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ABSTRACT

We calculate stellar masses fer 400,000 massive luminous galaxies at redshift
0.2 — 0.7 using the first two years of data from the Baryon Oscillatigge&roscopic Sur-
vey (BOSS). Stellar masses are obtained by fitting modeltsgdegnergy distributions to
u, g,7, 1,z magnitudes, and simulations with mock galaxies are usednttenstand how
well the templates recover the stellar mass. Accurate B@8&tiscopic redshifts are used
to constrain the fits. We find that the distribution of stelfaasses in BOSS is narrow
(A log M ~ 0.5 dex) and peaks at abolitg M /Mg ~ 11.3 (for a Kroupa initial stellar
mass function), and that the mass sampling is uniform owveredshift range 0.2 to 0.6, in
agreement with the intended BOSS target selection. Thegalasses probed by BOSS ex-
tend over~ 10'2M, providing unprecedented measurements of the high-maksfethe
galaxy mass function. We find that the galaxy number densibye~ 2.5 - 10! M, agrees
with previous determinations. We perform a comparison wéi-analytic galaxy formation
models tailored to the BOSS target selection and volumerdardo contain incompleteness.
The abundance of massive galaxies in the models conigae well with the BOSS data,
but the models lack galaxies at the massive enloreover, no evolution with redshift is
detected from~ 0.6 to 0.4 in the data, whereas the abundance of massive galaxiks
models increases to redshift zeAalditionally , BOSS data display colour-magnitude (mass)
relations similar to those found in the local Universe, vehitle most massive galaxies are the
reddest. On the other hand, the model colours do not disptispandence on stellar mass,
span a narrower range and are typically bluer than the oasens. We argue that the lack of
a colour-mass relation for massive galaxies in the modetsoistly due to metallicity, which
is too low in the models.

Key words: galaxies: stellar content; galaxies: evolution; galaxiesnation
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2 C. Maraston et al.

1 INTRODUCTION

In the cold dark matter hierarchical Universe model (WhitR&es
1978), galaxies grow from primordial density fluctuationsthe
power spectrum (Blumenthal et al. 1984; Davis et al. 1988)am
semble their mass over cosmic time through a variety of psEs
such as star formation, merging and accretion (e.g. Kauffneaal.
1993; Somerville & Primack 1999; Cole et al. 2000; Hattonlet a
2003; Menci et al. 2004; Monaco et al. 2007; Henriques & Thema
2010; Guo et al. 2011; Henriques et al. 2012). The obsenaitio
tracing of the galaxy mass growth as a function of redshétpsw-
erful diagnostic of the galaxy formation process, whichibean in-
vestigated by many groups, through large galaxy survegs iee
Sloan Digital Sky Survey, SDSS, York et al. 2000; COMBO-17,
Wolf et al. 2001; MUNICS, Drory et al. 2001; DEEP2, Davis et
al. 2003; GOODS, Dickinson et al. 2003; VVDS, Le Févre et al.
2005; 2SLAQ, Cannon et al. 2006; COSMOS, Scoville et al. 2007
GMASS, Kurk et al. 2008; GAMA, Driver et al. 2011; CANDELS,
Grogin et al. 2011, Koekemoer et al. 2011; SERVS, Mauduit.et a
2012. See also the review by Renzini 2006).

The massive (Mz5 - 10'° M) component of the galaxy
population is particularly interesting in the context ofagg for-
mation and cosmology because the stellar population ptieper
such as stellar ages and chemical abundances, of massawe gal
ies are notoriously challenging to models, e.g. the higlatfon of
a-elements over iron and thedfFe] versus galaxy stellar mass re-
lation (Worthey et al. 1992; Davies et al. 1993; Carollo & Rigier

to evolve slowly, with about half of the total stellar massisiey at
z ~ 0 already in place at ~ 1. Moreover, little if no evolution is
detected at the high-mass erd (> 10'* M), which is one of the
manifestations of theownsizingscenario for galaxy formation in
both star formation and mass assembly (Cimatti et al. 20@6: R
zini 2006, 2009; Peng et al. 2010). Such limited evolutiontfe
most massive galaxies belaw~ 1 is also supported by luminosity
function studies (Wake et al. 2006; Cool et al. 2008) as vty
the lack of evolution of galaxy clustering (Wake et al. 2008jeiro
& Percival 2010).

In this work we exploit the Baryon Oscillation Spectrosa@opi
survey (BOSS; Schlegel et al. 2009; Dawson et al. 2013), lwhic
is part of the Sloan Digital Sky Survey lll (Eisenstein et2011),
for calculating galaxy stellar masses and the galaxy steliass
function atz ~ 0.5. The advantage offered by BOSS is the un-
precedented survey area - 10,000 squksein total, and roughly
1/3 complete at the time of writing - and a selection cut fairay
the most massive galaxiedf(> 10*! Mg). The huge area cover-
age, and the redshift range, which lies in the middle of tkeetét-
ical late-time mass-assembly epoch (De Lucia et al. 20@6fers
BOSS an excellent survey for galaxy evolution studies.

In this first study we do not apply completeness corrections
and focus on dight-conedmass function. The comparison with
galaxy formation models will be performed with simulaticias-
lored to the BOSS target selection and volume. The glob#l ste
lar mass and luminosity function for the BOSS survey, inelud
ing completeness, will be published in subsequent papesrsvé\

1994; Rose et al. 1994; Bender & Paquet 1995; Jorgensen et al.yjj| see from the comparison with other published mass func-

1995; Greggio 1997; Trager et al. 2000; Kuntschner 2000;tBro

& Sansom 2002; Smith et al. 2009; Thomas et al. 2005, 2018), th
total stellar metallicity and its dependence on stellarsnagich

we shall focus on in this paper (Pipino et al. 2009; Henrig&ies
Thomas 2010; Sakstein et al. 2011; De Lucia & Borgani 2012);
the uniformly old stellar ages with little evidence of starrha-
tion (Bower et al. 1992, 1998; Thomas et al. 2005; Bernardi.et
2006), the independence of the stellar population progedf the
environment (Peng et al. 2010; Thomas et al. 2010). Therstiire
many unknowns in the process of galaxy formation and eaiuti
both at the high and low mass end of the galaxy distributiee (s
reviews by Silk 2011 and White 2011), which are thought to be
mostly related to the baryonic component of galaxies, dafhec

to the poorly known processes involving gas physics, suctas
formation and feedback from stars and AGN (e.g. Governasb. et
1998; Kauffmann & Haehnelt 2000; Croton et al. 2006; Bowex et
2006; Ciotti & Ostriker 2007; Oppenheimer & Davé 2008; Juha
son et al. 2012), and their interplay with the mass assemigy o
cosmic time (e.g., Bower et al. 2012).

An efficient way to probe the galaxy formation process is to
study the galaxy luminosity and stellar mass functions dmaifr t
evolution with redshift. In the local universe, recent feson the
stellar mass function of galaxies include Blanton et al0@0Bell
et al. (2003), Baldry et al. (2004), Baldry et al. (2006), @3let al.
(2008), Li & White (2009), Baldry et al. (2012).

At larger look-back times, several authors studied thdastel
mass function as a function of redshift (Brinchmann & EIIg02;
Drory et al. 2001, 2004, 2005; Cohen 2002; Dickinson et &0320
Fontana et al. 2003, 2006; Rudnick et al. 2003; Glazebroah. et
2004; Bundy et al. 2005; Conselice et al. 2005; Borch et 8620
Cimatti et al. 2006; Bundy et al. 2006; Pozzetti et al. 2008he2-
Gonzalez et al. 2008; Marchesini et al. 2009; llbert et 8@
Pozzetti et al. 2010), reaching redshifts of about 4z At 1, which
is the focus of this work, the galaxy stellar mass functiopesgrs

tions, BOSS may be essentially complete at the high-mass end
MZ5-10'" Mg).

The aim of this publication is twofold. First, we describe th
stellar mass calculation and discuss the results. We alspae
photometric masses with spectroscopic ones that werenalotais-
ing PCA algorithm applied to BOSS spectra (Chen et al. 2012).
We then calculate the mass function over the redshift rangfet0
0.7 and compare the resulting stellar mass density and tagyga
colours with semi-analytic models of galaxy formation andle-
tion, to obtain clues to the late-time evolution of massieatag-
ies. In particular, given the unprecedented statistiosreff by the
BOSS sample at the massive end, we can study whether the main
body of passive galaxies in the models has the correct msss di
bution and the right colours.

There have been several examples of such an approach in the
literature. Benson et al. (2003) extensively studied thestraints
to the theoretical galaxy luminosity function that are bbg data
in the local Universe. Almeida et al. (2008) focus on lumisoed
galaxies atz < 0.5 and compare the observed luminosity func-
tion with galaxy formation models - by Bower et al. (2006) and
Baugh et al. (2005) - which adopt different feedback medrasi
for quenching star formation. Fontanot et al. (2009) stimydom-
parison of the stellar mass function in various semi-aaigbdels
with data over a wide redshift range. Neistein & Weinmanri(®0
discuss degeneracies of semi-analytic models includiffgreit
prescriptions for cooling and feedback, and their abilitymatch
several observational constraints, including the galaagsifunc-
tion. The task of comparing galaxy formation models to quant
ties derived from data, especially at high look-back tinsenot
an easy one, as modelled data rather than pure observalalds ne
to be used. Some works have concentrated omliserved-frame
which avoids the extra-assumptions involved in transiptive ob-
served colours and luminosities into physical quantiti&snini
et al. 2009), while others support the use of tegived-property
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plane in any case (Conroy et al. 2010). Here we consider time co
parisons in both systems of reference, by comparing galeboyics

in the observed frame, and the galaxy mass function usirgr dat
modelled stellar masses.

Finally, we compare the light-coned BOSS mass function with
mass functions from the literature.

The paper is organised as follows. In Section 2 we introduce
the BOSS data, in Section 3 we detail the stellar mass céicola
and in Section 4 we present and discuss the results relatithest
stellar masses of BOSS galaxies. In Section 5 we performdime ¢
parison with semi-analytic models and in Section 6 we suriz@ar
the work and draw conclusions.

Throughout the paper the cosmology from WMAPL, i.e.
Qu = 0.25, Hp = 0.73 km s 'Mpc~!, Qr = 1, is assumed
for consistency with the galaxy evolution models (Guo ep@ll1;
Henriques et al. 2012)

2 BOSS GALAXY DATA: THE 'CONSTANT MASS’
SAMPLE DEFINITION

The BOSS survey (Schlegel et al. 2009) aims at constraitiag t
late time acceleration in the Universe via Baryon Acoustsci®
lations (Eisenstein et al. 2005; see also Anderson et ak 261
the first results on BOSS), with an observational effort dbgga
spectroscopy and photometry over five years, that startéahlin
2009. An overview of BOSS is given in Dawson et al. (2013). Be-
low we summarise the key aspects that are relevant to thisrpap
BOSS is one of four surveys of the SDSS-III collaboratiorséii-
stein et al. 2011) using an upgrade of the multi-object spgcaph
(Smee et al. 201Zubmitted on the 2.5m SDSS telescope (Gunn
et al. 2006) located at Apache Point Observatory in New Mexic
BOSS obtains medium resolutioR (= 2000) spectra for galaxies,
QSOs and stars in the wavelength raggs0 — 10000 A. standard
SDSS imaging using a drift-scanning mosaic CCD camera (Gunn
etal. 1998) is obtained for luminous galaxies over the ridsinge
0.3t0 0.7, selected to be the most massive and with a unifaassm
sampling with redshift (White et al. 2011; Eisenstein et2al11).
The acquired photometry has been released with the Datastele
8 (DR8, Aihara et al. 2011), and the first set of spectra wiliizele
publicly available with the Data Release 9 (DR9), in Sumng&r22
(Ahn et al. 2012).

For the project, we calculated photometric stellar masses f
BOSS galaxies. We use the galaxy spectroscopic redshit-det
mined by the BOSS pipeline (Bolton et al. 2012; Schlegel et
al. 2013,in prep) and standardu, g,r,i,z SDSS photometry
(Fukugita et al. 1996) for performing spectral energy distion
(SED) fitting at fixed spectroscopic redshift in order to abta
best-fit model and from it an estimate of the stellar mass $&ze
tion 3). The values of stellar mass and the routines to pertbe
same calculations for the rest of the BOSS survey will be made
publicly available through DR9 in Summer 2042.

