresponding to the galaxy cluster halo at a
distance RBO from the center of this cluster which can be
computed using eq. 14 from Wright & Brainerd (2000) again,
but by using the mass of the cluster halo.

The signal obtained for this contribution is shown with
a dashed green line in Fig. 6. For values of R < Rsat, the
signal is nearly zero, since at these distances the difference
between the surface density averaged within the radius R
around the satellite is not too different from the average
surface density at distance R from the satellite and thus the
excess surface density is nearly zero. As R ∼ Rsat, ΣDM

clu (R)
includes the increasingly larger surface density at the center
of the halo which results in a value larger than ΣDM

clu (< R),
and this results in negative values of ∆ΣDM

clu . This results in a
negative signal at distances close to Rsat. For R > Rsat, the
signal starts to increase as more and more mass is enclosed
within the distance R and the signal reaches a positive peak
at R ∼ 2Rsat. The signal starts to decline for R >> Rsat, as
the distance RBO → R.

A correct determination of the cluster center is impor-
tant to make sure that the modeling of the cluster halo
density contribution is correct. Therefore we use only those
systems whose central have been assigned a probability
Pcen > 0.95 to be central. Nevertheless, we explore how our
analysis could be potentially affected by an incorrect as-
signment of the cluster center. We will test our conclusions
against the assumptions that the true cluster center follows
a Rayleigh distribution (Johnston et al. 2007) around the
center assigned by redMapper such that,

P (Roff) =
Roff

2πσ2
mc

exp

(
− R2

off

2σ2
mc

)
. (18)

Here the scale parameter σmc characterizes the width of the
probability distribution of the true centre around the center
assigned by the redMapper algorithm. We set σmc be a free
parameter in our analysis. The satellite’s true cluster-centric
distance, Rtrue

sat , is related to Rsat and Roff by the cosine law
as,

Rtrue2
sat = R2

sat +R2
off − 2RsatRoff cos(θ′) . (19)

This we use to calculate ∆Σ contribution due to the fraction
of galaxy clusters whose BCG is misidentified,

∆Σ′DM
clu (R|Rsat, σmc) =∫ 2π

0

∫ ∞

0

∆ΣDM
clu (R|Rtrue

sat ) P (Roff |σmc) dRoffdθ
′ .

(20)

Practically we carry out the integral over Roff until 10
h−1Mpc and we have checked that the integral is well con-
verged by varying this value by about 30 percent.

4.3 Baryonic mass contribution from the satellite

In the central regions near the satellite galaxy, we also take
into account the baryonic mass of the satellite galaxy and
assume it to be concentrated at the center as a point mass.
The ∆Σbary

sat (R) for such a component drops as R−2, as given
by

∆Σbary
sat (R) =

Mbary

πR2
. (21)

We depict this behaviour by the dashed orange line in Fig. 6.
The baryonic mass Mbary is assumed to be a free parameter
in our model.

4.4 Average ∆Σ over the Rsat bin

We will compute the weak lensing signal by stacking the
signal around satellite galaxies which are located in a finite
bin in cluster-centric distances. The weak lensing signal thus
will be averaged over all possible satellite distances in the
bin such that,

∆Σ(R|σmc) =

∫
P (Rsat)∆Σ(R|Rsat, σmc)dRsat . (22)

Here P (Rsat) denotes the probability distribution of the
cluster-centric distances of the satellite galaxies in a given
bin, and ∆Σ is computed as,

∆Σ(R|Rsat, σmc) = ∆ΣDM
sat (R) + ∆Σ′DM

clu (R|Rsat, σmc)

+ ∆Σbary
sat (R) .

(23)

The feature seen at the cluster-satellite distance in the weak
lensing signal around a single satellite galaxy gets smeared
out as we average the signal around many satellites in a
given cluster-centric distance bin. Similarly the bump seen
at ∼ 2Rsat also gets broader.

