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ABSTRACT

We study the stellar-to-halo mass relation of central dgaekxin the range
9.7 < log,o(M,/h™2Mgy) < 11.7 and z < 0.4, obtained from a combined analysis of
the Kilo Degree Survey (KiDS) and the Galaxy And Mass Assem(@AMA) survey.
We use~100ded of KiDS data to study the lensing signal around galaxies fbictv
spectroscopic redshifts and stellar masses were detedrbin@ AMA. We show that lensing
alone results in poor constraints on the stellar-to-halesmalation due to a degeneracy
between the satellite fraction and the halo mass, whichftesdliwhen we simultaneously
fit the stellar mass function. AV, > 5 x 10'°4=2M,, the stellar mass increases with
halo mass as-M{-%5. The ratio of dark matter to stellar mass has a minimum at a hal
mass of8 x 10''h~1 M, with a value of M, /M. = 56715 [h]. We also use the GAMA
group catalogue to select centrals and satellites in graithsfive or more members, which
trace regions in space where the local matter density isehititan average, and determine
for the first time the stellar-to-halo mass relation in thdeaser environments. We find no
significant differences compared to the relation from tHesample, which suggests that the
stellar-to-halo mass relation does not vary strongly wattal density. Furthermore, we find
that the stellar-to-halo mass relation of central galakes also be obtained by modelling
the lensing signal and stellar mass function of satellitebdas only, which shows that the
assumptions to model the satellite contribution in the hadalel do not significantly bias the
stellar-to-halo mass relation. Finally, we show that thenbmation of weak lensing with the
stellar mass function can be used to test the purity of gratglagues.
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1 INTRODUCTION

Galaxies form and evolve in dark matter haloes. Larger Isatte
tract on average more baryons and host larger, more massdive g
ies. The exact relation between the baryonic propertieslaixies
and their dark matter haloes is complex, however, as vaestrs-
physical processes are involved. These include supermavA@N
feedback (see e.@enson 201)) whose relative importances gen-
erally depend on halo mass in a way that is not accurately know
but environmental effects also play an important role. Meag
projections of these relations, such as the stellar-to-hass re-
lation, helps us to gain insight into these processes andrfess
dependences, and provides valuable references for casnparfor
numerical simulations that model galaxy formation and etioh
(e.g-Munshi et al. 2013Kannan et al. 2014

The stellar-to-halo mass relation has been studied with-a va
riety of methods, including indirect techniques such amdbnce
matching (e.gBehroozi et al. 2010Moster et al. 201Bor galaxy
clustering (e.gWake et al. 2011Guo et al. 2014 which can only
be interpreted within a cosmological framework (e/JCDM).
Satellite kinematics offer a direct way to measure halo nf@ess
Norberg et al. 2008Wojtak & Mamon 2013, but this approach
is relatively expensive as it requires spectroscopy faydasam-
ples of satellites. Weak gravitational lensing offers aeotpower-
ful method that enables average halo mass measurements-for e
sembles of galaxies (e.ylandelbaum et al. 2006/elander et al.
2014). Recently, various groups have combined different probes
(e.g. Leauthaud et al. 2012Coupon et al. 2015 which enable
more stringent constraints on the stellar-to-halo masstiosl by
breaking degeneracies between model parameters. A colpécen
ture is emerging from these studies: the stellar-to-halesmala-
tion of central galaxies can be described by a double power la
with a transition at a pivot mass where the accumulated etar f
mation has been most efficient. At higher masses, AGN feédbac
is thought to suppress star formation, whilst at lower masse-
pernova feedback suppresses it. This pivot mass coincileshe
location where the stellar mass growth in galaxies turns foeing
in-situ dominated to merger dominateRabotham et al. 2094

Most galaxies can be roughly divided into two classes, i.e.
red, ‘early-types’ whose star formation has been quenchad,
blue, ‘late-types’ that are actively forming stars. These also
crudely related to different environments and morpholegiehe
differences in their appearances point at different foromahis-
tories. Their stellar-to-halo mass relations may contafiorma-
tion of the underlying physical processes that caused tthiése-
ences. Hence it is natural to measure the stellar-to-haks mex
lations of red and blue galaxies separately (Mgndelbaum et al.
2006 van Uitert et al. 201;IMore et al. 2011Velander et al. 2014
Wojtak & Mamon 2013 Tinker et al. 2013 Hudson et al. 2015
The main result of the aforementioned studies is that atastel
masses below 10'' M, red and blue galaxies that are centrals
(i.e. not a satellite of a larger system) reside in haloes witm-
parable masses. At higher stellar masses, the halo massed of
galaxies are larger at low redshift, but smaller at high hdtist
a given stellar masginker et al.(2013 interpret this similarity in
halo mass at the low-mass end as evidence that these redegalax
have only recently been quenched; the difference at thehiggs
end is interpreted as evidence that blue galaxies have tvedya
larger stellar mass growth in recent times, compared to atakg
ies.

As red galaxies preferentially reside in dense environment
such as galaxy groups and clusters, it appears that locaitgen

is the main driver behind the variation of the stellar-tdehaass
relation, and that the change in colour is simply a consetpien
of quenching, as was already hypothesizediandelbaum et al.
(2006. This scenario could be verified by measuring the stellar-
to-halo mass relation for galaxies in different environtsef his
requires a galaxy catalogue including stellar masses avidoan
mental information, plus a method to measure masses. Weak gr
itational lensing offers a particularly attractive way oéasuring
average halo masses of samples of galaxies, as it measetesah
projected matter density along the line of sight, withouy as-
sumption about the physical state of the matter, out to sdaizt
are inaccessible to other gravitational probes.

These conditions are provided by combining two surveys: the
Kilo Degree Survey (KiDS) and the Galaxy And Mass Assembly
(GAMA) survey. GAMA is a spectroscopic survey for galaxies
with » < 19.8 that is highly completeQriver et al. 2009 2011,
Liske et al. 201}, facilitating the construction of a reliable group
catalogue Robotham et al. 2001 GAMA is completely covered
by the KiDS surveyde Jong et al. 20)3an ongoing weak lensing
survey which will eventually cover 1500 deof sky in thewugri-
bands. In this work, we study the lensing signal arowi0 000
GAMA galaxies using sources from thel00 deg of KiDS imag-
ing data overlapping with the GAMA survey from the first and
second publicly available KiDS-DR1/2 data releakaijken et al.
2015.

The outline of this paper is as follows. In Se@. we
describe the data reduction and lensing analysis, and-intro
duce the halo model that we fit to our data. The stellar-to-
halo mass relation of the full sample is presented in S&ct.
In Sect. 4, we measure this relation for centrals and satel-
lites in groups with a multiplicityNss > 5. We conclude in
Sect. 5. Throughout the paper we assume a Planck cosmology
(Planck Collaboration et al. 20} 4vith o5 = 0.829, QA = 0.685,

Oum = 0.315, QA% = 0.02205 andn, = 0.9603. Halo masses
are defined a8/ = 4m(2005m) R300/3, With Rago the radius of

a sphere that encompasses an average density of 200 timas the
moving matter densitys., = 8.74 - 10'°h? Mg /Mpc?, at the red-
shift of the lens. All distances quoted are in comoving (gathan
physical) units unless explicitly stated otherwise.

2 ANALYSIS
2.1 KiDs

To study the weak-lensing signal around galaxies, we use the
shape and photometric redshift catalogues from the Kilor&eg
Survey (KiDS; Kuijken et al. 201%. KiDS is a large optical
imaging survey which will cover 1500 dégn u, g, » andi to
magnitude limits of 24.2, 25.1, 24.9 and 23.% (& a2” aperture),
respectively. Photometry in 5 infrared bands of the same ait
become available from the VISTA Kilo-degree Infrared Galax
(VIKING) survey (Edge et al. 2018 The optical observations are
carried out with the VLT Survey Telescope (VST) using the ¢°de
imager OmegaCAM, which consists of 32 CCDs of 204896
pixels each and has a pixel size of 0.214n this paper, weak
lensing results are based on observations of 109 KiDS' titest
overlap with the GAMA survey, and have been covered in alf fou
optical bands and released to ESO as part of the first and decon
KiDS-DR1/2 data releases. The effective area after acamgnt

1 Atile is an observation of a pointing on the sky
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for masks and overlaps between tiles is 75.1 square dedrbes.
image reduction and the astrometric and photometric réstuct
use the ATRO-WISE pipeline McFarland et al. 2013 details of
the resulting astrometric and photometric accuracy canobad

in de Jong et al(2015. Photometric redshifts have been derived
with BPZ (Benitez 2000Hildebrandt et al. 2012 after correcting
the magnitudes in the optical bands for seeing differengelsds
mogenising the photometrKgijken et al. 201%. The photometric
redshifts are reliable in the redshift rang@€05 < 2z < 1.2,
with zg being the location where the posterior redshift probapilit
distribution has its maximum, and have a typical outlieeraf
<5% atzp < 0.8 and a redshift scatter of 0.05 (see Sect. 4.4
in Kuijken et al. 201%. In the lensing analysis, we use the full
photometric redshift probability distributions.

Shear measurements are performed inrtnd, which has
been observed under stringent seeing requirement®.§”’). The
r-band is separately reduced with the well-tested THELI Ipipe
(Erben etal. 2005 2009, following procedures very similar
to the analysis of the CFHTLS data as part of the CFHTLenS
collaboration Heymans et al. 201Zrben et al. 2013 The shape
measurements are performed witengit (Miller etal. 2007
Kitching et al. 2008, using the version presented Miller et al.
(2013. We apply the same calibration scheme to correct for
multiplicative bias as the one employed in CFHTLenS; the
accuracy of the correction is better than the current sitls
uncertainties, as is shown by a number of systematics tasts i
Kuijken et al.(2015. Shear estimates are obtained using all source
galaxies in unmasked areas with a non-Zertit weight and for
which the peak of the posterior redshift distribution islie range
0.005 < 2z < 1.2. The corresponding effective source number
density is 5.98 arcmin® (using the definition oHeymans et al.
(2012, which differs from the one adopted @hang et al(2013),
as discussed iKuijken et al. 2015.

22 GAMA

The Galaxy And Mass Assembly (GAMA) surveriver et al.
2009 2011 Liske et al. 2015 is a highly complete optical spec-
troscopic survey that targets galaxies with< 19.8 over roughly
286 deg. In this work, we make use of the®Gv7 group cata-
logue and version 16 of the stellar mass catalogue, whictagon
~180 000 objects, divided into three separatexi2ded patches
that completely overlap with the northern stripe of KiDS. W&
the subset 0f~100000 objects that overlaps with the 75.1 deg
from the KiDS-DR1/2.

