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ABSTRACT

The formation of massive spheroidal galaxies is studied wisw@ally classified sample ex-
tracted from the AC3AST images of the GOODS North and South fields, covering a total
area of 360 arcmi The sample size (910 galaxies brighter thgpsw = 24) allows us to
explore in detail the evolution over a wide range of redsh{ft4 < z < 1.5; median redshift
0.68). Three key observables are considered: comoving numinsitgignternal colour distri-
bution; and the Kormendy relation. The comoving number tign$the most massive galax-
ies is found not to change significantly with redshift. Egéation of our sample to z=0 gives
an increase of the comoving number densityaf > 10 M, galaxies by a factor 2 between
z=1and z=0, in contrast with a facter50 for lower mass galaxied (' < M,/M < 10'1).
One quarter of the whole sample of early-types are photacadlirclassified as blue galaxies.

On a volume-limited sample out to<®.7, the average stellar mass of the blue ellipticals is
5-10° M compared tet - 10'° M, for red ellipticals. On a volume-limited subsample out to
z=1.4 probing the brightest galaxie®/{, < —21) we find the median redshift of blue and red

early-types: 1.10 and 0.85, respectively. Blue early-sypely amount to 4% of this sample
(compared to 26% in the full sample). The intrinsic colowtdbution correlates overall bluer
colours withblue coregpositive radial gradients of colour), suggesting an iasidit process
of formation. The redshift evolution of the observed colguadients is incompatible with
a significant variaton in stellar age within each galaxy. Slupe of the Kormendy relation
in the subsample of massive galaxies does not changeboet z < 1.4 and is compati-
ble with z=0 values. The “zero point” of the Kormendy Relati@.e. the surface brightness
at a fixed half-light radius) is 1 mag fainter (in tli#band) for the subsample of low-mass
(Mg < 3.5-101%M) early-types.

Key words: galaxies: elliptical and lenticular, cD - galaxies: evaut- galaxies: stellar

content

1 INTRODUCTION

For several decades the formation of luminous early-tydaxga
ies has occupied a central debate in observational assmshyA
comprehensive literature on these objects has convincesghb-
lished that the bulk of the star formation in these systerkesta

place at high redshift (2, 2 e.g.. Bower et al. 1992; Stanford e al.

1998) with possibly no star formation activity thereaftea model
that is often referred to as the ‘monolithic collapse hypstk'.
This is borne out primarily by theptical properties of early-
type populations and their strict obedience to simple sgaléela-
tions over a large range in redshift. This includes the siszdt-
ter in the early-type ‘Fundamental Plane’ (e.g._Jgrgensaf e
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1996; | Saglia et al. 1997) and its lack of evolution with look-
back time (e.g.l_Forbes etlal. 1998; van Dokkum & Franx 1996),
the homogeneity and lack of redshift evolution in their oati
colours (Bower et al. 1992; Ellis etlal. 1997; Stanford €18I98;
van Dokkum et all._2000) and evidence for shoit (I Gyr) star
formation timescales in these systems, deduced from the ove
abundance oft elements(e.g._Thomas etlal. 1999).

While the monolithic hypothesis reproduces the opticappro
erties of early-type galaxies remarkably well, it does rnibtem-
fortably within the currently acceptedCDM galaxy formation
paradigm, in which early-type galaxies are thought to fdmmtigh
a hierarchical buildup process. Semi-analytical modélst tom-
bine simulations of hierarchical structure formation wiimple
recipes to describe the baryonic physics (star formatibanical
enrichment and feedback from the supernovae and activetgala
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nuclei) have enjoyed broad success in reproducing sevaspep
ties of the galaxy population in the low redshift Universeg.g.
Cole et all 2000; Hatton etial. 2003).

While the predicted bullbhotometricproperties of early-type
galaxies have met with reasonable success(e.g. Kavirh|26Gb;
De Lucia et al. 2006; Kaviraj et al. 2007; Kaviraj 2008), diffities
have remained in reproducing the short star formation tiaes
implied by the high alpha-enhancement ratios. While impcov
prescriptions may produce better agreement to the obseatied
(Pipino et al. 2008, in preparation) this remains one of thestm
important challenges to the current incarnation of seraihdital
models in terms of reproducing the properties of early-tyakax-
ies.

Nevertheless, the discovery, using rest-frame UV data, of
widespread low-level recent star formation (RSF) in e&ype
galaxies, both at low redshift (Kaviraj et al. 2007) and &time-
diate redshifts| (Ferreras & Silk 2000; Kaviraj etlal. 20089ints
towards a more extended star formation history than prelyaen-
visaged. While much of the work that underpins monolithit co
lapse was conducted in the nearby Universe, early-typelatipus
at higher redshift are rapidly becoming available througépopti-
cal surveys. These surveys offer an unprecedented windowtia
star formation histories of early-type galaxies over thst &billion
years, crucial for understanding their formation and etvoiu

Surveys that combine ground-based photometry with imag-
ing from the WFPC2 and ACS cameras on board kthebble
Space Telescof#!ST) additionally provide the angular resolution
(FWHM ~ 0.1") to perform spatially resolved analyses of stellar
populations down to physical projected sizes~ofl kpc at z-1
(e.g. LFerreras et al. 2005). In agreement with their lovshétl
counterparts, recent studies that have exploited suci+Bgé data
at intermediate redshifts have found that the bulk of thefstana-
tion in these objects does indeed form at high redshift. Hewe
tell-tale signatures of the recent star formation foundha UV
studies are clearly visible. A significant fraction of eatypes (up
to 20%) exhibit blue cores that are characteristic of restantfor-
mation (Menanteau et ial. 2001; Ferreras &t al. 2005; Passial
2006). Furthemore, spectroscopy has revealed [Oll] eonidsies
in a similar fraction of field early-type galaxies (Schadelefl999;
Treu et all 2002).

We present in this paper an extension of the sample in
Ferreras et all (2005) — which was restricted to CDFS — touhe f
coverage of the AC$/STimages of the GOODS North and South
fields. However, notice that the sample presented tiees noap-
ply the selection based on the Kormendy relation in contiast
Ferreras et al. (2005). The only constraint applied on theptase-
lection is visual classification. The depth and superb argekolu-
tion of the images enable us to accurately determine sizsosal
magnitudes (which translate into stellar masses). We camrdae
in a robust way thenternalcolour distribution and the Kormendy
relation, out to redshifts Z 1.2. We improve on_Ferreras ef al.
(2005) by constraining the selection method to visual diaasion
(i.e. removing the Kormendy Relation constraint) and bysthg
volume-limited subsamples.

2 THE SAMPLE

We describe in this section the definition of auband selected
(F775W), visually classified sample of early-type galaxi€ke
sample is extracted from the AG$$Timages of the Great Obser-
vatories Origins Deep Survey (GOODS; _Giavalisco et al. 2004

Both North and South fields are included, covering a toteh arfe
320 arcminl equally split between the two fields. The images con-
sist of four deep exposures through ACS passbands FA43B)WV (
F606W (), F775W ¢) and F850LP £). The images are drizzled
with a final pixel size of 30 mas and include a weight map used
for the estimates of photometric uncertainties. The werghps
also allow us to generate realistic mock galaxies used &sagshe
accuracy of the half-light radii (see appendix A). The vistlas-
sification was performed on the version 1.0 images, wherkas a
the subsequent work: photometry, size determination atnithéic
colour distribution was done on the recently released oBrgi0
images (Giavalisco and the GOODS Team, in preparation)s Thi
version has a significant increase in the S/N oftla@d thei bands.
The methodology presented in this paper was already applitba
v1.0 images. We find an improvement on the photometric arel siz
uncertainties, but no major difference in the overall bétavof

the sample.