4.5 Modelling signal around the Control Sample
of galaxies

In order to quantify the environmental effects on the DM
distribution around satellite galaxies in galaxy clusters, we
need to compare the weak lensing signal with that around
a control sample of galaxies that follows the same mass and
redshift distribution, but do not reside in galaxy clusters. We
expect these to evolve differently than satellite galaxies in
clusters, as processes specific to the dense environment are
not expected to play any role in the their evolution. While
modelling the control sample of galaxies, we don’t need to
account for contribution due to ∆ΣDM

clu (R), i.e. the second
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term in Eq. 12. Hence we can re-write Eq. 12 for the control
sample of galaxies as,

∆Σcont(R) = ∆ΣDM
cont(R) + ∆Σbary

cont (R) . (24)

We include separate parameters to describe the halo mass
and the baryonic component of the control sample of galax-
ies. We assume that the distribution of the matter around
these galaxies also follows the NFW profile as in Section 4.2
and that the baryonic component is assumed to be a point
mass contribution as in 4.3. If our control sample of galax-
ies has the same baryonic mass as the satellite galaxies in
clusters, we expect the weak lensing signal in the innermost
regions (R < 0.03 h−1Mpc ) to be similar to that of the
satellite galaxies. Any difference in the signals seen on in-
termediate scales (R ∈ [0.03, 0.1] h−1Mpc ), where the halo
(subhalo) of the control (satellite) galaxies dominate, can be
used to probe the environmental effects on the dark matter
content around satellite galaxies.

5 STATISTICAL ERROR ESTIMATES AND
MODEL FITS

5.1 Statistical Error Estimates

The weak lensing signal manifests itself as a coherent shear
on the shapes of galaxies. The dominant statistical uncer-
tainty in the measurement of the weak lensing signal on
small scales is due to shape noise, the presence of intrin-
sic ellipticity in the shapes of the finite number of source
galaxies (from HSC) that lie behind the lens galaxies (in
our case, control sample and satellite galaxies). The shape
noise term scales as N−1/2 where N is the number of pairs of
lens-source galaxies. Furthermore, a given source galaxy can
lie behind multiple lens galaxies at different distances. This
can lead to covariance between the weak lensing signal mea-
surements on different scales. We obtain an estimate of the
shape noise covariance by performing 320 random rotations
of the shapes of source galaxies. We compute the lensing
signal around lens galaxies in each of these realizations and
use its dispersion to compute the shape noise covariance.

We also use the jackknife technique (Miller 1974) to
estimate this covariance by dividing the redMapPer random
catalog which overlaps with the HSC survey area into 88
approximately equal sized regions. We then compute the
signal by leaving each region out, and obtain the jackknife
covariance. We have confirmed that for each of our bins the
covariance derived from the random rotation technique and
from the jackknife agrees well on small scales, while on large
scales the jackknife technique leads to a larger covariance.
This is expected as the jackknife technique is able to capture
the covariance due to large scale structure. In this paper,
we use the jackknife covariance for model fits. The cross-
correlation matrix is given by

Rij =
Cij

[CiiCjj ]1/2
, (25)

and it captures the extent of the covariance between different
bins. We show the cross-correlation matrices corresponding
to the shape-noise and jackknife technique for one of the
used radial bin i.e. 0.1-0.3 h−1Mpc, in Fig. 7. Given that we
compute the lensing signal, ∆Σ in 20 logarithmic spaced ra-
dial bins in the range [0.01, 5] h−1Mpc, the size of the errors

Model Parameters

Parameters Priors

log[Mclu/(h
−1M⊙)] flat[10,16]

log[Msat/(h−1M⊙)] flat[9,16]

log[Mcont/(h−1M⊙)] flat[9,16]

log[Mbary/(h
−1M⊙)] flat[8,14]

σmc[h−1Mpc] flat(0,1)

forp flat[0,1]

Table 2. The table shows the uninformative priors that we use
for sampling the posterior distribution of the model parameters
in the MCMC analysis. The parameters Mclu,Msat,Mcont denote
the halo (subhalo) masses of the main cluster, satellite galaxies
and the control sample of galaxies, respectively. The parameters
Mbary denotes the average baryonic mass of the satellite as well as
that of the control sample of galaxies. Finally, σmc, is the param-
eter which quantifies the width of the 2-D Rayleigh probability
distribution used for the mis-centering analysis, while the param-
eter forp represents the fraction of orphan satellites.

at large values of R, decreases significantly as the number of
lens-source pairs in those annuli increases substantially due
to the proportionate increase in area. To smooth out noise
in the Jackknife covariance matrix, we smooth the cross-
correlation matrix using a box-car filter of size 3 following
the procedure adopted in Mandelbaum et al. (2013).