Stellar masses of GAMA galaxies have been estimated in
Taylor et al.(201)). In short, stellar population synthesis models
from Bruzual & Charlot(2003 are fit to theugriz-photometry
from SDSS. NIR photometry from VIKING is used when the rest-
frame wavelength is less tharl 000 A. To account for flux out-
side the AUTO aperture used for the Spectral Energy Dididha
(SEDs), an aperture correction is applied using the fluespat
rameter. This parameter defines the ratio betweband (AUTO)
aperture flux and the total-band flux determined from fitting a
Sérsic profile out to 10 effective radKeélvin et al. 2014. The stel-
lar masses do not include the contribution from stellar rams
The stellar mass errors ared.1 dex and are dominated by a mag-
nitude error floor of 0.05 mag, which is added in quadraturalito
magnitude errors, thus allowing for systematic differenoethe
photometry between the different bands. The random errothe
stellar masses are therefore even smaller, and we ignareithibe
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Figure 1. Spectroscopic redshift versus stellar mass of the GAMAXgeda
in the KiDS overlap. The density contours are drawn at 02 énd 0.125
times the maximum density in this plane. The total densit@AMA galax-
ies as a function of redshift and stellar mass are shown bjigiegrams

on the x- and y-axes, respectively. The dashed lines irelitet mass bins
of the lenses.

remainder of this work. The distribution of stellar masssusrred-
shift of all GAMA galaxies in the KiDS footprint is shown ingil.
This figure shows that the GAMA catalogue contains galaxigés w
redshifts up to: ~ 0.5. Furthermore, bright (massive) galaxies re-
side at higher redshifts, as expected for a flux-limited surilote
that the apparent lack of galaxies more massive than a feastim
10"°h2 Mg at z < 0.2 is a consequence of plotting redshift on
the horizontal axis instead of bins of equal comoving volufriee
bins at low redshift contain less volume and therefore haweef
galaxies (for a constant number density). It is not a selaaffect.
We use the group properties of the®G catalogue
(Robotham et al. 20)1to select galaxies in dense environments.
Groups are found using an adaptive friends-of-friends rétyo,
linking galaxies based on their projected and line-of-sggpara-
tions. The algorithm has been tested on mock cataloguesthand
global properties, such as the total number of groups, atergve
covered. Version 7 of the group catalogue, which we use m thi
work, consists of nearly 24 000 groups with over0 000 group
members. The catalogue contains group membership listeaaind
ous estimates for the group centre, as well as group veldisiper-
sions, group sizes and estimated halo masses. We limitloesse
to groups with a multiplicityNts > 5, because groups with fewer
members are more strongly affected by interlopers, as a asmp
ison with mock data has showR@botham et al. 2091 We refer
to these groups as ‘rich’ groups. We assume that the brightes
group galaxy is the central galaxy, whilst fainter group rbens
are referred to as satellites. An alternative procedureslectthe

2 This is based on SDSSbhand Petrosian magnitudes with a gloak(
e)-correction (se&kobotham et al. 20)1Due to variations in the mass-to-
light ratio, it occasionally happens that a satellite haargdr stellar mass
than the central.
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central galaxy is to iteratively remove group members thaffar-
thest away from the group centre of light. As the two defimisio
only differ for a few percent of the groups and the lensingalg
are statistically indistinguishable (see Appendix A\bla et al.
2015, we do not investigate this further and adopt the brightest
group galaxy as the central throughout. To verify that tHesk’
groups trace dense environments, we match th@ Gatalogue to
the environmental classification cataloguesairdley et al(2015),
who uses a tidal tensor prescription to distinguish betweendif-
ferent environments: voids, sheets, filaments and knotsiglike
classification that is based on thé:2!Mpc smoothing scale, we
find that 76% of the centrals of groups witVt.¢ > 5 reside in fil-
aments and knots, compared to 49% of the full GAMA catalogue,
which shows theVi,s > 5 groups form a crude tracer of dense re-
gions.

Note that both the stellar mass catalogue and the GAMA
group catalogue were derived with slightly different cotmge
cal parameterstaylor et al.(2011) used Qa, 2, 2)=(0.7,0.3,0.7)
and Robotham et al(2011) used Qa, O, 2)=(0.75,0.25,1.0) in
order to match the Millennium Simulation mocks. We accodnte
for the difference im, but not inQ2x andQu, because the lensing
signal at low redshift depends only weakly on these parameatal
this should not impact our results.

The current lensing catalogues in combination with these
GAMA catalogues have already been analysed \figia et al.
(2015, where the main focus was GAMA group properties, and
by Sifon et al(2015, where the masses of satellites in groups were
derived. Here, we aim at a broader scope, as we measurelthe ste
to-halo mass relation over two orders of magnitude in halssna
Studying the centrals and satellites in ‘rich’ groups siggplis with
the first observational limits on whether the stellar-téehmass re-
lation changes in dense environments.

2.3 Lensingsignal

Weak lensing induces a small distortion of the images of back
ground galaxies. Since the lensing signal of individuabges is
generally too weak to be detected due to the low number gensit
of background galaxies in wide-field surveys, it is commoacpr
tice to average the signal around many (similar) lens getaxn

the regime where the surface mass density is sufficientiyllsma
the lensing signal can be approximated by averaging thestang
tial projection of the ellipticities of background (souy@mlaxies,
the tangential shear:
AY(R)

(o (R) = S5

with AX(R) = %(< R) — 2(R) the difference between the mean
projected surface mass density inside a projected ragliasd the
surface density aR, andX..i; the critical surface mass density:

@)

)

2
c Ds

47TG DL DLS ’

with D;, andDs the angular diameter distance from the observer to
the lens and source, respectively, dnd; the distance between the
lens and source. For each lens-source pair we compiie.i; by
integrating over the redshift probability distributiontbe source.

The actual measurements of the excess surface density pro
files are performed using the same methodology outlined m Se
3.3 of Viola et al. (2019. The covariance between the radial bins
of the lensing measurements is derived analytically, azidised in

Ecrit -

@)

Sec. 3.4 olViola et al. (2015. We have also computed the covari-
ance matrix using bootstrapping techniques and found \ejes
results in the radial range of interest.

We group GAMA galaxies in stellar mass bins and measure
their average lensing signals. The bin ranges were cho#iewiiag
two criteria. Firstly, we aimed for a roughly equal lensiigyel-to-
noise ratio of~15 per bin. Secondly, we adopted a maximum bin
width of 0.5 dex. To determine the signal-to-noise ratio fitted a
singular isothermal sphere (SIS) to the average lensingbkand
determined the ratio of the amplitude of the SIS to its efftwe
adopted bin ranges are listed in Talileas well as the number of
lenses and their average redshift; the averagdeis shown in Fig.
2. We note, however, that our conclusions do not depend on the
choice of binning.

2.4 Thehalo model

The halo model $eljak 2000 Cooray & Sheth 2002 has be-
come a standard method to interpret weak lensing data. The im
plementation we employ here is similar to the one described
in van den Bosch et al(2013 and has been successfully ap-
plied to weak lensing measurements @acciato et al.(2014);

van Uitert et al.(2015, and to weak lensing and galaxy cluster-
ing data inCacciato et al(2013. We provide a description of the
model here, as we have made a number of modifications.

In the halo model, all galaxies are assumed to reside in dark
matter haloes. Using a prescription for the way galaxiesipgc
dark matter haloes, as well as for the matter density prafben-
dance and clustering of haloes, one can predict the surfass m
density (and thus the lensing signal) around galaxies iatesttal
manner:

ws
E(R) = pm

Eem (1) dw, (3)

0

with &zm () the galaxy-matter cross-correlatian,the comoving
distance from the observer ang the comoving distance to the
source. For small separationB, ~ wy, 0, with w;, the comoving
distance to the lens anl the angular separation from the lens.
The three-dimensional comoving distances related tow via

r? = (wr - 0)* + (w — wi)?. The integral is computed along the
line of sight.

As the computation ofzm () generally requires convolutions
in real space, it is convenient to express the relevant giemnt
in Fourier-space where these operations become multijolica
&em (1) is related to the galaxy-matter power spectrutiy, (k, 2),
via

sin kr o
k*dk
kr ’

1 oo
on(r2) = 57 [ Panthe2) @
with k the wavenumber. On small physical scales, the main contri-
bution to P, (k, z) comes from the halo in which a galaxy resides
(the one-halo term), whilst on large physical scales, th man-
tribution comes from neighbouring haloes (the two-halafeAd-
ditionally, the halo model distinguishes between two galgpes,
i.e. centrals and satellites. Centrals reside in the cefteemain
halo, whilst satellites reside in subhaloes that are endmbdd
larger haloes. Their power spectra are different and coaapsep-
arately. Hence one has

Py (k) (k) + Pan (k) + P (k) + Poa(k), ©)

with P (k) (PiR(k)) the one-halo contributions from centrals
(satellites), andP2%(k) (P2:(k)) the corresponding two-halo

cm sm

_ Plh

cm
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Figure 2. Excess surface mass density profile of GAMA galaxies medsasea function of projected (comoving) separation from éms selected in various
stellar mass bins, measured using the source galaxies fiD®.Rhe dashed red line indicates the best-fit halo modéhjéd from fitting the lensing signal
only. The solid green line is the best-fit halo model for thenbined fit to the weak lensing signal and the stellar masgifumdhe orange area indicates the 1
model uncertainty regime of this fit. The stellar mass rarigasare indicated correspond to flag, , of the stellar masses and are in unis; o (h~2Mg).

Table 1. Number of lenses and mean lens redshift of all lens samples insthis work. The stellar mass ranges that are indicateg:mond to thdog,
of the stellar masses and are in uniig,,(h~2Mg). The ‘All’ sample contains all GAMA galaxies that overlaptwiKiDS-DR1/2, whilst ‘Cen’ and ‘Sat’
refers to the samples that only contain the centrals anditestén GAMA groups with a multiplicityN¢.s > 5.