1 Note that for the DR release, see Section 2, a slightlyreiffiecosmol-
ogy has been adopted, namély= 0.258, Hp = 71.9 km s~ Mpc~—1,
Q7 = 1,. We checked that this implies a negligible effect on steflasses.
2 For this work we selected objects with solid spectroscopidshift
determination (corresponding to the flagzarning=0) and we used the
primary spectroscopic observation available (using 8pgcprimary=}.
These flags select a total number of galaxies which is sjightier than
what will be available with DR9.
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The BOSS galaxy sample consists of two parts. The high-
redshift or CMASS (i.e. constant mass) sample, mostly ¢onta
ing galaxies with a redshift of 0.4 or larger and aimed at diegin
a galaxy sample with homogeneous stellar mass; a lowehifeds
sample (LOWZ), which is included in BOSS in order to increase
the effective area and to allow for comparison with the SDSS |
Il samples.

The constant mas€MASS selection is achieved by tracking
the location in observed-frame colours and magnitudes, axfah
galaxies of different mass as a function of redshift. A padgi
evolving model (Maraston et al. 2009) is adopted. The method
was checked on a sample of galaxies from the AGES survey
(Kochanek et al 2012), by deriving their stellar masses viad-
bandu, g, i, z SED fit as in this paper.

Figure 1 displays the location of AGES galaxies with differ-
ent stellar masses (plotted in different colours) on thgetaselec-
tion plane of observedmagnitude vs the composite coladir (=
(r —14) — (g — r)/8.0). Coloured points indicat/* > 10" M,
black points galaxies with a lower mass. In addition to thessna
selection, the redshift selection is based orthei colour, which
traces the D-400@ break in galaxy spectra in this redshift range
(Eisenstein et al. 2001). The final mass and redshift seleds
achieved through alopingcut, corresponding to the redshift evo-
lution of models with various total stellar masses (solite$ in
Figure 1). The colour equations for the target selectiorienas:
175 < i< 19.9,d; > 0.55, andi < 19.86 + 1.6 - d1 — 0.8)
where i is thecmodel(see below) magnitude, for CMAS$6 <
r < 19.5,r < 13.6 4 ¢ /0.3, andc, < 0.2 where r is themodel
(see below) magnitude, for LOWZ (see Eisenstein et al. (Rahd
Dawson et al. (2013) for further detaif$).

Figure 2 shows as visualisation the actual CMASS sample of
BOSS galaxies in an observed-frame colour-magnitude aiagr
The effectiveness of CMASS at selecting a constant stelkssm
will be quantified and discussed in Section 4.

The BOSS data sample, including both CMASS and LOW?Z,
that was acquired through September 2011, contains oved@®0
galaxie$. In this paper we focus on the CMASS> 0.4 sample
for the comparison with galaxy formation models.

Spectroscopic redshifts are determined from BOSS spestra u
ing the latest version of the SDSS Spec 1D pipeline and an ex-
tensive set of templates, based on both stellar empiricaitspas
well as population models (Bolton et al. 2012; see also $ethle
et al 2013,in prep, which explain the procedure to obtain spectra
which are input to the pipeline). The redshift success forAS8
has the impressive figure ef 98% (Anderson et al. 2012, Table 1)
and is even better for the low-redshift (LOWZ) sample. Difiat
magnitude definitions are available for galaxy photometi$DSS.
Model magnitudes aim at providing accurate colour information,
whereasmodelmagnitudes are better for accurate total luminosity
(Stoughton et al. 2002) For an SED fit aimed at mass determina-
tion we need both types of accuracy, so we decided tomusdel
magnitudes but scale the values usimgodelmagnitudes in the-
band. This scaling results in a constant shift of the entiE® SNe
choose the-band as this maps interest-frame at the BOSS red-
shifts, which is the base for model magnitudes. We have pagd

3 The composite coloursy, ¢, are defined ag; = 0.7(g—r) + 1.2(r —
1—0.18),¢c) = (r—1i)—(g—r)/4—0.18.

4 We additionally calculated the stellar masses of DR7 gatawith the
same method, which will be published separately

5 http://iwww.sdss.org/dr7/algorithms/photometry. htmbigmodel
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AGES galaxies (z<0.7)
L B S —

T — T

- SSP, log M*=11.25, Salp _|
15 CMASS cut

r SSP, log M*=11.75, Salp. |
F* 11.00 < log M* £ 11.25, 2=0.45-0.7 SSP. log M*=12, Salp.

12.50, 2=0.45-0.7° %

[ * 11.50 < log M" =

dperp

0.5

16 17 18 19 20 21
1 mag

Figure 1.d, = ((r — i) — (g — r))/8 vs ¢ observed-frame colour-
magnitude diagram of galaxies from the AGES survey (Kochaeteal.
2012), coloured-labeled by stellar mass (detailed in tmepaBlack points
indicate galaxies with/* < 10! M. Solid lines highlight the target
selection, which further picks galaxies lying at a redshaifger than 0.4.

1.4f BOSS CMASS

0.8}

0.6L . . . .
180 185 19.0 19.5 20.0

20.5

Figure 2. Observed-frame colour (— 7) - magnitude ¢-model) diagram of
BOSS galaxies in the high-redshift CMASS sample. Magniuate galac-
tic extinction corrected (see text).

separate SED-fit calculations using eithesdelor cmodelmagni-
tudes and find that this choice mostly affects the scatterllyi
we applied extinction correction for Milky Way reddeninging
Schlegel et al. (1998) values. It should be noted that thihateof
combining magnitudes is the official method adopted for tilaxy
target selection for BOSS.

Typical photometric errors ofmodel magnitudes are
1.00,0.17,0.06, 0.04,0.09 in u, g, 7,1, z, respectively. These are
averages evaluated on 331,915 BOSS galaxies at redshifs5.

Also errors are scaled mmodelmagnitude$, in order to preserve
the S/N.

3 STELLAR MASS CALCULATION

Photometric stellar massed/(") are obtained with the standard
method of SED fitting (e.g. Sawicki & Yee 1998), where obsdrve
magnitudes are fitted to model templates to obtain a modkgiste
population that best matches the data. The normalisatichif
model to the data provides an estimate of the galaxy stelfessm

The fitting can be performed at fixed redshift or by leaving the
redshift as a free parameter to be adjusted and determinibdhei
fitting method itself. Here - by virtue of the BOSS spectrgsco
redshift - we can use the fixed redshift option. The adoptéiddit
method and stellar templates are described below.

3.1 Galaxy model templates

We adopt two sets of templates in order to encompass plausibl
variations in the star formation histories of BOSS galaxies

First is a passive template, which we found to best match
the redshift evolution of luminous red galaxies (LRGS) frtme
2dF SDSS LRG and Quasar (2SLAQ) survey (Cannon et al. 2006)
up to a redshift of 0.6 (Cool et al. 2008; Maraston et al. 2009)
This passive model is the superposition of two single-borst-
els with identical age and very different metallicity, ndynso-
lar and 0.05 solar, in proportion as 97% and 3% by mass. Age is
the only parameter of this model. The base model is the Mamast
& Stromback (2011) model based on the Pickles (1998) empiri
cal stellar library. The reason for the better match, witpeet to
standard solar metallicity passive models or models with f&ir-
mation (e.g., Eisenstein et al. 2001; Wake et al. 2006) i$dido
First, we use empirical model atmospheres in place of thelatal
Kurucz-type ones, which produce a slightly "blugr’— r and a
slightly "redder”r — i as the galaxy data suggested. This effect,
though not associated with a choice of star formation, isoirigmt
at the end of improved modelling. The effect of various maatel
mospheres/empirical stellar libraries on the optical spéshape
of a stellar population model is discussed in detail in Memas
& Stromback (2011) where the same spectral shape as inrempi
ical libraries is found in the new-generation theoreticaldel at-
mospheres calculated with the software MARCS (Gustafstah e
2008). The correct shape of the model aroundithleand has been
confirmed using data of star clusters in M31 (Peacock et 4110
as well as in the Milky Way (Maraston & Stromback 2011).

Second, metal-poor stars add blue light to the passive metal
rich model which, opposite to young stars, is slowly evaiwinith
redshift, in better agreement with those data. This twozament
model can be explained as to represent a metal-poor hal@ge th
massive galaxies.

In addition to the passive model, we consider a suite of tem-
plates with star formation, namely exponentially-decimstar for-
matione™*/7, with = 0.1,0.3,1 Gyr and "truncated” models,
where star formation is constant for a certain time elap§iom
the beginning of star formation, which we call 'truncatiome’,
and zero afterwards. Here we used truncation times of (3lartd
1 Gyr.

6 The scaling writes asagscalederylugriz) = magscaled[ugriz] -
modelmagerr|ugriz]/modelmaglugriz]

© 2012 RAS, MNRASDOQ, 1-25
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Figure 3. Examples of SED-fit results for four BOSS galaxies, in ordénoreasing spectroscopic redshift from top left to bottoght. Red and blue lines
display the best-fit models and labels shiog M* /Mg, age (Gyr), reducegt?, as obtained using the LRG-passive and the star forming §Sfplates,
respectively. Object Id. (given as plate, mjd, fiberid),cpescopic redshift and median photometric S/N are inditat

Each star formation history is composed of 221 ages, and is use of a denser grid, though not changing any result apjgcia

calculated for four different metallicities, namely2, 0.5, 1 and
2 solar. This selection of templates was used in Daddi et @0%p
and Maraston et al. (2006) for the SED-fit of passive galazies

z ~ 2. We refer to this second template as SF. Both template mod-

els were calculated for a Salpeter (1955) and a Kroupa (26QiB)
mass function (IMF), and in both cases the stellar mass lostal
stellar evolution is subtracted from the total mass budbee. stel-
lar mass budget including white dwarf, neutron star andiblate
remnants follows our previous calculations (Maraston 12885)
and is based on the initial mass versus final mass relatioRehy
zini & Ciotti (1993). For a single burst population follovgpassive
evolution, the fraction of mass lost is arousfelto 40% depending
on the assumed IMF (Maraston 2005, Figure 27).

3.2 Fitting code and method

We employ the fitting codélyperZ (Bolzonella et al. 2000), and
in particular an adapted version of it, nantégperZspecin which
the SED fitting is performed at a fixed spectroscopic redshifis
latest version also uses a finer age grid of 221 ages for eactost
mation history, instead of the 51 adopted in earlier veSiofihe

7 As stellar mass losses are not always subtracted from tienass in the
literature, we provide values with and without the inclusaf this effect.

8 The latest version of thelyperZspe@ode was kindly made available to
us by Micol Bolzonella.

© 2012 RAS, MNRASDOQ, 1-25

allows for a better recovery of galaxy properties (Pforrle2@12).
The code can be used with various stellar population models (
Bolzonella et al. 2010; Maraston et al. 2006, 2010). Forwask
we adopt the models described in Section 3.1.

The fitting procedure is based on maximum-likelihood algo-
rithms and the goodness of the fit is quantified via redugeti?)
statistics. The code computgg for a large number of templates,
which differ in their SFHs, and identifies the best-fittinggate.

It should be noted that in the reducgd calculated via HyperZ,

the degrees of freedom are only set by the number of photomet-

ric filters (minus unity), and not by the actual intrinsic deg of
freedom of the adopted template (e.g. age, metallicity,fetana-
tion history, reddening). This implies that té obtained with dif-
ferent templates should not be compared quantitativelg. ddde
does not interpolate on the template grids, hence the téenpéd
must be densely populated. The internal reddetditi@ — V') as
parametrized by various laws can be used as an additiorapére
rameter.

An important feature of our analysis is that we do not include
reddening in our fitting procedure. This is because our stidlye
SED fit of simulated galaxies (Pforr et al. 2012) shows thaiekel
of degeneracy increases and solutions with unlikely lowsaagel
substantial dust may have favouralye values when reddening is
included as a free parameter. This problem is known as aste/du
degeneracy (e.g. Renzini 2006 for a review). These younstydu
models provide a good representation of the photometric, BED
the derived mass significantly underestimates the truédataxy
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mass (Pforr et al. 2012, Figure 11). Our work further showasttfis
effect is more severe in old galaxies that have experiencedemnt,
small burst of star formation. Such galaxies are, in the Etrans
and likely in the real Universe, mostly found at redshiftdvell,
i.e. in the realm of BOSS observations. Higher-redshifagals -
by having overall younger stellar populations and a smalteead
in age - suffer less from these degeneraties.

