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ABSTRACT

Massive galaxies display extended light profiles that can reach several hundreds of kilopar-
secs. We use data from the Hyper Suprime-Cam (HSC) survey that is simultaneously wide
(~100deg?) and deep (>28.5 mag arcsec ~ in i band) to study the stellar haloes of a sample
of ~7000 massive galaxies at z ~ 0.4. The depth of the HSC data enables us to measure sur-
face mass density profiles to 100 kpc for individual galaxies without stacking. As in previous
work, we find that more massive galaxies exhibit more extended outer profiles than smaller
galaxies. When this extended light is not properly accounted for (because of shallow imaging
and/or inadequate profile modelling), the derived stellar mass function can be significantly
underestimated at the high-mass end. Across our sample, the ellipticity of outer light profile
increases substantially with radius. We show for the first time that these ellipticity gradients
steepen dramatically as a function of galaxy mass, but we detect no mass dependence in outer
colour gradients. Our results support the two-phase formation scenario for massive galaxies in
which outer envelopes are built up at a later time from a series of merging events. We provide
surface mass density profiles in a convenient tabulated format to facilitate comparisons with
predictions from numerical simulations of galaxy formation.

Key words: surveys — galaxies: elliptical and lenticular, cD — galaxies: formation — galaxies:
photometry — galaxies: structure.

1 INTRODUCTION

Massive early-type galaxies (ETGs) are predicted to assemble ac-
cording to a ‘two-phase’ formation scenario (e.g. Oser et al. 2010,
2012): a rapid growth phase at high redshift that is dominated
by intense dissipative in situ star formation (e.g. Hopkins et al.
2008; Dekel, Sari & Ceverino 2009), and a second phase that is
driven by non-dissipative processes such as dry mergers (e.g. Naab,
Khochfar & Burkert 2006; Khochfar & Silk 2006), with an impor-
tant role played by minor mergers (e.g. Hilz et al. 2012; Hilz, Naab
& Ostriker 2013; Oogi & Habe 2013; Bédorf & Portegies Zwart
2013; Laporte et al. 2013). Both numerical simulations (e.g. Oser
et al. 2010) and semi-analytic models (SAM; e.g. Lee & Yi 2013,
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2017) agree that the fraction of stellar mass accreted in the second
phase (the ex situ component) should increase with total galaxy
stellar mass (e.g. Lackner et al. 2012; Cooper et al. 2013; Qu et al.
2017). For instance, recent results from the Illustris' simulation
(Vogelsberger et al. 2014, Genel et al. 2014) predict that the fraction
of accreted stars increases significantly with galaxy mass, reach-
ing ficereea > 0.5 at log (M, /M) >11.5 (Rodriguez-Gomez et al.
2016).”

Given the success of the ‘two-phase’ scenario in explaining the
properties of high-z massive quiescent galaxies (e.g. van Dokkum
et al. 2010; van der Wel et al. 2011; van de Sande et al. 2011; Belli,

! http://www.illustris-project.org/
2 The Ilustris simulation does not reproduce the observed SMF at the
high-mass end.
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Newman & Ellis 2014) and the dramatic increase of their effective
radii (R.; e.g. Newman et al. 2012; van der Wel et al. 2014), it is time
to confront this model with additional observations, in particular,
the detailed surface mass density profiles of low-redshift massive
galaxies. Early studies based on 1D light profiles found that the
surface mass density profiles of nearby ETGs are well described
by single-Sérsic profiles (e.g. Kormendy et al. 2009; except for the
most central regions) and that the Sérsic index increases with total
luminosity (e.g. Graham 2013). A more recent study of the sur-
face brightness profiles of ETGs revealed that ETGs belong to two
families: those that follow single-Sérsic law, versus those that sig-
nificantly deviate from the single-Sérsic profile (Schombert 2015).
2D analyses have also found that the stellar distributions of massive
ETGs are often better described by multiple-component models
(e.g. Huang et al. 2013a; Oh, Greene & Lackner 2017). Huang et al.
(2013b), further suggesting a connection between the multicom-
ponent nature of massive galaxies and their two-phase assembly
histories.

To further confront the two-phase scenario requires very deep
observations of large samples of massive ETGs to correctly esti-
mate their total stellar masses (e.g. Bernardi et al. 2013; D’Souza
et al. 2014), as well as to quantify the amplitude and scatter among
outer envelopes (e.g. Capaccioli et al. 2015; Iodice et al. 2016,
2017). To date, large samples of massive galaxies with deep imag-
ing have been lacking. Even in the nearby universe, it is not trivial
to map the low surface brightness outskirts of massive galaxies (e.g.
Capaccioli et al. 2015; Iodice et al. 2016, 2017; Spavone et al. 2017;
Mihos et al. 2017). Some of these measurements are based on image
stacking methods (e.g. Tal & van Dokkum 2011; D’Souza, Vegetti
& Kauffmann 2015). The number of very massive galaxies is also
very limited in the local universe. For example, according to the
MASSIVE survey (Ma et al. 2014), there are only ~60-70 massive
galaxies with log (M, /M)>11.6 (based on K-band luminosity)
within 108 Mpc.

In addition to mass density profiles, the radial profile of ellipticity
also contains information about the 3D geometry (e.g. Tremblay
& Merritt 1995, 1996; Chang et al. 2013; Rodriguez & Padilla
2013; Mitsuda et al. 2017) and kinematics (e.g. Cappellari et al.
2012; Weijmans et al. 2014) of stars in massive galaxies. If the
stellar haloes of massive galaxies are indeed dominated by accreted
stars, their ellipticities could be systematically different with the
inner regions and may contain clues about the assembly history of
massive galaxies (e.g. average time since last merger and average
merger mass ratio). These issues have not been fully explored in
both simulation and observation. Certain simulation predicts that
a more massive ETG should have rounder shape (e.g. Wu et al.
2014), while others generate massive galaxies with very elongated
haloes (e.g. Lietal. 2017). On the observational side, constraints are
only available from a few works that use either an image stacking
method (e.g. Tal & van Dokkum 2011; D’Souza et al. 2015) or a
small sample of nearby galaxies (e.g. Spavone et al. 2017).

In this paper, we take advantage of the high-quality deep images
from the Hyper Suprime-Cam (HSC) Subaru Strategic Program
(SSP, Aihara et al. 2017a, see Section 2.1 for details) to characterize
the light profiles of massive galaxies out to 100 kpc. We select a large
sample (~7000) of massive central galaxies at 0.3 < z < 0.5 using
~100 deg? of data from the HSC wide layer.

We use this sample to (1) reliably estimate individual surface
mass density (u,) profiles of massive galaxies out to 100 kpc, (2)
investigate the dependence of their outer stellar haloes on total
stellar mass and (3) examine the implications in terms of evaluating
the high-mass end of the galaxy stellar mass function (SMF). In the
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second paper in this series (Huang et al. in preparation), we will
investigate the environmental (dark matter halo mass) dependence
of the sizes of massive ETGs (Huang et al. in preparation) .

This paper is organized as follows. Section 2 presents our data
and initial sample selection. Section 3 describes our procedure for
extracting 1D surface brightness profiles. Section 4 describes how
we estimate stellar mass. Section 5 summarizes the final sample
selection procedure. Our main results are presented in Section 6
and discussed in Section 7. Section 8 presents our summary and
conclusions.

Magnitudes use the AB system (Oke & Gunn 1983), and are
corrected for galactic extinction using calibrations from Schlafly &
Finkbeiner (2011). In this work, we assume Hy = 70kms~' Mpc™!,
Q, = 0.3, and 2, = 0.7. Stellar mass is denoted M, and has been
derived using a Chabrier initial mass function (IMF; Chabrier 2003).
Halo mass is defined as M»y, = M (< ryp) = ZOOp%anOOh where
o0 18 the radius at which the mean interior densiiy is equal to
200 times the mean matter density (p).

We emphasize that in this work we do not attempt to disentan-
gle the galaxy light from any ‘intracluster’ light component (ICL;
e.g. Carlberg, Yee & Ellingson 1997; Lin & Mohr 2004; Gonzalez,
Zabludoff & Zaritsky 2005; Mihos et al. 2005). Although the rising
stellar velocity dispersion in the outskirts of massive brightest clus-
ter galaxy (BCG) hints at a kinematically separated ICL component
(e.g. Dressler 1979; Carter, Bridges & Hau 1999; Kelson et al. 2002;
Bender et al. 2015; Longobardi et al. 2015), it is extremely diffi-
cult to reliably isolate it photometrically. Moreover, both the stellar
halo of the main galaxy and the ICL component carry important
information regarding the assembly history of the central galaxy
and its dark matter halo. Therefore, we adopt the view that the light
of the main galaxy and the ICL component trace different scales of
a single, smooth, and continuous distribution.

2 DATA AND SAMPLE SELECTION

2.1 The Hyper Suprime-Cam Survey

The SSP (Aihara et al. 2017b, 2017a) makes use of the new prime-
focus camera, the HSC (Miyazaki et al. 2012, Miyazaki in prepara-
tion), on the 8.2-m Subaru telescope at Mauna Kea. The ambitious
multilayer HSC survey takes advantage of the large field of view
(125 in diameter) of this camera and will cover >1000 deg” of sky
in five broad-bands (grizy) to a limiting depth of r ~ 26 mag in the
WIDE layer. This work is based on the internal data release (DR)
S15B, which covers ~110 deg? in all five bands to full WIDE depth.
The regions covered by this release overlap with a number of spec-
troscopic surveys [e.g. Sloan Digital Sky Survey (SDSS)/Baryon
Oscillation Spectroscopic Survey (BOSS): Eisenstein et al. 2011,
Alam et al. 2015; Galaxy And Mass Assembly (GAMA): Driver
et al. 2011, Liske et al. 2015. S15B release has similar sky cover-
age with the Public DR 1 (Please see table 3 in Aihara et al. 2017a
for detailed comparison).

The HSC WIDE survey is about 3.0-4.0 mag deeper in terms of
the i-band surface brightness limit than SDSS. Combined with the
excellent imaging resolution (the median i band seeing is 0.6 arcsec )
and the wide area, the HSC survey represents an ideal data set
to perform statistical studies of the surface brightness profiles of
massive galaxies out to their distant outskirts. Fig. 1 illustrates the
quality of HSC imaging compared to SDSS for three low-redshift
ETGs, and shows that HSC survey data are well suited for mapping
the stellar distribution of massive galaxies out to large radii.

MNRAS 475, 3348-3368 (2018)
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z~0.44

Figure 1. A comparison between the depth and imaging quality of SDSS and the HSC wide layer for a sample of nearby massive elliptical galaxies at
0.2 < z < 0.5. These images are generated using gri-band images with an arcsinh stretch (Lupton et al. 2004). The HSC WIDE layer is 3.0-4.0 mag deeper

than SDSS.

HSC i-band images typically have the best seeing compared to
other bands because of strict requirements driven by weak-lensing
science. We therefore use i-band images to measure the stellar dis-
tributions of massive galaxies.

2.2 HSC data processing

The full details of the HSC data processing can be found in Bosch
et al. (2017) and are briefly summarized here. The HSC SSP data
are processed with hscPipe 4.0.2, a derivative of the Large
Synoptic Survey Telescope (LSST) pipeline (e.g. Juri¢ et al. 2015;
Axelrod et al. 2010), modified for HSC. hscPipe first performs
a number of tasks at the single exposure level (bias subtraction,
flat fielding, background modelling, object detection, and measure-
ments). Astrometric and photometric calibrations are performed at
the single exposure level. hscPipe then warps different exposures
on to a common World Coordinate System and combines them into
co-added images. At this stage, hscPipe updates the images with
a better astrometric and photometric calibrations using stars that are
common among exposures.