5.2 Model fits

We compute the lensing signal using Eq. 4 around satellite
galaxies located in four cluster centric projected distance
bins as described in Section 3.1. We construct a physically
motivated model for the satellites and the control sample,
which we described in Section 4. The signal around the con-
trol sample is modelled with only 2 parameters – the mass of
its dark matter halo plus a baryonic mass component. Our
model for the signal around the satellite galaxies comprises
of 4 parameters, i.e. the mass of the satellite subhalo, the
baryonic mass of the satellite galaxy, the mass of the main
cluster halo as well as a parameter σmc, which characterizes
the width of the Rayleigh probability distribution used for
accounting the miscentering (Eq. 20) of the central galaxy
in our clusters.

We use the concentration-mass relation from Macciò
et al. (2007) encoded in the publicly available repository
AUM 3, to get the concentration from the mass of the halo.
However, we note that even including the concentration as a
free parameter do not impact our constraints on the masses.
We discuss the flat prior ranges used for all our parameters
in the Table:2.

Having specified the model for the observed weak lens-
ing signals, we obtain the posterior distribution of the pa-
rameters (Ω) given the observed data vector (D) as,

P (Ω|D) ∝ P (D|Ω)P (Ω) . (26)

3 https://github.com/surhudm/aum
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Figure 7. In this figure we show the joint covariance matrices obtained for the satellites and their counterpart control sample galaxies,
for one of the radial bins, i.e. 0.1-0.3 h−1Mpc used in our analysis, using (i) random rotations to capture the shape noise (left panel) and
(ii) Jackknife (right panel). Other radial bins show similar behaviour. There is little cross-covariance between the signal around satellites
and the control sample. Therefore, the covariance matrix has a block diagonal form where individual blocks correspond to the covariance
matrices for the satellites and control sample, respectively.

Here P (D|Ω) is the likelihood and P (Ω) is the prior proba-
bility distribution of the model parameters. We assume the
likelihood to be a Gaussian such that,

lnP (D|Ω) = −1

2
χ2 = −1

2
(D − D̄)TC−1

ij (D − D̄) . (27)

Here D̄ corresponds to the vector of model predictions, and
we use the smoothed covariance matrix, Cij obtained with
the jackknife technique as described in Section 5.1.

We perform a Monte Carlo Markov Chain(MCMC)
analysis with the help of publicly available emcee4 pack-
age (Foreman-Mackey et al. 2013) in order to sample from
the posterior distribution of our model parameters. For the
MCMC analysis, we use uninformative flat priors (see Ta-
ble 2), which span a wide sample space, in order to obtain
data driven constraints on the parameters. We use 100 walk-
ers running over 20000 steps, along with 500 burn-in steps
which we discard, to allow the chain to reach an equilibrium
state.

6 RESULTS AND DISCUSSION

6.1 Weak lensing subhalo masses of satellite
galaxies

In the various panels of Fig. 8, we show the weak lensing
signal measured around the satellite galaxies at different
cluster-centric distances using green symbols with errors.
The signal around the control sample of galaxies is shown
with red symbols. We also subtract the signal around ran-
dom points, both from satellites and the control sample to
account for any residual large scale systematics in the shape
measurements. The signal-to-noise ratio (SNR) of our mea-
surements around the satellite galaxies in the radial range

4 https://github.com/dfm/emcee

r ∈ [0.02, 0.3] h−1Mpc 5 is 7.39, 5.09, 4.32 and 7.53 in each
of the cluster-centric distance bins, respectively. For the cor-
responding control sample of galaxies in each of the bins, the
SNR in the same radial range is 11.08, 13.00, 11.14 and 9.93,
respectively. As expected from our discussion in Section 4.2,
we see a distinct dip in the weak lensing signal around satel-
lite galaxies corresponding to each cluster centric radial dis-
tance bin (shown by vertical dashed lines).