In summary, to keep our SED-fit mass estimates as protected
as possible from the age-dust degeneracy, we do not incadie r
dening. Reddening for BOSS galaxies can be quantified throug
emission-line studies (Thomas et al. 2013, Figure 8) anch-is i
cluded in galaxy spectral fitting by Chen et al. (2012) anckifoi
et al. (2012). None of these works find the bulk of BOSS CMASS
galaxies to be dusty, as they are selected to be mostly @uiesc
For example, from the emission lines we get an average redden
ing of E(B — V) ~ 0.05 (Thomas et al. 2013). This value is also
consistent with the observed morphologies of the sampleQ$8
galaxies we could cross-match to COSMOS, where we find that
~ 73% of BOSS galaxies are early-types (Masters et al. 2011, see
Section 4.1).

The age of the best-fits is the age at the onset of star forma-
tion in that model, hence it corresponds to the formation Bgted
ages are constrained to be younger than the age of the Unmivers
the adopted cosmology. We also apply age cutoffs to the tegl
The minimum allowed fitting age for the passive LRG model is 3
Gyr. This corresponds to the assumption that the descendént
these galaxies are 10 Gyr old at redshift zero, and in ourtadop
cosmology the look-back time to redshift 0.8 (roughly cepend-
ing to the maximum redshift sampled in BOSS)-is7 Gyr. The set
of a minimum age in the fitting minimises the probability ofian-
estimating the stellar mass by obtaining too low an age. Wills
be shown and discuss in Section 4.1. Should we relax this, prio
we would obtain a fraction of galaxies amounting to 20-30% de
pending on redshift which would have somewhat lower ages;éne
lower masses. However, as we shall see in Section 4.1, the min
mum age of 3 Gyr seems to guarantee the best mass recoverg, hen
we shall retain this prior. We have also verified that theaffe the
resulting mass function is marginal (see Figure C2, Appedi

On a similar ground, we apply an age cutoff to the star form-
ing model of 0.1 Gyr, which is typically assumed in SED-fit of
star-forming galaxies (e.g. Bolzonella et al. 2010; Marastt al.
2010). An age cutoff of this size helps minimising the everfito
ting for too low ages. However, we have further verified that a
additional correction to the stellar masses for star foogngialaxies
is required, which we shall discuss in Section 4.1. Findflg,mass
is calculated with a routine developed in Daddi et al. (2085
Maraston et al. (2006), and extended for this project foperly
handling large databases.

A few examples of SED-fits are shown in Figure 3, for ran-
domly chosen galaxies at various redshifts. The best fit latipn
parameters obtained using the two templates - the passi@earid
the suite with star formation (SF) - are indicated in red aheb
respectively. BOSS data are shown as circles. Excellerarfiteb-

9 Note that these results may depend on the set of adoptedattasph
terms of star formation history, and on the intrinsic amooitust. The
mocks we use have a limited amount of dust, uptd3— V') = 0.3 atz ~
3 and lower at lower redshifts. Hence, we cannot extrapolaset finding
to highly dusty galaxies for which most of the population éswty born and
reddened. Here the non inclusion of reddening may lead te@stimate the
age, hence the mass, and would provide bad fits which coulchizeth
select. We may address these cases in future work.

3.0 F T T T
2.5

2.0
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1.5

1.0
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0.0t .
18.5 19.0

20.0

19.5 20.5

Figure 4. Reducedy? (x2) as a function of observed-framienodel mag-
nitude for the SED fits of BOSS galaxies.

tained, in general with both templates, even for object \atv
SIN'. The distributions of reduceg? is shown in Figure 4 as a
function of thei-model magnitude in observed-frame. Thgval-
ues do not depend on the object’s magnitude, and we haveeatheck
they also do not depend on the object’s redshift.

The fitting procedure gives the best-fit model correspontiing
the minimumy? and the probability distribution function (PDF) of
neighbouring solutions for different cutsff above the minimum.
Interestingly, we find that the difference in stellar madsveen the
best-fit value and the median PDF value is only 0.03 dex in ahse
the LRG template, and at most 0.1 dex in case of the templaties w
star formation, due to the higher number of neighbouringtsmhs
with similar 2.

4 RESULTS

We have calculated the photometric stellar masa€s for ~
400, 000 massive luminous galaxies from the first two years of data
of the SDSS-III BOSS survey. The calculations of stellarsriase-
leased with the Data Release 9 (DR9), as well as ages, staafor
tion histories (SFH), star formation rate (SFR), and miefti#ts,
for each of the two template fittings and the two adopted IMFs.
Ages, SFRs and stellar masses are provided with their 68% con
dence levels. We also derive median stellar masses by takeng
median of the PDF and list them together with their 68% confi-
dence levels. In each case, we providé with and without stellar
mass-loss due to stellar evolution. We note here that, dvem i
provide all quantities derived through the SED-fit, the pidure is
studied as to maximise the quality df * determination. The other
by-products of the fits should be considered less robustefam-
ple, as we do not include reddening from dust, the age of tr& mo
recent burst maybe ill determined. Also, metallicity does vary
in the templates. Future work will be invested in a more diedai
spectral analysis.

Figure 5 shows the distribution of stellar masses of BOSS
galaxies for the combined CMASS and LOWZ samples, for the
LRG (red) and the SF template (blue). Plotted values reféhdo

10 The S/N values plotted in the figure are photometric, but we veri-
fied that the same can be concluded when one uses the spéitral S
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Figure 5. Photometric stellar masses of BOSS galaxies in the first seosyof data. The two histograms shimg M* /M, as obtained with different galaxy
templates: the LRG passive model of Maraston et al. (20@@)(in which a small fraction3(%) of old metal-poor stars is added to a dominant metal-rich
(Z = Z) population, both being coeval and in passive evolution, @set of templates with star formation (blue), ranging frommodels to constant SF.
Stellar masses obtained with the SF template are systaiatmwver due to the lower M/L of young populations. Caldidas shown here refer to a Kroupa
IMF and included mass-losses from stellar evolution. Agerarrors oflog M* /Mg, are 0.1 dex (cfr. Figure 11).

Kroupa IMF, and stellar mass loss has been accounted forein th

calculations. For the results obtained with the LRG tenepltiie 2.5%10°T . . . .
mass histogram is thin and well defined, pointing to a uniforass r LRG passive
distribution as a function of redshift as was the aim of theSQar- 2.0x10°F 3
get selection (White et al. 2011; Eisenstein et al. 2011; et [
al. 2013). We quantify this later in the section. 5 15x10°F R
The results for both templates agree reasonably well irt indi JED
cating a peak stellar mass ef 11.3 log M (for a Kroupa IMF, 3 1.0x10%F h
1.6 higher for a Salpeter IMF). Stellar masses derived with the S ’ [ ]
template (blue) show an excess of lower mass values whiches d of 4|:|: ]
to the lower ages for some of the galaxies derived with this-te 2.0x10 _ ﬂ
plate, see Figure 6. Except for this, the age distributigreare- E ]
markably well for ages larger than 3-4 Gyr, independentlyhef 0 ! ! ! !
adopted template, which confirms the homogeneous natuteof t 0 2 4 6 8 10
CMASS sample (see also Tojeiro et al. 2012). Note that the age Age/Gyr

of individual galaxies do not necessarily agree, as showrign
ure 7, where we plot ages from the SF template (for valuesehigh  rjgyre 6. The distribution of stellar ages obtained for BOSS galaxigiag
than 3 Gyr) vs ages from the LRG template. Ages obtained Wéht  gifterent templates for SED fitting, namely the LRG passamplate (red)
SF template are older by 2 Gyr with respect to those from the  and the template with star formation (blue).

LRG template. This happens because the SF template allaws fo
extended star formation hence the age (which is the timesethp
since the beginning of star formation) obtained with thimpate

can be larger and able to fit the same set of data. In spite séthe
differences for a fraction of galaxies, individual massgea well

due to compensating effects between age and star formasimmh
Figure 8.

B we present rest-frame magnitudes that are a by-produdteof t
fitting and will be available via DR9.

As mentioned in Section 2 and shown in Figure 1 the target se-
lection for the BOSS survey aimed for a uniform mass samgig
a function of redshift. We can now test whether this goal feenb

In Appendix A we discuss in detail the comparison with other achieved. Figures 10 show the stellar mass distributionarious
stellar mass calculations performed in BOSS, while in Aglren redshift bins, for the calculations referred to the twoetiént tem-

(© 2012 RAS, MNRASDOQ, 1-25
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Figure 9. The final M™* distribution of BOSS/CMASS galaxies where values of steti@ss obtained with different templates are assigned dicgpto the
galaxy type - passive or star-forming - using the cut in appicolourg — ¢ ~ 2.35. Galaxies on the red side of the colour cut §ét from the passive LRG
template and those on the blue side from the SF template.otdiestellar mass distribution of BOSS galaxies peaks at1.3 M, for a Kroupa IMF, with

amean of~ 11.27 M and a FWHM of~ 0.7 dex.
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Figure 7. Comparison of ages of individual galaxies, for ages largant
3 Gyr, obtained with the SF template versus those from the td@plate.
The fraction of galaxies with correlated ages (age diffeeamithin 0.5 Gyr)
is ~ 25%.

plates, LRG passive and SF, for the combined CMASS plus LOWZ
samples.

A remarkably uniform mass sampling is achieved in a large
redshift range spanning between redshift 0.2 and 0.6, wtedn s
lar masses are determined with the LRG passive templatd.

I The meanlog M*/M¢ (for a Kroupa IMF, including stellar mass

1.0 1.2 114 116
M from LRG (log Msun)

11.8

M* from SF (log Msun), for t > 3 Gyr

Figure 8. Comparison of stellar masses of individual galaxies, fogsag
larger than 3 Gyr, obtained with the SF template versus tirosethe LRG
template. The scatter in the correlatiomis).13 dex.

losses) in the various redshift bins are: for the LRG tenepldtl.33 at

02<250.4,
0.6 5250.7,
02<250.4,
0.6 5250.7,
04<2<0.5,
atz 20.7.

11.27 at0.4 <2 <0.5, 11.26 at0.5 <2 <0.6, 11.41 at
and 11.61 atz >0.7; for the SF template, 11.2028 at
11.19 at0.4 <2 <0.5, 11.14 at0.5 Sz < 0.6, 11.26 at
and 11.31 atz 2 0.7; for the merged template, 11.31 at
11.32 at0.5 $2 50.6, 11.41 at0.6 $ 2 <0.7, and 11.53

© 2012 RAS, MNRASD0Q, 1-25



22 0.6, the mass distribution is skewed towards higher values,
which is probably due to the magnitude limit of the surveyrir
these plots we infer that BOSS becomes incomplete 310.6
andlog M* /Mg < 11.3. This suggestion will be qualitatively con-
firmed when we will compare the BOSS mass function with litera
ture values (Section 5.2.1).

The assumed template impacts the uniformity of the mass
sampling, as should be expected. Figure 10 (lower panelysho
that, when interpreted with templates including star fdioma a
fraction of BOSS galaxies get lower stellar masses, whiatideo
secondary peaks in the mass distributions. The highestifetdm
is the most strongly affected by the template choice becgaise-
ies get younger at higher redshift and the larger age spikadeal
by the SF template emphasises age hence mass difference.

We also note that the mass distribution in the lowest retishif
bin (the LOWZ sample) is narrower than those at higher régshi
in particular for the passive template fit. This happens bsedhe
LOWZ sample has a narrower colour selection hence is pallat
by more uniform galaxies with respect to CMASS, which extend
to a bluer colour selection. This colour span can be appettia
Figure 9 of Thomas et al. (2013). In addition, the LOWZ sample
is at lower redshift hence contains more evolved galaxiesskill
take this into account when deciding upon the most suitate t
plate in the next section.

4.1 The final BOSS mass distribution: sorting templates by
galaxy colours

As described in the previous section, we calculate stellasses
with two templates in separate runs. Hence, each BOSS ghtexy
two possible values ofif*. This will be useful when the stellar
masses of BOSS galaxies are used for comparison with résutis
other surveys in which various templates are adopted. Metexts,
for most science applications it would also be useful to have
preferred choice of\/ ™.