The pixel scale of the combined images is 0.168 arcsec. Pho-
tometric calibration is based on data from the Panoramic Survey
Telescope and Rapid Response System (Pan-STARRS) 1 imaging
survey (Schlafly et al. 2012, Tonry et al. 2012, Magnier et al. 2013).
To achieve consistent deblending and photometry across all bands,
hscPipe performs multiband post-processing at the coadd level.
First, hscPipe performs object detection on coadd images in
each band independently and records the flux peak and the above-
threshold region (referred as a footprint) for each source. Next,
footprints and peaks from different bands are merged before
performing deblending and measurements. Finally, hscPipe se-
lects a reference band for each object based on the signal-to-noise
ratio (S/N) in different bands. (For most galaxies in this work, the
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reference band is the i band.) After fixing the centroids, shape, and
other non-amplitude parameters of each object in this reference
catalogue, hscPipe performs forced photometry on the coadd
image in each band. This forced photometry approach is optimized
to yield accurate galaxy colours at icyiodel < 25.0 mag (see Huang et al.
2017).

For each galaxy, hscPipe measures a cModel magnitude using
an approach that is similar to SDSS (Bosch et al. 2017). However, as
opposed to SDSS, the HSC cModel is based on forced multiband
photometry, which means that it can accurately measure both the
fluxes and colours of galaxies. The HSC cModel algorithm fits the
flux distribution of each object using a combination of a de Vau-
couleur and an exponential component and accounts for the point
spread function (PSF). The performance of this algorithm has been
tested using synthetic objects (Huang et al. 2017), and the results
indicate that, generally speaking, the HSC cModel photometry is
accurate down to i > 25.0 mag. However, cModel currently sys-
tematically underestimates the total fluxes of massive ETGs with
extended stellar distributions. This is caused by an intrinsic lim-
itation of cModel, as it is incapable of modelling profiles with
extremely extended outskirts, a problem that is exacerbated at the
depth of the HSC survey. In addition, at the depth of the HSC
survey, it is challenging to accurately deblend in the vicinity of
large ETGs, where satellites and background galaxies often blend
with the low surface brightness stellar envelope. The deblending
method currently implemented in hscPipe tends to ‘overdeblend’
the outskirts of bright galaxies and leads to an underestimation of
the total flux of massive ETGs. (This is discussed further in Bosch
et al. 2017.) For these reasons, our results are based on custom-
developed code to measure the luminosities and stellar masses of
massive galaxies. We use the HSC hscPipe photometry for two
purposes: (1) to perform a first broad sample selection, and (2) to
estimate the average colour of massive galaxies.
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2.3 Initial massive galaxy sample

We begin by using a broad flux cut to select an initial sample of
massive galaxies at z < 0.5 from the HSC photometric catalogue.
Based on Leauthaud et al. (2016), ispss, cModel < 21.0 mag can de-
fine a sample that includes almost all log (M, /M)>11.5 galaxies.
We therefore perform an initial conservative selection of massive
galaxies with iysc. epodel < 21.5.° We also limit our sample to re-
gions that have reached the required depth of the WIDE survey in i
band as defined in Aihara et al. (2017a).

We further select extended objects with no deblending errors,
with well-defined centroids, and with useful cModel magnitudes
in all five bands. After removing objects that have pixels affected
by saturation, cosmic rays, or other optical artefacts,* this sample
corresponds to 1760 845 galaxies and is referred to as hscPho.

Here, we limit our study to the very high-mass end where the
majority of galaxies have either a spectroscopic redshift or a ro-
bust red-sequence photo-z from the redMaPPer galaxy cluster
catalogue’ (e.g. Rykoff et al. 2014; Rozo et al. 2015).

‘We match the hscPho sample with a spec-z catalogue compiled
by the HSC team. The catalogue is created by matching HSC objects
with a series of publicly available spectroscopic redshifts (e.g. SDSS
DR 12, Alam et al. 2015; GAMA DR2, Liske et al. 2015). The
spec-z quality flags from different catalogues are homogenized into
a single flag that indicates secure redshifts. Please see section 4.4.2
of Aihara et al. (2017a) for details of this catalogue. To ensure
reasonable M, completeness at the high-M, end, we focus on the
redshift range 0.3 <z < 0.5.

Objects without a spectroscopic redshift are matched with central
galaxies from the redMaPPer SDSS DR8 (Rykoff et al. 2014)
catalogue using a 2.0 arcsec matching radius. Matched objects with
ared-sequence photo-z (0.3 < z; < 0.5) are included in our sample.
The accuracy of the red-sequence photo-z is sufficient (median
|z). — zZspec| ~ 0.01) for our purpose. The redMaPPer catalogue
provides an additional 133 unique redshifts for massive galaxies in
our sample.

In total, at 0.3 < z < 0.5, our sample consists of 25 286 galaxies
with reliable redshift information (referred as hscZz).

The majority of our redshifts comes from the BOSS and SDSS
‘legacy’ luminous red galaxy (LRG) samples. The GAMA survey
provides an additional 14 percent of all spectroscopic redshifts.
Although the GAMA survey only covers parts of the S15B DR,
and hence affects the homogeneity of our sample, it does not affect
the results of this work. We discuss this more in Section 5.

We choose the redshift range 0.3 < z < 0.5 to make sure that
(1) the inner region of massive galaxies can be resolved, and M,
within 10kpc can be reliably measured; (2) the background noise
and cosmological dimming are not major issues so that the pu,
profile can be measured out to >100kpc; and (3) redshift evolution
in the stellar population properties can be largely ignored. Also,
at higher redshift, the completeness of the spec-z sample starts to
decline; at lower redshifts, the oversubtraction of the background
level becomes a more serious issue.

We now describe our 1D photometric analysis (Section 3) and
our stellar mass estimates (Section 4). We define the final sample in
Section 5.

3 We neglect small differences between the response curves of the SDSS—i
and HSC— filters.

4 Each criterion removes less than 8 per cent of the entire sample.

3 See: http://risa.stanford.edu/redmapper/
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3 MEASUREMENTS OF 1D SURFACE
BRIGHTNESS PROFILES

The surface brightness profiles of massive ETG are not well mod-
elled by the de Vaucouleurs or single-Sérsic law, especially at the
imaging depth of HSC. These models fail to simultaneously de-
scribe the profile in both the inner and the outer regions and also
cannot account for any radial variations in ellipticity and position
angle. Although they can still be described by more complex models
(e.g. Huang et al. 2013a,b; Oh et al. 2017), the results are sensitive
to the choice of model, the number of components, and internal de-
generacies among parameters. 2D modelling is also very sensitive
to background subtraction method, especially for massive ETGs
(e.g. Huang et al. 2013a).

We therefore perform elliptical isophote fitting using the Im-
age Reduction and Analysis Facility (IRar) E11ipse algorithm
(Jedrzejewski 1987) to estimate the total luminosities of massive
galaxies and to measure their 1D stellar mass surface density pro-
files (i,) . This 1D method is less affected by the issues mentioned
above. Also, we only study galaxies in the radial range where our
results are less sensitive to either the PSF or the background sub-
traction. We ignore the inner ~6kpc, which is twice the size of
1 arcsec seeing at z = 0.5. Using this conservative choice, we can
safely ignore the smearing effect of seeing outside this radius. As we
discuss below, we confirm this by comparing our HSC profiles with
observations with higher spatial resolution. As for the impact from
background subtraction, we focus on the profiles within 100 kpc.
This is an empirical but also conservative choice based on the tests,
we conducted on background-corrected postage stamps. Once the
surrounding objects are appropriately masked out, the extracted 1D
surface brightness profiles rarely see unphysical truncation or fluc-
tuation within 100 kpc, especially for the log (M., 100kp./M@)>11.6
galaxies. Please see Appendix B for more details on these tests.

We generate a postage stamp of each galaxy that extends to
750kpc in radius, along with the bad pixel mask and the PSF
model. The postage stamps are large enough to evaluate the lo-
cal background. We choose to use i-band images since they trace
the stellar mass distributions of 0.3 < z < 0.5 massive galaxies rea-
sonably well (corresponds to rest-frame g or r band). i-band images
also enable better seeing and lower background levels than the z-
and y-band images, although these bands are better tracers of .

To overcome the hscPipe ‘overdeblending’ issue, we use a
customized procedure on each postage stamp to detect and ag-
gressively mask out neighbouring objects. Furthermore, hscPipe
tends to oversubtract the background around bright objects. To im-
prove the background subtraction, we first aggressively mask out
all objects (including the central massive galaxy), and derive an em-
pirical background correction using SEXTRACTOR. These procedures
are described in detail in Appendix B. We should point out that we
do not use the photometric results from our customized process,
but simply rely on them for improved local background model and
appropriate object mask.

Then, we run E11ipse on the background-corrected, masked
postage stamp following the methodology of Li et al. (2011). In
short, we first fit each isophote using a free centroid and shape
(ellipticity and position angle). We then fix the centroid (using the
mean flux-weighted centroid) and estimate the mean ellipticity and
position angles of all isophotes. Finally, we extract a 1D surface
brightness profile along the major axis using the mean ellipticity
and position angle. We correct these profiles for galactic extinction
and cosmological dimming, and we integrate them to various radii
to get the luminosity within different physical (elliptical) apertures.

MNRAS 475, 3348-3368 (2018)
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Figure 2. Left: example of the 1D surface brightness and ellipticity profile of a massive galaxy at z = 0.23 in the i band extracted using E11ipse. In this
work, we always show the radial profile using an R'/# scaling on the x-axis. By using this scale, the de Vaucouleurs profile will appear as a straight line on
this figure. We also plot the relative brightness profile of the PSF model normalized at the central surface brightness of the galaxy to highlight the region most
strongly affected by seeing. The grey shading highlights the region (r < 6 kpc) that is equivalent to twice the size of the half-width of a 1 arcsec seeing at
z~0.5. Because it is a very conservative estimate of the region, we cannot reliably extract a 1D profile due to the smearing effect of seeing. On the top panel,
the dashed line shows the mean ellipticity used for the final isophote. Right: the three-colour image of this galaxy with isophotes extracted by E11ipse. The

thick dotted line highlights the isophote with z; ~ 28.5 mag arcsec™ 2.

Fig. 2 shows an example of the 1D surface brightness and ellipticity
profile for a massive galaxy at z ~ 0.2 and also highlights a few
isophotes.

We test our procedure using different mask sizes and different
Ellipse parameters; we also test the procedure with and without
our background correction. Based on these tests, we find that our
1D surface brightness profiles are reliable up to surface brightness
levels of i ~ 28.5 mag arcsec . Beyond that, some of our pro-
files show signs of truncation and/or large fluctuations, which are
due to either the uncertainty in the background subtraction or the
unmasked flux from other objects. We choose to limit our study
to surface brightness levels up to ~28.5 mag arcsec . This is a
conservative choice, but is sufficient to enable us to measure light
profiles out to 100 kpc on a galaxy-by-galaxy basis (no stacking).
The 1D method fails to extract profiles for ~10 per cent of the sam-
ple due to severe contamination of other objects; these profiles are
excluded from the analysis. For additional technical details on the
Ellipse procedure, please see Appendix B.

