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ABSTRACT

We have obtained structural parameters of about 340, 000 galaxies from the Kilo De-
gree Survey (KiDS) in 153 square degrees of data release 1, 2 and 3. We have performed
a seeing convolved 2D single Sérsic fit to the galaxy images in the 4 photometric bands
(u, g, r, i) observed by KiDS, by selecting high signal-to-noise ratio (S/N > 50) sys-
tems in every bands.

We have classified galaxies as spheroids and disc-dominated by combining their
spectral energy distribution properties and their Sérsic index. Using photometric red-
shifts derived from a machine learning technique, we have determined the evolution of
the effective radius, Re and stellar mass, M⋆, versus redshift, for both mass complete
samples of spheroids and disc-dominated galaxies up to z∼ 0.6.

Our results show a significant evolution of the structural quantities at interme-
diate redshift for the massive spheroids (Log M∗/M⊙ > 11, Chabrier IMF), while
almost no evolution has found for less massive ones (Log M∗/M⊙ < 11). On the other
hand, disc dominated systems show a milder evolution in the less massive systems
(Log M∗/M⊙ < 11) and possibly no evolution of the more massive systems. These
trends are generally consistent with predictions from hydrodynamical simulations and
independent datasets out to redshift z ∼ 0.6, although in some cases the scatter of the
data is large to drive final conclusions.

These results, based on 1/10 of the expected KiDS area, reinforce precedent finding
based on smaller statistical samples and show the route toward more accurate results,
expected with the the next survey releases.

Key words: galaxies, galaxy evolution, redshift, early-type and late-type galaxies

1 INTRODUCTION

Spheroids play an important role in the observational stud-
ies of galaxy formation and evolution as their structure re-
veals clear traces of evolution from past to present. They
are known to follow well-defined empirical scaling laws that
relate their global or local observational properties: the
Faber-Jackson (FJ; Faber & Jackson 1976), the µe − Re

relation (Kormendy 1977, Capaccioli et al. 1992), funda-
mental plane (Dressler et al. 1987; D’Onofrio et al. 1997),
size vs. mass (Shen et al. 2003, Hyde & Bernardi 2009),
colour vs. mass (Strateva et al. 2001), colour vs. veloc-
ity dispersion, σ (Bower et al. 1992), Mg2 vs. σ (e.g.,
Guzman et al. 1992; Bernardi et al. 2003), colour gradient
vs. mass (Tortora et al. 2010; La Barbera et al. 2011), black
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hole mass vs. galaxy mass and σ, i.e., MBH−M⋆ andMBH−σ
(de Zeeuw 2001; Magorrian et al. 1998; Ferrarese & Merritt
2000; Gebhardt et al. 2000; Tremaine et al. 2002), to-
tal vs. stellar mass (Moster et al. 2010), dynamical vs.
stellar mass in the galaxy centers (Tortora et al. 2009,
2012), Initial mass function (IMF) vs. σ (e.g., Treu et al.
2010; Conroy & van Dokkum 2012; Cappellari et al. 2012;
La Barbera et al. 2013; Tortora et al. 2013, 2014b,a).

Late-type galaxies show also similar scaling relations, in
particular a size-mass relation, which has a different slope
with respect to the one of early-type galaxies (Shen et al.
2003; van der Wel et al. 2014). Closely related to that, there
is also the size-velocity relation (Courteau et al. 2007),
which shows that discs with faster rotations are also larger in
size (Mo et al. 1998). Another fundamental scaling relation
is the Tully-Fisher relation between the mass or intrinsic
luminosity and angular velocity or emission line width of
a spiral galaxy (Tully & Fisher 1977), with the variant ac-
counting for the stellar mass-velocity relation (Dutton et al.
2007 and reference therein) and the baryonic mass-velocity
relation (Lelli et al. 2016).

Scaling relations provide invaluable information about
the formation and evolution of galaxies, setting stringent
constraints to their formation models. In particular, study-
ing the structural and mass properties of galaxies at different
redshifts can give more insights into the mechanisms that
have driven their assembly over time.