Qualitatively, we also see that for satellites which lie at
large cluster-centric distances, the weak lensing signal ap-
proaches that of the control sample of galaxies. However, at
distances closer to the centers of galaxy clusters, interesting
differences start to emerge, especially in the first cluster-
centric distance bin. The signal around the control sample
appears, although noisy, appears to be systematically larger
than that around satellite galaxies.

To quantify this difference we fit the model described
in Sec 4, to the weak lensing signal measured around satel-
lite and the control sample of galaxies, where each of these
have a free parameter for the mass of their individual halos
(subhalos in the case of satellite galaxies). Since our control
sample is well matched to the satellites (see Fig. 2), we use
the same value of baryonic mass ( i.e. Mbary parameter in
MCMC sampling) to fit for the baryonic mass of both the
samples.

We construct joint data vectors D and D̄, used in the
equation 27, with combined information from the the satel-
lites and the control sample.

The median fit model along with its 68 percent confi-
dence regions from MCMC sampling, for both the samples
in each case is shown with the dotted red line for the con-
trol sample and the green line for the satellite galaxy sample.
Our model is able to qualitatively and quantitatively cap-

5 The subhalo mass contribution dominates the weak lensing sig-
nal in the radial range we consider to quote the signal-to-noise
ratio.
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Figure 8. The figure shows the galaxy-galaxy lensing signal around satellite galaxies (green symbols with errors) and the control sample
of galaxies (red symbols with errors) in different radial bins of Rsat, as indicated by the title of each subpanel. The green (red) shaded
regions show the 68 percent credible region around the median, using the parameters obtained from MCMC. The dotted grey lines
represent the cluster centeric distance limits for each selection bin as mentioned in the title. The inferred parameter constraints are listed
in the Table 3.

ture the various features seen in the weak lensing signal.
Although the reduced χ2 we obtain in some of the cases is
little high, this is attributable to the large scales where the
signal from the galaxy cluster halo dominates and thus does
not cause any appreciable effect on our inferences and con-
clusions. We note that nevertheless the cluster halo masses
that we obtain are comparable to measurements in the lit-

erature (Simet et al. 2017; Murata et al. 2018), even though
we effectively are restricting ourselves to large scales.

We compare the model parameter constraints on the
halo/subhalo masses of satellite galaxies to that of the con-
trol sample in Table 3. The various subpanels in the left
hand side of Fig. 9, show the posterior distributions of our
model parameters with 68 and 95 confidence contours for
the closest cluster-centric radial bin. The masses of the sub-
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Figure 9. The figure shows the posterior distribution of various model parameters used to joint fit the lensing signal around the satellites
and their counterpart control sample of galaxies, having separation of 0.1-0.3 h−1Mpc from cluster center. The corner plots in the left
and right panels represents the parameters for the analysis of subhalo mass estimation (refer Section 6.1) and orphan fraction (refer
Section 6.2) respectively. In the figure the contours represents 68 and 95 credible intervals and the median values with their 1σ are given
for each parameter at the top of the posteriors. The figure is representative of what we observe in other bins too, and summarised in
Table: 3

Rsat [h−1Mpc] log
Mclu

[ h−1M⊙]
log

Msat

[ h−1M⊙]
log

Mcont

[ h−1M⊙]
log

Mbary

[ h−1M⊙]
σmc[h−1Mpc] log

MMizuki
stel

[ h−1M⊙]

(0.1-0.3] 14.31+0.04
−0.04 11.73+0.31

−0.71 12.23+0.08
−0.09 10.56+0.16

−0.27 0.52+0.32
−0.35 10.48+0.31

−0.31

(0.3-0.5] 14.33+0.04
−0.04 12.11+0.10

−0.14 12.24+0.06
−0.06 10.07+0.37

−0.63 0.47+0.34
−0.28 10.46+0.32

−0.32

(0.5-0.7] 14.36+0.04
−0.04 12.00+0.12

−0.17 12.11+0.08
−0.09 10.52+0.18

−0.34 0.44+0.37
−0.30 10.50+0.31

−0.31

(0.7-0.9] 14.39+0.04
−0.06 12.07+0.09

−0.11 12.14+0.07
−0.08 10.77+0.10

−0.13 0.40+0.38
−0.29 10.51+0.30

−0.30

Rsat [h−1Mpc] log
Mclu

[ h−1M⊙]
log

Msat

[ h−1M⊙]
log

Mbary

[ h−1M⊙]
σmc[h−1Mpc] forp log

MMizuki
stel

[ h−1M⊙]