4 STELLAR MASSES AND MASS DENSITY
PROFILES

4.1 Stellar masses from SED fitting

To convert luminosities into M,, we assume that these massive
galaxies can be well described by an average M, /L. This is a rea-
sonable assumption considering that they are mostly dominated by
old stellar populations and are known to have only shallow colour
gradients (e.g. Carollo, Danziger & Buson 1993; Davies, Sadler &
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Peletier 1993; La Barbera et al. 2012; D’Souza et al. 2014). We
discuss more about this point in Appendix C, and our own mea-
surements of colour profiles (see Section 6.3) also demonstrate this
point.

We use the broad-band spectral energy distribution (SEDs) fit-
ting (see Walcher et al. 2011 for a recent review) code i SEDFi t°®
(Moustakas et al. 2013) to estimate the average M,/L and k-
corrections using five-band HSC cModel fluxes. 1SEDFit uses a
simplified Bayesian approach to estimate the posterior probability
distribution functions (PDF) of key stellar population parameters.
Although cModel tends to underestimate the total fluxes of bright,
extended objects, it can still yield accurate average colours thanks
to the forced-photometry method that takes the PSF convolution
into account (e.g. Huang et al. 2017).

Here, we estimate average M, /L using the Flexible Stellar Popu-
lation Synthesis’ (FSPS; v2 . 4; Conroy & Gunn 2010a, Conroy &
Gunn 2010b) model based on the Medium-resolution Isaac New-
ton Telescope Library of empirical Spectra (MILES)® (S4nchez-
Blazquez et al. 2006, Falcon-Barroso et al. 2011) stellar library,
with a Chabrier (2003) IMF between 0.1 and 100 M and metal-
licity ([M/H] = log(Z/Z))) between 0.004 and 0.03. We assume
a delayed-t model with stochastic star bursts for the star forma-
tion history (SFH; see Appendix C) of low-z massive galaxies (e.g.
Kauffmann et al. 2003). The Calzetti et al. (2000) extinction law is

6 http://www.sos.siena.edu/ jmoustakas/isedfit/
7 http://scholar.harvard.edu/cconroy/sps-models
8 http://www.iac.es/proyecto/miles/pages/stellar-libraries
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adopted in this work. The massive ETGs in our sample are not very
sensitive to the SFH shape or the internal dust extinction.

We construct five-band SEDs using the forced-photometry
cModel magnitudes corrected for Galactic extinction. Presently,
cModel only accounts for the statistical error on the flux measure-
ment and it certainly underestimates the true flux errors of bright
galaxies. For this work, we supply 1 SEDFit with simplified flux
errors assuming S/N = 100 for the riz bands, and S/N = 80 for
the g and y band (on average, images in gy bands are shallower in
depth and/or have higher background noise). These empirical S/N
choices still only provide lower limits of the true systematic uncer-
tainties from the model-fitting process. In Huang et al. (2017), we
evaluate the accuracy of HSC cModel photometry using synthetic
galaxies, and show that cModel provides excellent measurements
of five-band colours, which are crucial for reliable M, /L estimates.
The typical uncertainty of log (M, /M) is around 0.06-0.08 dex at
log(M,/Mx)~11.5.

In Appendix C, we briefly summarize the basic statistics of the
sample by showing the relationships between M, ooy and stellar
age, metallicity, and internal dust extinction. All these properties
behave reasonably for massive galaxies in this sample. Using the
k-corrected optical colour, we can also confirm that the sample
follows a tight ‘red sequence’.

4.2 Definitions of different aperture stellar masses

iSEDFit helps us estimate the best-fitting M, based on the
cModel photometry (noted as M, cmvoqe) and the average M, /L
in the i band. Then, we can convert the 1D luminosity density pro-
files into stellar mass surface density (u,) profiles with the average
M, /L and estimate M, within different radius by integrating the
. profiles. Given exquisite u, profiles extending to >100 kpc, the
definition and meaning of ‘total’ M, becomes nuanced. At the same
time, motivated by the two-phase scenario, M, within different ra-
dius may help us trace different physical components. Considering
this, here we define a few benchmark physical apertures throughout
this work:

(i) The M, within the inner 10 kpc (hereafter noted M, okpc)-
Suggested by recent observation (e.g. van Dokkum et al. 2010)
and simulation (e.g. Rodriguez-Gomez et al. 2016), the in situ
component dominates the M, within one effective radius (R, or
5-10kpc) of z ~ 0 massive ETGs. We therefore use M, ok as
the M, of the inner ‘core’ and as a proxy for the in situ M,. The
high-quality HSC data enable us to reliably measure M, o at
0.3 <z < 0.5 (1.0 arcsec in radii equal 4.4 and 6.1 kpc at redshifts
0.3 and 0.5, respectively). We should point out that in simulation an
(e.g. Rodriguez-Gomez et al. 2016), in situ component can extend
outside the inner 10 kpc, while an ex situ component may contribute
to M, oxpe at the same time. We further discuss this assumption in
Section 7.1.

(ii) The M, within 100 kpc (hereafter noted M, igokpc). For
massive galaxies in our sample, 100kpc aperture corresponds to
5-10 x R. and should contain the majority of the M,. Here, we use
M. 100pc as a measure of the ‘total” M,. We show that, although not
perfect, M, 1qokpc is a better tracer of total M, than model-dependent
results from shallower images that rely on extrapolating the light
profiles out to large radii. We should point out that the S/N for sur-
face brightness measurement at S/N is still above the limit set by
the intrinsic fluctuation of the background for our massive galaxies
(e.g. see Pohlen & Trujillo 2006).
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(iii) The M, within the largest available aperture (hereafter noted
M, \ax). We know that the p, profiles of massive galaxies extend
way beyond 100 kpc with no clear sign of truncation (e.g. Gonzalez
et al. 2005; Tal & van Dokkum 2011; D’Souza et al. 2014). There-
fore, M, 100kpc should be only considered as the lower limit of the
‘total” M,. Here, we also integrate the w, profile to the edge of the
postage stamp, and we select the isophote that gives us the highest
M, and define the M, .. These procedures help us quantify how
much extra M, may be kept at >100 kpc.

All aperture M, are measured after adopting an isophote with
fixed ellipticity and position angle, and instances of 10ss and
100 kpc refer to the radius along the major axis of the elliptical
isophote.

In Fig. 3, we compare the different definitions of M,. As
expected, directly measured light out to 100kpc helps us re-
cover more M, compared to M, cvodel- At high-M, end (e.g.
log (M., 100kpc/M©)>11.6), the average difference is larger than
0.1 dex and can be as large as 0.2-0.3 dex. For the cModel pho-
tometry in the current hscPipe, the average difference relates to
both the intrinsic limitations cModel algorithm and the oversub-
tracted background. In Section 6.2, we use the u, profiles to show
that a large fraction of these galaxies have u, profiles shallower
than the de Vaucouleurs profile; it is therefore not surprising that
cModel systematically underestimates the luminosity. More im-
portantly, the differences clearly depend on total stellar mass, as
M, Moder tends to miss more M, in more massive galaxies. This
limitation in M, cmodel relates to the mass-dependent nature of the
stellar haloes of massive galaxies (see Section 6.2 too). These dif-
ferences have important implications for estimates of the SMF and
for studies of the environment dependence of galaxy structure.

The right-hand panel of Fig. 3 compares M, .« and M, 1ookpc-
Uncertainties in the background subtraction and the impact of neigh-
bouring objects make M, yi.x more uncertain than M, okp.. None
the less, we still see that M, i.x becomes larger than M, goi,c. The
differences are on average very small (~0.02-0.03 dex) and do not
show strong mass dependence. This confirms that, at the current
depth of HSC images, M, joop. can be used as a good proxy of
‘total” stellar mass.

4.3 Stellar mass completeness

With the help of the Stripe§2 Massive Galaxy Catalogue (S82-
MGC, Bundy et al. 2015),” we investigate the M, completeness
of our samples. The S82-MGC sample matches the deeper SDSS
photometric data in the Stripe 82 region (Annis et al. 2014) with
the near-infrared data from the United Kingdom Infrared Telescope
Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007), and is
complete tolog (M, /M)>11.2 atz < 0.7, which makes it sufficient
to evaluate the completeness of our HSC sample. Leauthaud et al.
(2016) use this sample to show that the BOSS spec-z sample, which
is our main source of redshifts, is about 80 per cent complete at
log(M,/M3)>11.6at0.3 <z <0.5.

Fig. 4 compares the number density distributions of galaxies from
S82-MGC with the 20453 galaxies that are also in our sample.'?
To be consistent with the S82-MGC catalogue, we estimate the
M, \voder Of these galaxies using 1SEDFit. We find excellent

% http://www.ucolick.org/kbundy/massivegalaxies/s82-mgc.html

10'We do not apply any statistical corrections for completeness and hence, to
avoid confusion, we do not use the term ‘SMF’; errors on the distributions
are estimated via bootstrap resampling.
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Figure 4. Evaluation of the M, completeness of the HSC massive galaxy
sample. We compare the volume number density function of the massive
galaxies for this work (black line) with the one of a much more com-
plete sample from the S82-MGC catalogue (green line). The grey dashed
line shows the number density function of HSC massive galaxies in the
three GAMA fields for comparison. The associated uncertainties derived
from bootstrap resampling are shown in shaded regions. The vertical grey
line highlights the log (M./M@)=11.6 limit. Below the limit, the HSC
massive galaxy sample becomes significantly incomplete in stellar mass.

agreement between HSC M, .\oger and the ones from the S82-
MGC catalogue.

We conclude that our sample of massive galaxies is reason-
ably complete down to log (M, cvodel/M@)~11.5 at 0.3 < z <
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0.5. Given the average difference between M, jooxpe and M, cviodels
we chose to focus on galaxies with log (M, ookpc/M@)>11.6. In
Section 7, we also show results for massive galaxies with 11.4
<log (M. 100xpc/M@)<11.6, but we caution that our sample is in-
complete in this lower mass bin mainly due to the intrinsic incom-
pleteness of the SDSS/BOSS spec-z (see Leauthaud et al. 2016).

5 THE FINAL SAMPLE

5.1 Candidate massive central galaxies

Typically, a ‘central’ galaxy is defined as a galaxy located in the
centre of its own dark matter halo, while a galaxy in a sub-halo
orbiting within the virial radius of a more massive halo is referred
to as a ‘satellite’ (e.g.Yang et al. 2007). We wish to focus on massive
central galaxies here as they are essential to the study of galaxy—
halo connection. Although the satellite fraction is expected to be
very low (<10 percent; e.g. Reid et al. 2014; Hoshino et al. 2015;
Saito et al. 2016) at log (M., 100xpc/M@)>11.6, we further use the
redMaPPer cluster catalogue (v5.10; e.g. Rykoff et al. 2014;
Rozo et al. 2015) based on SDSS DRS (Aihara et al. 2011) to help
us identify centrals of cluster-level dark matter haloes and reduce
satellite contamination.

After matching the hscZ sample with the central galaxies of
redMaPPer clusters with richness A > 20'! and central probability
Pcen > 0.7, we find 164 matched galaxies at 0.3 <z <0.5. According
to available calibration (e.g. Saro et al. 2015; Farahi et al. 2016;
Melchior et al. 2016; Simet et al. 2017), they represent the central

1 Due to the depth and resolution of SDSS images, the redMaPPer cata-
logue is not complete down to A =20 at 0.3 < z < 0.5. Atz > 0.33, it starts
to miss a small fraction of clusters with A < 30, but it does not affect the
results in this work.