For instance, spheroidal systems (e.g. early-type galax-
ies, ETGs) follow a steep relation between their size and
the stellar mass, the so called, size-mass relation. Most
of the ETGs are found to be much more compact in the
past with respect to local counterparts (Daddi et al. 2005;
Trujillo et al. 2006; Trujillo et al. 2007; Saglia et al. 2010;
Trujillo et al. 2011, etc.). A simple monolithic-like scenario,
where the bulk of the stars is formed in a single dissi-
pative event, followed by a passive evolution, is inconsis-
tent with these observations, at least under the assump-
tion that that most of the high-z compact galaxies are the
progenitors of nowadays ETGs (see de la Rosa et al. 2016,
for a different prospective). Thus, several explanations have
been offered for the dramatic size difference between lo-
cal massive galaxies and quiescent galaxies at high red-
shift. The simplest one is related to the presence of sys-
tematic effects, most notably an under-(over)-estimate of
galaxy sizes (masses). However, recent studies suggest that
it is difficult to change the sizes and the masses by more
than a factor of 1.5, unless the initial mass function (IMF)
is strongly altered (e.g., Muzzin et al. 2009; Cassata et al.
2010; Szomoru et al. 2010). Other explanations include ex-
treme mass loss due to a quasar-driven wind (Fan et al.
2008), strong radial age gradients leading to large differ-
ences between mass-weighted and luminosity-weighted ages
(Hopkins et al. 2009; La Barbera & de Carvalho 2009), star
formation due to gas accretion (Franx et al. 2008), and selec-
tion effects (e.g., van Dokkum et al. 2008; van der Wel et al.
2009).

The best candidate mechanism to explain the size evo-
lution of spheroids is represented by galaxy merging. As cos-
mic time proceeds the high-z “red nuggets” are thought to
merge and evolve into the present-day massive and extended
galaxies. Spheroids undergo mergings at different epochs, be-
coming massive and red in colour (Kauffmann 1996). Rather

than major mergers, the most plausible mechanism to ex-
plain this size and mass accretion is minor merging (e.g.,
Bezanson et al. 2009; Naab et al. 2009; van Dokkum et al.
2010; Hilz et al. 2013; Tortora et al. 2014c, 2018b). Nu-
merical simulations predict that such mergers are frequent
(Guo & White 2008; Naab et al. 2009) leading to observed
stronger size growth than mass growth (Bezanson et al.
2009). The minor merging scenario can also explain the
joint observed evolution of size and central dark matter
(Cardone et al. 2011; Tortora et al. 2014c, 2018b). How-
ever, recently it has been found that a tiny fraction of
the high-z red nuggets might survive intact till the present
epoch, without any merging experience, resulting in com-
pact, relic systems in the nearby Universe (Trujillo et al.
2012; Damjanov et al. 2015; Tortora et al. 2016).

Late–Type galaxies (LTGs) or disc-dominated galaxies
shows a shallower trend in size and stellar masses compared
to ETGs (Shen et al. 2003). Furthermore, the size and stel-
lar mass of LTGs evolve mildly with lookback time (e.g.
van der Wel et al. 2014) while the evolution is stronger for
the ETGs.

In the recent years, the size evolution of ETGs and
LTGs has been studied based on different survey data such
as DEEP2 (galaxies within the redshift range 0.75 < z < 1.4:
Davis et al. 2003); GAMA (250 square degrees with galax-
ies up to redshift 0.4: Driver et al. 2011); 2dFGRS (mea-
suring redshifts for 250000 galaxies; Colless et al. 2001),
and SDSS (10000 square degrees in northern sky in u, g,
r, i and z bands; York et al. 2000). The latter has been
the most successful survey in the field of galaxy evolu-
tion studies (Kauffmann et al. 2003) in the recent years
with pioneer results showing the size evolution of both pas-
sive galaxies and active, disc-dominated systems (see, e.g.
Shen et al. 2003, Hyde & Bernardi 2009, Baldry et al. 2012,
Kelvin et al. 2012, Mosleh et al. 2013, Lange et al. 2015).

However, other ground based instrumentations and tele-
scopes are providing, and will provide in the future, higher
data quality and we are currently in the position to im-
prove our understanding of structural evolution of galax-
ies over larger datasets. The Kilo Degree Survey (KiDS)
is one of the latest survey aimed at gathering best data
quality from the ground, and expand the SDSS results to
larger redshifts and lower masses. KiDS is a large sky op-
tical imaging survey, which will cover 1500 square degrees
over u, g, r, and i bands, using VLT Survey telescope
(VST, Capaccioli & Schipani 2011) equipped with the 1
deg2 camera OmegaCAM (de Jong et al. 2015, 2017). KiDS
has been designed to perform extensive weak lensing stud-
ies (Kuijken et al. 2015, Hildebrandt et al. 2017) taking ad-
vantage of the high spatial resolution of VST (0.2”/pixel)
and the optimal seeing conditions of Cerro Paranal. How-
ever, with a depth ∼ 2 magnitudes deeper than SDSS,
KiDS is suitable to perform detailed galaxy evolution stud-
ies and to be a unique ”rarity seeker”. In particular, KiDS
has proven to be very efficient to perform the census of
particular classes of objects, as the ultra-compact massive
galaxies (UCMGs, Tortora et al. 2016,Tortora et al. 2018a),
galaxy clusters (Radovich et al. 2017) and strong gravita-
tional lenses (Napolitano et al. 2016, Petrillo et al. 2017,
Spiniello et al. 2018).