(0.1-0.3] 14.31+0.04
−0.04 12.24+0.08

−0.09 10.54+0.16
−0.27 0.51+0.33

−0.35 0.48 10.48+0.31
−0.31

(0.3-0.5] 14.32+0.04
−0.04 12.24+0.06

−0.06 10.09+0.36
−0.64 0.47+0.34

−0.28 0.22 10.46+0.32
−0.32

(0.5-0.7] 14.36+0.04
−0.04 12.11+0.08

−0.09 10.54+0.17
−0.33 0.44+0.37

−0.30 0.20 10.50+0.31
−0.31

(0.7-0.9] 14.39+0.04
−0.05 12.14+0.07

−0.08 10.78+0.10
−0.13 0.40+0.38

−0.29 0.12 10.51+0.30
−0.30

Table 3. The table shows the posterior distribution of the parameters characterized by their median values along with errors (based on
16 and 84 percentile), used in analysis of subhalo mass estimation (refer Section 6.1), and orphan fraction (refer Section 6.2) respectively.
In the case of the orphan fraction parameter, we show the upper limit by reporting the 68 percentile value. The last column of the table
shows the stellar mass estimates for the satellite galaxy samples based on the template fits of the Mizuki photometric redshift estimation
code. Note that the errors here reflect the scatter in stellar masses rather than the error on the mean. Stellar masses typically have units
of h−2M⊙, but the weak lensing signal is sensitive to h−1M⊙. We have converted the Mizuki stellar mass estimates with the appropriate
h factors to account for this difference.
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halos and the halos of the control sample are determined
very precisely. In particular, we see that there is very little
degeneracy between the mass of the main cluster halo and
that of the mass of the subhalo of the satellite galaxy. We
find the expected degeneracy between the baryonic mass of
the galaxies and their subhalos. Importantly the nuisance
parameter corresponding to miscentering does not show any
degeneracy with the halo and subhalo masses of the control
and satellite sample of galaxies.

In Fig. 10, we show the posterior distributions of the
masses of the subhalos of the satellite galaxies and the ha-
los of control sample of galaxies. We see hints of differences
as we move closer to the cluster center, with the most visi-
ble difference seen in the cluster centric distance of (0.1, 0.3]
h−1Mpc . In this bin, the halos of the control sample are
approximately a factor two larger than that of the satellite
galaxies, albeit with large errors. These differences progres-
sively reduce as we move further and further away from the
center. Our results support a reduction in the dark matter
masses of the satellite galaxies within galaxy clusters that
depends upon the cluster-centric distance.

The dependence of subhalo masses of satellite galax-
ies on their cluster-centric distance can arise from multiple
physical processes. Dynamical friction is expected to bring
the most massive satellites to the inner regions of the halo,
while tidal effects can strip the dark matter subhalos of the
matter in their outskirts. In Fig. 11, we present the subhalo
mass constraints as a function of cluster centric radius from
our analysis as blue symbols with errors. We do not see a
large dependence of the subhalo mass of redMaPPer satel-
lites on their cluster-centric distance. We compare these re-
sults with those obtained by Li et al. (2016) using the CFHT
Stripe 82 survey (orange symbols with errors). In the inner
regions, the mass constraints from both the studies are con-
sistent with each other, given the errors. The subhalo masses
inferred for satellites from our measurements in the outer-
most bin are smaller compared to Li et al. (2016). There are
subtle sample selection differences in the redMaPPer satel-
lite galaxies used in these analyses, e.g., Li et al. (2016) use
all clusters irrespective of their Pcen values and model the
miscentering. They also select clusters in a larger redshift
range z < 0.5. The selection of clusters above z > 0.33 re-
sults in satellites below the flux limit of SDSS to be missed
in the photometric catalogs, and could be a potential source
for the differences we observe.