In this section we describe a colour criterion to assigriatel
mass values from different templates to observed galaxféshw
is based on the galaxy colour. Furthermore, as we will shbw, t
selection in colour is very close to a selection in morphglagth
early-type galaxies being almost always on the red side,stad
forming galaxies to the blue.

In Masters et al. (2011), we cross-matched the BOSS sam-

ple with the COSMOS survey (Capak et al. 2007) which provides
high resolution/-band imaging from the Hubble Space Telescope

BOSS stellar masses 9

of g — i, namelyg — ¢ 2 2.35, which allows us to separate early-
types from later-types with better than 90% purity. Here wploy
this colour criterion to assign mass values obtained witfe@int
templates to the different morphological classes. We usédist fit
LRG mass for objects with — i & 2.35, and the best fit SF mass
for galaxies withg — 7 < 2.35, which is the location of most spi-
rals. It should be noted that the fraction of CMASS galaxiéh w
g—1< 2.35is only 30% in the full COSMOS subsample, and the
fraction of early-types among these is only 20%, so cleanyi-a
nority. This demonstrates the strong (and well known) dati@n
between morphology and colour, with early-type galaxigadal-
most always redder than late-type galaxies.

The final totalM* distribution of BOSS CMASS galaxies is
shown in Figure 9. Similar to Figure 5, the total mass distiin
still peaks atog M* /Mg ~ 11.3 (for a Kroupa IMF) and is dom-
inated by the mass values obtained with the LRG templatéeas t
majority of galaxies in CMASS is of early-type. The adoptadithe
values obtained with the SF template implies an excess akigsl
with log M* /Mg ~ 10.8 with respect to the distribution obtained
using the LRG template.

The scatter around best-fit masses for individual galaies,
pressed abg(M//Mypest—st), IS sShown in Figure 11. The scatter
is ~ 0.1 dex, it is approximatively symmetric and we have verified
that is independent of galaxy mass.

We have also tested the goodness of our template choice with
mock galaxies with known input mass. We use galaxies from a
semi-analytic model (Tonini et al. 2009, which is based oa th
GALICS semi-analytic model by Hatton et al. 2003), picked ou
of the full merger tree to be representative of the range issma
and star formation rate predicted by the models. In practioe
star formation rate in the mocks can be very low, but it is neve
zero, strictly speaking (cfr. Figure 4 in Pforr et al. 2012Zhese
mock galaxies coincide with the mock star forming option sedu
in Pforr et al. (2012). We treat the mocks as observed galatie
calculate their stellar mass via SED fitting, which we thempare
to their actual stellar mass.

Figure 12 shows the results for mocks at redshift 0.5, where
input stellar massesc{axis) are compared to photometric stellar
masses obtained via SED-fit to broadband, r, i, = photometry
with the LRG passive templatg-@axis). The red colour highlights
those mocks that have-i 2 2.35, which corresponds to the colour
region where we use the LRG template in the BOSS sample. The
various panels show the results having applied differemimuim
age cutoffs to the fitting procedure, increasing from 0.1 ©By3
from top left to bottom right. As can be seen, the mass offset b

(HST) over 2 square degrees. The cross-match yields 240 BOSStyeen intrinsic and recovered mass decreases at increasing

target galaxies for which detailed morphological inforinatwas

imum age cutoff reaching a minimum at 3 Gyr. Here the stellar

obtained. Visual inspection of the COSMOS images was used to masses of these "reddest” galaxies are well recovered héthRG

select early and late-type galaxies under the typical ifleason
scheme. Any smooth galaxy was determined to be early-type, i
cluding those with the appearance of a smooth disc (SO dcient
lar). To be called late-type the galaxies needed to havklgispiral
arms or be obviously edge-on discs. Edge-on discs might be co

fused between SO or spiral, and have been marked separately o

Figure 4 of Masters et al. (2011}

We found that~ 73% of the galaxies in CMASS are early-
types, and the rest 27% is composed by late-types. Critical to the
analysis of the present paper, we defined a simple colowricnit

12 All images can be inspected at http://www.icg.port.ac.ukhs-
tersk/BOSSmorphologies/.
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template, with a scatter consistent with zero (further alised as
an histogram in Figure 13} Black points represent the results for
mock galaxies with bluer colourg, — i < 2.35. For these, the ap-
plication of the LRG passive template would lead to an oweres

13 The 'red’ mocks display a constant offset with mass in Figlee This
is because their SFR does not change much as a function of Nateshat
this is not what happens in the real BOSS galaxies, for whith@fraction
of the red galaxies gets a younger age (hence a lower mass) twaage
cutoff is relaxed, as is discussed in Appendix C. This isfedihice between
semi-analytic and real galaxies, the star formation pitegseof which are
probably a much stronger function of stellar mass, as we Knamv results
on downsizing, e.g. Thomas et al. (2010).
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Figure 10. The distribution of stellar mass in the combined CMASS and
LOWZ sample, in various redshift bins (normalised to thelkpmass value

in each bin), for results obtained with the LRG passive tatep(upper
panel) and the SF template (lower panel). The mass didtibig fairly
uniform in the redshift rangé.2 < z < 0.6 (cfr. green, black and blue his-
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mate of the mass, so for this type of objects in BOSS we usaistel

masses obtained with the SF template.

The same experiment for SF galaxies is shown in Figure 14.
Here we should look at the discrepancy between intrinsicrand
covered mass for SF objects (black points). An average toffse
0.25 dex is evident with the intrinsic stellar mass beingerad-
timated by this template (further visualised in Figure 16} the

coo
~Nou

12.5

expressed
log(M//Mpest—st), Of galaxies for fits from the merged-template
sample. The scatter is calculated form individual PDFs as6®f6 con-

fidence interval with respect to the best#if* solution. On average, the
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Figure 12. The recovery of stellar mass via SED fitting with the passive
LRG template as a function of the minimum age cutoff assumete fit-
ting procedure. The mass obtained via SED fittipgakis) of mock galaxies
from semi-analytic models (Tonini et al. 2009) at redshifti8 compared to
their intrinsic masss#-axis), for several age cut off from 0.1 to 2.5 Gyr. The
mass discrepancy for red galaxies ¢ = 2.35, red points) decreases as
a function of the age cutoff, reaching optimal valuestfer 3 Gyr, where
stellar masses are recovered with a scatter of only 0.06 dex.
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Figure 13. Histogram of mass difference between intrinsic mass aralrec
ered mass, for the LRG template with age cutoff of 3 Gyr appt@red
galaxies (cf. Figure 12, bottom, right panel).

mass function analysis discussed in the following, we walirect
the masses obtained with the SF template by 0.25 dex up\tand.

14 Note that the stellar mass values provided via DR9 have rer ber-
rected.
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Figure 14. The recovery of stellar mass via SED fitting with the SF
template. The mass obtained via SED fittingakis) of mock galaxies
from semi-analytic models (Tonini et al. 2009) at redshifi & compared
to their intrinsic massaf-axis). The mass discrepancy for blue galaxies
(g — ¢ 52.35, black points) is roughly 0.25 dex.
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Figure 15. Histogram of mass difference between intrinsic mass aralrec
ered mass, for the SF template applied to blue galaxies, Rigime 14.

Appendix C we discuss the impact of non applying such a cerrec
tion, on the final mass function.
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Figure 16. The merged template mass distribution for four redshitteslj
normalised to the peak mass value in each biere the values of M *
obtained with the SF template have been augmented by 0.24 das
from Figure 14

correlate well andf ™ is never larger than/q,, thereby providing
further support to the robustnessaf*.

Finally, we have not used a mix of templates for the LOWZ
sample, but, as noted in the previous section, this samgla har-
rower colour selection hence is populated by a more unifataxy
population (in terms of star formation properties) withpest to
CMASS. Hence the adoption of the LRG template is probably the
most appropriate one for the LOWZ sample.

4.2 Sanity check via emission line statistics.

As a complementary check, we examined the status of passive o
star-forming for BOSS galaxies based on the detection ofsion
lines. We used the spectroscopic analysis and emissiostiatis-

tics published in Thomas et al. (2013), (see e.g. their fighr&or
galaxies above thg — ¢ colour cut g — i 2 2.35), including the
whole CMASS sample, the fraction of emission line is 0.458is-r

ing to 4.5% below this cut. These very low fractions reinéoour
proposed selection.

5 COMPARISON TO GALAXY EVOLUTION MODELS
5.1 The semi-analytic model

We compare our results with a theoretical light-cone basethe
latest version of the Munich semi-analytic galaxy formatand
evolution model (Guo et al. 2011; Henriques et al. 2012).s€he
are built on top of the Millennium dark matter simulation ttha
traces the evolution of dark matter haloes in a comovingachbk

Complementary to Figure 10, Figure 16 shows the merged 500~ *Mpc on a side. Merger trees are complete for sub-halos

template mass distribution for various redshift slicese Hame
conclusions hold.

In summary, our mass distribution may still not be the per-
fect representation of the true stellar masses, but it is@ed to
real data through the colour cut and is supported by sinuati
Moreover, in a companion paper (Beifiori et al 20%8pmittedl
we comparel/* with dynamical masse&/4,,. The two quantities

(© 2012 RAS, MNRASD0Q, 1-25

above a mass resolution limit af7 x 102~ *Mq. A A-CDM
WMAP1-based cosmology is adopted (Spergel et al. 2003)peith
rametersy = 73km - s~ 'Mpc™t, Q= 0.25, Qx4 = 0.75,n =
1 andos = 0.9.

Baryonic matter forming galaxies is treated as follows: Ini
tial hot gas masses are derived from the mass of corresgpndin
dark matter haloes after collapse, assuming a cosmic aboedd
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baryonsf, = 0.17. The fate of the gas is then followed through
different phases using analytical prescriptions, in pafér dur-
ing cooling and star formation, which may be empiricallyided.
Feedback from Supernovae Il and/or AGNs act to inhibit capli

the CMASS cut is designed to select the most luminous and mas-
sive galaxies in the Universe (Eisenstein et al. 2011).

An illustrative approach is to compare the colour distridus
of models and data within the target selection cut. Figurex-8

and - in case of Supernovae - may also reheat the gas, or gject i pands the BOSS selection region in Figure 17. Colours of fsode

into an external reservoir. The full evolution history oflades -
including merging, satellite infall and star formation -tien fol-
lowed toz = 0. The version of the models used by Henriques et al.
(2012) includes AGN feedback as in Croton et al. (2006), tnt d
model introduced by De Lucia & Blaizot (2007) and the redshif
evolving cold gas-to-dust ratio from Kitzbichler & WhiteQ@7).
This simulation also includes more efficient supernova etiteack
and a more realistic treatment of satellite galaxy evoiutod of
mergers as introduced by Guo et al. (2011).

The spectrophotometric properties of semi-analytic gakax
are obtained using stellar population models. SingletarSim-
ple Stellar Population (SSPs) models are assigned to ealtar st
generation, which is weighted by the mass contribution efith
dividual star formation episode to the total galaxy massiridgies
et al. (2011; 2012) have updated the De Lucia et al. (2006}tzend
latest Guo et al. (2011) semi-analytic models with the Maras
(2005) stellar population models, such that now each sealytic
model is available with multiple choices of input stellapptation
models. As it has been discussed in the recent literatuneirfiTo
et al. 2009; Fontanot & Monaco 2010; Henriques et al. 204, t
specifics of the stellar population models adopted in thaxydlor-
mation model shape the spectra of model galaxies, which mas a
important effect on the comparison between models and data.

and data agree generally well, though one notes a deficitdf re
galaxies in the models over the entire redshift range. Ini@ee.3
we shall discuss this issue in more detail.

5.2 Stellar mass densities

Figure 19 displays the stellar mass function of CMASS galaxi
(red points with errors), in three redshift ranges.

These mass functions are calculated based on an effeatiae ar
(areax completeness) for the DR9 of 3275 degee Anderson et
al. 2012 for details) and the full volume between the reddimf-
its i.e. without any further correction applied. We chooselsa
strategy as our goal is to compare to the semi-analytic miodel
which we calculate the mass function in the same manner,tand i
removes any assumptions that would be necessary to cacthkat
required corrections for the CMASS mass function. Our chaoit
effective area is driven by the wish to use the exact CMASS cat
alogue adopted for clustering analysis in BOSS (Andersaal.et
2012). The most important reasons for such a choice is tlst th
sample has been cut to be uniformly selected over the entire s
vey, so removing any issues of the changing selection owves. tit
also removes regions of low completeness and is based onlthe f
survey mask including bright star masking etc. (see Andeesal.