Based on the number of galaxies analyzed in the present
work, we estimate that KiDS, after completion, will allow us

MNRAS 000, 1–26 (2017)



Structural parameters in KiDS 3

to measure structural parameters, in ugri, for about 4 mil-
lion galaxies, up to refshift z ∼< 0.7 (Tortora et al. 2016).
With the help of high quality data obtained with KiDS and
the use of machine learning techniques to determine pho-
tometric redshifts (Cavuoti et al. 2015b, 2017), we are in-
tended to study the size evolution of galaxies up to redshift
z ∼< 0.7.

The paper is organized as follows. Sample selection is
presented in Sect. 2, while Sect. 3 is devoted to the descrip-
tion of the structural parameter measurement, the deriva-
tion of the measurement errors and the analysis of the im-
pact of various systematics. The galaxy classification, the
size-mass relation and its evolution in terms of redshifts
are shown in Sect. 4. Finally, a discussion of the results,
conclusions and future prospects is provided in Sect. 5. We
will adopt the following cosmology: H0 = 75 km/s/Mpc,
Ωm = 0.29 and ΩΛ = 0.71 (e.g., Komatsu et al. 2011).

2 SAMPLE SELECTION

The sample adopted in this analysis consists of galax-
ies extracted from 153 square degree of the KiDS survey
(de Jong et al. 2015) which have been already presented in
Tortora et al. (2016). Details about the data reduction and
calibration can be found in de Jong et al. (2015). In the fol-
lowing we give a brief summary of the way the galaxy sample
has been selected.

Single band source lists for the observed tiles are ex-
tracted using a stand-alone procedure named KiDS-CAT,
which uses Sextractor (Bertin & Arnouts 1996) for the
source detection, star galaxy separation and the catalog ex-
traction. In particular, the star/galaxy (S/G) separation is
based on the CLASS_STAR parameter from S-Extractor mea-
sured on the r-band images, the deepest and best seeing ones
for KiDS, following the procedure described in de Jong et al.
(2015, Sect. 4.5.1).

While the S/G separation is mainly based on the sin-
gle r−band shape information, source colours are measured
based on multi-band source catalogs, which have been ob-
tained using S-Extractor in dual image mode by taking the
r−band images as reference for source extraction and then
measuring the source fluxes in the registered images from
the other bands, at the sky position of the r−band detec-
tion. The fluxes from the multi-band catalog have been used
to perform the stellar population synthesis as described in
Sect. 2.3. Among the sources selected as galaxies (∼ 11 mil-
lions), we have retained those sources which were marked
as being out of critical areas from our masking procedure
(see de Jong et al. 2015, Sect. 4.4). The effective uncritical
area has been found to be 103 square deg, which finally con-
tains ∼6 million galaxies. This latter sample turned out to
be complete out to ∼ 24 mag in r−band by comparing the
galaxy counts as a function of extinction-corrected MAG_AUTO

(used as robust proxy of the total magnitude) with previ-
ous literature (e.g. Yasuda et al. 2001, Arnouts et al. 2001,
McCracken et al. 2003, Capak et al. 2004, Kashikawa et al.
2004), as shown in Fig. 1.

Finally, in order to perform accurate structural pa-
rameter measurement for these systems, we have se-
lected galaxies with “high” signal-to-noise (S/N), defined
as 1/MAGERR_AUTO (Bertin & Arnouts 1996). Specifically, we