Sifón et al. (2018) analyzed the weak lensing signal
around satellite galaxies within galaxy clusters from the
MENeaCS (Sand et al. 2012) using imaging data from the
Canada France Hawaii Telescope. The stellar masses of the
redMaPPer satellite galaxies should on average correspond
to their third and fourth bins in stellar mass. The poste-
rior distribution of the masses of the subhalos they obtain
logM ∼ 11.6+0.15

−0.15 h−1M⊙ are broadly consistent, albeit
∼ 2 − σ lower compared to our estimates of the subhalo
masses averaged over all distances within the halo. This
could possibly be due to the ∼ 10 times more massive cluster
sample they use, providing a denser environment compared
to the redMaPPer cluster sample we use. They also observe
a similar trend for the subhalo masses of their satellite galax-
ies as a function of the distance to the cluster centre as we
do, where the subhalos closest to the center have roughly 3σ
smaller masses.
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Figure 10. In this figure we show the probability density of sub-
halo/halo mass distribution for the satellites(green) and the con-
trol sample galaxies(red), as obtained from our MCMC analysis,
in different cluster centric radial bins as indicated by the title
of the each sub-panel. We observe that the halo masses for the
control sample exceed from the subhalo masses of the satellites
with as large as factor two, specially for small distances from the
cluster center.

In Table 3, we also present the average and the stan-
dard deviation of the stellar mass estimates for the satellite
galaxy samples based on the template fits of the Mizuki
photometric redshift estimation code. These stellar mass es-
timates are broadly consistent with our determinations from
weak lensing. We also note that we expect some degenera-
cies between our measurements of the baryonic mass and
the subhalo mass, assumed concentration parameters, and
any deviations of the subhalo profile from the assumed NFW
profile in our analysis, especially in the inner regions.

6.2 Upper limits on the fraction of orphan
satellite galaxies

The dark matter halos of satellite galaxies get disrupted due
to stripping, especially if the pericenters of their orbits bring
them closer to the cluster center. Some fraction of the satel-
lite galaxies in numerical simulations could lose almost all
of their dark matter halos during such close pericentric pas-
sages, many times due to limited mass and force resolu-
tion (Van den Bosch 2017; Van den Bosch et al. 2018; Van
den Bosch & Ogiya 2018). Such galaxies which have lost a
significant portion of their dark matter halos are called or-
phan galaxies. Inclusion or exclusion of orphan galaxies can
affect the inferred relations between stellar mass and the
peak maximum circular velocities in studies which model the
abundance of galaxies and their clustering (Behroozi et al.
2019).

In this section, we use our measurements to put an ob-
servational upper limit on the fraction of such orphan galax-
ies directly from weak lensing observations. We assume that
a fraction of satellite galaxies, forp, have lost all their dark
matter halos around them, while the rest behave similar to
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Figure 11. This figure shows constraints on the logarithmic sub-
halo masses of the satellite galaxies with errors as blue symbols
for different radial bins used in our analysis. As a comparison, we
also show constraints from Li et al. (2016) from the CS82 sur-
vey for redMaPPer satellite galaxies with orange symbols. The
results from both studies are consistent with each other within
errors, especially in the inner regions. Small differences observed
in the outer regions are likely due to subtle differences in sample
selection used in both the studies.

the control galaxy population. This is an undoubtedly sim-
plistic model which is clearly not physical, but it allows us to
put an upper limit on the fraction of satellite galaxies that
could have lost their dark matter halos, which can act as a
useful empirical constraint on models which invoke orphan
galaxies. Studies relying on the orphan populations of galax-
ies, should not exceed the empirical fractions as a function
of cluster-centric distances constrained in this paper.

To explore this limiting case, we perform a joint analysis
to fit the signal around the satellites and the control sample
galaxies simultaneously. We deliberately set the parameters
corresponding to the dark matter halos of the satellite and
the control sample galaxies to be the same, but include an
extra parameter forp that describes the fraction of satellite
galaxies which are orphans. We use an uninformative prior
for forp between [0, 1] in order to perform this joint analysis.
We list the best fit parameters along with their 68 percent
credible intervals in Table 3. In the case of the orphan frac-
tion parameter, we report the upper limit by calculating the
68 percentile. In Fig. 12, we present the constraints on the
upper-bound of the orphan satellite fraction in different ra-
dial bins as blue symbols with errors. As expected, we find
that the upper limits on the fraction of orphan satellites de-
creases with distance from the cluster center, and is the first
direct empirical constraint using weak lensing observations
so far.