The method used to construct the mock catalog is described in 2012 for details). The use of this sample gives us a total reurob

detail in Henriques et al. (20125.In addition to the pencil-beam
format that was originally available, the model is now pdad
with an all sky light-cone (#) that we will use in this work. The
model catalogue is limited to an observed-frame AB (Oke & Bun
1983) magnitude of < 21.0, significantly deeper than the BOSS
limit of ¢ < 19.9. It was constructed by replicating the Millennium
simulation box §00 Mpc - h™" on a side) with no additional trans-
formations applied.

The original volume of the Millennium simulation is large
enough to sample the most massive galaxies in the Univetsehw
makes the comparison with BOSS data interesting. Note Heat t
models are normalised to the local mass function, which otgpa
on the mass of the most massive galaxies that can be founeé in th
simulations.

To make a direct data model comparison we apply to the semi-
analytic models the same magnitude colour selection ctivtha
applied to define the observed sample (the CMASS cut). Here th
stellar population model has an effect. The adoption of tledd-
ton (2005) models instead of the Bruzual & Charlot (2003) eied
allow more semi-analytic galaxies to enter the BOSS cuthin t
following analysis we shall mostly use the semi-analyticdels
based on the Maraston (2005) models.

Figure 17 shows, in the BOSS target selection plot of the
observer-framé-mag vs thaiperp colour'®, the portion of model
galaxies entering the CMASS selection cut. Only a tiny foacof
the Millennium galaxies satisfies this selection criteribacause

15 Light cones and data products are publicly available at/hitpw.mpa-
garching.mpg.de/millennium.

16 dperp is a colour index obtained through the combination gf i, such
asdperp = (r — i) — ((g —r)/8), see Eisenstein et al. (2011).

galaxies 0283819

Error-bars on data-derived stellar masses reflectthe vari-
ation in stellar mass according to thé of the fit. The errors on
the empirical stellar mass function were estimated by cambiin
guadrature the contributions given by shot noise and by ittoese
on data-derived stellar masses. The former term was indlbgle
using the Gehrels (1986) formulation, which takes into actthe
low-count regime, characteristic of the massive end of tlexy
stellar mass function. The second term is calculated viat®on
Carlo simulations, by perturbing individual masses witthieir er-
rors and recalculating at each iteration the values of apdginsity.

In particular, by means of this method we obtain spatialsign
value distributions for each stellar mass bin, which areluseale-
termine 68% confidence intervals for each spatial densityeva
plotted in Figures 19 and 20. The error contribution due ta-da
derived stellar masses is generally the dominant one, ascteg
given the large number of galaxies used to measure thersrelss
function, although errors become comparable at the tailhef
mass distribution, due to the lower number of objects.

First of all, one should mote the extremely fine resolution in
stellar mass at the high mass end and the small error-bdrththa
BOSS data allow us to achieve.

The blue lines display the theoretical mass function from
semi-analytic models as derived from the full-sky simaas and
averaged to the BOSS volume. The blue points are the same simu
lations where the magnitude-colour CMASS cut has been egpli
and an identical mass binning as in the data is used.

The blue shaded area represents a model variance as obtained
by accounting for the possible scatter in modelled obsEmat
(Baugh 2006, also applied in Fontanot et al. 2009 and Kitebic
ler & White 2009). This scatter is caused by the fact that isdve
assumptions need to be taken in an empirical mass deriyatich
as e.g., the initial mass function, the stellar populaticdet, the
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Figure 17.Semi-analytic model galaxies from the model of Henriques.gR012) using the Maraston (2005) stellar population ef®dn the observer-frame
dperp(= (r — i) — ((g — r)/8) colour vsi-mag in the redshift range 0.5to~ 0.7. The CMASS selection cut is shown as dashed lines.

wavelength range adopted in the fitting, and the analytarahffor
the star formation history, including the effects of metity and
dust reddening. As discussed in previous literature, tinsidera-
tion of this effect mostly alters the tail of the distributio

Usually, a scatter of 0.25 dex iog M is assumed, as repre-
sentative of the typical scatter at high-redshift{ 2, Kitzbich-
ler & White 2009). Here, using our simulations, we can expdoi
more gquantitative determination for the intrinsic uncierttain stel-
lar mass. The general template mismatch plus assumed wugtiele
range” can be read from Figure 12. At the high-mass end, this
effect amounts to an asymmetric offset of 0.06 dex, in theeen
that our data-derived stellar masses could still be slgintideres-
timated. On the other hand, there is a scatter of around @08d
we decided to translate this result into a Gaussian errailulision
of size 0.1 dex to apply to the theoretical mass function.

The comparison between the red points (modelled BOSS data)

and the blue area/blue points (scattered model) in Figuis tt&n
the most appropriate one. Note that the bias due to the tierivaf
stellar masses from data could have also been accountedl thoe i
data-derived quantities rather than in the models. We pedd
this exercise when bootstrapping the observed stellar fiuass
tion (as explained earlier in this section). This exercleased that
BOSS observed spatial densities should be corrected tewaxer
values because of the presence of this bias, which was faube t
significant, around 0.1 dex, abové.8 log M* /Mg, and negligi-
ble at lower masses. This effect is equivalent to shifting tthe-
oretical mass function towards higher spatial density esl(blue
shaded area), in order to reproduce the bias-uncorrecteeheul
mass function. We decided to account for the bias in the nsodel
because other data-derived mass functions we shall comptire
in Section 5.2.1 (see Fig. 19) do not take this bias into aticou
First of all, it is interesting that the models coincide a thas-
sive end independently of whether or not the CMASS cut isiagpl
(compare blue points to blue dashed lines). This resultieaphat
a selection like the CMASS one is perfectly suited to selket t

17 As in Kitzbichler & White (2009), we neglect the initial mafsiction
effect, as we use the same IMF in both models and modelled data

© 2012 RAS, MNRASDOQ, 1-25

most massive galaxies at least from the simulation pointi@fv
In other words, there are no massive galaxies in the modatistta
CMASS selection would miss.

In Figure 19 one sees that neither the models nor the data
evolve significantly over the BOSS redshift range. This ihpps
not surprising since the redshift spanned is narrow.

Overall, models and data agrésirly well. There is how-
ever a deficit of the most massive galaxies in the models in the
mass rangelog M* /Mg 2 11.6, of about 0.2 dex, which is uni-
form over the explored redshift range. This problem was al-
ready highlighted in the literature (see next section), butthe
size of the BOSS sample nails down the resulfhe turnover in
the mass function occurs at slightly different masses, hauld
result from the different colours of model galaxies and date
next Section), the photometric errors, or both.

It should be noted that the result of this comparison depends
on the details of the stellar mass calculation. For exantpé&cor-
rection of 0.25 dex upward in the value of stellar mass assign
to star-forming objects discussed in Section 4.1 (Figuneidthe
key to get the good match &0.5 < log M* /M $11.3. In Ap-
pendix C we show the effect of different assumptions on age cu
and templates, on the match between models and modelled data

The model comparison we present here reaches the highest
possible galaxy masses, and cosmic variance, thanks tdBQg§&
volume/area, is negligible. We comment on other compasisiin
this kind that were previously performed in the literaturétie Dis-
cussion. We should note that, for the comparison with seralyaic
models, the set of masses for BOSS galaxies we use, whetier fr
this work or from Chen et al. (2012) does not alter the essefice
the conclusions. However, the lowgf* values for BOSS galaxies
obtained in this paper (see Appendix A) make the comparigtin w
the models more favourable.

The BOSS data show little evolution within the explored red-
shift and mass range, but this statement should be takencaiith
tion as we are not dealing with a complete sample; the incetepl
ness of BOSS is presently not known. For example, note therlow
mass density alog M*/Mg ~ 11.5 at the highest redshift bin
(right-hand panel) with respect to= 0.55, which is the represen-
tative redshift for BOSS; this suggests that CMASS is notete
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Figure 19. The empirically-derived stellar mass function of BOSS-C&B\galaxies (red points), obtained from stellar massesiletéd with the merged
template as in Fig. 9, for three redshift bios, 0.55, 0.65. Predictions from semi-analytic models (from Henriqueal €2012 as in previous figures) extracted
from a light-cone reproducing the BOSS volume are shown as thhshed lines. The blue points are the same predictiomsagdplication of the CMASS
selection cut and an identical mass binning as the data.igtetlue shaded area is the theoretical mass functiondimog a 0.1 dex Gaussian uncertainty in
stellar mass derivation from data (bias).

abovez ~ 0.6 around this mass value, as already argued in Sec- on a similar stellar initial mass function (IMF) as the onedipa)

tion 4. This results is in qualitative agreement with ongaimula- assumed here. The Bundy et al., libert et al. and Pozzettimgas
tions of the BOSS completeness (M. Swanson et al. 20%8epa- functions are all based on a Chabrier IMF and Bruzual & Char-
ration). As we shall see in the next section when comparing with lot (2003) stellar population models, while the Drory etstudy
previous results from the literature, the BOSS sample mayadbe is based on Maraston (1998) models and assumed a Salpeter IMF

severely incomplete at the high-mass ehgg M* /Mg > 11.5) For plotting the Drory et al. results, we shifted the massfiom

over the entire BOSS redshift range. by —0.24 dex, which corresponds to a reduction in stellar mass of
a factor 1.6, mimicking the assumption of a Kroupa or a Cleaibri
IMF.

5.2.1 Comparison with published mass functions Also plotted in the left-hand panel of Figure 20 is the~

0 model mass function along with two local mass functionsvaeti
from SDSS-I,Il data by Baldry et al. (2008, filled black ces) and

Li & White (2009, open purple triangles). Assumptions on shed-
lar population model and IMF are the same as in the high-rdsh

The lack of evolution displayed by the field massive galaxysna
function from the BOSS data is in qualitative agreement wih
lier results in the literature (e.g. Drory et al. 2004; Buretyal.
.2006; .Clmattl .et al. 20.06;.|Ibert et aI: 2040; Pozgett[ etlo), sector. We shall comment on thev 0 trend in section 5.2.2.
including studies considering the luminosity functiontee of the . ) )

mass function in the same redshift range explored here Biamp- An excellent agreement is found with all previous mass

ton et al. 2003; Wake et al. 2006; Cool et al. 2008; Loveday.et a functions. This is remarkable, considering the diversity of data
2012). ' ' ' sample, and of methods used to derive stellar masses, bistinis

Our approach, which considers identical volumes in the mod- o_f template models and fitting techniques. The Iiteraturfm_/oon-
els and data, should be free from issues related to the umknow Sidered here use Bruzual & Charlot (2003) templates (wighetkr
completeness of the BOSS sample, and allows us to make a meanSePtion of Drory et al. 2004, who adopt Maraston 1998 models)
ingful model-data comparison. Even if the completeness iged _and various V\_/avelength range for th_e data fitting. As we aad-de
unknown, it is also instructive to compare our results wiih liter- ing with galaxies that are mostly passive and have stelles agove
ature in order to estimate where the new BOSS data stand. the AGB period in the Maraston models (1 Gyr), the difference
Figure 20 is identical to Figure 19, but with the addition of Induced by the different template is small (e.g. Marasto@520
empirical mass functions derived from other data sampkesety: Pforr et al. 2012). The same conclusion was taken in Pozzeti
Drory et al. (2004, open circles), derived from the MUNIGS al. (2010), which tested their results using also Marasgfi0%)
selected survey with photometric redshift; Bundy et al.ogo  emplates.
green open symbols) derived from DEEP2 data; llbert et 12 The agreement with Pozzetti et al. also suggests that the use
purple triangles) for the COSMOS sample using photometit r ~ Of u, g, 7,4, z suffices to obtain robust results with our choice of
shifts, and Pozzetti et al. (2010, black filled circles), tfoe zCOS- templates in case of mostly passive galaxies (Pforr et dRR@s
MOS sample with spectroscopic redshifts. There are sewénat Pozzetti et al. use a very broad wavelength range extendittget
mass functions in the literature, e.g. Borch et al. (2006pt&na  rest-frame near-IR. We plan to test the effect of near-1R datour
et al. (2006), Bell et al. (2003), but we do not discuss thesalts results in a future work (Higgs et al. 2018, preparatior).
as we focus on the high-mass end and explore a high-resoiuatio In summary, the BOSS mass function, which extends-to
redshift binning. In this comparison we need to use workethas 10> My, represents the highest-mass mass function published so

(© 2012 RAS, MNRASD0Q, 1-25
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Figure 20. Similar to Figure 19, but showing four mass functions frore literature: Bundy et al. (2006, green squares) derivech fEEP2 data; Ilbert
et al. (2010, purple triangles) for the COSMOS sample baseghotometric redshifts; Pozzetti et al. (2010, black e}l for thezCOSMOS sample with
spectroscopic redshifts; Drory et al. (2004, open cirdies) the K -band selected MUNICS survey with photometric redshiftse Teft panel shows two local
z $0.1 mass functions from Li & White (2009) and Baldry et al. (20@8)derived from SDSS data.

far in this redshift range in such detail. The comparisorhwiite

derive the stellar masses of DR7 galaxies and notice that the

literature suggests that BOSS may be a complete sample at masnew ones are higher (by 0.08 dex) than previously published.