610z Jaquiardeg €0 uo Jesn Ausiaaiun uoleould Aq +8/0G/1/8YEE/S/S L yoBN1Sqe-ajoe/seiull/woo dno-olwepese//:sdiy woll papeojumod



galaxies in dark matter haloes with log (Maoop /M) <14.0; we refer
to these galaxies as the cenHighMh sample .

As the next step, we identify and remove all galaxies within a
cylindrical region around each redMaPPer cluster. We use a ra-
dius equal to Ryoo, and set the length of the cylinder to twice the
value of the photometric redshift (z;) uncertainty of each cluster.'?
After we remove galaxies associated with redMaPPer clusters
from our sample, the remaining galaxies are dominated by cen-
tral galaxies living in haloes with log (M>oo,/M)<14.0; we re-
fer to these galaxies as the cenLowMh sample. Using the model
presented in Saito et al. (2016), we estimate that in dark matter
haloes with log (M50, /M@ )<11.4, ~7percent of galaxies with
log (M, cModet/M)>11.5 are satellites.

5.2 Summary of sample construction

Using ~100deg” of HSC data, we select a large sample of mas-
sive central galaxies with reliable redshift information, and broadly
separate them into two categories based on Mj,,,.

The following is a summary of our sample construction.

(i) hscPho sample. This parent sample consists of bright galax-
ies with icpieqel < 21.0, good quality imaging, and reliable cModel
photometry in all five HSC bands in the S15BDR. This sample is
described in Section 2.3, and it contains 1760 845 galaxies.

(ii) hscZ sample. We limit this hscZ sample to galaxies with re-
liable redshift information. This sample is described in Section 2.3.
It provides us 25 286 useful galaxies at 0.3 <z < 0.5.

(iii) With the help of the redMaPPer cluster catalogue, we
further select candidates of massive central galaxies. We broadly
divide the hscz sample into central galaxies living in haloes
with log (M2 /M@)>14.0 (cenHighMh) and central galaxies
from the haloes with log (M>g0,/M@)<14.0 (cenLowMh). To en-
sure the sample is M, complete and has minimal satellite con-
tamination, we further focus on the 950 massive galaxies with
10g (M,‘ 1(]()kpc/M®)> 11.6 in this WOI‘k.13

The division of our sample into two halo mass bins is mainly
relevant for the second paper in this series (Huang et al. in prepara-
tion). For this paper, we consider only the halo mass dependence on
our sample when we evaluate impact of mass estimates on the SMF
in Section 6.1. We show the distributions of redshift, M, ooy, and
M, 101pe of the massive galaxy sample in Appendix A, along with
its M, 100kpc—(g — 1) rest-frame colour relation.

6 RESULTS

6.1 Impact of missing light on the galaxy stellar mass function

The SMF is critical to our understanding of galaxy evolution. Pho-
tometric method and definitions of M, can affect the high-M, end of
SMF (e.g. Bernardi et al. 2013; D’Souza et al. 2015; Bernardi et al.
2017). The cited works show that, despite being widely adopted in
the literature, cModel photometry can significantly underestimate
the M, of massive galaxies. Still, these works are based on more
complex 2D modelling or stacking of shallow images that suffer

12 We convert A of each cluster to M>op using the calibration of Simet et al.
(2017) and use the mass—concentration relation from Diemer & Kravtsov
(2015) to compute Roggp-

13 As  reference, there are 2613
log (M., ](]()kpc/M®)> 11.5 in our sample.

massive  galaxies  with
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from various systematics. Now, we characterize the impacts of dif-
ferent photometric measurements on the high-M, end of the SMF
using M, directly measured out to large radius on deep images (see
Fig. 5).

The left-hand panel of Fig. 5 show the volume density distribu-
tions (referred to as SMF for simplicity) of massive galaxies using
M*, Model and M, 100kpe for both the cenHighMh and cenLowMh
samples. As shown in Fig. 3, the mass-dependent differences be-
tween these two measurements lead to noticeable differences in
SMF at high-M, end. cModel photometry leads to underestimation
of volume density at the high-M, end of SMF. More importantly,
it shows that the impact of missing M, becomes more significant
for central galaxies in very massive haloes. We demonstrate that
this occurs because galaxies in more massive haloes have more ex-
tended stellar envelopes than those in lower mass haloes at fixed
M, 100kpc in Huang et al. (in preparation). On the right-hand panel
of Fig. 5, we also compare the SMFs using M, jookpc and M, yiax.
As mentioned in Section 4.2, M, jgokpc is still a lower limit of the
total M, of these massive galaxies, and M, .y helps us check how
much M, could be left out. Although there is still visible difference
at the high-M, end, the impact of going from M, jookpe 10 M, Max
is relatively small. It suggests that M, 1qk,c captures the majority
of the total M,. Here, we do not attempt to apply any completeness
correction, so the SMFs turn over at the low-M, end. For now, we
add a constant ~20 per cent uncertainty to the SMF to account for
the satellite galaxies and the galaxies for which we fail to extract
1D profiles (see Appendix B), although these uncertainties should
be smaller at high-M, end.

On the right-hand panel of Fig. 5, we also compare our SMFs
with the following works:

(1) The SMF of 0.15 < z < 0.30 galaxies from the S82-MGC
sample (Leauthaud et al. 2016), where M, is based on PSF-matched
aperture photometry and i SEDf1it fitting using BC03 model. We
account for the 0.08 dex average difference with the FSPS ones
seen in the Appendix C

(i) The SMF for the SDSS—-GALEX sample at z ~ 0.1 using
SDSS cModel photometry and 1 SEDfit stellar mass based on
similar assumptions [see Moustakas et al. (2013) for details].

(iii) The SMF for z ~ 0.1 SDSS galaxies using 2D SerExp
models'#(Bernardi et al. 2013; Meert, Vikram & Bernardi 2015)
and stellar mass by Mendel et al. (2014).'3(See Bernardi et al. 2017
for details.)

Due to several systematics (see e.g. Bernardi et al. 2013, 2017),
we do not attempt to perform detailed comparisons among these
SMFs. We are currently working to address these issues in Huang
et al. (in preparation). Here, we simply note that the HSC M, jooxpc
SMF is closer to the one derived by Bernardi et al. (2017) using
SDSS data at z ~ 0.1 and the SerExp model. Meanwhile, the
differences between the HSC M, joopc SMF with the others are
likely caused by the photometric methods: SDSS cModel and
small-aperture photometry underestimate M, of massive galaxies.
Even before a more in-depth study, it already illustrates an important
issue: It is crucial to understand the impacts from photometric data
and methods on the estimates of SMF before using HSC M, 100xpc
SMF to study galaxy evolution or comparing it with predictions

14 Sérsic + Exponential disc model that can recover more lights than SDSS
cModel; integrated to infinity.

15 We use FSPS model, Chabrier (2003) IMF, and Calzetti et al. (2000)
extinction law.
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Figure 5. (a) Impact of using M, 100kpe ON the galaxy SMF. Dashed lines correspond to the observed volume density distribution computed using M, cModels
whereas solid lines correspond to the distribution computed using M, 100kpc. We do not apply any completeness correction to the distributions here. We separate
our HSC sample into centrals in haloes more massive than log (Mz()Ob/M@)NMl (red lines) and centrals in haloes with log (Mz()()h/M®)< 14.0 (black lines).
The impact on the SMF can exceed 0.2 dex for massive central galaxies in very massive haloes. (b) The M, volume density distributions of massive HSC
galaxies, using both M, 100kpe (black solid line) and M, max (black dotted line). Vertical lines on both plots highlight the log (M. 100kpe /M ©))=11.6 mass limit.
The grey shaded region shows the resampling error on the HSC SMF plus an additional 20 per cent uncertainty to account for the fact that we do not include
satellite galaxies and that we fail to extract a 1D profile for ~10 per cent of our galaxies. These issues will be addressed in forthcoming work (Huang et al. in
preparation). We compare our results with previous studies: (1) SDSS galaxies at z ~ 0.1 from Bernardi et al. (2017) with M, values based on photometry from
2D Sérsic +Exponential model fitting (purple); (2) SDSS galaxies at z ~ 0.1 from Moustakas et al. (2013) based on improved SDSS cModel photometry
(blue); and (3) S82-MGC galaxies at 0.15 < z < 0.43 from Leauthaud et al. (2016) based on PSF-matched SDSS—-UKIDSS photometry (green).

from models and simulation. This is particularly relevant since a
method like cModel will still be widely adopted in ongoing and
future imaging surveys.

6.2 Surface mass density profiles

6.2.1 General trends and comparison with previous work

Previous work on the structural evolution of massive galaxies has
often focused on scaling relations such as the ‘M, —size’ relation. We
argue that by comparing u, profiles directly, we can capture more
information than afforded by the M,—size relation. The comparison
also has the advantage that it bypasses difficult questions about how
to accurately define and measure galaxy ‘sizes’ and ‘masses’.

Fig. 6 shows the median pu, profiles of massive central galax-
ies at 0.3 < z < 0.5 in three M, ooipc bins. These median profiles
along with their uncertainties are derived using the bootstrap resam-
pling method. Note that our sample is not complete in the lowest
M. 1o0pe bin, although the median , profile may not be signifi-
cantly affected. As shown in the left-hand panel of Fig. 6, we can
confidently trace the u, profiles of these massive galaxies out to
100 kpc individually. At large scales, some of our u, profiles show
signs of unphysical truncation and fluctuation related to inaccurate
sky subtraction. In this paper, we do not use profiles beyond 100 kpc,
even though the median u, profiles for the two most massive bins
behave reasonably well out to ~200 kpc.

From Fig. 6, we can see the galaxies in our sample have homoge-
neous profiles on small radial scales. The amplitude of 1, increases
with galaxy mass on 10 kpc scales but the slope of u, remains sim-
ilar. From previous work on this topic, we already know that the in-
ner regions of massive elliptical galaxies display relatively uniform
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structural (e.g. . profile, isophotal shape: e.g. Lauer et al. 2007;
Kormendy et al. 2009; Schombert 2015; and kinematic: e.g. Cap-
pellari et al. 2013) properties. However, Fig. 6 reveals a significant
diversity in the outer envelopes of massive galaxies. Given the S/N
of HSC images at these surface brightness levels, the scatter shown
in Fig. 6 corresponds to intrinsic scatter in the stellar envelopes
of massive galaxies. Importantly, Fig. 6 shows that the global u,
profiles of galaxies at these masses are clearly not self-similar out
to 100 kpc and have outskirts with larger scatter.

In the right-hand side of Fig. 6, we compare our p, profiles with
results from previous work. Most previous studies have focused on
surface brightness profiles instead of mass density profiles. Results
can also depend on the stacking technique or the model used to
extract the profile (e.g. Tal & van Dokkum 2011; D’Souza et al.
2014). Huang et al. (2013a) derived u, profiles for a small sample
of very nearby ellipticals (within 100 Mpc; median log (M, /M)
~11.3) based on relatively shallow images from the Carnegie—Irvine
Galaxy Survey (Ho et al. 2011).'¢ This sample is at very low redshift
(z < 0.02), and so the w, profiles from Huang et al. (2013a) galaxies
are accurate to smaller scales (down to r = 1kpc) than our HSC
profiles. Our ., profiles show good agreement with the Huang et al.
(2013a) sample in the radial range of overlap (out to 50 kpc). The
median profiles from Huang et al. (2013a) only reach to ~50kpc
for z < 0.02 massive galaxies, while our deep HSC images can
reliably deliver individual u, profiles for z ~ 0.4 galaxies out to at
least 100 kpc.