6.3 Effects of contamination of satellite sample

We note that the constraints derived above assume that the
redMaPPer memberships to determine the satellite galax-
ies in galaxy clusters are reliable. Given that the cluster
memberships in redMaPPer are determined only using pho-
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Figure 12. The figure shows the upper bound on the preva-
lence of orphan galaxies with cluster centric distance RSat, by
accounting the mass difference between the control sample galax-
ies and the satellites with orphan galaxies only. The yellow arrows
indicate the shift in orphan fractions assuming some contamina-
tion from interloper field galaxies. HSC-observations suggest that,
more satellites become orphans if they evolve at nearby distances
from the BCG, i.e. in the strong gravitational influence of the
central galaxy, in comparison to the satellites which evolve at far-
away distances.

tometric data, it is likely that the satellite galaxy classifi-
cation suffers from contamination by field galaxies due to
projection effects (see e.g., Zu et al. 2017; Sunayama et al.
2020). Myles et al. (2021) use spectroscopic redshifts avail-
able for redMaPPer member galaxies in order to determine
that a fraction fcont = 0.25 of satellite galaxies identified
by the algorithm may in reality be field galaxies projected
along the line-of-sight. Such a contamination would result
in an orphan fraction limit which gets relaxed by a factor
(1− fcont)

−1. In Fig. 12, we show the effect of such contam-
ination by interlopers using the orange lines.

We further note that there is a possibility that the con-
tamination is dependent upon the distance of the putative
satellite galaxies from the cluster center, with smaller con-
tamination in the inner regions. Therefore comparisons with
simulations should be done with caution and should include
possible contamination of the satellite galaxy sample due
to projection. We defer such detailed comparisons to future
work.

7 SUMMARY

In this work we used the first year weak lensing catalog
from the Subaru HSC survey to investigate the dark matter
subhalos that surround satellite galaxies in galaxy clusters
selected from the redMaPPer cluster catalog, within the red-
shift range 0.1 ≤ z ≤ 0.33. Our results can be summarized
as follows:

• We measured the weak lensing signal of redMaPPer
satellite galaxies binned in 4 projected cluster-centric dis-
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tance bins R ∈ (0.1, 0.3], (0.3, 0.5], (0.5, 0.7], (0.7, 0.9] with a
total signal to noise ratio of 20.74, 18.00, 17.66, 17.35.

• We constructed a control sample of galaxies which do
not reside in a cluster environment but have similar distri-
bution of fluxes in the different optical wavelength bands as
the satellite galaxy sample. We also measured the weak lens-
ing signal around the control sample of galaxies to compare
with that of the satellite galaxies.

• We modelled the weak lensing signal both around satel-
lites and control sample with the NFW profile, accounting
for various systematic effects corresponding to miscentering
of BCGs, the finite radial bin width as well as the radial
dependence of the number of lens-source pairs. Our model
provides a good description of the data and allows robust
constraints on the masses of the subhalos of satellite galax-
ies and the masses of the control sample.

• We find that the subhalo masses of satellite galaxies
get systematically smaller than that of the control sample,
with differences as large as factor of three in the innermost
cluster-centric distance bin (although with large error given
our current statistical precision). The subhalo masses ap-
proach that of the control sample as we go further from
the cluster center, consistent with differences expected from
tidal stripping of the dark matter subhalos.

• We do not see a strong dependence of the average sub-
halo masses of redMaPPer satellite galaxies on the cluster-
centric distances.

• Attributing the difference between the subhalo masses
of the satellites and those of the control sample to orphan
galaxies which have completely lost their subhalos, allows us
to obtain the first empirical upper limits on the fraction of
orphan galaxies allowed at various cluster centric distances.
We find an upper limit on the orphan fraction of about 48
percent in the innermost radial bin r ∈ [0.1, 0.3] h−1Mpc .
These upper limits fall off to smaller values at larger galac-
tocentric distances.