Figure 1. Top: Galaxy counts (grey boxes) as a function of their
MAG_AUTO in r−band are compared with other literature estimates
(as in the legend). The match with previous literature is very good
at fainter magnitudes while is not perfect at the brightest ones
due to the limited area covered. See also the discussion in the text.
Bottom: completeness of the ”high S/N” sample in u, g, r, and
i-band with colour code as in the legend. The completeness has
been computed with respect to the 6 million sample. The derived
completeness from data are shown as solid lines, while the best
fit using Eq. 1 are plotted as dashed lines

have used S/N > 50 as initial guess for reliable structural
parameters (La Barbera et al. 2008). This choice of S/N will
be fully checked by applying the 2D surface brightness fit-
ting procedure (see Sect. 3.1) to mock galaxies in Sect. 3.3.2.
We refer to the samples resulting from the S/N selection, as
the “high-S/N” samples, consisting of 4240, 128906, 348025,
and 129061 galaxies, in the u, g, r, and i bands, respectively.
These represent the galaxy samples used for the model fit-
ting procedure in the different bands as described in §3. The
final output sample to be used for structure parameter anal-
ysis will be discussed in §4.1

MNRAS 000, 1–26 (2017)
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2.1 Magnitude completeness

The difference in counts among the different bands is due
to their intrinsic depth, being the latter a combination of
exposure time and seeing, with the u-band the shallowest
band and the r-band the deepest in the KiDS survey plan
(see de Jong et al. 2015).

In order to evaluate the completeness magnitude of our
sample in different bands, we have computed the fraction
of the detected galaxies of the high–S/N sample in bin of
MAG AUTO with respect to number of galaxies in the same
bins of a deeper and complete samples and finally fit the
binned fractions with a standard error function model (see
e.g. Rykoff et al. 2015).

comp = (1/2)

[

1− erf

(

m−m50√
2w

)]

, (1)

where m50 is the magnitude at which the completeness is
50%, and w is the (Gaussian) width of the rollover. The
magnitude at which the sample is 90% complete has been
extrapolated by the best fit function. As shown in Fig. 1
(top panel), the full sample of 6 million galaxies detected
in the KiDS area has counts consistent with other literature
samples and can be used as a reference counts to obtain
the fraction of galaxies of the high–S/N sample as shown in
the bottom panel of Fig. 1. In this latter plot, we show the
interpolated completeness function from the data as solid
lines and the best fit curves as dashed lines. The derived
90% completeness limit are 18.4, 20.4, 20.5, and 18.8 for u,
g, r, and i-band respectively.

2.2 Photometric Redshifts

Photometric redshifts have been derived from Multi Layer
Perceptron with Quasi Newton Algorithm (MLPQNA)
method (see Brescia et al. 2013; Brescia et al. 2014,
Cavuoti et al. 2015a), and fully presented in Cavuoti et al.
(2015b), which we address the interested reader for all de-
tails. This method makes use of an input knowledge base
(KB) consisting of a galaxy sample with both spectroscopic
redshifts and multi-band integrated photometry to perform
the best mapping between colours and redshift. In particu-
lar, we have used 4′′ and 6′′ diameter apertures to compute
the magnitudes to be used to best perform such a mapping
on the training set (see Cavuoti et al. 2015b for more de-
tails). While the spectroscopic redshifts for the KB are given
by the Sloan Digital Sky Survey data release 9 (SDSS-DR9;
Ahn et al. 2012) and Galaxy And Mass Assembly data re-
lease 2 (GAMA-DR2; Driver et al. 2011). This sample con-
sists of ∼ 60, 000 galaxies with spectroscopic redshifts out to
z ∼< 0.8, as shown in Fig. 2. 60 per cent of the sample is used
as training set, to train the network, looking at the hidden
correlation between colours and redshifts. While the rest of
the galaxies in the KB are collected in the blind test set,
needed to evaluate the overall performances of the network
with a data sample never submitted to the network previ-
ously (see right panel in Fig. 2). The scatter in the mea-
surement, defined as (zspec − zphot)/(1 + zspec), is ∼ 0.03
(see Cavuoti et al. 2015b). The advantage of the machine
learning techniques resides in the possibility of optimizing
the mapping between the photometry and the spectroscopy
regardless the accuracy in the photometric calibration, but

Figure 2. Left: The distribution of the spectroscopic sample
adopted as knowledge base for the MLPQNA method (in red)
and the photo-z distribution of the “high S/N” sample (in light
blue). Right: Comparison between spectroscopic and photometric
redshifts for the blind test set. See the text for more details.

the disadvantage consists in the limited applicability of the
method only to the volume in the parameter space cov-
ered by the KB sample (see Cavuoti et al. 2015b). In our
case, for instance, of the 6 millions starting systems, accu-
rate photo-z have been derived for systems down to r ∼ 21,
i.e. ∼1.1 million galaxies. This sample is still deeper than
the high–S/N sample (see Sect. 2.1). After completing the
analysis presented in this paper, new set of machine learn-
ing photo-z were made available to the KiDS collaboration
(see Bilicki et al. 2017 for details). This will be used for the
forthcoming analysis of the next KiDS data releases.