M1 M2 M3 M4 M5 M6 M7 M8
[9.39,9.89] [9.89,10.24] [10.24,10.59] [10.59,11.79P[29,10.89] [10.89,11.04] [11.04,11.19] [11.19,11.69]

Nlens <Z> Nlens <Z> Nlens <Z> Nlens <Z> Nlens <Z> Nlens <Z> Nlens <Z> Nlens <Z>

All 15819 0.17 19175 0.21 24459 0.25 11475 0.29 3976 0.31 38832 1894 0.34 1143 0.35
Cen (Vg > 5) 15 0.08 55 0.12 185 0.16 242 0.18 185 0.19 276 0.21 241 0.23 2096
Sat (Vior > 5) 1755 0.14 2392 0.18 3002 0.22 1267 0.26 388 0.27 343 0.27 1329 065 0.32

terms. We follow the notation ofan den Bosch et a(2013 and describes the power spectrum of haloes of nidssand M, which

write this compactly as: contains the large-scale halo biag My, ) from Tinker et al(2010.
Pln(k, 2) is the linear matter power spectrum. We employ the

lej‘(k:,z) = /Hx(kz, My, 2)Hy (k, My, z)nn (M, z)dMy, (6) transfer function ofEisenstein & Hu(1998, which properly ac-
counts for the acoustic oscillations. Furthermore, we use

2h _
Pk, z) = /dM1Hx(k,M1,z)nh(M1,Z) Hon (k, My, 2) = %ﬂh(kth,z), ©)

/szHy(k), Mg, Z)TL},(MQ, Z)Q(k|M1, Mg, Z), (7)
with My, the halo mass, andyw (k|Mn, z) the Fourier transform
where x and y are either c (for central), s (for satellite),nor of the normalised density distribution of the halo. We assum
(for matter),nn (M, z) is the halo mass function dfinker et al. that the density distribution follows a Navarro-Frenk-YeéhiNFW;
(2010, and Q(k|Mi, M2, z) = by (M, 2)bn (Mo, 2) PE™(k, 2) Navarro et al. 1996 profile, with a mass-concentration relation

MNRAS 000, 000—-000 (2016)
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from Duffy et al. (2008:

My

pivot

—0.081

) (1 + Z)—1A01 7 (9)
where feonc iS the normalization, which is a free parameter in
the fit, and Mpivor = 2 x 10"2R™'Mg. Note that the choice
for this particular parametrisation is not very importaag, essen-
tially all mass-concentration relations from the literatpredict a
weak dependence on halo mass. Furthermore, the scalingeaith
shift cam o< (1 + 2)~' is motivated by analytical treatments of
halo formation (see e.d@ullock et al. 200} It is worth mention-
ing that more complex redshift dependences are expected(ge
Mufioz-Cuartas et al. 20)but those deviations are only relevant
at redshifts larger than one, well beyond the highest letishi& in

Cdm — fconc x 10.14 <

this study.
For centrals and satellites, we have
< x|Mh>~
X 7M7 = —— 7~ Uux M . 1
H (k h Z) nx(z) U (kl h) ( O)

We setuc(k|Mn) = 1, i.e.,, we assume that all central galax-
ies are located at the centre of the halo. We adopt this chinice
order to limit the number of free parameters in the model;i-add
tionally, lensing alone does not provide tight constraiotsthe
miscentring distribution. This modelling choice can leadat bi-
ased normalisation of the mass-concentration relatior €sg.
van Uitert et al. 2015Viola et al. 201% but it does not bias the
halo masses/én Uitert et al. 201por the stellar-to-halo mass rela-
tion. Furthermore, we assunag(k| M, z) = un (k| My, z), hence
the distribution of satellites follows the dark matter. 38 a rea-
sonable assumption, given the large discrepancies in gtesl
trends in the literature, which range from satellites bedither
more or less concentrated than the dark matter (se&\augg et al.
2014 and the discussion therein).

We specify the halo occupation statistics using the Conraiti
Stellar Mass Function (CSMFR (M. | My, )d M., which describes
the average number of galaxies with stellar masses in thgeran
M, £ dM. /2 that reside in a halo of mas¥,. The occupation
numbers required for the computation of the galaxy-matteves
spectra follow from
M9

(N[ My) (Mo, M) :/ By (M. | My)dM. |

M 1

(11)

where ‘X’ refers to either ‘c’ (centrals) or ‘s’ (satellifegnd M. 1
and M. . indicate the extremes of a stellar mass bin. The average
number density of these galaxies is given by:

fix(z) = /(NX|Mh)(M*,1,M*,z)nh(Mh,z)th7 (12)
and the satellite fraction follows from
fS(M*’17M*72) _ f<N5|Mh>(]E4*,17 M*_,2)nh(Mh)th )
fie(2) + 71s(2)
(13)

The stellar mass function is given by:
M. M) = [(NIM) + (ND) o (01) 4, (14)

where (N.|My) and (Ns| My ) are computed with Eqq) using
the bin limits of the stellar mass function.

We separate the CSMF into the contributions of central and
satellite galaxies, ®(M.|Mp) = Pc(Mi|My) + O (M. |My).

The contribution from the central galaxies is modelled as a
log-normal distribution:

o (101 exp [_ (logig M*—l;ﬁféo ]\4:(1\4]1))2] .
(M| M) = V27 In(10) o M., ’ (13)

whereo. is the scatter iog M. at a fixed halo mass. For simplic-
ity, we assume that it does not vary with halo mass, as suggbort
by the kinematics of satellite galaxies in the SD3%o(e et al.
2009 2011, by combining galaxy clustering, galaxy-galaxy lens-
ing and galaxy abundance€4dcciato et al. 20Q9_eauthaud et al.
2012 and by SDSS galaxy group catalogu&@rig et al. 2008

M represents the mean stellar mass of central galaxies inoa hal
of massiM,,, parametrised by a double power law:

(My /My,1)"!
[1+ (M /My )]~

with My 1 a characteristic mass scalel. o a normalization and
51 (B2) the power law slope at the low-(high-) mass end. This is
the stellar-to-halo mass relation of central galaxies veeadter.

For the CSMF of the satellite galaxies, we adopt a modified

Schechter function:
M Qg 2
()" |- G2) ]

— d)s
Mg \ Mg

which decreases faster than a Schechter function at theskegjar
mass end. Galaxy group catalogues show that the satellitei-co
bution to the total CSMF falls off around the mean stellar snas
of the central galaxy for a given halo mass (é&/gng et al. 2008
Thus one expects the characteristic mass of the modifieccBigre
function, M3, to follow M. Inspired byYang et al.(2008, we
assume thal//; (My) = 0.56M (My). For the normalization of
Ds(M.|My) we adopt

logyq[¢s(Mn)] = bo + b1 x log,o M3,

with Mz = M, /(10" L™ Mg). bo, b1, andas are free parame-
ters. We test the sensitivity of our results to the locatibAg, and
to the addition of a quadratic term in EQ.8), in AppendixB. We
find that our results are not significantly affected.

We assign a mass to the subhaloes in which the satellites re-
side using the same relation that we use for the centrals1@&qg.
For every stellar mass bin, we compute the average mass of the
main haloes in which the satellite resides, and multiplg thith
a constant factorfs,p, a free parameter whose range is limited to
values between 0 and 1. In this way, we can crudely accouttéor
stripping of the dark matter haloes of satellites. Given louited
knowledge of the distribution of dark matter in satellitéeg@es, we
assume that it is described by an NFW profile, which provide-a d
cent description of the mass distribution of subhaloesériMiilen-
nium simulation Pastor Mira et al. 2001 We use the same mass-
concentration relation as for the centrals. The statisgiower of
our measurements is not sufficient to additionally fit forunta-
tion radius (se&ifon et al. 2015

The above prescription provides us with the lensing signal
from centrals and satellites, with separate contributfoois their
one-halo and two-halo terms. At small projected separstitite
contribution of the baryonic component of the lenses thérese
becomes relevant. We model this using a simple point mass ap-
proximation:

M:(Mh) = M*,O ) (16)

M*

(M. | M) =

17

(18)

AT (R) =

(19)
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Table 2. Priors adopted in halo model fit

Parameter type range prior mean prior sigma
logyo(Mh,1) flat [9,14] - -
log1o(Mx0) flat [7,13] - -

B1 Gaussian - 5.0 3.0
logqq B2 flat [—3, 0] - -
oc flat [0.05,0.5] - -

Qas Gaussian - -1.1 0.9

bo Gaussian - 0.0 15

by Gaussian - 15 15
Ssub flat [07 1} - -
fCOl’)C ﬂat [0.2, 2} - -
co flat (-5, 5] - -
&1 flat [9, 6} - -

with (M.,) the average stellar mass of the lens sample.

To summarise, the halo model employed in this paper
has the following free parameter&ify, 1, M. o0, 51, B2,0.) and
(s, bo, b1) to describe the halo occupation statistics of centrals
and satellitesfsu1, controls the subhalo masses of satellites, and
feonc quantifies the normalization of the& M) relation. We use
non-informative flat or Gaussian priors, as listed in Tahlex-

3 STELLAR-TO-HALO MASSRELATION

We start with an analysis of the lensing measurements to exam
ine the stellar-to-halo mass relation of central galaxas,was
done in several previous studies (elandelbaum et al. 2006
van Uitert et al. 2011Velander et al. 2014 We fit the lensing sig-
nals of the eight lens samples simultaneously with the haldeh
The best-fitting models from the lensing-only analysis cawcdm-
pared to the data in Fi@. The resulting reduced chi-squared,,
has a value of 1.0 (with 70 degrees of freedom), so the modeis p
vide a satisfactory fit. In the left-hand panel of F&ywe show the
constraints on the stellar-to-halo mass relation. A breade of re-
lations describe the lensing signals equally well. Furti@e, the
right-hand panel of Fig3 shows that the uncertainties on the frac-
tion of galaxies that are satellites is also large.

van Uitert et al.(2011) pointed out that the uncertainties on
the satellite fraction obtained from lensing only are laagthe high
stellar mass end, and, even worse, that a wrongly inferre-sa
lite fraction can bias the halo mass as they are anti-cdek|dhe
reason for this degeneracy is that lowering the halo masscesd
the model excess surface mass density profile, which canrbg pa
compensated by increasing the satellite fraction, aslitasaleside
on average in more massive haloes than centrals of the saine st
lar mass, thereby boosting the model excess surface masiyden
profile at a few hundred kpc. This problem was partly mitigate
in van Uitert et al.(2011) and Velander et al(2014 by imposing

cept forB;, because our measurements do not extend far below thepriors on the satellite fractions, which is not ideal, as tbsults

location of the kink in the stellar-to-halo mass relatiors. & con-
sequence, we are not able to provide tight constraints osltpe

at the low-mass end. The other priors were chosen to gergrous
encapsulate previous literature results and they do nettaéfur
results. Note that for some samples, we had to adopt somelifhat
ferent priors; we comment on this where applicable.

The parameter space is sampled with an affine invari-
ant ensemble Markov Chain Monte Carlo (MCMC) sampler
(Goodman & Weare 20)0Specifically, we use the publicly avail-
able code mcEE (Foreman-Mackey et al. 201.3Ne run BUCEE

are sensitive to the priors used. As we employ a more flexidle h
model here, this problem is exacerbated and a differentisanlis
required.