2.1 Size and Magnitude Estimation

We started by selecting all objects with magnitude
MAG_AUTO < 24.0 from the GOODS ACSir775w Source
catalogues (v1.1; detections based on thesorr band). We
use hereafter elliptical apertures for each galaxy, adgpthe
source centre and ellipse shape (position angle and eitiptias
given in the catalogues, keeping it fixed throughout the gsec
Several objects missed by the GOODS detection, presumably
due to proximity of a bright neighbouring source, were itesgr
manually, using Source Extractor (Bertin & Arnouts 1996) to
determine their shape. This initial sample contains 7,462ats
(3,992 in GOODS-North and 3,470 in GOODS-South).

The GOODS ACS images suffer from residual (i.e. non-zero)
background flux, which typically reaches a level of 1/5 of tioése
RMS in their77sw band. This background, along with a value of
the noise RMS, was determined individually for each galaxya
single value that corresponds to the median pixel valueirvith
21" x 21”-box, applying five iterations of clipping outliers at 2.3
standard deviations. All sources were masked in this psyaes
ing 2.0 times the KRONRADIUS, taken from the official GOODS
catalogues.

Proper masking of neighbouring galaxies is crucial for & rel
able determination of the Petrosian rad|us (Petrosian)l @ttthe
one hand, object masks should be large enough to cover &diroen
inating light of close neighbours. On the other hand, if hbigur
masks are too large they could encompass a big part of thettarg
galaxy, rendering unreliable estimates of the PetrosiatilRa

After testing several ways to define the masks — e.g. using the
KRON_RADIUS or a preliminary Petrosian radius — we adopted
an elliptical aperture that extends out to a surface brigggrcorre-
sponding to one half of the local noise RMS (“half-noise seajor
axis” or “half-noise SMA"). In addition, we apply an iteraé out-
lier clipping procedure in the surface brightness calioiest used
to determine the Petrosian radius, as described beloweldeter-
mination of the half-noise SMA, initial object masks weredshat
were based on the KRQRADIUS from the catalogues.

For each galaxy, we define a “Petrosian semimajor axis” (here
after Petrosian SMAgpetro), i-€., in the calculation of the Pet-
rosian radius, we use ellipses instead of circles (cf. Lo&d|2004;
Lisker et al. 2007). As mentioned above, the elliptical shapd
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Figure 1. Distribution of concentration, as defined in Bershady 528100)
and My for all galaxies withigp775w < 24 (grey dots). Our final — visu-
ally classified — sample of early-type galaxies in the GOODStiNand
South fields is shown as black crosses. At the top-right catnand My
correspond to a one-component distribution with a high iSénslex. To-
wards the lower left corner, the contribution of a second ponent (i.e. a
disk) makes My increase faster than C, resulting in a change of slope.

source centre of each object were taken from the GOODS offi-
cial catalogues, and kept fixed during the process. The $etro
SMA was defined as the semimajor axisat which the local in-
tensity falls below one fifth of the average intensity withinThe
local intensity is measured as the average intensity wéhiellipti-
cal annulus reaching frof9a to 1.1a, applying five iterations of
clipping outlying pixel values at 2.3 standard deviatioNgigh-
bouring objects were masked using the half-noise SMA, or the
KRON_RADIUS for sources witiMAG_AUTO > 24.0. For 250
objects (3.4%), a neighbouring source was so close thatatkm
encompassed the centre of the target galaxy, rendering @sket
SMA derivation impossible. For another 72 objects (1.0¥%g,de-
rived Petrosian SMA is clearly too large from visual inspagtin
most cases caused by diffuse light or background inhomaiiesne

To obtain the total magnitude, effective radius, and eiffect
surface brightness of each galaxy, we measured thgw flux
within @ = 1.5 apetro, and the semimajor axis containing 50% and
90% of this flux @so andago, respectively). For galaxy images af-
fected by a neighbour mask — therefore without a PetrosiaA SM
we used the KRONRADIUS instead ofa = 1.5 apetro, and per-
formed no masking of neighbours. For those whose Petrodith S
was found to be too large, we also adopted the KRRADIUS,
but did mask neighbouring galaxies. From a comparison @-cat
log magnitudes (MAGAUTO) with final magnitudesr;) for our
early types, we find that for 3-4% of the objects, the final ntagn
tude is brighter by more thalh5 mag than the catalog magnitude.
Based on our preselection of galaxies WilAG_AUTO < 24.0,
we estimate our completeness to be 95%at< 23.5 mag.

The flux lost due to masked areas within the aperture was
corrected by assigning the azimuthally averaged intenisitthe
masked pixels. We then applied a correction to the estinfdtelb
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Figure 2. Comparison between our photometric redshifts and puldishe
spectroscopic redshifts (see text for details). Solid (@p&cles correspond
to photometric early (late) types. The comparison is refti to galaxies
with ip775w < 23 (with the full sample down tég;75w < 24, the stan-
dard deviation of the comparison is 0.13). The long (shoahed lines
show the sample mean (rms). The rms given in brackets camésip the
scatter when & outliers are removed from the sample. Inset: Redshift dis-
tribution of the complete sample (both North and South figldiek solid
line), using spectroscopic redshifts where available. ther histograms
split the sample into photometric early- (dashed line) ae-types (dotted
line).

light radius and apparent magnitude. This correction wasioéd
from simulations of galaxies with Sersic surface brightna®files
and realistic noise obtained from the GOODS/ACS weight maps
Notice that this correction fixes two different effects: th@minant
one in this case comes from the fact that the apparent sieetome
to the resolution limit of the observations. The secondexdiion is
required as light measured within an aperture will lose fund this
loss is related to the steepness of the surface brightnege§see
e.g. . Graham & Driver 2005; Graham etlal. 2005). Our simutetio
show that the correction can be written as a function of tweeob
ables: the dominant one is the estimatedaRd the second order
one is the concentration, measured ag/Rso (see appendix A for
details).

The simulations allow us to assess the accuracy of the re-
trieved size, magnitude and apparent surface brightness nfock
samples of 910 galaxies each were generated with the samesval
of ir77sw and R as the real sample. These galaxies were given
a random eccentricitp < e < 0.6, position angle, and_Sersic
(1968) index2 < n < 4. We could sucessfully retrieve the half-
light radius with an accuracy of 9%, the;7sw -bandtotalapparent
magnitude within 0.05 mag, and the average sw-band surface
brightness within the half-light radius to within 0.16 maseé
(see appendix A for details).