Patel et al. (2013) extracted a median u, profile for massive
ETGs at 0.25 < z < 0.50 using stacked Hubble Space Telescope

16 https://cgs.obs.carnegiescience.edu/CGS/Home.html
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Figure 6. Left: median p, profiles in three total stellar mass bins. Thin grey lines in the background show a random subset of individual profiles. The scatter
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most strongly affected by the seeing. Two vertical lines indicate 10 kpc (thin, dotted line) and 100 kpc (thick, dashed line). Right: comparison between our i,
profiles, previous observations, and simulations. The solid cyan line shows the median profile of massive elliptical galaxies at z ~ 0 from Huang et al. (2013a).
The red long-dashed line shows the median profile of massive galaxies at 0.25 < z < 0.50 observed by HST from Patel et al. (2013). The purple short-dashed
line shows the median radial stellar distributions in massive haloes from simulation using the particle tagging method (Cooper et al. 2013).

[HST/Advanced Camera for Surveys (ACS)] images. These galaxies
are selected at a constant cumulative number density and are thought
to be the progenitors of z = 0 massive ETGs (e.g. Leja, van Dokkum
& Franx 2013). The median M, of the Patel et al. (2013) sample
is ~10""2M), which is lower than our lowest mass bin. However,
Patel et al. (2013) uses the BCO3 stellar population model, which
leads to M, that are roughly 0.1 dex lower than our FSPS estimates
(see Appendix C). Furthermore, the Patel et al. (2013) images are
shallower than ours which means that their M, could still be un-
derestimated due to missing light in the outskirts. Given these two
considerations, it is reasonable to roughly compare the Patel et al.
(2013) profile with the one in our lowest M, jgokpc bin. The superb
resolution of the HST/ACS images allows Patel et al. (2013) to
accurately measure the u, profile down to 1kpc without worrying
about the smearing effect of seeing. The good agreement between
our profiles and the ones derived from HST imaging demonstrates
that our profiles are robust at » > 3 kpc; therefore, we can accurately
measure M, iokpc-

Finally, we also compare our HSC profiles with the pre-
dicted median w, profile of central galaxies in massive haloes
(13.5 < log My, . < 14.0) from a cosmological simulation where
the u, profiles of galaxies are calculated using the particle tag-
ging technique (e.g. Cooper et al. 2010). The simulated p, profile
is affected by the resolution limit of the simulation in the inner
region but is in good agreement with our median u, profile for
the 11.6 < log (M., 100kpc/M@) <11.8 bin within 40 kpc. However,
when compared to our data for the 11.6 < log (M, 100kpc/M©)
<11.8 bin outside 40kpc, the particle tagging method seems to
predict an overly prominent stellar halo that has a much shallower
outer slope.

Table 1 provides tabulated values for the median profiles that
are displayed in Fig. 6. These profiles are also available here:

http://www.ucolick.org/k”bundy/massivegalaxies. (The files will be
made available after the paper is accepted.)

6.3 Ellipticity and colour profiles

Now we look into the ellipticity profile derived by E11ipse in i
band and the g — r and g — i colour profiles (galactic extinction
and k-corrected). The smearing effect of seeing makes the central
isophotal shape rounder than the real value, while seeing differ-
ences between filters bias the central colour.'” On large scales, it is
more difficult to extract reliable ellipticity and colour profiles out
to 100 kpc because at low surface brightness levels, the isophotal
shape becomes unstable and is easily affected by contamination.
Colour profiles are also more difficult to extract out to large radial
scales because getting the colour accurately depends on the back-
ground subtraction and the noise levels in both bands. In this paper,
we focus on the median ellipticity and colour profiles between 8
and 60 kpc, where we can safely ignore the issues described above.

The left-hand panel of Fig. 7 shows the ellipticity profiles of
massive galaxies and highlights the median profiles for the same
three M, 00kpc bins shown in Fig. 6. Our results are also compared
with previous work based on image stacking techniques (the PSF-
removed i-band results from Tal & van Dokkum (2011), and con-
centrated galaxies with 11.0 <log (M, /M )<11.4 from D’Souza
et al. (2015). As expected, ellipticity profiles from image stacking
methods yield results that are more shallow than ellipticity pro-
files measured on a galaxy-by-galaxy basis. Uncertainties in how

17 Since the HSC i band always has better seeing, the central colour becomes
redder if seeing effects are not accounted for.
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Table 1. Average s, Profiles of Massive Galaxies in Different Stellar Mass Bins.

Radius [14+]; Combined samples [14+]; My 100 kpe-matched [144]; My, 10 kpc-matched
kpc N log M /kpc?) log (Mg /kpc?) log (M@/kpcz)
log $ng¢ €[11.4,11.6] [11.6, 11.8] [11.8, 12.0] cenHighMh cenLowMh cenHighMh cenLowMh

(€] (@) 3) “) (5 (6) (7 ®
00 92349 030N 9D 03B esatll 03B 034®
06 92019 02800 020700 0270 03Ol o2gfR 031t
10 91649 02400 02670 024%% 0270l 025 02702
14 9.1240 02000 023700 0207 0230 021t 023%0%
L7 9067010 01570% 91970 ous0R oao00  oue0 o0
20 900550 910550 915705, 90950 913705, 911705, 912555
24 8.93%5.50 903550 909705, 903505 907700, 905705, 905700,
27 8.87%.60 8.97"%.0 904705, 897001 901705, 900705, 8.99%501
3.0 8.80%5,60 8.90%%60 8.98 %501 8.90%561 8.95%501 8935501 8.92%501
34 8725550 8.83%%.0 8925501 883001 8.88 %501 8.86 %01 8.85%501
37 8.66%,60 8.78 5.0 8.87 001 8.78 001 8.83%501 8817001 879501
4.1 8.605,60 87250 8.825501 8721001 8774501 8.76 001 8734501
44 8.54%5.60 8.66 %0 877 %001 8.66 01 8724501 8707001 8.67%501
48 8.48%5.60 8.60%%,00 8715501 8.60 1501 8.66 501 8.65 001 8.614501
62 8.26%560 8.40%50 8.53 001 841550, 8.46%501 8467505 8.40%5,05
76 8.09°00 824700 s30%0L w270 maN saR 82300
90 79540 81000 8277000 saaR mIsY g1970% s09t)®
10.3 7.824000 7.9910.00 8.167001 8.031008 8.067001 8.097003 7.97100
117 7707900 7.887000 8.067001 7.93790 7.967001 7.997902 7.857002
13.0 7.60000 7.787000 7.98001 7.857008 7.871001 7.907903 7754003
14.5 7.5010:99 7.6910:99 7.90+0! 7764092 7781001 7.82+0:92 7.651002
16.0 7.39+000 7.6010%0 7.821001 7.687002 7.691001 7741092 7.5610:02
17.3 7.3150%0 7.52+000 7.76001 7.61+0:-02 7.62001 7.671003 7.48 1003
18.7 7.23+000 7.4570%0 7.697001 7.55+0.02 7.557001 7.611003 7.40+0:03
226 7.02+000 7.270%0 7.547001 7.38+0-02 7.377001 7.457003 7.21H003
26.1 6.860-00 7.1270%0 7417001 7.257902 7.247001 7.32+003 7.05H003
30.0 6.707000 6.987000 7.297001 7137903 7.107008 7.207903 6.901003
33.7 6.557000 6.857001 7187001 7.017903 6.98 1001 7.097903 6.76 003
37.8 6.417000 6.727901 7.077901 6.9010:03 6.857001 6.9810:04 6.637001
416 6297501 661700, 6.98 001 6817563 675501 6897004 651 00;
457 617205, 6:50%05) 688705, 6715503 664700, 6.79 5,04 639001
493 607490 A0l 80t 66N 6seTY 6707% 6307
531 598400 63300 emE essN 646l eedtY 621ty
572 588400 62400 e@l  earY 6N esefY ety
61.5 5791001 6.1510 01 6.5510.05 6.39700) 6.2970 01 6.491000 6.031004
66.0 570001 6.057001 6.471002 6.32+0:0¢ 6.207001 6.37+0:03 5.941005
69.8 5.641001 5.98 001 6.407002 6.2510:0 6.121002 6.3570:04 5.871004
74.7 5.561001 5.897001 6.321002 6.18+004 6.041002 6.2870:9 5791005
799 549400 SSUD 624t en2Y seefR 6207 s
84.3 5.431001 5747001 6.187002 6.0570:04 5.891002 6.1670:9 5.6510:05
88.8 5.387001 5.677001 6.11700 5.991003 5.817000 6.0810:03 5.581005
97.2 5.201001 5.567001 5.987002 5.9210:04 5.691002 5.9970:03 5471005
103.6 5211001 5.497001 5.8910:03 5.8410:95 5.621002 5.9410:95 5.3910:05
111.6 5.147001 5.401001 579100 5781003 5.54100 5.87T002 5.32H000
172 510400 s34 ST smUNl sardl stk s0i0h
129.0 5.007001 5257002 5.617003 5.6470:05 5367002 5.7470:9 521700
141.7 4.8979:02 5134002 5491003 5.5810:9 5.23H003 5.6670:9 5.0910:05
1467 48599 S0 sS4t sSINY sa0t sertdl 503t

MNRAS 475, 3348-3368 (2018)

6102 Jequisldag g0 uo Jasn AlsIaAiun uoleoulld Aq $8/05 . 1/8YEE/E/S L y10rSqe-8|o1e/Seluw/Wwod dno-olwspeoe//:sdny woJj papeojumoq



Table 1 continued
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Radius [144+]; Combined samples [+]; My, 100 kpe-matched [1+]; My 10kpc-matched
kpc log (M /kpc?) log (M@/kpcz) log (M /kpc?)

log M*Ailirgl‘p“ €[11.4,11.6] [11.6, 11.8] [11.8, 12.0] cenHighMh cenLowMh cenHighMh cenLowMh
(1 (2) (3) (4) (5) (6) 7N 3
141.7 4.897902 513100 5.49+0-03 5.5810:9 5.23+003 5.6610% 5.0910:05
1467 4.85100 5.105055 546103 5.515006 5.19%003 5.617503 5.03%003

Notes. Average 1, profiles of massive cenHighMh and cenLowMhgalaxies in different samples:

Col. (1) Radius along the major axis in kpc.

Col. (2) Average pu, profile for galaxies with 11.4 <log (M., 100kpc/M ) <11.6 in the combined samples of cenHighlh and cenLowMh galaxies.
Col. (3) Average ju, profile of combined samples in the mass bin of 11.6 <log (M., 100kpc /M®)< 11.8.

Col. (4) Average pu, profile of combined samples in the mass bin of 11.8 <log (M. 100kpe /M) <12.0.

Col. (5) and Col. (6) are the average pu, profiles of cenHighMh and cenLowMh galaxies in the M, 1o0kpc-matched samples within

11.6 <log (M., IOOkpc/M®)<l 1.9.

Col. (7) and Col. (8) are the average w, profiles of cenHighMh and cenLowMh galaxies in the M, jokpc-matched samples within

11.2 <log (M. 100pc /M) <11.6.