In order to tighten the constraints on the satellite fracaod
the stellar-to-halo mass relation, we either need to impo®s
in the halo model, or include additional, complementaryadsts.
Since it is not obvious what priors to use, particularly sinee
aim to study how the stellar-to-halo mass relation depemdem
vironment, we opt for the second approach. The most stifaight
ward complementary data set is the stellar mass functiomchwh

with four separate chains with 150 walkers and 4500 steps per constrains the central and satellite CSMFs through E4). As a

walker. The first 1000 steps (which amounts to 600 000 eviahs)t
are discarded as the burn-in phase. Using the resulting 2a®0
model evaluations, we estimate the parameter uncertsjrltie fit
parameters that we quote in the following correspond to tke m
dian of the marginalized posterior distributions, the esroorre-

result, the number of satellites cannot be scaled arbitrap or
down anymore, which helps to break this degeneracy.

Since GAMA is a highly complete spectroscopic survey, we
can measure the stellar mass function by simply countingxgal
ies, as long as we restrict ourselves to stellar mass anthifeds

spond to the 68% confidence intervals around the median. We as ranges where the sample is volume limited. Hence we measure
sess the convergence of the chains with the Gelman-Rubin tes the stellar mass function in three equally log-spaced bies b

(Gelman & Rubin 199Pand ensure thakR < 1.015, with R the
ratio between the variance of a parameter in the single staid
the variance of that parameter in all chains combined. Iritiadgl
we compute the auto-correlation time (see Akeret et al. 2013
for our main results and find that it is shorter than the lergtthe
chains that is needed to reach 1% precision on the mean ofieach
parameter.

For some lens selections, we also run the halo model in an ‘in-
formed’ setting. When we use the GAMA group catalogue toctele
and analyse only centrals or satellites, we only need theopéne
halo model that describes their respective signals. Hemloen we
only select centrals, we set the CSMF of satellites to zerbeWV
we select satellites only, we model both the CSMF of the kaiel
and of the centrals of the haloes that host the satellitesnéféel
the latter to model the miscentred one-halo term and theadobh
masses of the satellites.

MNRAS 000, 000—-000 (2016)

tween9.39 < log,,(M./h™2My) < 11.69 and include all galax-
ies from the GCv7 group catalogue with < 0.15. The choice
of the number of bins is mainly driven by the low number of in-
dependent bootstrap realisations we can use to estimagzrirs
(discussed in AppendiA). We do not expect to lose much con-
straining power from the stellar mass function by measuiting
three bins only. Note that the mean lens redshift is somehibher
than the redshift at which we determine the stellar masstifumc
but the evolution of the stellar mass function is very smedirche
redshift range considered in this work (see, dlgert et al. 2013
and hence can be safely ignored. The stellar mass functsboign
in Fig. 4, together with the results fromaldry et al.(2012, who
measured the stellar mass function for GAMA using galaxies a
z < 0.06. The measurements agree well.

We determine the error and the covariance matrix via boot-
strapping, as detailed in Appendik. We show there that 1) the
bootstrap samples should contain a sufficiently large physiol-
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Figure 3. (left:) Stellar-to-halo mass relation of central galaxies from B#BAMA, determined from fitting the lensing signal only (kidéight brown indi-
cating 1-/2¢ model uncertainty regime) or by combining the lensing digvith the stellar mass function (orange/yellow indicatihg?-- model uncertainty
regime). The contours are cut at the mean stellar mass ofrttefid last stellar mass bin used in the lensing analysisndare we only show the regime
where the data constrains (tight:) The fraction of galaxies that are satellites as a functiostelfar mass for all GAMA galaxies. The coloured contours
show the 68% confidence interval for the fits to the lensingaignly and to the combined fits, as indicated in the paned. Ugiper thick black dashed line
shows a crude estimate of the satellite fraction based o8#&MA group catalogues (as detailed in S&8), the lower thick dotted line shows a lower limit.
Hatched areas show the overlap between theldnsing-only results and the combined analysis.

ume. If the sample volume is too small, the errors will be uade
timated; 2) the major contribution to the error budget coffnes
cosmic variance. The contribution from Poisson noise isclfy S
of order 10-20%; 3) the stellar mass function measurememsts a ~ e
highly correlatedSmith(2012 showed that this has a major impact x 0.0100 ¢
on the confidence contours of model parameters fitted to élarst © r
mass function. Including the covariance is therefore @&denot o
only for studies that characterise the stellar mass/lusiipéunc- 9
tion (for example as a function of galaxy type), but also whes =
used to constrain halo model fits.

To determine the cross-covariance between the shear mea- ==, 0.0010 ¢ z<0.15
surements and the stellar mass function, we measured tlae she r
of all GAMA galaxies with log,,(M./h~>Mgy) > 9.39 and
z < 0.15 in each KiDS pointing, and used the same GAMA galax-
ies to determine the stellar mass function. These measateme
were used as input to our bootstrap analysis. The covariareee
trix of the combined shear and stellar mass function measemes 0.0001 ¢ 19
revealed that the cross-covariance between the two prelmegii- [ ‘ ‘ ‘ L]
gible and can be safely ignored. The covariance betweepiisalg
measurements and the stellar mass function for smalleasyties 9.5 10.0 10.5 11.0
of GAMA galaxies is expected to be even smaller because gétar log,oM, [h™7 Mg]
measurement noise. Therefore, we do not restrict ourséivie
overlapping area with KiDS, but use the entire 180°deigGAMA
area to determine the stellar mass function to improve @tissts.

We fit the lensing signal of all bins and the stellar mass func-
tion simultaneously with the halo model. The best-fit modeis

- 1 Baldry+12

Figure 4. Stellar mass function determined using all GAMA galaxies at
z < 0.15. Orange regions indicate the 68% confidence interval froen th
halo model fit to the lensing signal and the stellar mass fongctinearly

shown in Fig.2 and 4, together with the & model uncertainties. interpolated between the stellar mass bins. The solid dieerindicates
The reduced? of the best-fit model i80/(83 — 10) = 1.1 (eight the best fit model. The stellar mass function fr&aldry et al.(2012), de-
mass bins times ten angular bins for the lensing signal, thitese termined using GAMA galaxies at < 0.06, is also shown.

mass bins for the stellar mass function), so the halo modeiges
an appropriate fit. The lensing signal of the best-fit modelrisi-
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ally indistinguishable from the best-fit model of the lemsnly fit.
The stellar-to-halo mass relation, however, is bettertamed, as

is shown in Fig3. The relation is flatter towards the high mass end,
as a result of a better constrained satellite fraction tleatehses
with stellar mass (discussed in Se28).

The constraints on the parameters are listed in Tablkhe
marginalised posteriors of the pairs of parameters are shiow
Fig. 5. This figure illustrates that the main degeneracies in the ha
model occur between the parameters that describe thergtella
halo mass relation, and between the parameters that desbeb
CSMF of the satellites. These degeneracies are expected, e
functional forms that we adopted (see H®, 17, 18). For exam-
ple, a larger value foiV/,, ; would decrease the amplitude of the
stellar-to-halo mass relation, which could be partly congaged by
increasingM.. o; hence these parameters are correlated. Similarly,
increasingby would lead to a higher normalisation @f (M. | M),
which could be partly compensated by decreasincence these
two parameters are anti-correlated. Furthermore, by cangpthe
marginalised posteriors to the priors, we observe thatathmpe-
ters but onef;, are constrained by the data. We have verified that
varying the prior on3; does not impact our results. Comparing the
posteriors of the combined fit to the analysis where we onihét
lensing signal reveals that the stellar mass function higypson-
straining several parameters; those that describe tHarstelhalo
mass relation and those that describe the satellite CSMF.

In Fig. 6, we present the stellar-to-halo mass relation of cen-
tral galaxies and the ratio of halo mass to stellar mass. dlagon
consists of two parts. This is not simply a consequence optado
ing a double power law for this relation in the halo modelcsin
the fit has the freedom to put the pivot mass below the minimum
mass scale we probe, which would effectively result in fifasin-
gle power law. ForM, < 5 x 10'°A=2My, the stellar-to-halo
mass relation is fairly steep and the stellar mass incresitiefialo
mass as a powerlaw aff;, with an exponent-7.. At higher stellar
masses, the relation flattenstd/-?®. The ratio of the dark matter
to stellar mass has a minimum at a halo mas$ ©f10'' L= M,
where M¢ = (1.45 + 0.32) x 10'°A~2 M, and the halo mass to
stellar mass ratio has a value df,, /M. = 56715 [A]. The un-
certainty on this ratio reflects the errors on our measurésrend
does not account for the uncertainty of the stellar masmagtis
themselves, which are typically considerably smaller ttrenbin
sizes we adopted and hence should not affect the results. mieh
location of the minimum is important for galaxy formation deds,
as it shows that the accumulation of stellar mass in galésie®st
efficient at this halo mass.

In the lower left-hand panel of Fid, we also show the in-
tegrated stellar mass content of satellite galaxies divioke halo
mass. In haloes with massgs2 x 10'3h~! M, the total amount
of stellar mass in satellites is larger than that in the eniviore
stellar mass is contained in satellites towards higher imalsses; at
5 x 10" h~t Mg ~94% of the stellar mass is in satellite galaxies.
Note that another considerable fraction of stellar maserisained
in the diffuse intra-cluster light (up to several tens ofqestts, see
e.g.Lin & Mohr 2004) which we have not accounted for here.

The normalisation of the mass-concentration relationiit/fa
low, feone = 0.707012. A normalisation lower than unity was an-
ticipated as we did not account for miscentring of centralthie
halo model. Miscentring distributes small-scale lensiogvgr to
larger scales, an effect similar to lowering the conceianain our
fits, it merely acts as a nuisance parameter, and should niot be
terpreted as conflicting with numerical simulations. Inufigtwork,
we will include miscentering of centrals in the modellinghieh
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should enable us to derive robust and physically meanirggfnt
straints onf.onc. The subhalo mass of satellites is not constrained
by our measurements, which is why we do not show it in Big.
This is not surprising, given that most of our lenses areraént
and that the lensing signal is fairly noisy at small projectis-
tances from the lens.

3.1 Sengitivity testson stellar-to-halo massrelation

We have performed a number of tests to examine the robustness
of our results. For computational reasons, we limited thelmer

of model evaluations to 750000 (instead of 2100 000), divide
over two chains. We adopted a maximum valuefof= 1.05 in

the Gelman-Rubin convergence test to ensure that reselsui-
ciently robust to assess potential differences.