2.2 Morphological Classification

Galaxy morphology studies (e.0. Abraham et al. 1994; Lotdlet
2004; Menanteau et &l. 2004; Scarlata et al. 2007) still Eck-
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liable classification method in an unsupervised way witheptc
able levels of contamination and completeness. Curreadtlthese
methods always require visual inspection. We decided td¢ahe
selection of early-types only by visual inspection. The t&dield
sample of early-types was taken from Ferreras et al. (200iF),
a total of 377 early-type galaxies, out of a total of 3,470ageds
atirrrsw < 24 (10.9%). For the North field we follow an iden-
tical procedure. All sources brighter tham;7sw = 24 mag are
inspected by the four authors of this paper. We dsé] to view
each galaxy in all four bands. After a first selection, we ptea
early-type galaxy if classified as such by at least three offus
second pass of visual inspection by the same people follthiss,
time restricted to the list of galaxies already labelledimtyrthe
first pass as early-types by one or two of us. Galaxies cladsifi
as early-types by three of us in this second pass are addee tio t
nal sample. Out of 3,992 sources in the North field, we salea38
galaxies (13.4%), with a total in both fields of 910 galaxigse dif-
ferent fraction is compatible within Poisson statisticattRemore,
Cosmic Variance will certainly have an effect on the disaregy
between the North and South fields.

Two “non-parametric” measures of galaxy morphology are
shown in Fig.[1 for our sample: the concentration indé€x (
Bershady et al. 2000), and the2, parameterl(Lotz et al. 2004).
C = 5log Rso/R20, Where Ry is defined as the radius within
which one hasX percent of the total fluxi{yo is the normalized
second-order moment of the brightest 20% of galaxy pixets (
matter where they ayeand thus quantifies whether these pixels are
confined to a small region or widely spread. The figure, amaleg
to Fig. 1 in_Ferreras et al. (2005), shows that the majorityadéx-
ies follow a well-defined relation in th€-M20-plane, which con-
sists of two linear parts with different slope. The changslope
marks the transition between bulge-dominated and diskinkted
or irregular objects: for the former, the brightest 20% ofats are
fully located in the centre, whereas for the latter, a grapiaction
is located outside of the central region.

2.3 Redshift and Rest-frame Estimates

We retrieved the latest publicly available spectroscopitshift cat-
alogues from the GOODS fields: FORS2 (Vanzella et al. 2008) an
VVDS (Popesso et al. 2008) in CDFS and the Team Keck Red-
shift Surveyl(Wirth et al. 2004) in HDFN. In Ferreras et al00%)
photometric redshifts were taken fram_Maobasher et al. (2664
galaxies without a spectroscopic measurement. In thisrpape
determine our own photometric redshifts both in the Nortd an
South fields for consistency. Our code is based on a temptate fi
ting technigue without any priors and uses a set of eight kztep
built from|Bruzual & Charlot|(2003) population synthesis aets.
Each template is a-model, i.e. a composite stellar population
at solar metallicity with an exponentially decaying stamfiation
rate (). We fix the formation redshiftiz=3 for all templates, with
timescalesr = {0.05, 0.5,1.0, 2.0, 4.0, 5.0, 6.0, 8.0} Gyr. We la-
bel these star formation histories with an integgft=- -, 7}. The
templates are tranformed according 1o a Fitzpatrick (1%8@)for
Galactic reddening with a colour excess E(B-V)=0.012 (HDFN
and 0.010 (CDFS), values taken from Schlegel et al. (1998t
central positions of both fields. Each model is run over a eaofg
redshifts out to z=3 with the available photometry estirdateer a

2 http://hea-www.harvard.edu/RD/ds9/

60

T o @ F T o
[ 12 F 12
© | —CDFsS . - .
©r dg 1z
[ —HDFN 1 S ]
eF 18 [ 18
L 10 - Jo
ol 1% &F 17
@f 1o i Jo
[ 1< 1@
- log(M,/M,) s log(R,/kpc) ]
Sl Farl T T P P i R el @
8 9 10 11 12 0.1 1 10
R ARERE R T
8 '88__ Jo
L 11— N 1o
| 1o oF ]
L {19 o Jo
r 1= 1°
[ 1° oL .
: :O*- _.3
sl 1= ]
L ] <= Jo
i _8‘“: 1
1 B Redshift ]
S rairl IR PP PP AP e B el IPSPEPUTS APRTPEPS IPEPRTIT e
-16 -18 -20 -22 -24 0 0.5 1 1.5

Figure 3. Distribution of various observables. The histograms s&pdve-
tween the North (grey) and the South (black) fields in ordélustrate the
effect of Cosmic Variance.

fixed aperture. The photometry comes from the GOODS/ACS im-
ages B,V ,i,z) and is directly extracted from the publicly available
v2.0 images. For HDFN we also include ground-based photome-
try from [Capak et al.| (2004); which includes KPNO/4iirband
and UH/2.2mH K’ data. In CDFS optical and NIR photometry is
taken from WFI/NTT and ISAAC/VLT as used in the photometric
redshift catalogue of Mobasher et al. (2004).

Figure[2 shows a comparison of photometric and spectro-
scopic redshifts for galaxies brighter thar7sw < 23. The av-
erage (0.002) and scatter (0.091) of the discrepancy — mexhas
Az/(1 + zs) — is comparable to the best redshift estimates avail-
able (Maobasher et al. 2004, 2007). If outliers at the level are
removed from the sample, the scatter reduces to 0.061. &ke fr
tion of outliers is 2.9% with no significant dependence oraggl
type.

Our photometric redshift code also identifies each galaxky wi
the template that gives the best fit. This allows us to sptisdimple
into “photometric” red and blue galaxies depending on wéethe
best fit corresponds to old or younger stellar populations cdm-
pared this new classification — using the templates predeiteve
— with those done in_Ferreras et al. (2005), which were based o
the photometric types from_Mobasher et al. (2004). In thigepa
we choose the separation between photometric red and bipe el
ticals at the third template (t=2): all galaxies which arsttfé by
an exponential timescale of 1 Gyr or shorter are considered“
throughout this paper. With this choice, the number of “redrly-
type galaxies in the total sample is 67015%). The fraction of red
early-types in the North and South fields is 375/533 and 2Z95/3
compatible within Poisson error bars.

In addition, we used redshifts determined for a subsample of
our dataset, for which IF and AP have access to AT slit-
less grism spectroscopy (G800L) from the PEARS projecti{Pro
ing Evolution And Reionization Spectroscopically; Pl S. Mz
tra; HST Proposal ID # 10530) The low-resolution spectra-(R
50 — 80) allowed us to secure redshifts with comparable accu-
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Figure 4. Redshift evolution of the comoving number density: Band absolute magnitudie(f) and stellar massight) is compared with/ (< z), i.e. the
comoving volume within a given redshift (the redshift apjsea the top axis). Vertical lines delimit redshift bins dse the analysis of the number density in
the next figure, with the upper and lower limits shown as stiadgions. Galaxies are shown as grey dots (photometrig-ggue) or open circles (late-type).
The curved, thin solid lines in the left panel are the limgtiy775w = 24 for a photometric early- or late-type. The thick line andhdablines above and
below illustrate the sample separation into “bright” anditit” subsets (or high and low stellar mass in the right peses text for details). Grey areas in the
left panel arel.. values fromllIbert et all (2006). The dashed line in the méssfpllows M. from|Fontana et all (2006).

racy to the spectroscopic ones because of the prominent?4000 Tapje 1 The sample of early-type galaxies-¢rsw < 24)

break found in most of these galaxies. For details we reteiniter-
ested reader to the paper on the analysis of the grism datetfr®
GOODS early-types (Ferreras et al., in preparation), orsiongdlar
study on the HUDF (Pasquali et al. 2006). Out of the total damp
of 910 early-type galaxies in this paper, we have spectpsanr
grism-based redshifts for 541 galaxies. Hence, 59.5% ofdta
sample have spectroscopically accurate redshifts.