The upper and lower uncertainties of these average profiles vial bootstrap-resampling method are also displayed.

|
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Figure 7. Radial profiles of the ellipticity and k-corrected rest-frame optical colours of massive galaxies in our sample. The general format of this figure is
similar to Fig. 6. The left-hand panel displays ellipticity profiles, the upper right panel shows g — r colour profiles, and the lower right panel is for g — i colour
profiles. We compare our results with those from (1) Tal & van Dokkum (2011) based on stacking large samples of LRGs in SDSS at z ~ 0.4 (solid red line on
the left-hand panel), (2) the results from a stacking analysis of nearby massive galaxies with high concentration index (C > 2.6) in D’Souza et al. (2014, blue
dash lines on the left-hand and upper right panels), (3) and the average g — r and g — i colour profiles from a large sample of nearby elliptical galaxies in La
Barbera et al. (2010, blue, solid lines on both right-hand panels). For colour profiles, we also compare with deep observations of a few nearby massive ETGs:
the g — r colour profiles of NGC 4472 (Mihos et al. 2013) and NGC 4365 (Mihos et al. 2017), and the g — i profile of NGC 1399 (Iodice et al. 2016).

to align galaxies and the intrinsic isophotal twist can lead to this
effect.

In general, we find that the ellipticities of massive galaxies slowly
increase with radius. This trend can even be seen directly ‘by
eye’ in HSC images (e.g. Fig. 1). More interestingly, the ellip-
ticity profiles vary with M, jooipc: at ~10kpc, the median elliptic-
ity (<0.2) is similar for all three redshift bins, but the ellipticity
of the outer stellar halo increases with M, jookpc. Galaxies with
log (M., 100kpc /M ©)>11.8 have median ellipticity profiles that be-

come steeper at >10kpc. The ellipticity of the outer profile steadily
increases from e < 0.2 to e ~ 0.4 at 50-60 kpc.

This is consistent with studies of nearby massive galaxies us-
ing different methods (e.g. Porter, Schneider & Hoessel 1991;
Gonzalez, Zabludoff & Zaritsky 2005; Zibetti et al. 2005; Huang
et al. 2013a; Oh, Greene & Lackner 2017). For instance, Spavone
et al. (2017) use very deep images of six nearby massive galaxies
to show that their average ellipticity in g band also increases with
radius in a similar fashion. However, to the best of our knowledge,
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our HSC results are the first to show clear evidence that: (1) the ellip-
ticity of stellar halo in massive ETGs depends strongly on M, 100kpc,
and (2) the ellipticity of stellar halo also relates to the slope of the .,
profile (see Figs 6 and 7; we will discuss this more in Huang et al.
in preparation). As mentioned in Section 1, such a mass-dependent
ellipticity profile could reveal more insights about the assembly of
stellar haloes of massive galaxies.

Regarding the colour profiles, the right-hand panels of Fig. 7 show
the k-corrected (g — r) and (g — i) colour profiles for all galaxies
in our sample, together with the median profiles in three M., 1gokpc
bins. We find that the median rest-frame (g — r) and (g — i) colour
profiles present smooth and shallow negative colour gradients out to
50-60kpc, as observed by many previous works (e.g. Carollo et al.
1993; La Barbera et al. 2012) and predicted by some simulations
(e.g. Hirschmann et al. 2015). Meanwhile, there does not appear to
be a significant M, dependence in the gradient of rest-frame optical
colours.

We also compare our results with the stacked colour profiles from
La Barbera et al. (2010)'® and D’Souza et al. (2014). The median
colour profiles from HSC images are systematically steeper than the
stacked SDSS ones. Considering differences in the response curves
between HSC and SDSS filters, together with the uncertainties of
colour measurements, the HSC (g — r) colour profiles are in fairly
good agreement with those from SDSS. However, the (g — i) profiles
of HSC galaxies are steeper compared to SDSS. The SDSS i band
suffers from the so-called ‘red-halo’ effect (e.g. Wu et al. 2005,
Tal & van Dokkum 2011). This is likely due to the fact that the
SDSS i-band PSF has a more prominent wing than other bands.
Because the PSF model does not capture these wings, more flux
is artificially distributed to the outskirts, which leads to seemingly
redder colours in the low surface brightness outskirts of galaxies.
Because HSC uses thick CCDs, HSC i-band images do not suffer
from this effect and can be used to determine galaxy colours with
higher accuracy. Fairly steep colour profiles have been observed in
several very nearby massive ETGs. Fig. 7 shows the g — r colour
profiles of NGC 4472 (Mihos et al. 2013) and NGC 4365 (Mihos
et al. 2017)," and the g — i profile of NGC 1399 (Iodice et al.
2016). These individual profiles display colour gradients similar to
our HSC sample.

It is worth mentioning that the individual colour profiles still
show large scatter and unphysical trends in the outskirt. The colour
profile in the low-surface brightness region is very sensitive to
the noise level, contamination of other objects, and uncertainties
in background subtraction. The HSC g-band images are relatively
shallower and the backgrounds from the two bands are not jointly
constrained. Therefore, we only show the average colour profiles
here, and will conduct more careful study of the colour profiles in
Huang et al. (in preparation).

7 DISCUSSION

We have used data from the HSC survey that is both simultaneously
deep and wide to trace the stellar mass distributions of 0.3 < z < 0.5
massive galaxies out to >100 kpc and to reveal the mass-dependent
nature of their stellar haloes. Here, we briefly discuss the scientific
implications of our results.

18 We use the median colour profiles of high-mass ETGs; the original profile
is in units of R, and we use a typical R, = 8.0 kpc to convert it into physical
kpc.

19 Both are converted from (B — V) colours.
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7.1 The formation of massive galaxies and the assembly of
their outer haloes

We find that the outer haloes of massive elliptical galaxies grow
more prominent and more elliptical with increasing stellar mass.
According to the two-phase formation scenario, the inner 5-10 kpc
of these massive central galaxies are formed at z > 1 during an
intense period of in situ star formation. The outskirts of massive
galaxies are then built up through a more gradual second phase of
evolution (the ex situ phase) that is dominated by mass assembly via
accretions. Non-dissipative mergers, especially minor mergers,”’
deposit stars mostly in the outskirts of centrals and do not have
a large impact on the central p, profile (e.g. Boylan-Kolchin, Ma
& Quataert 2008; Oogi & Habe 2013; Bédorf & Portegies Zwart
2013). Given the stochastic nature of the merging process, it is easy
to understand why the w, profiles of massive galaxies are similar in
the inner region but show a large scatter in the outer region.

State of the art hydrodynamic simulations of massive galaxy
formation predict that the fraction of accreted stars should strongly
increase with stellar mass and that for very massive galaxies, the ex
situ may reach up to 50-90 per cent of the total galaxy mass (e.g.
Oser et al. 2010; Cooper et al. 2013; Dubois et al. 2013; Lee & Yi
2013; Hirschmann et al. 2015; Rodriguez-Gomez et al. 2016).

This picture is supported by our observations that massive galax-
ies display more prominent stellar haloes as well as by their neg-
ative colour gradients. The fact that the outskirts of these galaxies
are slightly bluer than the inner regions is consistent with the picture
that stellar haloes are built up by a series of minor mergers (average
merger mass ratio between 1:3 and 1:10; e.g. Huang et al. 2016b)
because less massive ETGs are typically bluer.

Also according to this picture, the shape of the stellar halo should
preserve information about the merging history and possibly even
about the shape of the dark matter halo. Simulations show the shape
of the stellar and dark matter haloes are closely correlated (e.g. Wu
et al. 2014) for slowly rotating massive ETGs having undergone
multiple minor mergers. The more elongated outer halo and the
trend between the ellipticity profile and stellar mass may reflect the
orbital properties of an accreted satellite. In simulations, satellite
orbits become more radial for more massive haloes (e.g. Murante
etal. 2007; Wetzel 2011; Jiang et al. 2015. Satellites infalling along
radial orbits may help to form elongated stellar haloes. In principle,
these results may explain the trend that we see. However, in contrast,
simulation from Wu et al. (2014) predict that more massive galaxies
should have rounder outskirts, which is the opposite trend compared
to HSC. This difference warrants further investigation.

At larger scales, the distribution of satellite galaxies in massive
haloes is found to be aligned with the major axis of the central galaxy
(e.g. Brainerd 2005; Yang et al. 2006; Niederste-Ostholt et al. 2010;
Huang et al. 2016a). This alignment signal is found to be stronger for
more luminous galaxies living in more massive haloes (e.g. Hirata
etal. 2007). The fact that more massive central galaxies have steeper
ellipticity profiles and become increasingly more elongated in the
outskirt may be due to such alignment. Moreover, the shape of the
dark matter halo can be estimated by analysing satellite distributions
and weak-lensing profiles (Clampitt & Jain 2016). It is interesting
to point out that the most recent measurement by Shin et al. (2017)
around SDSS clusters shows a halo axis ratio of ~0.55, which is
only slightly more elongated than the stellar halo of galaxies in our
highest M,,_ 100kpc bin.

20 Typically, minor merger means the one with stellar mass ratio smaller
than 1:3 or 1:4
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7.2 Aperture masses as proxies of the in situ and accreted stars

As mentioned in Section 1, hydrodynamic simulations often predict
that the faction of ex sifu stars increase with total stellar mass.
However, it is still extremely difficult to separate the in situ and ex
situ components observationally, despite the fact that it is the most
important theoretical prediction to be verified.

Recent deep surveys of nearby disc galaxies have started to pro-
vide constraints on their stellar haloes (e.g. Courteau et al. 2011;
Merritt et al. 2016; Harmsen et al. 2017),?! as it is relatively easier
to decompose the stellar halo component. As for massive ETGs,
limited observational constraints still mainly depend on multicom-
ponent model fitting and/or image stacking analyses (e.g. Gonzalez,
Zaritsky & Zabludoff 2007; Huang et al. 2013a; D’Souza et al. 2014;
Spavone et al. 2017). In this work, we propose that M, values com-
puted within different fixed physical elliptical apertures are worth
exploring as proxies of the ex situ fraction. We propose to use the
mass within 10 kpc (M, 1okpc) and 100 kpe (M, 100kpc) as proxies for
the in situ component and for the total M,.

On the left-hand panel of Fig. 8, we show the relation between
M, 100kpe and the fraction of mass between 10 and 100kpc (as a
proxy of the mass of the accreted component). We compare this
with the fraction of ex situ stars predicted by the Illustris simulation
(Rodriguez-Gomez et al. 2016). We find that our proxy for the
accreted mass component correlates strongly with M, o and
that this relation is surprisingly consistent with predictions from
Rodriguez-Gomez et al. (2016). Given the limitations of the Illustris
simulation and the imperfect nature of our ex situ fraction proxy, the
almost perfect agreement seen in Fig. 8 may well be a coincidence.
However, it is encouraging to see that our simple proxy for the
fraction of ex situ stars seems to match both the slope and the scatter
of the predicted relation. There are other hydrodynamic simulations
that predict significantly different ex situ fractions compared to
Ilustris (e.g. Lackner et al. 2012; Quetal. 2017). Furthermore, a few
known issues in the original Illustris simulation have been resolved
in the new Illustris—=TNG version (e.g. Genel et al. 2018; Pillepich
et al. 2018. In future works (including Huang et al. in preparation),
we will explore more comparisons with detailed predictions from
new simulations to see how well we can trace ex situ fractions in
massive galaxies using simple elliptical aperture masses.