2.3 Stellar Mass and galaxy classification

Stellar masses, rest-frame luminosities from stellar popula-
tion synthesis (SPS) models and a galaxy spectral-type clas-
sification are obtained by means of the SED fitting with
Le Phare software (Arnouts et al. 1999; Ilbert et al. 2006),
where the galaxy redshifts have been fixed to the zphot ob-
tained with MLPQNA. We adopt the observed ugri magni-
tudes (and related 1 σ uncertainties) within a 6′′ aperture of
diameter, which are corrected for Galactic extinction using
the map in Schlafly & Finkbeiner (2011).

To determine stellar masses and rest-frame lumi-
nosities, we have used single burst SPS models from
Bruzual & Charlot (2003) with a Chabrier (2001) IMF. We
use a broad set of models with different metallicities (0.005 ≤
Z/Z⊙ ≤ 2.5) and ages (age ≤ agemax), the maximum age,
agemax, is set by the age of the Universe at the redshift
of the galaxy, with a maximum value at z = 0 of 13Gyr.
Total magnitudes derived from the Sérsic fitting, mS, (see
Sect. 3.1) are used to correct the outcomes of Le Phare, i.e.
stellar masses and rest-frame luminosities, for missing flux.
Typical uncertainties on the stellar masses are of the order
of 0.2 dex (maximum errors reaching 0.3 dex).

We have finally used the spectrophotometric classes
from Le Phare to derive a classification of our galaxies. As
template set for this aim, we adopted the 66 SEDs used for
the CFHTLS in Ilbert et al. (2006). The set is based on the
four basic templates (Ell, Sbc, Scd, Irr) in Coleman et al.
(1980), and starburst models from Kinney et al. (1996). Syn-
thetic models from Bruzual & Charlot (2003) are used to lin-
early extrapolate this set of templates into ultraviolet and
near-infrared. The final set of 66 templates (22 for ellipti-
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Table 1. 90% completeness mass as a function of the photometric
redshift for the high S/N sample.

photo-z bin 90% compl. Log M∗/M⊙

≤ 0.1 8.5
0.1 < z ≤ 0.2 9.2
0.2 < z ≤ 0.3 9.6
0.3 < z ≤ 0.4 10.0
0.4 < z ≤ 0.5 10.5
0.5 < z ≤ 0.6 11.4

cals, 17 for Sbc, 12 for Scd, 11 for Im, and 4 for starburst) is
obtained by linearly interpolating the original templates, in
order to improve the sampling of the redshift-colour space
and therefore the accuracy of the SED fitting. We did not
account for internal extinction, to limit the number of free
parameters.

This fitting procedure provided us with a photometri-
cal galaxy classification, which allows us to separate ETGs
(spheroids) from LTGs (disc-dominated galaxies).

2.4 Mass completeness as a function of the

redshift

In the following we will study the behaviour of the galaxy
properties as a function of the redshift. It is well known that
some of the galaxy physical quantities (e.g. size, Sérsic index,
colour, etc.) correlate with mass. Hence it is important to
define a mass complete sample in each redshift bins.

To do that, we have proceeded in the same way we
have computed the completeness magnitudes in Sect. 2.1,
i.e. by comparing the high–S/N galaxy counts against the
photo-z sample, once galaxies have been separated in dif-
ferent photo-z bins. Results are shown in Fig. 3 and com-
pleteness masses are reported in Tab. 1. The table stops at
z = 0.6 because the high–S/Nsample starts to be fully in-
complete in mass above that redshift.

3 SURFACE PHOTOMETRY

In this section we present the measurement of structural
parameters for the galaxy sample described above, using
2DPHOT (La Barbera et al. 2008). We evaluate parameter
uncertainties and determine the reliability of the fitting pro-
cedure using mock galaxy images, with same characteristics
as the KiDS images (see Sect. 3.3.2). We finally compare
the results obtained with KiDS for galaxies in common with
an external catalog from SDSS data (i.e. La Barbera et al.
2010b, Kelvin et al. 2012).

3.1 Structural Parameters

Surface photometry of the high–S/N sample has been per-
formed using 2DPHOT (La Barbera et al. 2008), an auto-
mated software environment that allows 2D fitting of the
light distribution of galaxies on astronomical images.