The redshifts are used to determine rest-frame properfies o
the galaxies. The physical projected half-light radiusatedmined
by using the angular diameter distance faramcordanceosmol-
ogy, namelyQ),, = 0.3, Qx = 0.7 and Hy = 72km/s/Mpc. The
best fit template is compared to the apparent total magnttuds-
timate the absolute magnitude and stellar mass — a Cheb6ies)
Initial Mass Function is used throughout this paper. FromARS
B (where available)}V, i, z photometry we choose the passband
with the lowest K-correction for the transformation intosatute
magnitude. As an estimate of the amount of correction agplie
the RMS of the K-corrections for the full sample is 0.42 mag fo
Mg and 0.27 mag for M. Regarding stellar mass estimates, even
though the age and metallicity distribution of a composteiar
population cannot be constrained with broadband photgirttie
stellar mass can be reliably constrained to withia2 — 0.3 dex
provided the adopted IMF gives an accurate representafitmeo
true initial mass function (see elg. Ferreras, Saha & BIR068).
In order to assess the effect of the passband on the dete¢ionina
of stellar mass we compare our stellar masses — basat-aRv —
with the K s photometry of the CDFS field from ISAAGLT (Ret-
zlaff et al., in preparation). Over the redshift range ptbbg our
samplej-band and NIR mass estimates differ by less than 0.15 dex
(see appendix B).

Figurd3 shows the distribution of stellar mass, projectedp

Sample  Number fg 2 MY(Mg) Mp Rb(kpc)

HDFN 533 0.30 0.78 4.2-100 —2009 1.10

CDFS 377 0.22 0.64 3.3-101© —20.6 1.26
All 910 0.26 0.68 3.7-1010 —20.8 1.15
Siis 411 0.04 085 1.2-1011 —21.9 2.11
Sx 280 0.11 056 3.4-1019 —20.6 1.55

@ Blue early-type fraction: Red/Blue types selected fromtpheetric red-
shift best type (Red:g 2, i.e. star formation timescate < 1 Gyr, see text
for details).? Median value£ S1 and S2 are volume-limited subsamples,
defined ing4.

ical size, absolute magnitude and redshift. The sample dansh
separately for the North (grey) and South (black) fieldshBieids
have a similar range in mass or size, but the redshift distrib
tion illustrates the effect of cosmic variance over the vidtiial
160 arcminl areas. The variation in the total number of early-type
galaxies (533 in the North vs. 377 in the South) is also cabyed
such effect (the selection method being identical in botludje
Some of the basic properties of this sample is shown in {@ble 1
The table also shows the properties of a couple of volumédian
subsamples (S1 and S2) defined4n

3 NUMBER DENSITY EVOLUTION: LUMINOSITY VS.
MASS

A simple way to assess the redshift evolution in the numbar de
sity of early-type galaxies is illustrated in figure 4, whehe B-
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Figure 5. Redshift evolution of the top end of the mass and luminosity
distribtution as illustrated in the previous figure. Thechldots correspond
to the brighter (top panel) or more massive (bottom) subgariipe fainter
subsample is shown as grey crosses. Error bars includeoRaissse and
the uncertainty in the K-correction. The lines give fits tooavpr law, with
index a, which is labelled for all subsamples.

band absolute magnitudéeft) or stellar massr{ght) is presented
with respect to the comoving volume enclosed within the étls
of each galaxy. Hence, counting galaxies within cells is figure
gives the comoving number density at a given redshift. The th
solid lines track the flux limit imposed by our searéhf < 24).
This limit depends on the K-correction adopted, thereby s
in the figure the absolute magnitude limit taking the extrerfnihe
templates used in the photometric redshift analysis (med t=0
and t=7). Galaxies are shown according to the conventioptado
throughout this paper, namely red galaxies as grey solisl gdto-
tometric type £ 2) and blue galaxies as black open circles2}.

In both cases — absolute magnitude and stellar mass — wethsplit

Figure[® shows the evolution in comoving number density
with respect to absolute magnitudieg) or stellar massHottorn)
obtained from the previous diagram. The error bars are agtiin
from a sum in quadrature of the Poisson noise in each bin and th
uncertainty in the absolute magnitude or mass. This uriogytes
computed using a Monte Carlo algorithm in which noise is ddde
to the absolute magnitude or stellar mass of each gala>x@05e&l-
izations are generated and each is analysed in the same way as
original sample. The error bars give the standard deviatiiinin
the ensemble. The evolution of the number density can be mod-
elled by a simple power law o« (1 + 2)®. In luminosity there
is no significant difference between the “bright” and “fdistib-
samples. However, the most massive galaxies show a renbarkab
weak trend with redshift, with a slope significantly diffatéo less
massive galaxies. With the adopted fits to the data, an etatipn
to lower redshift yields a decrease of a factei50 in the number
density of early-type galaxies between z=0 and z=1 for thesma
rangel0'® — 10'! M ; whereas the decrease is just a factor 2 for
galaxies with stellar masses betwdénh! and10'2 M. This result
is presented in more detail in a letter (Ferreras et al.|200®&re
we show that this result is in agreement with recent work hrept
surveys (e.d. Conselice et al. 2007) and with recent sealifan
models of galaxy formation (e.g. Khochfar & Silk 2006).

4 INTRINSIC COLOUR DISTRIBUTION

Theinternalcolour distribution of a galaxy can reveal important in-
formation regarding its star formation and assembly hystGarly-
type galaxies have smooth surface brightness distribsitiohich
make them ideal targets for this sort of study in GOODS. Fohea
colour map three pieces of information can be gathered ibasto
way: the average colour within an aperture (the projectéfdilght
radius in our case); the radial gradient of the colour distion,
and the scatter about the best fit (assumed to be linear betwee
colour andlog R). We follow the same technique as described in
Ferreras et all (2005), briefly outlined here.

The colour map is generated by convolving the image taken
in one filter with the Point Spread Function (PSF) of the offier
ter used to define the colour. This is the most robust way toaed
the colour trends caused by a different resolution betweegées
in different bandpasses. We used a PSF generated fronr &tella

sample in two bins. In absolute magnitude we define 1 mag bins ages in the same dataset. Ferreras|et al. (2005) includepandix

(dashed lines) above and below a typical dalaxy represented
by the thick solid line, which corresponds 3% ~ —21. In or-
der to track its evolution with redshift, we assume an expene
tial star formation history with formation redshify 25, timescale
7sr = 0.5 Gyr and solar metallicity. For comparison, the shaded
boxes delimit the value of th&/j Schechter fits of the VIMOS-
VLT Deep Survey for early-type galaxies (llbert etial. 2008}
decided to choose this binning criterion instead of a fixezbalie
magnitude in order to overcome the passive fading of thdastel
populations. The shaded areas show that our low-lumindmsity
roughly maps L. galaxies.

that shows the — negliglible — difference in the colour geat and
scatter when using either a stellar image from the same dada o
synthetic PSF generated by TinyTimKlrist (1993).