Here, we further compare our w, profiles with (1) the profiles of
the in situ component estimated from different ways, and (2) profiles
of high-redshift massive galaxies that should be dominated by the
in situ component. In particular, we compare with the following:

(i) The median u, profiles of massive ETGs at 1.0 < z < 1.5
from Patel et al. (2013). These are considered to be the progenitors
of ~10"°M¢ ETGs at z = 0 and their inner region should be
dominated by in situ stars.

(ii) The inner component of z ~ 0 ellipticals from the 2D de-
composition of Huang et al. (2013a). Huang et al. (2013b) show
that this inner component is structurally similar to the compact ‘red
nuggets’ at high-z.

(iii) The in situ components of simulated central galaxies in mas-
sive haloes from Cooper et al. (2013, , the inner ~5kpc is quite
uncertain due to the resolution). These . profiles are generated
using the particle tagging method (see Cooper et al. 2010)

Although these simple comparisons support the idea that M, .
mainly consists of in situ stars. whereas mass at R > 15-20kpc is

21 Although it is still not certain that all stellar haloes around disc galaxies
are made out of ex situ stars.
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dominated by ex situ component, they also show that the in situ
component could extend beyond 10 kpc,”” and a fraction of mass
within 10 kpc could also come from accretion (see also Rodriguez-
Gomez et al. 2016). This is certainly the limitation for using aperture
masses as proxies of in situ and ex situ masses. In other works (e.g.
Huang et al. 2013a; Spavone et al. 2017), the outer component from
image decomposition is treated as proxy of the ex sifu component.
Since such a photometric component extends to the centre of the
galaxy and can reach a radius much larger than 100 kpc, it can lead
to a higher ex situ fraction than ours (e.g. Spavone et al. 2017). It
will be very interesting to apply a similar decomposition method to
both the HSC images and the simulated massive galaxies to help us
determine the best tracer of the in situ and ex situ mass.

We also compare our results with a uniquely massive galaxy at
high redshift: a log (M, /M@)~10"*M¢ galaxy with a distinctive
‘cD’-like envelope at z ~ 1.1 (Liu et al. 2013). This high-redshift
galaxy has a u, profile that follows the median u, profile of our
11.6 <log (M, 100kpc/M@)<11.8 sample nicely at R < 40kpc, but
the profile becomes much steeper in the outskirt. The steeper profile
suggests that, while the very outskirt of the stellar halo is still
being assembled, some massive high-z galaxies may already have a
significant fraction of ex situ stars. In future works (including Huang
et al. in preparation), we will also look into the redshift evolution
of the outer u, profiles up to z ~ 1.0 using both HSC and other
observations. Comparisons with relevant simulations can also tell
us how well we can trace the evolution of the ex sifu fraction of stars
using aperture masses.

8§ SUMMARY AND CONCLUSIONS

In this work, we use deep images from the Subaru HSC survey
to study how the projected stellar mass density profiles and other
structural properties of massive central galaxies depend on their
total stellar mass. With the help of this high-quality, wide-area data
set, we directly map the stellar mass distributions of ~7000 massive
central galaxies at 0.3 < z < 0.5 out to >100 kpc without resorting
to stacking techniques. We group massive central galaxies into two
categories based on their host halo mass (Magg, ~ 10"*°M ¢ and

Mooon, ~ 10"*M ) and three bins of M, jgokpc. Our main results are:

(1) We show that the u, profiles of massive galaxies are relatively
homogenous within 10-20 kpc. However, there is large scatter in
outer profiles of massive galaxies. Galaxies with higher M, ooxpc
show more prominent stellar haloes and have shallower outer 1,
slopes. Assuming that stellar haloes are dominated by accreted
stars, this result is consistent with the two-phase formation picture
of massive galaxies.

(ii)) We show that, on average, massive galaxies have positive
ellipticity gradients out to at least 60 kpc. The average ellipticity
profile also depends on M, iop: More massive galaxies tend to
have steeper ellipticity gradients and become more elongated in
stellar haloes.

(iii) On the other hand, although massive galaxies in all three
M. 100xpc bins show clearly negative average colour gradients out to
60 kpc, the average (g — r) and (g — 7) colour gradients do not show
clear dependence on M, jgokpc-

(iv) We propose that, under reasonable assumptions, stellar
masses within different physical apertures could be used to trace

22 We convert these 144 profiles to the same Chabrier (2003) IMF; but there
are still differences in median M, and details in the M, /L estimates.
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Figure 8. Left:ratio of the fraction of stars between 10 and 100 kpc to the total galaxy mass M, 100kpc. We adopt this ratio as a proxy for the fraction of ex
situ stars in our sample. Typical observational uncertainties are shown in the upper left hand corner. The solid grey line shows the predicted relation derived
from the Illustris simulation at z = 0 (fig. 4 in Rodriguez-Gomez et al. 2016). Regions between the grey dashed lines correspond to the range between the 16
and 84 percentile of the distribution. Right: comparison between our median j, profiles with the inner component of the structural decomposition of massive
elliptical galaxies at z < 0.02 from Huang et al. (2013a, , cyan, solid). At higher redshifts, the . profiles of massive galaxies should be dominated by the
in situ component. We compare our profiles with the median j, profile of massive galaxies at 1.0 < z < 1.5 from HST observations (Patel et al. 2013, , red,
dashed). Both these comparisons suggest that the p, profile within 10 kpc is dominated by in situ stars, but there are already contributions from the accreted
stars at very high M, end. We also compare with the 1, profile of a very massive cD galaxy at z ~ 1.1 discovered by Liu et al. (2013, , yellow, dashed) in the
Hubble Ultra Deep Field. It is likely that this object will grow into one of the very massive central galaxies in our sample. It is interesting to see that its 1,
profile is very similar to the HSC profile of the most massive M, 100kpc bin in the inner ~20 kpc, so the resulting growth should mostly happen in the outskirt.

the in situ and ex situ components. Here, we show that M, gy, and
the M, between 10 and 100 kpc could be promising proxies for the
two physical components, and can recover the trend between stellar
mass and ex situ fraction from simulation.

(v) We find that the ‘total’ M, of these massive galaxies can
be significantly underestimated with shallow imaging data such as
SDSS and/or oversimplified model assumptions (e.g. the cModel
or single-Sérsic ). In contrast to previous work, our results do not
depend on stacking or any parametric models. Moreover, the degree
to which stellar mass is underestimated depends on M, iookpe- A
simple model misses more light for massive galaxies because they
have more extended envelopes. There is also an M, dependence of
this effect, and simple luminosity estimates will miss more light for
BCGs in more massive haloes compared to centrals in less massive
haloes. These effects need to be carefully taken into account when
discussing topics such as the evolution of the galaxy SMF.

These results highlight the advantages of wide-area, deep, and
high-quality imaging for studying the evolution of massive galax-
ies. At present, the HSC survey has already doubled its sky coverage
to ~200deg” and provides a much larger sample of massive cen-
tral galaxies. In the near future, we will extend this work to lower
M, 100kpc by using photometric redshifts, and we will also apply 2D
photometric methods (e.g. Huang et al. 2013a) to take advantage
of the multiwavelength nature of the HSC survey (e.g. Huang et al.
2016b). Our current work can also be combined with weak-lensing
measurements of the dark matter haloes of massive galaxies, and
physical insights into the assembly histories of these galaxies can
be gained by comparing the measurements with cosmological hy-
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drosimulations such as Illustris (Vogelsberger et al. 2014, Genel
et al. 2014), Evolution and Assembly of Galaxies and their En-
vironments (EAGLE) (Schaye et al. 2015, Crain et al. 2015), or
Horizon-AGN (Dubois et al. 2014).
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APPENDIX A: BASIC STATISTICAL
PROPERTIES OF THE SAMPLE

Here, we show the basic statistics of the massive galaxies used in
this work. On the top left panel of Fig. A1, we show the M, jgopc—
colour relation using the k-corrected rest-frame (g — r) colour. These
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Figure Al. Top left: the log (M, 100kpe /M@)—(g — r) rest-frame colour
relation for the HSC massive galaxies. We k-correct the colour using
the 1SEDFit fitting results. Massive galaxies form a ‘red sequence’ on
this figure, and there is little contamination from blue object at high-
mass end. Top right: the redshift distribution of the massive galaxies.
The filled and empty histograms are for the log (M, 100kpc/M®)>l 1.6 and
log (M., 100kpC/M®)> 11.2 galaxies. The vertical lines highlight the 0.3 <
z < 0.5 redshift range. Bottom left: the distributions of M, 100kpc Of mas-
sive galaxies in this sample. Filled histogram shows the distribution for
0.3 < z < 0.5 galaxies used in this work. The empty histogram shows the
distribution for the whole z > 0.2 sample as comparison. Bottom right: the
distributions of M, jokpc in similar format.
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massive galaxies form a clear ‘red sequence’ with little contamina-
tion from the ‘blue cloud’ at the very high-mass end.

In the rest of Fig. Al, we also show the distributions of red-
shift, M, 100kpc, and M, oipc- In this work, we focus on the massive
galaxies with log (M, 1001pc/M@)>11.6 at 0.3 < z < 0.5 where the
sample is fairly complete in M, jooxpc-

APPENDIX B: EXTRACTION OF 1D SURFACE
BRIGHTNESS PROFILE

Here, we briefly discuss a few technical issues related to the mea-
surements of the 1D surface brightness profiles around massive
galaxies.

To derive a reliable 1D profile, it is important to mask out all
the irrelevant objects around the target. At the depth of the HSC
images, this becomes a challenging task, especially for massive
galaxies with extended outer profiles and many satellites. At this
point, the hscPipe tends to oversubtract the background around
bright objects. In addition, the hscPipe deblending process per-
formance is not optimized for extended objects. For these reasons,
we perform SEXTRACTOR-like background subtraction and object de-
tection using the SEP pyTHON library to generate the necessary
masks. Combining two different local background models and S/N
thresholds, we obtain the centroid, shape, and radius that together
encloses 90 per cent of flux for each object, including the one that is
very close to the centre of bright galaxy (left-hand panel of Fig. A2).
Based on this information, we then create the mask that covers all
contaminating objects around the target after adaptively increasing
the sizes of their masks according to their brightness and distance to
the central target. Generally speaking, we more aggressively mask
out bright objects or objects in the outskirt of the image to reduce
their impact on the surface brightness profiles in the outskirt. We
also create masks that are less and more aggressive than the default
mask to test their impacts on the surface brightness profiles.
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Figure A2. Left:example of the object-mask built for the E11ipse run for a typical massive galaxy in the sample. All the shaded regions are masked out.
The three dashed lines (one red inner line and two blue lines) around the target at the centre outlines the three radii we defined using the flux radius of the
target. We increase the mask size for objects detected in different regions separated by these apertures (which are outlined by solid, elliptical apertures with
different colours) using slightly different criteria. Middle: the zoom-in intensity profile around very low intensity value (top panel), and the curve of growth of
the enclosed magnitude (bottom panel) of the example galaxy. To highlight the importance of background correction, we show the profiles using both images
with (red solid line) and without (black dotted line) background correction. On the top panel, besides the horizontal line that highlights the zero flux level, we
also show the uncertainty of the sky background estimate using the grey-shaded region. On the bottom panel, two horizontal lines indicate the magnitudes
corresponding to total flux (solid) and flux within 100 kpc (dashed). Right: compares the 1D surface brightness profiles for the same example galaxy using
different masks (smaller masking region: red dashed line; larger masks: blue dashed line), or different E111ipse configurations (more aggressive pixel clipping:

cyan dashed line; larger step in radius: green dashed line; using mean flux along the isophote instead of median: purple dashed line) with the default one (black

solid line).
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Next, we aggressively mask out all objects on the cut-out im-
age. We then evaluate the background level using the unmasked
pixels after median smoothing the masked image using box of
6 x 6pixels.This provides estimate of global background level
along with its uncertainty.Given the typical background uncer-
tainty, the HSC WIDE image should be able to reach down to
>29 mag arcsec > surface brightness level in the i band. How-
ever, as mentioned, we often find evidence of slightly oversub-
tracted backgrounds for massive galaxies in our sample. In the
current hscPipe, the background on each CCD is modelled with
a Chebyshev-polynomial that is fit to the smoothed image after
excluding pixels with S/N > 5. This algorithm performs much
better than the SDSS version (e.g. see Blanton et al. 2011), yet
still oversubtracts background around bright objects and results in
unphysical truncation in their surface brightness profiles. We empiri-
cally correct this issue using the background model generated by the
SEXTRACTOR algorithm on the masked image (200 x 200 pixels back-
ground box size, and 6 pixels median filtering size of sky boxes).
This model can account for the slightly oversubtracted background
at large scale and reduce the impact from the low-surface brightness
‘wings’ of bright neighbours.We clearly see improvement in both
the distributions of background pixels (more symmetric distribu-
tion; median value is closer to 0) and the surface brightness profile
(middle panel of figure in Appendix B; the negative intensity and
the turnover of the curve of growth in the outskirt of the ‘Origi-
nal’ profile are successfully corrected) after this correction. Also, it
is worth mentioning that such correction does not often affect the
surface brightness profile within 100 kpc.