2>2-10'" M, at redshift below 0.6 angz 4 - 10! M, at redshift
above 0.6, which will be verified in future work.

5.2.2 Evolution with redshift

Themismatch between data and models at the massive end ap-
pears to worsen proceeding towards lower redshiftsThe com-
parisons withz < 0.1 mass functions as derived from SDSS data
(open black and blue circles) by Baldry et al. (2008) and Li &it&
(2008) show that the model overestimalgsa larger amount the
fraction of massive galaxies. Baldry et al. (2012) confirmsing
the GAMA survey - the results they previously obtained ushmey
SDSS. The recent mass function calculated by Moustakas et al
(2013) using the PRIMUS survey also compares well with the tw
we plot here. This evolutionary trend can already be apatedi
in Figure 19, where one notices that the distance betweerelsod
and data decreases proceedings towards lower redshittshan
the amount of massive galaxies at the massive end tendsambec
slightly larger than in the BOSS data. Worth noticing is dkst, in-
stead, for the BOSS sample the agreement between data aetsmod
improves from the highest to the lowest redshift range, mtiqalar
for galaxies arountbg M* /Me ~ 11.5.

From the model point of view, this result is explained with th
secular mass build-up in the hierarchical clustering madehce,
the model seems to overestimate the evolution with redstsifalso
concluded in Almeida et al. (2008). Possible solutions i® pinob-
lem will be mentioned in the Discussion.

Worth noticing is that the density of massive galaxies at
redshift 0.5 in BOSS and in the other mass functions plottedn
Figure 20 is not consistent with the one for redshift zero deved
by the named authors.

This appears to suggest an unphysicategativeevolution
with cosmic time, where the density of massive galaxies atdg-
redshift is higher than at redshift zero. On the other hand, -
certainties in the mass function at redshift zero should alg be
taken into account. Li & White (2009) find a 0.1 dex offset be-
tween stellar masses of SDSS galaxies as derived by Kauffman
et al. (2003) and Blanton et al. (2007). Chen et al. (2012) re-

Baldry et al. (2008) also discuss the variance between diffnt
estimations of the mass function using SDSS data. Interestly,
Bernardi et al. (2010) find a higher mass function at the mas-
sive end compared to Li & White and Baldry et al., as due to a
better modelling of the light profile at the high-mass end, ado
discussed in Bernardi et al. (2013), and to their choice of nuzl
templates to derive stellar masses. In particular, the Berardi
et al. mass function atz ~ 0 is a factor five higher at the mas-
sive end hence in better agreement with hierarchical models
The logical step forward will be to derive the low-z mass func-
tion with the same assumptions for mass calculation taken fo
BOSS in this paper.

Note that the lowz empirical mass function is relevant to the
models because itis used to normalise the models themgeh&s
White 2009). The: ~ 0.5 BOSS data can now be used to calibrate
the models over a wider redshift range.

5.3 Colours vs mass and the metallicity of galaxies

Comparing the spectral energy distribution with the stetiass, is

a powerful approach to gain insight into the galaxy evolutiwo-
cess, as the SED records the history of star formation, lregage
distribution and the metallicity, which encodes informatiabout
merging and gas infall histories and feedback processe® e

use the SDSS colours which at the BOSS redshift mostly sample
the rest-frame optical, although towards the lowest boynidiered-

shift thes, z bands record a touch of the rest-frame near-IR.

Figure 21 shows the relations between the observed-frame
colour g — z and the stellar mass, for BOSS CMASS galaxies
and semi-analytic models (right-hand and left-hand panetpec-
tively), in three redshift slices. The number counts unéehecon-
tour have been weighted by the volume of each catalog. The mod
els by Guo et al. (2011) - modified by Henriques et al. (2012pas
include the MO5 stellar population models - are used, asémipr
ous Sections. Similar plots using other colours are ligtetie Ap-
pendix. Here we discuss this specific colour as it samplesahee
rest-wavelength of. — ¢, which was used in Guo et al. (2011), and
with which we shall compare later in this Section.
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Focussing on the data first, we see that the BOSS galaxiesdictions in the SDSS bands, which sample a rest-frame spectr

display the well-known colour-magnitude - here colour vssma
- relation, where larger galaxies are redder (e.g. Bowecyl&
Ellis 1992). This qualitatively holds for all examined cots (see
Appendix). In the local Universe, the colour-magnitudetieh is
interpreted in terms of metallicity, with the most massiadagies
being the most metal-enriched (Kodama & Arimoto 1997). This
confirmed by the detailed analysis of the metal content abdas
through absorption-line modelling (e.g. Thomas et al. 2Q08.0).
Moreover, Kodama et al. (1998, 1999) and Stanford et al. §199
show that colour-magnitude relations similar to those im Itical
Universe exist for galaxies in clusters at redshifts corapiar to
BOSS up toz ~ 0.9. Cool et al. (2006) analyse a sample of 20,000
massive SDSS galaxies up to redshift 0.3 and show that siah re
tions exist for field galaxies, dependent of the band, aljhahose
for field galaxies show a0% larger dispersion than those in clus-
ters.

Here we demonstrate that well-defined colour-mass rekation
hold for field galaxies at the BOSS redshifts. Since the BO8% s
ple is dominated by high-mass galaxies, which, in terms eifast
content and chemical enrichment, do not differ much fromrthe
counterparts in the field (Thomas et al. 2010, Peng et al.)2010
we do not expect that these relations would be very diffefremt
those for cluster galaxies. We are unable to plot a massHiniya
relation in our paper as the metallicity derived throughalokdand
SED fit is not well-resolved, and moreover the LRG model that i
used for most galaxies has a fixed metallicity. The analysthe®
absorption lines in BOSS galaxies stacked spectra will belde
oped in a parallel paper (Thomas et al. 2003yrep).

Galaxy colours in the models do not vary as a function of stel-
lar mass, in other words, the colour-mass relation in theeaisod
flat, and the model colours are typically bluer than the reddxy
colours!® As is well known, galaxy colours can vary as a function
of age, metallicity or dust content. Dust effects should/ glaninor
role, as the bulk of the massive CMASS galaxies are not vestydu
as already discussed (see Section 3.2).

A substantially younger age component in the models - which
causes colours to remain blue - is also not the main drivirthief
mismatch as - at redshift 0.5 - the galaxy ages in the presemt s
analytic models are strongly peaked at old ages, with a \awy |
percentage scattering to low ages (Henriques et al. 20flréi
5). This conclusion would not be the same for other semiygical
models, as the same Figure shows.

We are left with metallicity effects as a possible explaoratit
is known that galaxies in semi-analytic models are genetplite
metal-poor even at high-masses; their metallicity barefiches the
solar value as discussed e.g. by Pipino et al. (2009), Heesi&
Thomas (2010, , their Figure 10) and also briefly pointed aut i
Tonini et al. (2009) and Pforr et al. (2012). Moreover, Sekst
et al. (2011) describe the difficulty in matching the mass as-g
phase metallicity relation at high-redshift even when iempénting
a sophisticated recipe for chemical enrichment. We shalfmeto
this point for the discussion.

region, between 3408 and 64004, which is not vastly different
between the two models, especially because the model galare
mostly old and have roughly half-solar metallicity. The iceoof

population synthesis model appears to matter, howeveigheh
metallicity, as we discuss below.

Guo et al. (2011) perform a similar analysis as in Figure 21,
by comparing the rest-frame — ¢ galaxy colours in bins of stel-
lar mass at redshift zero, using SDSS data. Models and data ar
found to compare remarkably well for galaxies with masses in
the rangelog M* /Mg ~ 9.5 — 10.5*°. At the high-mass end,
log M* /Mg 2 10.5, model galaxies are found to be bluer and to
span a narrower colour range with respect to the data. Thecgis
ancy discussed by Guo et al. is identical to the one we point ou
in Figure 21 for galaxies at redshift 0.5. Galaxy metallicities at
redshift zero are centred around 5. This value is smaller than
what is inferred by observational data using stellar pdjprtanod-
elling of absorption lines (Thomas et al. 2005, 2010; Gallaral.
2006; Smith et al. 2009), as discussed by Henriques & Thomas
(2010).

Hence, our conclusion is that the main cause of the discrep-
ancy between models and data for the colours of massiveigalax
lies in the metallicity, which is too low in the models. Guoadt
(2011) conclude the opposite, namely that metallicity/affects
are unlikely to be able to explain this discrepancy. Thischasion
is based on the evidence that the- ¢ colour of the Bruzual &
Charlot (2003) models for 12 Gyr and twice solar metalli¢and
a Chabrier IMF) is at most 3.07, whereas the peak of the data is
around 3 and extends up4e3.5. On the other hand, the equivalent
model from Maraston 2005 (for a Kroupa IMF) has-i = 3.47%°.
Hence, the semi-analytic models with a higher metallicity the
galaxies and using the MO5 stellar population models cowdttim
the colours, for metallicity values - between solar and éxgolar -
that are in accord with what is derived observationallysThiding
further stresses the importance of evolutionary poputasinthe-
sis for the theoretical modelling of galaxies (Tonini et 2009;
Henriques et al. 2011; Monaco & Fontanot 2010).

The conclusion from this section is that the most massive
galaxies in the models need to be more metal-rich to match the
observations.

6 SUMMARY AND DISCUSSION

We have calculated the photometric stellar masses for igalax

the BOSS survey from the commissioning stage through the firs
release of data to the public (DR9). We have used the BOSS spec
troscopic redshift and standard SDSS photometry, r, i, z, to
perform broad-band spectral energy distribution (SEDp{jttvith
HyperZ (Bolzonella et al. 2000) using various galaxy templates.
In particular, we exploit our previously published LumisoRed
Galaxy (LRG) best-fitting template (Maraston et al. 2009%jcla

is composed of a major metal-rich population containingesa

We also should comment on the effect of population synthesis (3% by mass) of metal-poor stars, both populations being coeval

models. We checked that the use of the BCO3 population models

makes only a marginal difference in the semi-analytic mquiet

18 Note that - as we use the observed frame where colours gedrrédd
cause of redshift - the large span in the observed coloursaoae from
uncertainties in redshift. The size of the mismatch betwdsga and model
is probably exacerbated by this effect.

19 At lower masses, the models are redder, which - as discusséiueb
authors - is due to substantial fraction of dwarf satell{i@aighly half) in
the models which finish their star formation early and becpassive. The
observed fraction of such passive dwarfs is substantiatigller. Our data
do not encompass this low-mass range hence we cannot afldtess this
problem.

20 See www.maraston.eu
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and in passive evolution. This template provides a goodrigesc
tion of the redshift evolution of thg, r, ¢ colours of LRG galaxies
in the redshift range 0.3 to 0.6 from the 2SLAQ survey (Mamast
et al. 2009; see also Cool et al. 2008 who used a preliminary ve
sion of the same template). This template was also used tgrdes
the target selection for BOSS (Eisenstein et al. 2011) heuantore,
as the BOSS target selection includes galaxies that are tiae
the classical LRGs, we also use a template suite allowingata
mation, ranging from standardmodels to constant star formation
and spanning a wide metallicity range (from 0.2 solar to éngo-
lar). For both templates we employ a Salpeter (1955) as wedl a
Kroupa (2001) Initial Mass Function (IMF) and consider thass
lost via stellar evolution.