In particular, 2DPHOT has been optimized to perform
a Point Spread Function (PSF) convolved Sérsic modelling of
galaxies down to subarcsec scales (La Barbera et al. 2010b).
Typical FWHM of KiDS observations are 1.0′′ ± 0.1′′ in

Figure 3. Mass completeness as a function of redshift: the ratio
of the high S/N sample and the photo-z sample for galaxies sep-
arated in different redshift bins are shown. In the bottom panel
the derived completeness from data are shown as dashed lines,
while the best fit using Eq. 1 are plotted as solid lines (except for
the most massive bin where there was not convergence due to the
poor sampling above 90% completeness). The numerical values
are reported in Tab. 1. See text for details.

u-band, 0.9′′ ± 0.1′′ in g-band, 0.7′′ ± 0.1′′ in r-band, and
0.8′′±0.2′′ in i-band (see de Jong et al. 2015, 2017). As usual
in large field detectors, the PSF is somehow a strong func-
tion of the position across the field-of-view: in Fig. 4 we show
a typical PSF pattern in VST/OmegaCAM, images where
the solid lines show the amplitude of the elongation and ori-
entation (anisotropy) of the PSF. Especially in the image
borders, the orientation of PSFs is strongly aligned, while
in the center the PSF tend to be more randomly oriented
(isotropic), with smaller elongations. The PSF strongly af-
fects the measurement of the surface brightness profile of
galaxies by anisotropically redistributing the light from the
inner brighter regions to the outer haloes (see e.g. de Jong
2008), hence altering the inferred galaxy structural param-
eters (e.g. effective radius, axis ratio, slope of the light pro-
file, etc.). For each source, 2DPHOT automatically selects
nearby sure stars and produces average modelled 2D PSF
from two or three of them (depending on the distance of the
closest stars). The PSF is modelled with two Moffat pro-
files (see La Barbera et al. 2008). The best-fit parameters
are found by χ2 minimization where the function to match
with the 2D distribution of the surface brightness values is

MNRAS 000, 1–26 (2017)
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Figure 4. PSF anisotropy within the coadd KIDS 129.0 -0.5 in
r-band. The elongation is aligned in a specific direction on the
borders but random in the middle of the image.

the convolved function given by

M(BG, {pk}) = BG+B({pk}) o S (2)

where B is the galaxy brightness distribution, which is de-
scribed by a set of parameters {pk}; S is the PSF model;
BG is the value of the local background; and the symbol o
denotes convolution. The modelled PSF is convolved with a
2D Sérsic profiles with the form

B(r,Rm, n) = I0 +
2.5bn
ln(10)

[(R/Rm)1/n − 1] (3)

For the Sérsic models, the parameters {pk} are the effective
major semiaxis Rm, the central surface brightness I0, the
Sérsic index n, the axial ratio b/a, the position angle PA, the
coordinates of the photometric center, and the local value
of the background. In Fig. 5 two illustrative examples of
two-dimensional fit results for galaxies in r-band are given.
More in details, Re is computed as the circularized radius
of the ellipse that encloses half of the total galaxy light, i.e.,
Re = (b/a)1/2Rm. The total (apparent) magnitude, mT , is,
by the definition,

mT = −2.5Log (2π)− 5Log (Re)+ < µ >e . (4)

3.2 Selection of best–fitted data

In order to select the galaxies with most reliable parameters,
we defined a further χ′2, including in the calculation only the
pixels in the central regions. This procedure is different from
the standard χ2 definition where the sum of square residu-
als over all the galaxy stamp image is minimized. The new
quantity will provide a better metric to select the galaxies
with best fitted parameters as it relies only on pixels with

higher S/N , while it is not used in the best fitting procedure
itself.

To compute the χ′2 for each galaxy, all pixels 1σ above
the local sky value background value are selected and the
2D model intensity value of each pixel is computed from
the two dimensional seeing convolved Sérsic model as in
Eq. 2. For the selected pixels, the χ′2 is computed as the
rms of residuals between the galaxy image and the model.
The distribution of the χ′2 for the whole high S/N sample
in the g, r, and i bands are given in Fig. 6. As shown in
the right panel of Fig. 5 we have galaxies with larger χ′2
(e.g. χ′2 > 1.3), which corresponds to lower quality models.
This is clearly shown in Fig. 7, which displays more exam-
ples of galaxy images and residual maps in the r-band. Here,
galaxies with χ′2 < 1.3 are shown on the left two columns
and examples of χ′2 > 1.3 galaxies and residuals are on the
right two columns. In the first group the Sérsic fit performs
very good with almost null residuals, while in the second
group substructures like spiral arms, rings, double central
peaks from ongoing mergers, etc. show up in the residu-
als. We substantiate our argument using Fig. 8 where we
plot the n-index vs. χ′2, which shows that for lower Sérsic
index (n < 2.5) there is an excess of large χ′2, i.e. worse
fit, due the fact that at these low-n late-type systems are
predominant (Ravindranath et al. 2002, Trujillo et al. 2007,
La Barbera et al. 2002) and tend to have significant sub-
structures. Indeed, the fraction of high χ′2 is larger in bluer
bands, which is probably affected by star forming regions
generally populating substructures of regular discs in late-
type systems.