First, we test if incompleteness in our lens sample can hias t
stellar-to-halo mass relation. As GAMA is a flux-limited sey,
our lens samples miss the faint galaxies at a given stellasma
If these galaxies have systematically different halo n®sear
stellar-to-halo mass relation may be biased. To check vehétiis
is the case, we selected a (nearly) volume-limited lens kaunging
the methodology ofange et al.(2015. This method consists of
determining a limiting redshift for galaxies in a narrowlstemass
bin, z11m, Which is defined as the redshift for which at least 90% of
the galaxies in that sample havg, < Zmax, With zmax the maxi-
mum redshift at which a galaxy can be observed given itsfraste
spectral energy distribution and given the survey magaitirdit.
zim 1S determined iteratively using only galaxies with< zjim,.

We removed all galaxies with redshifts larger than, (~60% of

the galaxies in the first stellar mass bin, fewer for the highass
bins) and repeated the lensing measurements. The resoigag
surements are a bit noisier, but do not differ systemaicee fit

our halo model to this lensing signal and the stellar masstiom.

The resulting stellar-to-halo mass relation becomes lenobg up

to 20% at the low mass end, but is fully consistent with thelltes
shown in Fig6. Hence we conclude that incompleteness of the lens
sample is unlikely to significantly bias our results.

We have also tested the impact of various assumptions in the
set up of the halo model. We give details of these tests in Agige
B. None of the modifications led to significant differenceshe t
stellar-to-halo mass relation, which shows that our resaie in-
sensitive to the particular assumptions in the halo model.

3.2 Literature comparison

We limit the literature comparison to some of the most re-
cent results, referring the reader to extensive compasidust
tween older works iheauthaud et a(2012); Coupon et al(2015);

Zu & Mandelbaum(2015. Our main goal is to see whether our re-
sults are in general agreement. In-depth comparisons batvee
sults are generally difficult, due to differences in the gsial (e.g.
the definition of mass, choices in the modelling) as well athen
data (e.g. the computation of stellar masses - note, hoytbatthe
stellar masses used in the literature stellar-to-halo medatons we
compare to are all based on a Chabrier Initial Mass Functioare
ours).

Leauthaud et ali2012 measured the stellar-to-halo mass re-
lation of central galaxies by simultaneously fitting the aygt
galaxy lensing signal, the clustering signal and the steflass
function of galaxies in COSMOS. The depth of this survey al-
lowed them to measure this relation up#o= 1. In Fig. 6, we
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Figure 5. Posteriors of pairs of parameters, marginalised over bkroparameters. Dimensions are the same as in Bal8elid orange contours indicate
the 1-/2¢ confidence intervals of the lensing+SMF fit, whilst the bradashed contours indicate the 1¢2confidence intervals of the lensing-only fit. Red
crosses indicate the best-fit solution of the combined fie fénels on the diagonal show the marginalised posteridreahtividual fit parameters, together
with the priors (blue dotted lines). Including the SMF in fitemainly helps to constrain the stellar-to-halo mass i@taparameters (EdL6) andas. The
degeneracies between the stellar-to-halo mass relatramggers and those that describe the satellite CSMFYEQ.8), follow from the functional form we

adopted.

show their relation for their low-redshift sample at 0<22<0.48,
which is closest to our redshift range. The relations ageasan-
ably well. We infer a slightly larger halo mass at a givenlatel
mass, most noticeably at the high mass end. Th&iyM. ratio
reaches a minimum at a halo mass8af x 10''h~!' Mg with a
value of M,,/M.. = 38 [h], ~1.50 below the minimum value of
the ratio we find. A systematic shift in stellar mass may dxpla
much of the difference. The stellar masses usdcdeauthaud et al.

(2012 are based on photometric redshifts, which generally in-
duce a small Eddington bias in the stellar mass estimatesc-pa
ularly at the high-stellar mass end where the stellar mass-fu
tion drops exponentially (as illustrated in Fig. 4 Drory et al.
2009. In contrast, the stellar masses in GAMA are computed us-
ing spectroscopic redshifts, and this bias does not occaeraWw/
tempted various shifts in stellar mass and found that tHeste-
halo mass relations fully overlap if we decrease the stetlasses
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Table 3. Fit parameters of the halo model. Parameters (1) to (5) mi@terthe CSMF of centrals, (6) to (8) the CSMF of satellit®,the subhalo masses
of satellites, (10) the normalization of the mass-coneeiain relation, and (10) and (11) account for the selectmompleteness of centrals, as defined in
Eg. (20). Dimensions of parameter (1) and (2) &ez;,(h~' Mg)] and[log;,(h~2Mg)], respectively. ‘Cen’ and ‘Sat’ refer to the fits to the sarspifeat
consist only of centrals and satellites in ‘rich’ groupée(s > 5), respectively. A%’ indicates the parameters that were fixed in the fit to the-fiegalues of
the halo model run on centrals only, whilst a -’ indicateattthe parameter was not used in the halo model. For theittelve show both the results where
we fixed the stellar-to-halo mass relation of the centradugak (third row) and where we fit for it (fourth row).
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Figure 6. Stellar-to-halo mass relation of central galaxies for KHER\MA. Orange (yellow) regions indicate the 68% (95%) coefide intervals for the
centrals, blue regions the 68% confidence intervals forabellges, and grey (solid and hatched) regions are the &8%dence intervals for the total sample.
Our results can be compared to constraints ftarauthaud et all2012), Moster et al(2013, Velander et al(2014 and from the Milky Way. Note that the
left-hand panels show the stellar mass at a given halo m&&s| My, ), while the right-hand panels show the halo mass at a givélarsteass (M, | M. ).

from Leauthaud et al(2011) by 0.15 dex. Systematic differences plied an abundance matching technique to the MillenniunukEim

between stellar mass estimates from the literature arealypiof tion (Springel 200%. The stellar mass functions were adopted from
this order (see e.dMobasher et al. 20)5which implies that the various observational studies, but were all converted teeawith
accuracy of the stellar-to-halo mass relation is alreaahjtdid by a Chabirier Initial Mass Function. We use the fitting funcsiqumo-
systematic uncertainties in the stellar mass estimates. vided in that work to compute the stellar-to-halo mass iataat
Next, we compare our results kdoster et al(2013, who ap- z = 0.25, close to the mean redshift of our full sample. We find
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good agreement between the results as shown in6Eithe mini-
mum of theirM, /M. ratio is located at x 10'*h~* My, close to
our best-fit result oB x 10" h~! M. At this location, their halo
to stellar mass ratio takes a valueldf, /M. = 50 [A].

Finally, we compare our results to the galaxy-galaxy legsin
results fromVelander et al(2014), who measured the lensing sig-
nal around red and blue galaxies at€9220.4 in CFHTLenS over
a large range in stellar mass. In contrast to our work, the&a-m

us to determine the satellite fraction using E§3)( The results
are shown in Fig3. The satellite fraction decreases with stellar
mass from~0.3 at5 x 10°h %M to ~0.05 at2 x 10" h=2 M.
Particularly at the high-mass end, it is well constrained. fér
the stellar-to-halo mass relation, including the constsafrom the
stellar mass function has a significant impact and conditiede-
creases the model uncertainty. The satellite fraction do¢sen-
sitively depend on assumptions in the halo model, as disduiss

surements show the average halo mass for a given stellar, massAppendixB.

which is not the same due to the intrinsic scatter (see eqy. Fi
(7) of Tinker etal. 2013 Hence we converted our results using
Bayes theorem (see e.Goupon et al. 2016to enable a com-
parison. Masses were defined with respecpd@. instead of the
mean density, which are typically 30-40% smaller. To actoun
for this, we multiplied their masses with a factor 1.3. Theeag
ment is fair; we find a good match at low stellar masses, but for
M. > 5 x 10'°A72 M, our halo masses are somewhat larger.
What may be contributing to this difference, is thMaiander et al.
(2014 inferred a relatively high satellite fraction for red gekes at
the high stellar mass end (reaching as high as their uppérdfm
0.2), which may have pushed their average halo mass dowa, Als
as forLeauthaud et al(2012), stellar masses were determined us-
ing photometric redshifts, which may have induced a smatlifgt
ton bias. If we decrease their mean stellar masses by 0.1tdEK,
measurements fully overlap with ours.

Summarising the above, we conclude that although we find
small differences between our stellar-to-halo mass miatind
those from the literature, the agreement is fair in general.

3.2.1 Milky Way comparison

We compare our satellite fractions to those based on the
GAMA group catalogue. For every stellar mass range, we callint
galaxies listed as satellite (not restricted to groups With > 5),
and divide that by the total number of galaxies in that ramye.
only include GAMA galaxies at < 0.3 here, to reduce the impact
of incompleteness. The resulting satellite fractions db semsi-
tively depend on the specific value of the redshift cut. Th®iia
shown as the upper dashed line in R3glt provides an estimate
of the true satellite fraction, but a crude one as the groumiee-
ship identification in GAMA becomes less robust towards geou
with fewer membersRobotham et al. 20)1and we do not apply
a cut onNg.¢. Hence a fraction of the galaxies that are labelled as
satellites may in fact be centrals. In addition, some dtdslimay
not be identified and as such be excluded from the group catalo
We derive a more robust lower limit on the satellite fraction
only counting the satellites in ‘rich’ groupsVos > 5) and divid-
ing that by the total number of galaxies in that stellar masge.
This is indicated by the lower dotted line in Fig. The satellite
fraction we obtain from the halo model should be larger tts, t
which we find to be the case af. < 10'*h %M. For higher
stellar masses, our constraints on the satellite fractdinb&low
the lower limit from the GAMA catalogue. Albeit not very sidn

The number of satellite galaxies depends on halo mass, and ob cant, it suggests that a fraction of satellites at the higlisstmass

servations of the Milky Way suggest that it may have fewer
satellites than expected given its stellar mass (Klgpin et al.
1999 Moore et al. 1999 To resolve this so-called missing satel-
lite problem various studies have shown that the tensiomsea
for lower halo masses of the Milky Way (e.@/ang et al. 2012
Vera-Ciro et al. 2018 This raises the question whether or not the
location of the Milky Way is special in the stellar mass tochalass
plane, i.e. whether its halo mass is peculiarly low giversitdlar
mass.