The images span a wide range of signal-to-noise ratios on a
pixel-by-pixel basis. Hence, it is best to bin the pixelfaiigh pre-
serving spatial information as much as possible. A Voroessella-
tion method was adopted, in which a target S/N is specifietiai t
the algorithm merges nearby pixels into tiles, keepingehiss as
round as possible, following the algorithm by Cappellari &dih
(2003). The process is finished when a target S#hltileis reached.
InEFerreras et all (2005) we showed that estimates of radialc

Regarding stellar mass, we choose a fixed reference massprofiles are much improved as the outer parts of the galaxg hav

(10 M ; thick solid line). The sample is splitin 1 dex bins above
and below this reference (dashed lines). For referencejdtted
line tracks the characteristic stellar mass scale_of Fenthal.
(2006). A typical error bar is shown in both panels. The vetti
lines in both panels mark the redshift bins, with the fullgarfor

a complete volume-limited sample given by the hatched cagrti
regions.

significantly lower noise after a Voronoi tessellation. \Wepbse
a target S/N=10 per tile for each colour. The radial distitu
of colour vslog R/R. is fit to a straight line. We also determine
the colour scatter about this best fit by using a biweighneste
(Beers et al. 1990).

The left panel of figur€lé shows thebserver framé/ — i
colour distribution as a function of redshift, half-ligradius and
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Figure 6. Left: The observer-frame colour gradiebff), scatter (niddle), and integrated colour within the half-light radiusoftorn) are shown with respect
to three observables: redshifeff); apparent half-light radiusifiddle andir775w apparent magnitudeighf). The full sample is shown in grey. Black points
correspond to average values of subsamples (after eipping) binned at constant number of galaxies per bin, sepghrated with respect to the best fit

populations: old (filled dots; photometric typ€ ) and young (hollow dots;x2).

colours, as labelled. In both figures the lines in the bottamets correspond to

Right: Redshift evolution of the intrinsic distribution of the é® available
the evolution of a set of exponentialagling star formation histories with

solar metallicity, started atz=5 with a decay timescale of 0.5 (solid line) 1 (dashed lim&) & Gyr (dotted line).

apparent; band magnitude of the whole sample (grey dots). The
larger dots correspond to binning the sample at a fixed numwber
galaxies per bin, separating them in photometric type betwed

(t< 2; solid circles) and blue $2; hollow dots). Error bars rep-
resent the standard deviation within each bin. For compayithe
lines at the bottom-left corner track exponentially dengystar for-
mation histories at solar metallicity with formation redslz =5
and timescales = 0.5 Gyr (solid), 1 Gyr (dashed) an& Gyr
(dotted).

In the top panels, the radial colour gradient is shown. Galax
ies with red (blue) cores have negative (positive) gradiéie ob-
tain a consistent result with respec et al {p@Ralax-
ies with blue cores are almost always photometrically di@ssas
“blue” and galaxies with red cores are classified as “red’isT&
not a trivial statement, as the overall colour of the galaggd
not correlate with the radial gradient. The scatter doescoote-
late with redshift, but there is a clear trend with size orappt
magnitude. This can be caused by a combination of physiahl
passband-shifting effects and we defer the discussionateafig-
ure.

an

On the right side of figuriel6, a similar plot is presented far th
three available colours from the ACS images. Bhe ¢, V —i and
1 — z colour distributions are shown with respect to redshifte Th
lines in the bottom panels correspond to the same modelsths in
left side of the figure. The trend is consistent with all theelours,
with blue galaxies having positive colour gradients.

In order to extract meaningful trends of the intrinsic colou
distributions we have to define volume-limited subsampiaswill
remove biases inherent to flux-limited samples. Fiflireustitbtes
our selection process. The complete sample is shown in w@tbsol
magnitude vs redshift space. The distribution shows theacher-
istic boundary caused by the77sw = 24 limit. The solid line

tracks air77sw = 24 galaxy as a function of redshift, assuming a
typical star formation history for an early-type galaxy ¢pbmetric
type t=1). A compromise has to be made when generating velume
limited samples: either we probe as deep as possible inifedsh
cutting in absolute magnitude, and thereby sacrificingt fgalax-
ies, or we probe as faint as possible the luminosity functiaut-
ting in redshift. In order to explore these two choices weasEiwo
subsamples, shown as black dots in each panel: S1 (412 gmlaxi
left) is a sample targeted to explore the redshift evolution, iand
restricted to galaxies brighter thavlyy < —21. We also apply a
cut in redshift (z1.4). Subsample S2 (280 galaxieght) targets

a wide range of luminosities out ta0.7. In this case the volume-
limited sample extends to fainter galaxieg, < —19. The bottom
panels of figurél7 show the histograms in stellar maes#) (and
projected physical size of each subsample.

Figure[8 focuses on the redshift evolution of the colourrdist
bution and shows the observer-fraiirie-; colour gradientiop) and
scatter of subsample S1. For comparison, the colour gmxjutn
served in a sample of moderate redshift clusters t
M) is shown as stars. Our sample is shown with the usdmgo
with respect to photometric type: red (grey dots) and blpeKcir-
cles). In the appendix of Ferreras et al. (2005) simulatafigzlax-
ies with the same characteristics as the GOODS galaxiesdoar
to show that from photometric errors one could expect a afpic
colour scattes (V —4) < 0.03 mag, with a maximum of 0.05 mag
for the faintest galaxies. Figure 15 in the appendi.
M) shows that both the observed scatter and slope aresiot

We include in the figure a simple model prediction which uses
the local B — R colour gradients of elliptical galaxies in the lo-
cal Universe as constrai990). The set of twaripe
horizontal lines — just below thA (V' — i) /Alog(R) = 0 axis —
assumes the z=0 intrinsic colour gradient to be caused byea pu
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Figure 7. Volume limited subsamples of early-type galaxies in GOODS
N+S fields. S1 focuses on massive systems out to redshift% whereas
S2 limits the redshift out to 0.7 in order to maximise the range of
masses/luminosities. The top panels shidvwband absolute magnitude vs
redshift, with theip775w < 24 flux limit shown as a solid line. The bottom
panels show the histograms of each subsample in stellarandgzrojected
size.

metallicity sequence, i.e. we fix an age throughout the gadand
compute the difference in metallicity that will give the ebged
colour gradient in local early-type galaxies. Then we egdhis
model backwards in time to assess the evolution in the cajoaw
dient. Standard models with exponentially decaying stané&ion
histories are used for the fit. The timescale is fixed at 1 Gyr and
the formation epoch is eithefz2 (solid line) or5 (dashed line).
The second sets of models — which curve down<d. 6 — assume
a pure age sequence for the colour gradient at fixed (soldg)lime
ity, with a similar set of models (in this case the bluer outgion
is modelled by a slightly longer star formation timescakss.ex-
pected, this model gets very steep with increasing redsadause
of the strong dependence of colour with age. A third modet-(do
ted line) overlays on top of a metallicity sequence formezkats

a second, younger stellar populatignthe core formed at z=0.8.
This younger component contributes only 10% in mass, itist
ing the effect that a small episode caused by a minor mergeldwo
have on the colour gradient.