This is a relevant result which show that the good KiDS
image quality, combined with an accurate surface photom-
etry analysis, can allow us to correlate the structural prop-
erties of the galaxies, as the Sérsic index, with the residuals
in the subtracted images, e.g. the typical late-type features.
This could provide further parameters for galaxy classifica-
tion, which we plan to investigate further in future analyses.

The use of a single Sérsic profile is not the more gen-
eral choice we could make, as it is well known that galaxies
generally host more than one photometric component (see
e.g. Kormendy et al. 2009). This is not only true for late-
type systems, showing a bulge+disc structure, but also for
some large ellipticals, now systematically found to have ex-
tended (exponential) haloes (e.g. Iodice et al. 2016). Look-
ing at the χ′2 distribution in Fig. 6, the fraction of galaxies
with χ′2 > 1.3 is not negligible, and amounts to ∼ 40% in
r-band.

However, the adoption of multi-component models has
two main disadvantages: the degeneracies among parameters
and the higher computing time due to the higher dimension-
ality of the parameter space. In particular, the amount and
the quality of the information (e.g. the number of pixels
across which typically high−z galaxies are distributed on
CCDs of the order of few tens) makes very hard to obtain
reliable modelling of multi-component features in galaxies,
especially when the ratio between the two components is un-
balanced toward one (see e.g. the case in the right panel of
Fig. 5, where the inner disc represents a minor component
of the dominant bulge).

For our analysis we have adopted image stamps centered
on each galaxy of ∼ 100 arcsec by side, i.e. 500 pixels given
the resolution of telescope of 0.2 arcsec/pix. This stamp size
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Figure 5. 2DPHOT fitting in r-band for two example galaxies with χ′2 < 1.3 (left) and χ′2 > 1.3 (right). In each panel we show the
galaxy image (left) and model subtracted image (residual, right). In the six bottom panels, residuals of the galaxy flux per pixel, after
the model subtraction, are shown as a function of the distance to the galaxy center, in different bins of the polar angle. See also the text
for details.
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Figure 6. χ′2 distribution of galaxies in g, r, and i bands, from left to right.

has been chosen as best compromise between computational
speed and area covered. We have excluded from our analysis
galaxies with Re > 50′′, as these might be (i) galaxies for
which the 2D light distribution is poorly sampled, resulting
into overly large Re values or (ii) galaxies with a second ex-
tended component, that is modelled as a single component
with large n, resulting into large Re. We conclude this sec-
tion by showing the distribution of the best-fit structural pa-
rameters obtained in r-band to give a perspective of the pa-
rameter space covered by the sample. In Fig. 9 this is given
for the effective (half-light) radius, Re, the Sérsic index, n,
and the total magnitude, mT . The median effective radius
of the sample is 5.4 arcsec, while the median of the Sérsic in-
dex is 1.3 and the median of the total mag is 20.4 in r-band.
The distribution of the Re is quite symmetric and show that
we can reach galaxy sizes of the order of the tenths of the
arcsec for the smallest systems, while the largest galaxies
measured can be as large as 10 arcsec and more. The Sér-

sic index distribution shows a large tail toward the larger
n-index, i.e. at n > 2. This shows that the spheroidal-like
systems are not the dominant class of galaxies in our sample.
The total magnitude distribution also shows the effect of the
sample completeness as the median almost corresponds to
the completeness magnitude (see §2.1).