Total stellar mass estimates for the Milky Way are typically
of order6 £ 1 x 10'°My (McMillan 2011; Licquia & Newman
2015. Halo mass estimates have a considerably larger scaitbr, w
Moo estimates ranging betweers — 2 x 102 M, (see Fig. 1 of

end are actually centrals, or that one or more assumptionsiin
halo model are inaccurate. Either way, it shows that the @omb
tion of galaxy-galaxy lensing with the stellar mass functi@ms the
potential to become a valuable tool to infer the robustnégsaup
catalogues. We expect that including the clustering of>geain
the fit will further tighten the constraints on the satelfitaction
(see e.gCacciato et al. 2009

4 ENVIRONMENTAL DEPENDENCE

Wang et al. 201p We adjust these local measurements assuming Galaxies in groups are subject to processes such as qugnchin

h = 0.7 and show the results in Fi§. Our stellar-to-halo mass re-
lation predicts a mean stellar massicf x 10'°A %M, at a halo
mass ofl x 10"k =" M. The Milky Way lies just at the edge of our
1o contours. However, our confidence intervals only corredgon
the uncertainties on the mean relation, and when companifig i
vidual objects, one should take the intrinsic scatter betwaellar
and halo mass, which is0.2 dex, into account. Hence the lower
limit on the stellar mass of the Milky Ways ¢ 10'° M) is roughly
10 away in terms of intrinsic scatter atf, = 10'2h~' M. Al-
though the Milky Way appears to have a relatively high stetlass
given its halo mass, it is not particularly anomalous.

3.3 Satelitefraction

Our sample consists of a mixture of central and satellitexdas.
In the halo model we fit for the contribution of both, which bles

stripping and merging. One of the observable consequences
is that star formation is suppressed and galaxies turn ree (s
e.g. Boselli & Gavazzi 2006 The cumulative impact of these
processes is likely to affect the baryonic and dark matteterd

of centrals and satellites in different ways. An infallireptellite)
galaxy, for example, is expected to lose relatively mord daatter

than stars, as the latter mainly reside in the central pathef
halo where the potential well is deep (e\yetzel etal. 2014

This increases the group halo mass, but should not affect the
stellar mass of the central much. If, on the other hand, aadir
accumulated satellite that has been stripped off its darkema
merges with the central galaxy, the stellar mass of the akntr
increases, but not the halo mass. By comparing the stelar-t
halo mass relation for centrals in ‘rich’ groups to the fidlane,

we can study the relative importance of such environmeifffedts.

MNRAS 000, 000—-000 (2016)



The stellar-to-halo mass relation of GAMA galaxies from $§0are degrees of KiDS weak lensing datal 3

[9.39,9.89] [9.89,10.24] [10.24,10.59][10.59,10.79][10.79,10.89][10.89,11.04][11.04,11.19][11.19,11.69]
18§ s ‘

I -

Sat

AT [h Mo/pc?]

0.1 1.0 0.1

1.0 0.1 1.0 0.1 1.0 0.1 1.0 0.1 1.0

R [h™" Mpc]

Figure 7. Excess surface mass density profile of GAMA galaxies medsase function of projected separation to the lens, seléotedrious stellar mass
bins as indicated at the top of each column, that are cerftegdsow) and satellites (bottom row) of ‘richNs.¢ > 5) groups. The bin ranges correspond to

thelog;, of the stellar mass and are in unitgs; ,(h =2 Mg ). Open symbols and the dashed lines indicate the absolute wathe negative data points and
their errors. The green solid line indicates the best-fib Imabdel, the grey contours indicate the 68% model unceytaint
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Figure 8. Stellar mass functions for GAMA galaxies at< 0.15 that are
centrals and satellites in ‘rich’ groups, for a comovingurok. Errors have
been determined by bootstrap and include the contribufimm Poisson
noise and cosmic variance. The green solid line indicatesést-fit halo
model, the grey regions indicate the 68% model uncertalintyarly inter-
polated between the stellar mass bins. We also show thet@aalfit to
the SMF fromBaldry et al.(2012) for all galaxies for reference. The model
uncertainties are somewhat skewed with respect to the ddttha best-fit
model, which is caused by sampling issues, as discussed tesxth

MNRAS 000, 000—-000 (2016)

4.1 Centralsinrich groups

We first select the central galaxies in ‘rich’ groups (with altin
plicity Ntor > 5) and measure their lensing signal and stellar mass
function using the same binning as before. We exclude graiths
fewer than five members because comparisons with mock de¢a ha
shown that those are affected more by interlopRi@btham et al.
2011, which makes an interpretation of the results harder. The
galaxy-galaxy lensing signal is shown in Fig.and the stellar
mass function in Fig8. We measure the stellar mass function using
groups at < 0.15 to ensure the sample is volume-limited.

To fit the halo model to the data, we have to account for one
additional complication. For certain sub-samples of gatnot all
haloes of mas3d/ contain a central galaxy, whilst the halo model
assumes that all of them do (the integral of E§over stellar mass
is unity). We account for this by introducing a ‘halo massoime
pleteness’ factor, a generic function that varies betweand 1,
which we multiply with the CSMF of the central galaxies:

B (M| My) = D (M.|My) x erf(co[logyo(My) — c1]),  (20)

with ¢p andc; two incompleteness parameters that we fit far;
determines where we the transition to incompleteness scauad
co determines how smooth or abrupt the transition is. Thisrimco
pleteness factor is only suitable for selections of lendesse abun-
dance as a function of stellar mass increases/decreasesanbn
cally with respect to the full sample, as is the case here.ni-si
lar approach was taken ifinker et al.(2013 in order to simulta-
neously measure the stellar-to-halo mass relation of geresand
star-forming galaxies (see their Sect. 3.2).

To fit the halo model, we need to apply priors on the incom-
pleteness parametefs, c1), as the large covariance of the three
stellar mass function bins results in a peculiar likelihceriface.
For a large range dfco, c1) values, they? of the stellar mass func-
tion is high but practically constant. When the MCMC chaitasts
far from the minimum, they can get stuck in thi€ plateau. To
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avoid having to run very long chains to ensure all walkers find
their way to the minimum, we adopt flat priors and resteicto
[—5, 5] andc; to [9, 14] which generously brackets the best-fit for
any chain we run and hence should not affect the results. tate
we adopt a range @9, 16] for ¢; for all other runs, see Tabz We
start the chains close to the best-fit location, as deteiiren

a previous run, to avoid that many walkers start in tpisplateau
and never reach the minimum. Even with these precautiomaca f
tion (10%) of the chains remain stuck. Since those models hav
similar (large)yx? contribution from the stellar mass function, we
can easily identify them and remove them before we analyse th
chain. Figure3 shows that the model uncertainty of the stellar mass
function is somewhat skewed with respect to the data anddsie b
fit halo model. The reason is that some of the walkers are ¢ttse
the x? plateau and still in the process of evolving towards the min-
imum. We have checked that including these problematic evalk
does not affect our results.

The best-fit model has a reducgfl,q of 98/(83 — 8) = 1.3.
Figure 7 shows that the lensing signal of the lowest stellar mass
bin is not well fit. A possible reason is that the lowest staitess
samples are contaminated with satellite galaxies, for wie pro-
vide evidence in Sect.3. Note that the lensing signal of these bins
are very noisy and that a potential bias of the stellar-fo-hzass
relation at the low-mass end resulting from this contaniomais
unlikely to be significant.

The constraints on the fit parameters are tabulated in Table
The stellar-to-halo mass relation is shown in FgThe 68% con-
fidence interval is broader than for the fiducial run due tortbis-
ier lensing measurements at the low stellar mass end. Nelesth
it shows that the stellar-to-halo mass relation of centirafsich’
groups is consistent with the fiducial one, suggesting tiiatrela-
tion does not sensitively depend on local density. Notedbatrals
in ‘rich’ groups form ~15% of the total lens sample for the two
highest stellar mass bins, so the average lensing signakntrfals
in those bins are somewhat correlated to the lensing sigrfidie
corresponding bins of the fiducial sample (and consequettity
stellar-to-halo mass relations will be correlated as wethea high-
mass end).

We also inferred the stellar-to-halo mass relation from the
lensing signal only. The resulting minimug? is 97 with 72 de-
grees of freedom, hence a similar reduggdas for the combined
fit. The stellar-to-halo mass relation is consistent, bss levell
constrained than the combined fit, particularly at stell@sses
> 2x 10'°h~2 My, where the upper limit in halo masses is shifted
to larger values, already extendingli®@'® h~* M, at stellar masses
of 8 x 101°h "2 M.

Our result appears somewhat at odds vilithnesen & Cen
(2015, who studied environmental variations of the stellah&de
mass ratio using a large suite of cosmological hydrodynahsim-
ulations. Environments were classified according to themales-
sity on 20 Mpc scales, stellar mass were computed by adding th
mass of all star particles that belonged to a galaxy. Thegrteg a
significantly larger stellar-to-halo mass ratio for gaksxin large-
scale overdensities, compared to those in large-scalerdeis-
ties. Their most massive halo mass bin extend$0tGh = M.

In this regime, we find that the stellar-to-halo mass raticef-
trals is not larger than average. Note, however, that it 8- di
cult to compare the results, as the samples were selectegryn v
different ways. The difference in local density is smallerour
work (comparing central galaxies as tracer of overdensmmeg
to the average of all environments). Also, if the stellar sessof
Tonnesen & Cerf2015 systematically include more stellar mass
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Figure 9. 68% confidence intervals of the stellar-to-halo mass miafdr
central galaxies in ‘rich’ groupsNs¢ > 5), determined using the lens-
ing signal and stellar mass function of central galaxie®('Cdark grey),
of satellites galaxies (‘Sat’, light grey) and of all galesiin ‘rich’ groups
(‘Cen & Sat’, empty contours). For reference, we also shogvrtiation
from the full sample in orange. The bottom panel shows the hass to
stellar mass ratio of the centrals and satellites in ‘ricfdups (dark grey
and dark blue hatched, respectively). The halo mass tastekiss ratio of
the full sample is shown for reference (orange and light lidwecentrals
and satellites, respectively).

from the outskirts of galaxies, this may partly explain thted-
ence between the results. We plan to perform a more direct com
parison in a future work, where we will measure the steltahdlo
mass relation in knots, filaments, sheets and voids, usmertki-
ronment catalogues frorlpaslan et al.(2014 and Eardley et al.
(2015, as well as according to local density estimates as emgloye
in Tonnesen & Cei{2015.