This result illustrates that blue cores have a radial rarfge o
ages, being youngest at their centres. The large blue cglawii-
ents observed in many of the blue cores cannot be explainad by
“inverted” gradient in metallicity, i.e. more metal-riclopulations
outwards. If we were to explain the large range in colour leetw
the inner and the outer parts of the galaxy by metallicitpalmne
would have to invoke unrealisticaly low metallicities aetbalaxy
centre. Furthermore, this scenario would predict no réddapen-
dence on the fractional contribution of blue cores, in casttto the
observations. In this subsample (S1) of luminod$( < —21)
early-type galaxies, the median redshift of blue and rely-¢gpes
is 1.10 and 0.85, respectively, i.e. bluer early-type gekfat least
at the massive end) contribute more significantly &t z.
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Figure 8. Intrinsic V' — ¢ colour distribution of subsample S1: The slope
(top) and scatter of the radial colour gradient is shown with eespo red-
shift. The sample is separated into photometric early-y(gs) and late-
types (open circles). Stars are gradient measurementsample of clus-
ter early-types frorn Tamura & Ohta (2000). Two alternativedels for the
evolution of the colour gradient are shown, depending ontherethe gra-
dient is caused by metallicity (thin, nearly horizontalel#) or age (thick,
curved lines). Two formation redshifts are considered fmrhecase: z=5
(solid lines) or2 (dashed lines). The dotted line corresponds to a metsllicit
sequence with formation redshift 25, adding to the core 10% (in mass)
of a stellar population formed at z=0.8.

The relation between colour distribution and galaxy preper
ties is explored in figurg€l9; where the colour gradietap( and
scatter is shown with respect to stellar mass; projectedigat ra-
dius andV/-band absolute magnitude for subsample S2. Blue cores
typically have stellar masses beldW'° M and half-light radii
R. < 1 kpc, a signature of downsizing. In this subsample the av-
erage stellar mass of the blue elliptical$is10° M, compared to
4 - 10*° My, for red ellipticals. This strong mass-dependence sug-
gests that AGN activity alone is not enough to explain theeblu
cores|(Menanteau etlal. 2005).

5 THE KORMENDY RELATION

The Kormendy relation (hereafter KR; Kormendy 1977) is attig
linear correlation between average surface brightnespieally
measured within the half-light radiu?() — and the logarithm
of R.. It is one of the projections of the Fundamental Plane
(Djorgovski & Davis! 1987), which relates surface brighthesize
and velocity dispersion. The Fundamental Plane and itegtions
are a consequence of the dynamics of early-type galaxiethaird
underlying stellar populations. KR is therefore the “neastihing”
to the Fundamental Plane when measurements of velocitgmisp
sion are not available. The observed dispersion of the KR=@t z
is ~ 0.4 mag arcsec?(La Barbera et al. 2003). The redshift evolu-
tion of the Kormendy relation can be used to constrain therably
and formation history. A significant change in slope withgfeift
can reveal the presence of star formation or the rearrangeofe
the stars because of “dynamical activity” (i.e. mergers).
Figure[I0 shows the Kormendy relation of both volume-
limited samples S1 and S2 (grey dots). The surface brightises
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Figure 9. Intrinsic (V' — 7) colour distribution of subsample S2: The slope
(top) and scatter of the observéd — 7 colour distribution — roughly rest-
frame B — V over the redshift range of S2 — is shown with respect to
stellar massléft); projected half-light radiusnfiddle) andV -band absolute
magnitude (ighf). The black points with error bars correspond to average
values of subsamples separated with respect to photormetishift type:

old (filled dots; type € 2) and young (hollow dots;>2). 1o error bars
are shown (after adbclipping). The binning is done at constant number of
galaxies per bin.

computed as the average within the half-light radius. Opankb
dots correspond to the upper quartile in redshift (81f) or stel-
lar mass (S2right), as labelled. The solid line is the local re-
lation observed in the Coma clustér (Jgrgensenlét al.l 199%) a
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Figure 10.Kormendy relation of samples Sleff) and S2 fight) in the rest-

frame B-band (grey dots). Open circles dots are the upper quartitbeo
redshift (S1) or the stellar mass distribution (S2), asllaieA typical error

bar is shown. The data have been corrected fo(the z)* cosmological

dimming. The line represents the local relation observeéld@rComa cluster
(Jorgensen et al. 1995). The 17 galaxies from the K20 samplgh@wn as
crosses (di Serego Alighieri et/al. 2005).

in |[Ferreras et all (2005pr different reasonsFigure[4 shows that
most of the faint, low-redshift galaxies in our sample amaoeed
from S1 or S2 to enforce completeness. Those are mainly blue
early-types with small sizes. The addition of those gakideS1 or

S2 would result in significant scatter towards the bottofnder-

ner of the Kormendy relation in figure110, in a similar fashiotthe
presence of the “dwarf galaxy branch” presented in the Kodye
Relation plot of Capaccioli et al. (1992). Hence we concltias a
significant fraction of the galaxies rejected. in Ferreraa g2005)

the crosses are a sample of 17 galaxies from the K20 surveybecause of the KR constraint must be dwarf ellipticals at 9.4.

(di_ Serego Alighieri et al._2005). Sample S1 — which extermls t
higher redshift than S2 — has a significantly brighter zermtpo
caused by the effect of lookback time on the stellar popuati
For comparison, a simple stellar population formed at% and
solar metallicity undergoes a fading of 1 mag in the rest-frame
B band between redshifts z=1 afdsimilar to the offset found
in the left panel of figur€_10. Sample SHght) has a KR com-
patible with local early-type galaxies (again with a sigrafit shift
of the zero point caused by lookback time). As expected xgzda
with a higher stellar mass content appear brighter thamhessive
galaxies with the same size, roughly a direct consequena@on-
homologous surface brightness distribution (Graham & Garem
2003). An estimate of the typical error bar is shown in eaatepa
For the surface brightness we use the scatter of the K-d¢@mmnsc
applied to obtainB-band magnitudes (0.4 mag). The true error
should be most certainly smaller than this K-correctione En-
ror in the size is taken from the worst case scenario wheiviregr
half-light radii from simulations (see appendix). The K20rple
from|di Serego Alighieri et al! (2005) (crosses) span a namnexd-
shift range (.9 - - - 1.3), and are compatible with our high-redshift
(left) or massive fight) subsamples.