Independently of the adopted template, the resultis th&80
galaxies are massive and display a narrow mass distrihutioich
peaks atog M/Mg ~ 11.3 for a Kroupa IMF. We also study the
uniformity of the mass sampling as a function of redshift &nd
that BOSS is a mass-uniform sample over the redshift rarge O.
to 0.6 (see also White et al. 2011). Qualitatively speakingpm-
pleteness emerges at redshift above 0.6lagd* /Mg < 11.

BOSS stellar masses 19

This is already visible in previous work (cfr. Figure 20 byzRetti
et al. 2010)However, the density of the most massive galaxies,
logM* /Mg 2 11.4, is larger in the data compared to the mod-
els over the explored redshift range. This discrepancy in@ases
down to redshift zero, as the models grow progressively bigg
galaxies consistently with the hierarchical mass build-upThese
conclusions are qualitatively consistent with those takgmevious
articles (Fontanot et al. 2009, Pozzetti et al. 2010, llbeal. 2010),
who noticed that the evolution at the high-mass end of thararap
mass function is much milder than the one at the low-massiend,
agreement with thbaryonic mass downsizin@®n the contrary, the
models display amp-sizingwhere the massive end and especially
the passive population (Cattaneo et al. 2008; Fontanot 208DB)
evolves faster with respect to the low-mass end. Due to thEBO
target selection we can only reach conclusions about thermigss
end here, but we are able to extend the analysis to the versiveas
end that was not probed previously.

The extension to high mass is crucial for understanding the
evolution of the most massive galaxies with respect to gafax
mation models. For example, Bower et al. (2006) concludethiea

The galaxy stellar mass depends on the adopted template, angredicted mass function in their semi-analytic models sdpces

generally it is not obvious which template is the best cha@ise
the galaxy star formation history is not known. To make a sbbu
template choice is especially difficult for large galaxyatstses,
in which objects cannot be handled on an individual basisobe
taining a unique set of reference stellar masses, we adogtan
pirical colour cut developed in a companion paper (Masteed.e
2011) which is able to separate galaxies with early-typeptmaio-
gies from later-type ones at redshift above 0.4. We then luse t
stellar masses obtained with the LRG passive model for gedax
on the ’early-type side’ of the colour criterium, and theuesd ob-
tained with the star-forming template for galaxies on théeitype’
side. In this way we obtain a merged mass distribution in vkhe
assignment of the stellar population template is motivétedhe
observed galaxy morphology and colours.

Noticeably, we also study using mock galaxies how well the
chosen template is able to recover the true stellar masgedBas
the results, we apply a correction ¢0.25 dex to the stellar mass
for the bluest (star forming galaxies) and we use an age cB8t of
Gyr as a limiting fitting age for the reddest and passive defax
The effects of these priors on the conclusions on galaxyuéeol
are shown in detail in an Appendix.

The BOSS galaxy sample used here, comprising
400, 000 massive galaxies at redshifts0.3 — 0.7, is ideally suited
to study at unprecedented detail the evolution of the most-ma
sive galaxies at late epochs. We compare the mass distribaitid
the colours of BOSS galaxies with predictions from semikgita
models of galaxy evolution based on the Millennium simolasi
(Guo etal. 2011; Henriques et al. 2012). The simultaneoogpeao-
ison of mass and colour is crucial. These quantities in thdeiso
are affected by the prescription for AGN feedback (Guo e2@l1;
De Lucia & Blaizot 2007; Croton et al. 2006; Cattaneo et a0
which is likely far too simplified, and probably incorrect detail
(Bower et al. 2012).

To perform a robust comparison free as much as possible
from possible completeness issues, we consider the modajhi-
cones using the BOSS effective area and the target selemiten
The large area of the BOSS survey and the selection cut aighe h
mass end allow us to pose results on an unprecedentedlyssalid
tistical ground.

Overall the models perforfiairly well in comparison with the
data in terms of stellar mass density distribution at retishi0.5.
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reasonably well the observations all over the redshift eafngm
zero to five. Examining their Figure 6, however, one notid¢es t
their model at redshift 0.5 lacks the most massive galaxies-c
pared to our BOSS results and to the semi-analytic modelssere u
here. Bower et al. could use only observed mass functioneiia
tended up to~ 10" M.

Almeida et al. (2008) on the other hand noticed that the ob-
served luminosity function of LRG at ~ 0.5 is not matched by
either the Bower et al. (2006) or the Baugh et al. (2005) semi-
analytic model of galaxy formation and evolution. The Bowér
al. model is successful at predicting such abundance at le@de
shift (z ~ 0.24). This implies a different redshift evolution in the
models and the data similar to what we find here. The models we
use in this work appear to be more successful at redshifh@ubat
lower redshift, as already discussed in the literature.

As star formation is quenched by AGN feedback in these mod-
els, the secular evolution of massive galaxies is mostlgrd@hed
by mergers, particularly by minor mergers, since for the tmuss-
sive galaxies the mass ratio to other galaxies is alwaylarge
relative growth of the mass function between0.5 andz=0 is
therefore strongly affected by the treatment of the physicstel-
lite galaxies. In particular, tidal disruption of stellaaterial can
significantly decrease the amount of mass accreted ontoiveass
galaxies, and move it into the intra-cluster light (Monadoak
2007; Henrigues & Thomas 2010). A more effective implemen-
tation of this process could help in reducing the excessivel lip
of massive galaxies in the Guo et al. (2011) models and ease th
tension withz=0 data.

We find that our light-coned mass function compares well with
the mass function based on th€OSMOS survey(Pozzetti et al.
2010).

The comparison with these previous analysis suggests that
BOSS is a complete sample at mag=2 - 10'* M/M, at red-
shift below 0.6 and> 4 - 10'* M /Mg, at redshift above 0.6. These
suggestions will be verified quantitatively in future warks

The BOSS mass function at: ~ 0.5 appears to be in ten-
sion with local mass functions in giving a higher number of
massive galaxies at high redshift with respect to redshiftero.
This tension is also seen in previous works. On the other hand
the most recent re-determinations of the massive end of the{
cal galaxy mass function (Bernardi et al. (2010)) give a higér
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mass density at the massive end, in better agreement with B&S
and the other high-z works. This is clearly a promising result
to follow up.
In summary, the BOSS mass function which extends up to

Planck Institute for Extraterrestrial Physics, New MexiState
University, New York University, Ohio State University, fresyl-
vania State University, University of Portsmouth, PrimcetJni-
versity, the Spanish Participation Group, University okyi@, Uni-

~ 102 M, represents the highest-mass mass function published versity of Utah, Vanderbilt University, University of Viigia, Uni-

so far in this redshift range in such detail in redshift andssa
BOSS now offers an interesting data base of massive galtoties
calibrating models of galaxy formation and evolution at kigh-
est mass end at high-redshift which is free by cosmic vaeiamz
small-number statistics.

A comparison of the colours of BOSS galaxies and models
demonstrates that BOSS galaxies define colour-mass redatin-
ilar to those of local galaxies, with colours becoming reddih
stellar mass. The models, however, span a narrower (blokric
range, and in particular their colours do not vary with stethass,
i.e. the models do not display a colour-mass relation. Weeatigat
the main driver for this discrepancy is the metallicity, atnin the
models is too low, a conclusion which is consistent with enice
from other work in the literature. Interestingly, Guo et @011)
discarded this possibility when comparing - in a similahfas as
we do here - SDSS galaxies with models at redshift 0. Theicloen
sion is based on the evidence that Bruzual & Charlot (2008} po
ulation synthesis model colours do not vary enough as aifumct
of metallicity as to encompass the observed colours. Onfttier o
hand, the Maraston (2005) model colours show a strongeatiani
with metallicity (between solar and twice solar) which wailist
be appropriate to reconcile the models with the data. In sarpm
an improvement to the models should go in the direction afiggi
a higher metallicity for the most massive galaxies.

The low metallicity of massive galaxies may be more a prob-
lem of semi-analytic models than galaxy formation in gehera
In fact, chemical enrichment in hydro-dynamical simulatiqoro-
ceeds more efficiently than in semi-analytic models andxigda
reach higher metallicities (Dave’, Finlator and Oppenhei2006;
Naab et al.in preparation Dave’ et al. 2012; Cattaneo et al. 2011).
On the other hand, semi-analytic models are still the mdisiefit
approach for large galaxy simulations, hence the goal shoeito
improve upon the star formation, chemical enrichment ard-fe
back in semi-analytic models of galaxies. Moreover, it maytte
full hierarchical growth, in terms of satellite accretiomdagas in-
fall, which is responsible for diluting the metallicity (Heques &
Thomas 2010), which is not yet included in full hydro-dynaati
simulations. Much effort is currently invested in galaxyrf@tion
science and the next few years will certainly see major siepdrd
towards the solution of these problems.
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APPENDIX A: COMPARISON WITH OTHER STELLAR
MASS CALCULATIONS IN DRS9.

Chen et al. (2012) calculate stellar masses for BOSS galasieg
the individual BOSS spectra and a procedure based on Paincip
Component Analysis (PCA) for obtaining the star formatitstidry

of the galaxy from spectral fitting. The PCA is run on a library
of stellar population models for a variety of ages, metgiéis and
dust content to identify its principal components over gst4frame
wavelength rang8700 — 5500 A.

Chen et al. present results based on both the Bruzual & Char-
lot (2003) and the Maraston & Stromback (2011) stellar papu
tion modeld!. Chen et al. assess the dependence of their results on
the different stellar population models. There is a cortstéfiset
of 0.12 dex, mostly concentrated at low galaxy ages, in the sense
of lower stellar masses obtained with the Maraston & Stréckb
(2011) models. This difference is most likely due to theatiit
energetics and temperatures in the phase of Red Super Giduet i
stellar evolution models adopted in the two population nm(kee
Chen et al. 2012). This offset is smaller than @2— 0.3 dex usu-
ally reported in the literature for stellar masses obtaiinech SED
fitting using Bruzual & Charlot and Maraston models (e.gettb
et al. 2010). The offset can be due to a combination of thewiall
ing two effects. First, BOSS galaxies are generally oldantthe
AGB ages { 1 Gyr) where the two models mostly differ. Second,
the wavelength range adopted in the fit does not includefraste
near-IR wavelengths where the two models differ the most.

Here we focus on the dependence of stellar mass on the two
methods, namely high-resolution spectral fitting versasbsband
SED fit. Hence we focus on the comparison at fixed population
model and we adopt Chen stellar masses based on the Maraston

21 The Maraston & Strdmback (2011) stellar population modets the
high-resolution version of the Maraston (2005) we adopeHer the star
forming template, and use empirical stellar libraries,rathe LRG model.
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& Stromback (2011) models. Figure Al shows the difference i
stellar mass between the valuesiaf* derived in this work and
those by Chen et al. (2012), both based on Maraston’s motteds.
difference is shown as a function of the median spectrafS/N
constant offset of 0.2 dex is evident, with the spectral mabging
larger than our photometric ones. This difference is indepat of
the S/N.

Also Chen et al. (2012) find that spectral stellar masses, at
BOSS S/N, are higher, by 0.1 dex, than those they derive from
broad-band SED fitting om, r, 4, z, using the same model tem-
plates.

Still, the discrepancy we find~( 0.2 dex) is larger than the
one quoted by Chen et al. (2012). Here there is another factor
tering, namely the model star formation history. We use atiyios
passive template and do not include reddening from dusten th
fitting, while Chen et al. include star formation and dust.ih
the mere use of the passive template should push the antlysis
higher masses (as the M/L of stellar population models asae
with age), the inclusion of dust may force the model to fit for a
larger old component than in case of a single age templatalto b
ance the younger and dusty component. This increases thalglo
MIL ratio, hence produces a highaf+23. A similar conclusion is
drawn in Chen et al. (2012), who show (their Figure 13) tha¢mvh
dust is excluded, theid/x* is reduced by~ 0.08 dex. It is sug-
gestive that - using emission line information - Thomas e2@12
(Figure 8) find very little dust in the reddest CMASS galaxies

Hence, the different priors used in constructing the two ehod
libraries and the low S/N of the BOSS data appear to explan th
discrepancy in stellar masses.

Nonetheless, we explored two further possible sourcesfof di
ference that can affect the stellar mass derivation. RlistPCA-
spectral stellar-mass-to-light ratios derived by Chenl.ef2012)
are based on the light which falls within the 2 arc-second SDS
fiber and translated into total galaxy masses by multiplyiregde-
rived M/L ratio by the light (in thei-band) derived fronecmodel-
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Figure B2. Rest-frame colourr-magnitude diagram of BOSS (CMASS and
LOWZ) galaxies for the passive LRG template.

ours. However, this trend refers to our photometric SEDafif it
may be different in case of spectral fitting.