In our work we have only considered simple models for
the subhalo density profiles given the precision of our current
measurements (see Sifón et al. 2015, for the effects due to
tidal truncation). As the statistical precision increases, bet-
ter models which include effects related to tidal truncation
of the subhalos can also be used.

The Subaru HSC survey has recently published its 3
year catalog (Li et al. 2022) based on roughly three times
larger area than the first year. The data gathering oper-
ations from the entire HSC survey with about eight fold
larger area have also concluded. Once the final year shape
catalogs will be available, the lensing measurements around
satellite galaxies will become more precise and will allow
further detailed investigations. Albeit less significant with
the current data, we do see signs that systematic effects will
become further important as the statistical errors go down.
We defer such investigations to future work.
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The satellite galaxy sample used in this analysis, constructed
from publicly available redMaPPer6 cluster/member cat-
alog with redshift and Pcen cuts, as described in Sec-
tion 2.1 along with the control sample of field galaxies cor-
responding to these satellites, can be accessed from repos-
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trol sample catalogs, covariance matrices obtained using
shape noise and the Jackknife technique, posterior distri-
bution of the model parameters for all the bins used in the
analysis.
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Bin [h−1Mpc] forp(Jackknife) forp(Shape noise)

0.1-0.3 0.48 0.39

0.3-0.5 0.22 0.16

0.5-0.7 0.20 0.19

0.7-0.9 0.12 0.10

Table A1. In this table we compare the constraints on the orphan
fraction at different distances from the cluster center, as obtained
by using different covariance estimation techniques, i.e. jackknife
versus shape noise. We see the results from both techniques are
consistent within errors.
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APPENDIX A: POSTERIOR DISTRIBUTION
WITH SHAPE NOISE COVARIANCE

We also perform this whole analysis by using the shape
noise covariance to estimate the posterior distributions us-
ing Eq. 26. In Table:A1, we compare the results obtained
from both of these covariance estimation techniques. Since
both the techniques result in similar covariance values on
scales used to infer the satellite subhalo masses and the halo
masses of the control galaxy sample, we conclude that choice
of the technique used to calculate covariance matrix does not
strongly impact our conclusions.

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Rsat [h−1Mpc] log
Mclu

[ h−1M⊙]
log

Msat

[ h−1M⊙]
log

Mcont

[ h−1M⊙]
log

Mbary

[ h−1M⊙]
σmc[h−1Mpc]

(0.1-0.3] 14.35+0.02
−0.02 11.91+0.19

−0.20 12.24+0.06
−0.07 10.56+0.15

−0.25 0.49+0.36
−0.35

(0.3-0.5] 14.36+0.02
−0.02 12.19+0.08

−0.10 12.29+0.06
−0.06 9.93+0.40

−0.58 0.49+0.33
−0.29

(0.5-0.7] 14.40+0.02
−0.02 12.01+0.10

−0.14 12.13+0.07
−0.08 10.57+0.15

−0.24 0.49+0.33
−0.30

(0.7-0.9] 14.43+0.02
−0.02 12.15+0.07

−0.09 12.21+0.06
−0.07 10.60+0.13

−0.21 0.48+0.33
−0.31

Rsat [h−1Mpc] log
Mclu

[ h−1M⊙]
log

Msat

[ h−1M⊙]
log

Mbary

[ h−1M⊙]
σmc[h−1Mpc] forp

(0.1-0.3] 14.34+0.02
−0.02 12.23+0.06

−0.07 10.57+0.15
−0.24 0.50+0.35

−0.35 0.39

(0.3-0.5] 14.36+0.02
−0.02 12.29+0.06

−0.06 9.95+0.39
−0.58 0.49+0.34

−0.29 0.16

(0.5-0.7] 14.40+0.02
−0.02 12.13+0.07

−0.08 10.58+0.14
−0.23 0.48+0.34

−0.30 0.19

(0.7-0.9] 14.43+0.02
−0.02 12.21+0.06

−0.07 10.61+0.13
−0.20 0.48+0.33

−0.31 0.10

Table A2. Similar to Table. 3, but using shape noise covariance matrices.
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