Notice the major difference between the selection criteab
this work and Ferreras etlal. (2005). In that paper, a Kormyesed
lection wasmposeddn the visually classified sample, so that early-
types that were found not to evolve into the local KR wereateie
from the sample. In that case, a large number of low-reddfiife
early-types were rejected. It was discussed whether rsisifiea-
tion of bright knots of star formation or an active nucleusldaex-
plain this rejection. In this paper we use visual classificeas the
only selection criterion. We later define volume-limitedosam-
ples. In this process we end up rejecting similar type ofxjataas

Figure[11 shows the redshift evolution of the KR of subsam-
ples S1 and S2 in terms of slopky); average surface brightness
(middle and scatterfottom using a biweight estimator). Sample
S2 is split at the median value of stellar ma3$ (¢ 10'°My). The
fitis done with a standard least squares algorithm, binfiegsam-
ples at constant number of galaxies per bin (hence the uhsepa
aration between dots in the figure). The arrow in the top paael
resents the z=0 slope of the Kormendy Relatjon (La Barbeat et
2003). Sample S1 (black dots) — focussing on bright galaxig$o
the highest redshifts — shows a remarkable agreement vétloth
cal observations, and with moderate redshift clusters(gieet al.
1999). We extend the conclusion|of Ziegler et al. (1999) oég-n
liglible change in the slope of the KR to a wide range of refishi
and to a field environment. The most massive galaxies in sampl
S2 (grey triangles) also agree with the local observatinth&reas
a selection of the galaxies with the lower masses in S2 (deeg)s
have larger scatter and steeper slopes.

In the middle panel we compare the observed trend of the aver-
age surface brightness with the fading of a typical old patoh as
labelled in the figure caption. Notice that the least massalaxies
of sample S2 are consistently brighter than this estimafleating
the presence of younger stellar populations. It is intergsb no-
tice that the~ 0.5 mag arcsec? scatter about the best fivgttom)
does not change significantly with redshift or sample.

To summarise, we find the Kormendy relatiorzof 0.3—1.2
to be the same as at~ 0. The slope and scatter of the correlation
does not change and the zero point, i.e. the typical surfaghtb
ness changes in agreement with pure passive evolution.|@mér
mass spheroidals (M< 3.5-10'°Mg) show a significant departure
from the average = 0 Kormendy relation, appearing brighter in
(15)° and with a steeper slope. We believe this result is caused by a
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Figure 11. Redshift evolution of the Kormendy relation. Sample S1 is
shown as black circles, sample S2 (grey) has been split e#perct to the
median stellar mass within that sampes(- 101° M,). The bins in redshift
are chosen such that the number of galaxies per bin is cdristaach set.
A Kormendy relation is fit, and this plot gives the slogep), zero point
(middle in mag arcsec?) and biweight scatter about the best fibftom
in mag arcsec?). The arrow in the top panel is the-® slope obtained
by|La Barbera et al. (2003) and the crosses are the clustenali®ns of
Ziegler et al./(1999). The line in the middle panel corregisoto the evolu-
tion of an exponentially decaying star formation rate sthwdt z-=5, with
timescaler = 0.5 Gyr and solar metallicity.

combination of younger stellar populations and a signifigaatif-
ferent surface brightness profile compared to more masanhg-e
type galaxies, similar to the = 0 casel(Graham & Guzman 2003).

6 SUMMARY AND CONCLUSIONS

We present a sample of visually-classified early-type dataaver
the 360 arcmif area covered by the ACBSTimages of the Great
Observatories Origins Deep Survey (GOODS, Giavaliscolet al
2004), including both the North and South fields. The classifi
tion is only limited in flux ¢ag < 24), i.e. no colour cuts or
surface brightness profile constraints are imposed in tleetsen.
The sample comprises 910 early-type galaxies, for whichame-c
pile spectroscopic quality redshifts from publicly avhiladatasets
for 541 galaxies (i.e~ 60% of the total sample). For the rest
we estimate photometric redshifts from available datah(ls¢ST
and ground-based). We find the comoving number density to de-
pend strongly on stellar mass, such that the number of gadaxi
with M 2 10 Mg only increases a factor 2 between z=1 and
z=0, whereas the number of galaxies with stellar me®s <

M, /Mg < 10'" increase a factor 50 in the same redshift range.
In the full, flux-limited sample, we find 26% of our early-tygpare
blue (i.e. corresponding to a star formation history withdscale
longer that 1 Gyr, or with a significant amount of young starsjs
fraction is similar to the number of low-redshift early-sgwith a
significant amount of recent star formation (Kaviraj €1 £02).

to explore thantrinsiccolour distribution. We perform a technique
based on a Voronoi tessellation (already applied in_Fesretral.
2005) that allows a robust determination of the radial colgna-
dient and scatter. In figufé 6 we show that the colour grasliare
strongly dependent on the overall photometric type, suah rid
galaxies have mostly red cores and blue early-type galdndes
blue cores. This is a non-trivial statement, as one couldjingestar
formation in the outer parts of the galaxy, resulting in byadax-
ies with red cores. We find central star formation in otheewisd
galaxies is very rare. On the other hand, the majority ofxgeta
with (recent) star formation exhibit most of this star fotioa in
their centers. These observations suggest an inside-ouafion
process in these galaxies, ruling out recent attempts daiakupy
elliptical galaxy formation with an outside-in formationenario
(Pipino et all 2006). An inside-out scenario implies thaarelless
of the way star formation is triggered — primordial collapss-
sus merging/interactions, gas is accumulated towards e¢htreg
starting star formation in the central regions, subsedyédiffus-
ing” outwards. One could argue whether the mechanism axplai
ing these blue cores reduces to minor mergers (Ellis|et &1;20
Kaviraj et al.. 2007b). Robust confirmation of the actual eaak
these blue cores will require the analysis of abundance gatidi-
ents (see e.g. Ferreras & Silk 2002).

Figurd8 shows that the local observations of radial coloar g
dients in elliptical galaxies (e.d. Peletier 1990) mostiyrespond
to a range of metallicities. This can be throught of asitttgnsic
equivalent of the pure metallicity sequence of Kodama & Attiecn
(1997), used in that paper to explain the colour-magnitweda-r
tion amonggalaxies. Our results are in agreement with the sample
of cluster galaxies at low and moderate redshift (Tamura &aOh
2000; La Barbera et al. 2004), but our sample increases bydan o
of magnitude the number and accuracy of the colour gradient e
timates| La Barbera et/lal. (2004) only find optical colourdigats
compatible with zero slope. We do find non-zero, albeit snogli-
cal gradients and a significant trend with stellar mass, thatthe
most massive galaxies have almost always red cores.

Defining volume-limited samples, we find that blue galaxies
only contribute 4% to the total number of bright/y < —21)
early-type galaxies out to<zl.4. Most of the blue early-type galax-
ies in our — visually classified — sample correspond to lovesna
systems, and are removed when taking volume-limited sampte
face value, we could state that significant star formatioaariy-
type galaxies only takes place for galaxies less massivetha~
10'° M, even out to redshiftsz1. As shown by Bell et al. (2007),
star formation in a substantial fraction of blue cloud gaaxeeds
to be shut off between z=1 and z=0, making them evolve to the
red sequence, thereby explaining the significant growth &san
there. However, in addition to considering the contributigith
respect to mass and star formation history, it is also webikn
that blue cloud and red sequence differ morphologicallyhwpi-
ral and irregular galaxies dominating the blue cloud whered se-
guence galaxies are mostly early-types. Since our samparbf-
types was selected on pure morphological grounds, thodg- ear
types with (recent) star formation confirm the scenario df 8teall
(2007), in that these objects will not only evolve onto the se-
guence in terms of colour, but also in terms of morphology.