4.2 Satellitesin rich groups

Next, we analysed the galaxies listed as satellites in"dgcbups
(Nror = 5) performing a simultaneous fit to both the lensing signal
and the stellar mass function. Similar to our analysis ottrals

in the previous section, we account for incompleteness Hjipiy

ing the CSMF of the satellites by the ‘halo mass incompletshe

factor,
B (M| My) = Bs(M..|My) x erf(co[logyo(Mn) — c1]).  (21)
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The lensing signals in bins of stellar mass and the stellasriuanc-
tion are shown in Fig7 and8. In the fit, we fixed the stellar-to-halo
mass relation of the centrals, as well as the incompletepassne-
ters in Eq. 0), to the best-fit values of our nominal results for cen-
trals from the previous section. Also here the large comagaf the
stellar mass function resulted in a broad likelihood swefaghen
fitting the halo model with the standard priors (listed in [€a),
part of the chain would get stuck in regimes far from the minim
(at Ax* ~ 20). To avoid this, we excluded the part of parameter
space where this problem occurred through the grior- —0.5.
We ensured that this did not exclude the regime close to tine mi
imum. With this additional prior, the minimisation ran sntioly.
The resulting best-fit model has a reduggdf 74/(83—5) = 0.9.
The constraints on the satellite CSMF parameters, andsea and
fsub (the normalisation of the mass-concentration relationtaed
subhalo mass fraction) are listed in TaBleSince the confidence
interval of by is sensitive to where we put this prior, it should be
interpreted with care.

The concentration of the subhaloes is consistent with predi
tions from dark-matter-only simulations. Since the sampubev
only consists of satellites, we derive much tighter comstsaon
the subhalo mass fractioffz,, = 0.251559. This result is robust
against changes in the halo model, as detailed in AppeBdix

The subhalo mass fraction was also determine8ifion et al.

satellites, whose amplitude depends on the average ha® (sees
Sec. 3 ofSifon et al. 201% If a mixed sample of centrals and satel-
lites is used to measure the stellar-to-halo mass relatioa,can
induce a bias if the satellite contribution is not properlgdalled.
Here, we have the data in hand to test whether this is the case i
modelling. Hence we perform a halo model fit where we addition
ally fit for the five parameters that describe the stellaha&ts mass
relation of the centrals and the two incompleteness pamms)ais-
ing the measurements of the satellites only. With this gette
halo model provides satisfactory fits, with a best fit redug@af
62/(83 — 12) = 0.9. The parameter constraints are listed in Table
3.

In Fig. 9, we show the constraints on the stellar-to-halo mass
relation of central galaxies, obtained by fitting the legsgignal
and stellar mass function of the satellites only. The daslprefer
a somewhat steeper relation at the high mass end. The ceratiair
mostly overlapping with those from the fit to the centralsisTi an
important test of the halo model, as it shows that the unicei¢a
on the assumptions in modelling the satellite signal do eadl Ito
large biases in the stellar-to-halo mass relation when veerfitxed
sample of centrals and satellites. For comparison, we also the
stellar-to-halo mass relation of centrals when we fit allghtaxies
in ‘rich’ groups simultaneously (hence fitting for the sételfrac-
tion). The results are consistent with the fits to the cesfsatellites

(2015 for the same satellites, but now separated into samples atonly.

different distances from their hosts. They reported a siobmass

It is interesting to note that the uncertainty on the

fraction in the range 1-2%. When we fix the subhalo mass frac- stellar-to-halo mass relation of centrals is actually $enaht

tion in our halo model to such low values, tbaé values of the fit
significantly degrades, and the model underestimates tignig
signal at small scales for the high stellar mass bins. Wéate
this difference to the fact tha&ifon et al.(2015 average over all
stellar masses. Figuféshows that the small-scale lensing signal
of the first three stellar mass bins is very small and noisyséh
two bins contain 2/3 of all lenses stackedSifon et al.(2015, and
pull the average lensing signal down. When we separate tisenlg
signal in stellar mass bins, most of the constraining poveenes
from the massive stellar mass bins, which have the highest le
ing signal-to-noise ratio. These bins clearly prefer adaspbhalo
mass fraction. The subhalo mass fraction is not pulled donthé
lower mass bins, as their signal is noisy and can accommadate
higher subhalo mass fraction.

M. > 10" A2 M, when measured from the satellite signal. This
counter-intuitive result can be understood as followsugeocon-
tain more satellites than centrals. Stacking many sasltéduces
the statistical uncertainties, which is somewhat countethby an
increased correlation between the radial bins of the Ignsignal
as the same background galaxies are used multiple timetherur
more, haloes with more satellites, which are typically moas-
sive, get a larger effective weight. Moreover, we obtainitalehl
constraints on the parent halo mass from the lensing sigrsinall
scales, as we fit the subhalo mass fraction as a constanth(ighic
an implicit prior).

Finally, we also determine the total stellar mass content in
satellites at a given group halo mass, by integrating oveC8MF
of the satellites. The results are shown in Bigrhe constraints are

These results suggest a subhalo halo mass fraction that in-tighter than for the fiducial sample, but completely comsist

creases with host mass. To test this, we parametrised tlwlsub
mass fraction asle,, x ((M./h™2Mg)/10'0-%)*ub and fit for
Agup andag,,. The fit slightly improves with a minimung? of 71,
and we obtaindy., = 0.1570 02> M " andagu, = 0.3415755,
providing weak evidence that the subhalo mass fractioreasas
with stellar mass. Such a trend would be supported in a sicenar
where the most massive subhaloes were accreted most seardtl

4.3 Satellitefractions

In our nominal runs, we fix the satellite fractions to zero andy
when we analyse central and satellite samples, respactiveé
identification of centrals and satellites is, however, aaljust in
groups with a multiplicityNi.s > 5 (Robotham et al. 20)1This

had not much time to be stripped of their dark matter (see e.g. opens up the possibility to perform a unique halo model test:

Rodriguez-Puebla et al. 201 2Note, however, that an increasing
contamination of central galaxies in the satellite sampigatds
higher stellar masses, would be able to mimic such a trendeis w
In fact, in Sect4.3we measure the satellite fraction and find evi-
dence for such a contamination. When we let the satellitiéna
free in the fit, f..1, favours smaller valuesf(u, = 0.0670 ).

The lensing signal of the satellites indirectly constrains
stellar-to-halo mass relation of the centrals of the hatbhas host
them. On small scales, the lensing signal is determined lpna ¢
bination of the host halo mass and the subhalo mass fraca®n (
sumed to be constant again), and on scalesbMpc, the hosting
haloes cause the characteristic bump in the lensing sigrtleo

MNRAS 000, 000—-000 (2016)

can run it without informing the halo model of the nature of th
lens sample. The resulting satellite fraction constrasfisuld be
consistent with 0 and 1 for the centrals and satellites e&sgely.
A failure would indicate a problem with the halo model, ormat
impurities in the group catalogue. When we carry out this ¢@s
the satellite sample, some parts of the chain get stuck atftire-
mentionedy? plateau. As these regimes had clearly distigét
contributions from the stellar mass function, these regic@uld
easily be identified and removed before analysing the chains
The satellite fractions are shown in Fitf. For the centrals,
we find that the satellite fraction is consistent with zedthaugh
the uncertainty becomes very large at the low stellar mads en
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Figure 10. Halo model test: 68% model uncertainty on the fitted satellit
fractions for centrals and satellites in ‘rich’ groups, iadi¢ated in the fig-
ure. The best-fit models are indicated by the green solid.line

where the lensing signals are noisy. At the high stellar raadswe
derive an upper limit on the satellite fraction of 0.05 at Yarying
assumptions in the halo model only changes the size of thi con
dence interval, as discussed in Appenix

For the satellite sample, the satellite fraction is comsistvith
unity at M. < 10" h=2 M, with a lower limit of 0.85. At higher
stellar masses, the satellite fraction drops and has a @dlQelO
for our most massive bin. To test if this is the result of marr
choices in our halo model, we vary the list of assumptionsnfro
AppendixB and determine the satellite fraction in each run. In all
cases, the resulting satellite fractions remain condistéh unity
at M. < 10"*h=2My, but drops at higher masses. How quickly
it decreases, and the size of the uncertainties, dependsdrato
model set up (see Appends).

These results suggest that a substantial fraction of sasell
with large stellar masses in ‘rich’ groups, are in fact calstthat
reside at the centre of the halo. The absence of a corresmpimdi
crease of the satellite fraction of the central sample, ssiggthat
the misidentification of satellites could be due to groupsiaty
consisting of the projection of two or more groups along the-|
of-sight, or of being in the process of a merger. Alterndyivié
could mean that the most massive satellite galaxies areatot f
lowing the NFW profile of the dark matter, but are more cefyral
concentrated, residing closer to the centre of the groupe Nt
the number of affected objects is very small, as there anefent
satellites galaxies with stellar mags, > 10" h~2 M ; the group
catalogue overall remains very pure.

This test shows that the constraints from galaxy-galaxg-len
ing and the stellar mass function can be used to test therpeafece
of group finders. Future, higher signal-to-noise data setspined
with clustering data, will be able to constrain the satelfiaction
at the few per cent level. These datasets therefore formualvi
complement for demonstrating the fidelity of group catatmu

5 CONCLUSIONS

In this work, we have studied how galaxies are related tor thei
dark matter haloes by measuring their stellar-to-halo melasion,
and whether this relation depends on environment. We usid da
from the ~100 ded overlap between the GAMA and KiDS
surveys: the former provides the information about intdriens
properties, as well as the group catalogue which enabled us t
select galaxies in groups (dense environments), whilst se=l u
the shape measurements and photometric redshift cataldgue
KiDS to measure the lensing signal around the GAMA galaxies.

The stellar-to-halo mass relation of central galaxies w@riyo
constrained from the lensing signal alone, the reason btbiag
in the halo model predictions of the weak lensing signal adou
galaxies, lower halo masses can be partially compensated by
higher satellite fractions (as satellites typically resich more
massive haloes). Thus informative priors need to be adopted
the satellite fraction to constrain the stellar-to-halosmaelation
from lensing alone. This can be avoided by including thelastel
mass function, which provides sufficient additional coaistis to
break this degeneracy: both the stellar-to-halo massioelaind
the satellite fraction are better constrained when thangrsignal
and the stellar mass function are fitted simultaneously.

The stellar-to-halo mass relation can be described by aldoub
power law. At the high mass end4. > 5 x 10'°A~2M), the
stellar mass increases with halo mass~a%/-?°. The ratio of
the dark matter to stellar mass has a minimum at a halo mass of
8 x 10" h~' My with a value of My,/M, = 56715 [A]. Our
constraints are in fair agreement with recent results from t
literature, although small, systematic shifts in stellassi(of order
0.10-0.15 dex) can improve the agreement. Systematiaelifées
between different stellar masses estimates (due to diffeas-
sumptions in the SED modelling, see eGpupon et al. 201)Bare
typically of this order and hence already form a limitingttacin
comparisons of stellar-to-halo mass relations from déffemworks.
This illustrates the need for reducing systematic errorstahlar
mass estimates (which could be achieved by adopting stdinddr
stellar mass measures).