The second effect that may be acting to cause the mass dis-
crepancy is related to the fact that we include thband in the
SED fit, while Chen et al. do not. We repeated our calculatimns
excluding theu-band, but the results hardly change (Figure A2,
right-hand panél. The mean of the distribution is 0.038 dex, with
standard deviation 0.11 dex (and mean of 0.039 dex with atand
deviation of 0.098 for the high-sample).

In summary, we investigated and discussed the sources-of dif
ference between stellar masses from broad-band SED fit asd th
derived via spectral fitting of individual spectra. From @het
al. one sees that - due to the limited quality of BOSS data - the
mass obtained via spectral fitting is 0.1 dex higher then tB-S

mag As already pointed out by Chen et al., this approach assumesfit masses. In addition, the different priors used in cormsing

that the M/L is constant over the whole galaxy. However, ibga
ies have colour gradients that are detected by the dataytiddw/L
will not be the same as the MI/L ratio within the fiber. To qunti
this effect, we perform SED fit using fiber-magnitudes, astaling
them to the brightness of thdbandcmodelmagas in our standard
procedure.

Figure A2 (eft-hand panélshows that there is indeed a slight
difference between the two mass estimates - true total massm
the total mass obtained from the fiber magnitudes scaledtiith
total luminosity. The total masses are slightly larger tttefiber-
scaledones (mean of 0.044 dex, with dispersion of 0.1 dex, and
0.046 dex with dispersion of 0.098 dex for the higlsample, red
histogram in Figure A2). This is due to slightly larger agbtained
using total magnitudes. Hence, this effect cannot explegroffset
with the Chen et al. masses, because their masses are laager t

22 The different absolute scale of S/N in Figure A1 compared ituie
12 of Chen et al. 2012 is due to the fact that here we use the rSthei
spectral window700.57 — 5498.80 A, whereas Chen et al. used the S/N
determined over the entire spectrum. The trend of the casgrais not
affected by this choice.

23 This is the opposite effect reported by Maraston et al. (2@bal Pforr
et al. (2012), who find that when dust is included,* decreases because
dust favours young solutions with a low M/L. However, thisuk holds for
single-age fitting, while Chen et al. consider a compositbpopulations
and in this case exactly the opposite effect happens.
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the model libraries push the spectral-based stellar massesds
higher values. The sum of these effects can explain thereifte
between the spectral masses and our SED-fit masses.

APPENDIX B: MODEL REST-FRAME MAGNITUDES OF
BOSS GALAXIES.

The fitting of theoretical templates to derive galaxy stefl@sses
allows us to obtain other interesting quantities. Using éhp
we generated the rest-frame magnitudes,in, r, 7, z of the best-
fitting template for all BOSS galaxies. These are the madegu
each galaxy has according to the best-fit template in itsfraste,
e.g., M, represents the magnitude in thdilter at rest. We have
also calculated: and evolutionary corrections which will be pub-
lished separately.

The two panels of Figure B1 show the rest-frame magnitudes
of BOSS galaxies according to the passive LRG and the SF tem-
plate. There is hardly any difference in these results dtiegsim-
ilar age distribution that is obtained independently of &issumed
template.

Finally, Figure B2 shows the rest-framge— r vs r colour
magnitude diagram for BOSS galaxies. The uniformity of te-s
ple is reflected in a galaxy population spanning a narrownsitc
colour and magnitude range.
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APPENDIX C: EFFECT OF STELLAR MASS
DERIVATION ON THE STELLAR MASS FUNCTION.

In this Appendix we report the results of experiments in Whie
varied the stellar mass templates and priors and assessetfebt
on the mass function. Each plot should be compared to Fidure 1

Figure C1 displays the stellar mass function of CMASS galax-
ies (red points with errors), where we have not applied thieeco
tion of +0.25 dex to the stellar masses obtained for star forming
galaxies (Figure 15, Section 4.1). As can be appreciated fre
comparison between the two mass function plots, this cseatks-
crepancy af\[* ~ 10" My, which increases towards higher red-
shift (due to a higher fraction of galaxies with bluer colim the
selection cut and to generally younger galaxy ages). Fremibck
experiment, we conclude that this discrepancy is artificial

Figure C2 shows the mass function where we relax the min-
imum age constrain of 3 Gyr in the LRG template. In this case, a
fraction of galaxies with redy — ¢ colours get fitted ages lower
than 3 Gyr, hence a lower stellar mass, which has the effect at
slightly shifting the mass distribution towards lower wedu This
worsens somewhat the comparison between data and modeds at t
lowest mass end. While this option of template fitting is natvid
in principle, in practice it gives underestimated stellaasses for
mock galaxies (cf. Figure 12). Based on this, we prefer th®op
in which a conservative age limit of 3 Gyr is applied.

Finally, Figure C3 shows the case in which the LRG passive
template (with a minimum age constrain) is used for all geksin-
dependently of their colours. This gives higher massesedkher
galaxies which creates a sizable discrepandyfat~ 10"

Mg . The results from Figure 14 suggest that the use of this tem-
plate with minimum age of 3 Gyr overestimate the stellar nudss
mock galaxies witly —¢ < 2.35 (black points), hence we conclude
that this discrepancy is artificial.

These examples emphasise how crucial the calculation of
galaxy stellar masses is for our understanding of galaxiugeo.

The assumptions related to the galaxy star formation héstaf-
fect the comparison between models and data possiblyrajtdre
conclusions.

Note also that - in the case of the BOSS sample which contains
a large number of intrinsically red and passive galaxieshvlaire
the most massive ones - the assumptions for the bluest oggstin
galaxies do not alter the comparison at the high mass end.

APPENDIX D: OBSERVED-FRAME
COLOUR-MAGNITUDE DIAGRAMS OF BOSS
GALAXIES.

Several observed-frame colour magnitude diagrams for BOSS
galaxies are displayed in the following figures, which aralen
gous to Figure 16. The same conclusions as in Section 5.3ean b
drawn from these plots.

APPENDIX E: TABULATED MASS FUNCTION

This paper has been typeset fromgXmMATEX file prepared by the
author.

(© 2012 RAS, MNRASDOQ, 1-25
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Table E1. Stellar mass function of BOSS galaxies in three redshif$ (@s plotted in Figure 19.)

redshift logM*/Mgo  Nga  ®(h®Mpc~3mag™1) o+a o—2

0.45 — 0.55 9.95 2 4.627-10~8 6.150-10~%  3.060 - 108
10.05 7 1.619 - 107 8.753-10"%  6.010-108
10.15 2 4.623-10~8 6.149-10~%  3.060- 108
10.25 4 9.254-10~8 7.355-10"%  4.480-10"8
10.35 6 1.388-10~7 8.324-10~% 5.547-10~8
10.45 10 2.313-1077 9.808 - 108  7.224.10"8
10.55 18 4.164-1077 9.815-10"% 9.815-10~8
10.65 37 8.559-10~7 1.407-10—7  1.407-10"7
10.75 93 2.151-106 2.231-10~7 2.231-1077
10.85 391 9.045-10—6 45741077  4.574-1077
10.95 2656 6.144 - 10~° 1.192-107% 1.192-10-6
11.05 13936 3.224-1074 2.731-107% 2.731-10-¢
11.15 26446 6.120 - 10— 4 3.762-10% 3762106
11.25 23258 5.380- 104 3.528-10"% 3.528 106
11.35 25919 5.996 - 10~4 3.724-10% 3.724.10"6
11.45 16346 3.781-10~% 29581076 2.958.106
11.55 12119 2.804 - 104 2.547-10~6 2.547-.10°6
11.65 6851 1.585- 104 1.915-10~6% 1.915-10-¢
11.75 2678 6.193-107° 1.197-10~% 1.197-10-6
11.85 1361 3.148 - 10° 8.534-10~7 8.534-10"7
11.95 383 8.860-10—6 4.527-10~7  4.527-1077
12.05 134 3.100-10—¢ 2.678-10~7 2.678-107
12.15 22 5.089-10~7 1.085-10~7 1.085-10~7
12.25 10 2.313-1077 9.898-10"% 9.898 108
12.35 4 9.254-10~8 7.355-10~8  4.480-10~8
0.5—0.6 10.05 3 6.034 108 5.907-10~%  3.336-10"8
10.15 1 2.011-10-8 4.672-10"8% 1.742.10~8
10.25 2 4.023-1078 5.347-10"%  2.661-10"8
10.35 7 1.408 - 107 7.611-10~% 5.226-10"8
10.45 11 2.213-1077 6.671-10"% 6.671-10"8
10.55 31 6.236-10~7 1.120-10—7 1.120-10-8
10.65 61 1.227-10—6 1.571-10~7 1.571-10"7
10.75 188 3.782-10-6 2.758 -10~7  2.758 -10~7
10.85 575 1.157 - 105 4.823-1077 4.823-1077
10.95 1607 3.232-10°° 8.064-10~7  8.064 -10~7
11.05 9912 1.994 - 104 2.003-10"6% 2.003-10"¢
11.15 26898 5.411-10~4 3.299-10%  3.299 .10-6
11.25 25827 5.195-10"4 3.233.107% 3.233.10°6
11.55 12584 2.531-10"4 2.256-10~6  2.256-10-6
11.65 7550 1.519 - 104 1.748 -10~6  1.748 .10=¢
11.75 3207 6.451 -10~° 1.139-10~6  1.139-10-6
11.85 1603 3.224-107° 8.054-107 8.054-10"7
11.95 482 9.695-10—6 4.416-10~7  4.416-10"7
12.05 166 3.339.10-¢ 2.592-10~7 2.592-10"7
12.15 36 7.241-107 1.207-10—7  1.207-10"7
12.25 8 1.610 - 107 7.962-10%  5.599-108
12.35 4 8.046 - 10~8 6.395-10"%  6.395-10"8
0.6 —0.7 10.05 1 1.595-10~8 3.705-10"% 1.381-10~8
10.15 1 1.595 - 108 3.705-10—% 1.381-108
10.25 3 4.785-10~8 4.683-10~% 2.645-108
10.35 5 7.975-10"8 5.419-10~% 3.476-10"8
10.45 17 2.711-10~7 6.576-10"%  6.576 - 108
10.55 73 1.164 - 106 1.363-10~7 1.363-10"7
10.65 299 4.769 - 10~6 2,758 -10~7  2.758 .10~ 7
10.75 627 1.000 - 10—5 3.994.10=7 3.994-10"7
10.85 1042 1.662¢ - 10~° 5.148 -10~7 5.148-10~7
10.95 868 1.384-107° 4.699-10~7  4.699 -10~7
11.05 1043 1.663 -10~° 5.151-10~7 5.151-107
11.15 2250 3.588-107° 7.565-10~7  7.565-107
11.25 7545 1.203-10~% 1.385-10~% 1.385.10"6
11.35 14158 2.258 - 10~ 4 1.897-10=% 1.897.10-6
11.45 10136 1.617-10~% 1.606 -10~%  1.606 - 10—6
11.55 8445 1.347-10~% 1.466 -10~6  1.466 - 10~¢
11.65 5972 9.525-107° 1.232-107% 1.232.10~6
11.75 2881 4.595-10~5 8.561-10~7 8.561-10~"
11.85 1688 2.692-107° 6.553-10~7  6.553-10~7
11.95 609 9.713-106 3.936-10~7 3.936-10~7
12.05 222 3.541-106 2.376-10~7  2.376-10~7
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Figure C2. As in Figure 19, but without applying a minimum age to the paskERG template of 3 Gyr (Figure 12).
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Figure C3. As in Figure 19, but using the passive LRG template with mimmage of 3 Gyr for all galaxies independently of their cotour
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Figure D1. g — r observer-frame colour vs stellar mass for BOSS/CMASS gedaand semi-analytic models, as in Figure 21.
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Figure D2.r — 7 observer-frame colour vs stellar mass for BOSS/CMASS @edaand semi-analytic models, as in Figure 21.
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Figure D3. g — i observer-frame colour vs stellar mass for BOSS/CMASS gedaand semi-analytic models, as in Figure 21.
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Figure D4.u — 1 observer-frame colour vs stellar mass for BOSS/CMASS gedaand semi-analytic models, as in Figure 21.
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