The procedure used to derive 1D surface brightness profile from
the background-corrected, contamination-masked images is de-
scribed briefly in Section 3. The uncertainties of the surface bright-
ness profiles include the error in isophotal intensity derived by the
Ellipse procedure and the uncertainty from background fluctua-
tion estimated by the distribution of the rebinned background pixels
using the above method. In practice, the profile at very low-surface
brightness level is sensitive to several E11ipse configurations.
After some tests, we choose to use 0.1 dex in logarithm as the step
in semimajor axis length between successive ellipses, and we use
the median pixel value over the elliptical annulus after rejecting out-
lying pixels via 3o clipping three times. These choices are made to
ensure the final w, profile is less affected by any nearby object. We
also test the differences between the profiles derived using larger
step, or mean value on the annulus, or fewer times of o-clipping.
Generally speaking, the surface brightness profile is very robust
against these changes, especially within 100 kpc. Given our con-
figurations, the typical photometric error is around 5 per cent level
at i ~ 26 mag arcsec 2, and is about 12 per cent down to i ~ 28.5
mag arcsec . Although we want to point out that at the low surface
brightness end, systematic uncertainties like background subtrac-
tion are still more important. On the right-hand panel of Fig. A2,
we compare the surface brightness profiles for an example massive
galaxy using different masks and E11ipse parameters. The profile
within 100 kpc is very stable, and the only noticeable difference is
caused by the less aggressive object mask in the outskirt.

We should also mention that we run E11ipse to allow for more
sophisticated shapes than simple ellipse (fourth Fourier modes that
can make isophote more ‘discy’ or ‘boxy’, e.g. Kormendy et al.
2009) to fit the isophote better. We also apply the isophotes from i-
band images to other bands in a ‘force-photometry’ mode E11ipse
run to get initial estimates of colour profiles.

We cannot extract reliable 1D profiles for a small fraction of mas-
sive galaxies because they are heavily masked out for either physical

MNRAS 475, 3348-3368 (2018)

(e.g. late-stage major merger) or nuisance (e.g. nearby foreground
galaxy or bright star) reasons. This is an intrinsic limitation of the
1D method, and it removes ~10 per cent of the sample. We visually
examine the three-colour images (gri band, like the ones shown in
Fig. 1) of randomly selected galaxies with failed 1D profiles. Most
of them are relatively small galaxies that are severely contaminated
by nearby objects and do not affect the results of this work. Mean-
while, it is worth noting that this work does exclude most major
merging systems among massive galaxies.

APPENDIX C: ESTIMATE AVERAGE M, /L,
USING ISEDFIT

In Section 4.1, we briefly explain the SED fitting procedure and
the priors used. 1 SEDF it takes a simplified Bayesian approach. In
short, it first generates a large grid of SEDs from synthetic stellar
population models by drawing randomly from the prior distributions
of relevant parameters (e.g. age, metallicity, dust extinction, and
SFH). Based on these models, it uses the observed photometry
and redshift to compute the statistical likelihood and generates the
posterior PDF for each parameter. To get the best estimate of a
given parameter, 1SEDFit integrates the full PDF over all the
other nuisance parameters. Then, the median value and the lo
uncertainty are derived based on the marginalized PDF. Please refer
to Moustakas et al. (2013) for technical details. In Fig. C1, we show
an example of the 1SEDFit output by visualizing the five-band
HSC SED on top of the best-fitting model along with the PDF of
the key parameters.

Although we only use the best-fitting M, /L in this work, it is
necessary to make sure the model is reasonable. We show the re-
lationship between M, and a few key stellar population parameters
derived by iSEDFit in Fig. C2. Degeneracies among these pa-
rameters are inevitable based on only five broad-band photometry;
but as expected, most massive galaxies show old stellar age, high
stellar metallicity (1.5 x Zg is the highest metallicity allowed by
the adopted FSPS SSP models), and low dust extinction.

Meanwhile, M, measurement based on SED fitting heavily de-
pends on the adopted SSP model, the form of IMF, dust extinction
law, and details in the assumption of SFH (e.g. Bernardi et al. 2017).
For massive galaxies in this sample, the form of the SFH,>* and the
contribution from random starburst?* rarely affect the M,. But the
choices of SSP model, IMF, and dust extinction do systematically
impact the estimates of M, ; therefore, we look into this with a few
additional tests (see Fig. C3):

(i) Choosing the Salpeter (1955) IMF results in systematically
higher M, (on average +0.25 dex of log (M, /M¢)) for these mas-
sive galaxies (top panel). Although there are multiple lines of ev-
idence that favour Salpeter or an even more ‘bottom-heavy’ IMF
in massive galaxies (e.g. Conroy & van Dokkum 2012; Cappellari
et al. 2012), we still present the main results using Chabrier IMF to
accommodate galaxies with lower M, in the sample, and to be as

23 We choose to use the delayed-t model for SFH; we adopt a flat distribution
between 0.5 and 14.0 Gyr as the prior for the look-back time when the star
formation turned on. The exponential delayed time-scale (t) is enabled to
change between 0.1 and 3.0 with equal probability

24 The chance of random starburst is set at 0.2 for every 2 Gyr. The duration
of the starburst is drawn from a logarithmic distribution between 0.03 and
0.3 Gyr; and the mass fraction formed in the burst is from a logarithmic
distribution between 0.01 and 1.0.
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Figure C1. Left:example of output figure from i SEDF1it that shows the SED fitting results. The open boxes show the observed fluxes in the five bands, and
the solid blue dots show the best-fitting results, along with the high-resolution spectrum for this model reconstructed using the synthetic spectra from FSPS.
The top left corner shows the best-fitting stellar population parameters, and the bottom right corner shows the ID, redshift of this object, and reduced 2 of
the best-fitting model. Right: the posterior distributions of a few key parameters. From top left to bottom right are: (1) stellar mass (log (M, /M())); (2) age of
the population (mass and star formation rate weighted) in Gyr; (3) star formation rate (IogSFR (M /yr); instant one and the one averaged over the previous
100 Myr; (4) stellar metallicity (Z/Z)); (5) dust extinction (Ay in mag); and (6) birthrate parameter (logb; averaged over previous 100 and 1000 Myr).
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Figure C2. Relationships between M, and key stellar population parameters from 1 SEDf i t. The four stellar population properties are: top left: M,-weighted
stellar population age in Gyr. Bottom left: SFR-weighted age in Gyr. Top right: M,-weighted stellar metallicity in unit of solar value. Bottom right: dust
extinction value in V band. As expected, most of the HSC massive galaxies are old, metal-rich, and dust-free.

consistent as possible with previous work. This choice of IMF does
not change the main results qualitatively.

(i) M, based on the BC03 models are systematically lower than
the ones based on FSPS+MILES models (middle panel). The differ-
ence shows a large scatter, and can be as large as 0.4 dex, although
it is not M,-dependent. The BC03 results show a better average x>
than the FSPS ones. This relates to the higher upper limit of stellar
metallicity (2 x Z)) allowed by the BC03 model, which helps fit
the shape of the SED in the red end slightly better. However, the

BCO3 results also show puzzlingly low stellar ages (<3—4 Gyr) for
these massive, red galaxies. This could also lead to underestimated
M, /L values. It is worth noting that both FSPS and BC03 models
still have difficulties recovering SED at the very red end (between z
and y bands) and reproducing the optical colour—colour relations for
red-sequence galaxies (e.g. Ricciardelli et al. 2012). In this work,
we decide to keep using the FSPS+MILES model as the fiducial
one. Using results based on the BC03 model does not change any
of our conclusions here.
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Figure C3. Comparisons of M, estimated by 1SEDFit using different
model assumptions. In each panel, we plot the M, from the default model
against the differences with four other models: (a) default model; (b) using
the Salpeter IMF instead of the Chabrier IMF (top panel); (c) using the
BCO03 synthetic population model instead of the FSPS one (middle panel);
(d) no dust extinction (bottom panel). On each panel, the grey-shaded region
highlights the typical uncertainty of the log (log (M,/M¢)). For each pair
of models, we highlight the median x> values and the fraction of galaxies
with % > 10.0 at the top. On each panel, we also show the histograms of
the M, differences on the right-hand side.
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(iii) On the bottom panel of Fig. C3, we compare the default
model with the SED fitting results without considering the dust
extinction. This choice leads to slightly smaller M, values as ex-
pected. Its impact becomes slightly larger at lower M, end. It does
not change any of our conclusions here.

We should also point out that our methodology ignores radial
variations in M, /L. It is well known that massive ETGs have neg-
ative optical colour gradients, indicating gradients in M, /L (e.g.
Carollo et al. 1993; Davies et al. 1993; La Barbera et al. 2012;
D’Souza et al. 2015). Assuming all massive galaxies in our sam-
ple have negative colour gradients and there is a simple monotonic
relationship between optical colour and M, /L, the average M, /L
we use should in principle underestimate the M, in the centre,
while overestimating the M, in the outskirt. However, these colour
gradients are shallow and they smooth out to a few times the effec-
tive radius (e.g. La Barbera et al. 2010; Tal & van Dokkum 2011;
D’Souza et al. 2014, colour gradients at larger radii are not yet well
quantified). Because the gradients are shallow, using an average
M, /L is unlikely to bias our results on M, measurements. In Huang
et al. (2016b), the authors conduct multiband decomposition for a
sample of very nearby elliptical galaxies and estimate the M, /L of
each component separately. The sum of all components suggests
a slightly higher M, (0.05 — 0.10 dex when typical uncertainty of
M, is 0.12-0.15 dex) and the mass differences show no dependence
on M,. Colour gradients are discussed in Section 6.3. In summary,
our results about the mass dependence of ., profiles should not be
affected by the assumption of a constant M, /L ratio because optical
colour gradients in our sample do not show a dependence on stellar
mass.

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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