The Kormendy relation was explored in two volume-limited
samples and a remarkable consistency is found with the KRGt z
with no significant change of the slope of the Kormendy refatiut
to z~1.2. The scatter about the best fit does not change significant

The depth and superb resolution of the ACS images enable useither. Only the average surface brightness is found togghamthe



Kormendy relation, with an evolution consistent with puesgive
evolution of old stellar populations.
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APPENDIX A: EXTRACTION OF SIZES AND MAGNITUDES FROM THE ACS | MAGES

As discussed i§§2.1 it is important to correct for the loss of light expected 4 typical surface brightness distribution. In order tineate
the accuracy of the retrieved size, apparent magnitude @nfice brightness we ran a number of simulations, generatistage stamps
with the same noise characteristics as the ones taken freAGl$ images. The simulations correspond to smooth disititsi of galaxies
with a Sersic profile (Sersic 1968). The simulations reigbdly map the error in each pixel using the weight maps of AkS images to
determine a correlation between surface brightness pel and S/N.

For a given choice of apparent magnitude and half-lightusdie generate 561501 stamps with the same pixel size as the ACS images
(0.03 arcsec). For each galaxy in the ensemble we take amamdlie for the Sersic index (betwean= 2 and4); ellipticity (between
e = 0 and0.6) and position angle. A total of 16 ensembles are generatetbiw different values of apparent magnitude£sw =
{18, 20, 22, 24}) and half-light radius R. = {5, 8,10, 20} pixels). Each model galaxy is convolved by the PSF of ACS &nithand
(obtained from a set of stellar images as discusseg#ijrand is passed through the same code as the original samgktdarmine the
half-light radius, magnitude and surface brightness.

Figurdl/Ad shows the resultglerror bars). Notice the systematic trend in the offset wépect to half-light radiudéft) or concentration
(measured asd3/Rso; right). The figure also shows that the correction should dependstofider onR., whereas concentration is a second-
order correction. The total sample of 8,000 galaxies ig gpiout the median value ofsRRRs0, showing the most concentrated galaxies in
black. Our results are consistent with Graham et al. (2G@5¢pncentration correlates with Sersic index. Howeveragime of observations
is different from their work, as our galaxies have sizesiicemtly closer to the PSF.

The simulations shown in figufe_A1 motivate a simple cormctiominated by Rwith concentration modelled as a linear change to
the zero point of the correction. The corrections — showménleftmost panels of figufe"A1 for the median value ¢§/Rso — are:

Rout = Rin (0.57 + 1.5¢ 702 _ 0.244@)7 (A1)
Rso
and
fout = din + 0.05 + 0.003Rin + 0.068 Zgo , (A2)
50

with the radii given in pixels. These two expressions aralusemake a correction on apparent magnitude and half-lagits. In order to
assess the accuracy after the corrections we generatedimpies of 910 simulated galaxies with the same apparentitndgrand size as
our observed sample. The Sersic index, ellipticity andtfmsiangle are chosen randomly in the same way as descriloee .abigurd AR

shows the histograms comparing recovered and originalsiagnitude and apparent surface brightness after applyengorrections given
by equationf’All arld A2. The lines are Gaussian fits to the dittathe standard deviation shown in the top left corner @hgaanel. These
are ourofficial uncertainties, namely 9% iR., 0.05 mag in thd OTAL ir775w magnitude and 0.16 mag/arc3ég ir77sw apparent surface
brightness.

APPENDIX B: RECOVERING STELLAR MASSES

The stellar masses presented in this paper are extractedifimtotal apparent-77sw magnitudes. One could argue that NIR photometry
might be a more reliable tracer of the stellar mass. To contfirenvalidity of ir77sw photometryover the redshift range probed by our
sample we show in figuré@ Bl1 the predicted mass fofrasw = 23 (AB) galaxy (top) or a K, = 22 (AB) galaxy (bottom). The result is
shown according to photometric type, with the left (rightinpls showing red (blue) galaxies. The models are iderttctiose described
in §82.3. The dark grey shading gives the expected stellar masd$uaction of redshift, and — to guide the eye — we include &aadrline

at z=0.7 (roughly the median redshift of the sample). As etgxk for a later (i.e. bluer) photometric type, the steffess is smaller. One
should emphasize here that within our volume-limited soias S1 and S2, the fraction of galaxies correspondingea@#mels on the
right amount only to 4 and 11%, respectively.

The horizonal light grey shading shows a 0.3 dex uncertamsyellar mass for a z=0.7 galaxy. Notice that in this refishhgeirr7sw
is as accurate a tracer of stellar mas#@s notwithstanding the fact that the high resolution of theSAi@ages allows us to determine more
accurately the TOTAL apparent magnitude of the galaxies.

As a second check, we retrieved the publicly available ISAAT K ; images of the GOODS/CDFS field (Retzlaff et al., in prepara-
tion). The images were analysed with SExtracdtor (Bertin &duts 1996) using the provided zero point and weight maps.citalogue of
detected sources was cross-correlated with our sampleranthose galaxies with a SExtractor ag=0 were selected for the comparison.
We used MAGBEST and further applied the same correction to obtain totajnitudes as in appendix A. Figlire]B2 shows the comparison,
along with the equivalent Gaussian distribution, which hasean of(log M, (K,) — log M,(i)) = —0.04 dex and standard deviation
0.13 dex. The mean and standard deviation are reduceeltd2 and0.11 dex, respectively when the sample is restrictedetosw < 23
galaxies. We conclude that oisband extracted stellar masses are accurate to within thied|0.3 dex uncertainty (including population
synthesis effects).
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Figure Al. Recoveredig77s5w (top), and half-light radius (bottom) of simulated galaxigo error bars shown. Each symbol corresponds to a choice of
R.. The sample of 8,000 simulated galaxies is separated wafient to Bo/Rs0, such that the grey (black) dots represent the subsampesl§ebove) the
median. The highest discrepancy in the recovery of theligif-radius occurs for values close to the FWHM of the PSF3(pixels). The simulations are
shown with respect t&Re (left), concentratiomrmiddle — measured as d3/Rso — and apparent magnitudeight). The lines in the leftmost panels give the
corrections used for flux and half-light radius (equatiodahd’A2) at the median value of concentration. Notice thatgdinels on the right only show the
subsamples with the largest and smallest valuBofo avoid crowding the figure.

200 —0.09 + 0=005 1 o=0.16 _ E
150 | + F ]
100 | T F ]
50 F T T .
0- romr At S B 1 “........I........-
-05 0 05 -02 0 02 -05 0 05
(Rin_Rom.)/ Rin | e Y Min~Hou
(mag) (mag/arcsec?)

Figure A2. Recovery of four simulated samples of 910 galaxies with #maes distribution in apparent magnitude and size as thenatigiample. The
histograms compare the original and the recovered f8#; (nagnitude fiddle and apparent surface brightness along with a Gaussiantthedcterizes the
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of the CDFS using the ISAAC images (Retzlaff et al., in prefian). Identical flux corrections are applied to the NIR miagfes as those obtained for F775W
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