For the first time, we determined the stellar-to-halo mass
relation of centrals in dense environments. We made useeof th
GAMA group catalogue to select galaxies that reside in ‘rich
groups (with a multiplicityNior > 5). We analysed the signals
of both central galaxies and satellite galaxies separaidly
fit the halo model in an informed setting, exploiting our prio
knowledge of whether the sample contained centrals orlisasel
The stellar-to-halo mass relation of central galaxiesemeined
from fitting the signals of the centrals, was consistent with
one determined from fitting the signal of the satellites vjaing
evidence that the uncertainties of the assumptions in riogdel
the satellite contribution in the halo model does not leadi&ses
when a mixed sample of centrals and satellites is used toureas
the stellar-to-halo mass relation.

Interestingly, we find no large differences between the
stellar-to-halo mass relation from all galaxies, and frowwse that
reside in ‘rich’ groups. This shows that the stellar-toehatass
relation depends only weakly on environment.

The group catalogue enables another unique test of the
halo model: we fitted the signals of the centrals/satelliteésich’
groups, but without a fixed satellite fraction. The recodesatellite
fractions are consistent with 0 for the centrals. For thelbes,
we find an indication for an impurity in the group catalogue at
the high stellar mass end. This shows that galaxy-galaxsirign
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combined with the stellar mass function (and in the futusoal
clustering), can be used as important robustness testssfapntrect
identification of centrals/satellites in group finding aifams.

The average subhalo masses of satellites in ‘rich’ grougs ar

typically 25% of their host haloes. These constraints aieedr
by massive satellites, which have the highest lensing Egivde

find weak evidence for a subhalo mass fraction that increaghs
stellar mass, which would be consistent with the scenariera/h

the most massive satellites are accreted most recently thd s

retain most of their dark matter. We cannot, however, draimite
conclusions as impurities in the satellite sample, as idigdy
the test described above, could mimic such a trend.
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APPENDIX A: COVARIANCE OF STELLAR MASS
FUNCTION

The errors on the stellar mass function are a combinationistBn
noise, cosmic variance and random errors in the stellar estss
mates. Since the latter is much smaller than the bin sizdweaftel-
lar mass function, it should not affect the analysis. Toneate the
combined error coming from Poisson noise and cosmic vagianc
we use a bootstrapping technique; we divide the GAMA catadog
into patches and randomly select subsamples to form nevsaeal
tions of the data. We usé 000 bootstrap realisations to ensure the
results are converged. We experiment with different paiz#ssand
redshift cuts; the fractional errors are shown in FAd., together
with the Poisson noise contribution. This immediately edsdhat
the contribution of Poisson noise is subdominant comparete
contribution of cosmic variance. Secondly, it shows thatdirors
depend on the bootstrap patch size or volume; the largeratoh p
size, the larger the error.

We compare our errors to the predictions from thetcv
code fromMoster et al.(2011). Under the assumption that the
galaxy bias is linear and independent of scale, the cosnrie va
ance contribution to the stellar mass function is simplygtaduct

of the bias and the variance in the distribution of dark nmawée
compute it for a patch size of X5 ded and divide the variance
by 3, assuming that the three GAMA patches are independeant. W
show the predictions in FigAl. Forz < 0.1, the bootstrap errors
are smaller than the prediction froMoster et al.(2011). For the
higher redshifts, however, our errors using patches of 3.8ed
and 5<3 ded agree quite well with the predictions in the range
where the stellar mass function is complete. This showsttieat
stellar mass function errors can be reliably determinedbaiat-
strapping, as long as the volume of the bootstrapped sangples
large enough. This may also explain why the jackknife erwrs
the stellar mass function i€@oupon et al(2015 were a factor 2
smaller than the predicted errors, determined by combithiegos-
mic variance contribution from theeTcv code with the Poisson
noise: their jackknifed volume was roughly a factor 2 (4) Bera
than our 2.53 ded (5x3 ded) patches at < 0.15.

The covariance between the stellar mass function measure-
ments has been ignored in most observational studies, kuegh
Leauthaud et a2011) have shown that it is important. The reason
why the covariance is large, is simple: if the stellar masefion
is a universal function, whose amplitude only differs dudotzal
density variations, one would expect the measurements tollge
correlated. The main de-correlation mechanism is Poissigen
Lower-level de-correlation happens due to the scale degrerd
and non-linearity of the bias.

We show the correlation matrix for three equally log-spaced
stellar mass bins andg < 0.15, determined by bootstrapping over
5x3 ded GAMA patches, in Fig.A2. The off-diagonals have
values in the range 0.95-0.99, confirming that the stellassma
function measurements are highly correlated. To test venetie
de-correlation is caused by Poisson noise, we have set the of
diagonals to one, added the Poisson noise contributioretdiégo-
nals, and renormalised the covariance matrix. The reguftiatrix
is also shown in FigA2. The covariance matrix is very similar
to the one obtained from bootstrapping, supporting therapsian
that Poisson noise is mainly responsible for the de-cdiogla

Accounting for the covariance in the measurements is drucia
As is shown inSmith (2012, the confidence contours of the pa-
rameters used to model the luminosity function (in that case
Schechter function) change dramatically when the coveeida
accounted for. We therefore determine the inverse of theplam
covariance matrix, debiase that with a correction fadt@ufmann
1967 Hartlap et al. 200y, and use that to constrain the stellar mass
function in the halo model.

APPENDIX B: SENSITIVITY TESTS

In this appendix, we detail on the sensitivity of our resaltsas-
sumptions in the halo model.

B1 Fiducial stellar-to-halo massrelation
The tests we conducted are:

e Prior on3;: We replaced the Gaussian prior 8n by a flat
one in the range [0,15] and found that it did not impact theltes
We only tested the impact of varying the prior 8p, as the other
parameters are constrained by the data.

e Location of the knee of the satellite CSMF: In our fiducial set
up, we fix the location of the knee in the CSMF of the satellites
through M = 0.56M;. In principle, we could fit the location of
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the knee, although it cannot become arbitrarily large asitha
plies that the stellar mass of a satellite galaxy can be faigmn
that of the central. Although this could be avoided with tise of
priors, we choose to avoid this issue altogether, fix thetionaf

the knee and test for the sensitivity of this assumption. &géaced
the location of the knee with/{ = 0.4M¢S and M3 = 0.8My, re-
spectively. Fon.4M¢, the fit slightly deteriorates (a minimuny®
value of ~88, compared te-80 for the fiducial run). The stellar-
to-halo mass relation is slightly shallower at the high mesd
(with a corresponding power law slope at the high-mass end o
B2 = 0.3079:93), such that at a given stellar mass, galaxies re-
side in lower mass haloes. The shift is not significant. (F8A/;,

we obtain a best-fit? value of~78. The stellar-to-halo mass rela-
tion steepens at the high mass end (with= 0.21195%), but not
significantly so.

e Including a quadratic term in Eq.18): We included
by x (log,, Mi3)? and also fit for,. As the best-fity? value was
virtually unchanged, the data do not require this term. Athtgh-
mass end of the stellar-to-halo relation, the confiden@nats for
the halo masses at a given stellar mass shift down by an ifisign
cant amount 0f-0.50.

e Satellite distribution: We tested the assumption that #tels
lite distribution follows the dark matter. We adopted botfiagter
and a steeper distribution, usingy = 0.5¢dam andcgar = 2.0¢dm,
respectively, witheg.1 the concentration of the satellite distribution
and cam the one of the dark matter. The resulting stellar-to-halo
mass relations were consistent with our nominal result.

When we includedb> x (log,, M13)? in Eq. (18) and fit
for b2, the models provided an equally good fit to the data, with
XZq = 0.9, and we obtainedl, = —0.4173-25. The constraints on
feone @nd fsu1, remained consistent with our nominal results.
Enforcing a zero subhalo mass led to poor fits, where the
model shear signal significantly underestimated the Igndata at
small scales for the high stellar mass bins.

f B4 Satellite fraction test of group galaxies

We tested how the list of assumption in Sé&t. affected the halo
model runs on centrals/satellites in ‘rich’ groups in whieé fitted

for the satellite fraction. For the centrals, the satefiisetion re-
mained consistent with zero, but the confidence intervadsgéd
atM. > 2 x 10*°h~2 My fixing the knee of the satellite CSMF to
M; = 0.4M;, the satellite fraction is constrained4o0.01 for the
three highest stellar mass bins; when we adopted= 0.5 X cam

the uncertainties increased instead and constraineddliitesfrac-
tion to < 0.15. Changing the other assumptions led to smaller vari-
ations. For the satellites, the most extreme constrainteedaom

the run where we enforced a zero subhalo mass fraction, where
the satellite fraction of the highest stellar mass bin aa8* 505
when we fixed the knee of the satellite CSMRWG = 0.8M, we
obtainedd.1575-32, the other extreme.

e Subhalo mass: We assigned a zero subhalo mass to all satel-

lites, fsunb = 0. Again, we found no significant changes compared
to our nominal result.

B2 Fiducial satellitefraction

We tested the impact of the list of halo model assumptions fro
Sect.B1 on the recovered satellite fraction. The largest diffeeenc
came from shifting the location of the knee of the satelli&\MG-.

For M; = 0.4My, the satellite fraction decreased on all scales by
0.02-0.04, whilst forV; = 0.8M ¢, the satellite fraction increased,
most notably at the high stellar mass end (by up to 0.07). @ihgn
the other assumptions led to changes of the order of a fewemeér ¢

B3 Satellitesin rich groups

We investigated how our results for satellites in ‘rich’ gps
changed when we varied the list of model assumptions fromh Sec
B1. Fixing the location of the knee of the satellite CSMF to
M: = 0.4My significantly degraded the fit, with a minimum re-
ducedy? value of 1.3 (compared to 0.9). Adoptidg$ = 0.8M¢
instead degraded the fit a little bit, resultingyf.y; = 1.1. The
confidence intervals of the satellite CSMF parameters eshifty
up to 2.% (compared to the constraints in TalB)e The constraints
0N feone and fsu1, did not change significantly.

Changing the concentration of the satellite distributi@hrobt
affect the fit. The only fit parameter that was affectedis... For
the cga1 = 0.5cam run, we obtainedconc = 1.357535, while for
thecgal = 2cam run, we foundfeone = 0.671513. This shows that
feone is partly constrained throughs.i, the distribution of satel-
lites, and that the concentration of the satellite distidouin ‘rich’
groups is close to the concentration of the dark matter oh#bees
that host them.
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