3.3 Uncertainties on structural parameters

We have estimated the statistical errors on the estimated
structural parameters using two approaches: 1) internal: by
comparing estimates obtained by or best fit in contiguous
bands; 2) simulations: by applying our procedure on mock
galaxies mimicking KiDS observations and checking how the
estimated parameters compare to the know input ones of the
simulated galaxies.
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Figure 7. More examples of the 2D fit results for galaxies in r band. The left panels show the results for galaxies with good fits (χ′2 < 1.3)
and the right panels those with bad fits (χ′2 > 1.3). In each panel the source and the model subtracted residual maps are shown.
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Figure 8. The plot shows the Sérsic index vs. χ′2 in r−band.
We note that at lower n (∼< 2.5) there is an excess of large χ′2

(> 1.3), due to the presence of substructures in the residuals,
demonstrating that these n values are a good proxy of later mor-
phological types. Log-spaced isodensity contours show that the
tails of high-χ′2 become dominant in the χ′2 distribution of the
best-fit at the smaller Sérsic index index (i.e. χ′2 ∼< 2).

3.3.1 Internal check

We first estimate the uncertainties on structural parameters
by comparing the differences in Log Re, 〈µe〉, and Log n be-
tween contiguous wavebands, in our case we have adopted r
and i bands. The basic assumption is that these two bands
are close enough that the variation of the galaxy properties
from one band to other is dominated by the measurement
errors (La Barbera et al. 2010b). Therefore, this approach
provides an upper limit to the uncertainty on structural pa-
rameters.

For the uncertainty calculation we follow the method ex-
plained in La Barbera et al. (2010b). We bin the differences
in the Log Re, 〈µe〉, and Log n between r and i bands with
respect to the Logarithm of the mean effective radius Log Re

and S/N per unit area of the galaxy image, S/N/Re
2. In this

case the S/N is defined as the mean value of the inverse of
MAGERR_AUTO, between the two bands. Bins are made such
that the number of galaxies in each bin is same. Measure-
ment errors on Log Re, 〈µe〉, and Log n are computed from
the mean absolute deviation of the corresponding differences
in that bin. The results are shown in Fig 10.

The errors on the parameters show a dependency on the
S/N per unit area: as the value of S/N per area decreases
(Log (S/N/Re

2) < 2), the errors tends to increase. This
is due to the combined effect of the S/N and the number
of pixels where the signal is distributed. At low S/N/Re

2,
there are sources with large Re and small S/N, whereas
high S/N/Re

2 are systems that might have large S/N, but
due to the small number of pixels induces the uncertainty
on parameters. Most of the galaxies have Re in the range
−0.5 < Log Re < 0.2, where the errors on the parameters
are less than 0.1 dex for Re and less than 0.4 dex for 〈µe〉,
but the errors on n are more randomly distributed and do

not show particular trends. However, also in this case, they
stay remarkably contained below 0.2 dex.

3.3.2 Simulated galaxies

A further approach to assess the reliability of the parame-
ters obtained from the fitting procedure and estimate their
intrinsic statistical errors, is based on mock galaxy images
generated on top of a gaussian background noise, given by
the background rms measured for the KiDS images. The ar-
tificial galaxies have physical parameters, i.e., magnitude,
Sérsic index, effective radius, and axis ratio, which are as-
signed based on a grid of values. For each parameter, the grid
of values was chosen based on the range of values for the ob-
served galaxies. In particular we have uniformly sampled the
parameters in the following intervals: 0.2 ≤ Re ≤ 20 arcsec,
0.6 ≤ n ≤ 10, 0.5 ≤ b/a ≤ 1, and 16 ≤ mT ≤ 24 mag.
About the choice of using a uniform distribution in total
magnitude, instead of using a realistic luminosity function,
we stress here that we are not interested in producing re-
alistic images, but rather realistic individual systems which
we want to analyse to assess the robustness of our proce-
dures. This causes a lack of faint systems in our simulated
images with respect to real images as seen in Fig. 11. As
this does not impact the local background of the brighter
systems, representative our complete sample, the overall re-
sults of the analysis are not affected. We have simulated
about 1800 galaxies on image chunks of 3000 pixels by side
in order to reproduce the same galaxy density observed in
KiDS images. We have generated such mock observations in
different bands and in different seeing conditions. In Fig. 11
we show an example of simulated r-band image, compared
with a real one.

We have then applied 2DPHOT to the mock images
with the same setup used for the real images (see Sect. 3).
The relative differences between the measured quantities and
the input ones adopted to generate the simulated galaxies
are shown in Fig. 12 as a function of the S/N .

The figure shows that the input and output values are
well in agreement with each another, except in the low-S/N
regime (i.e., S/N ∼< 50), where we start observing a sys-
tematic deviation of the measured values from the input
ones. This is an a posteriori confirmation that our choice
of S/N > 50 for robust structural parameter studies was
correct.

In the same Figure we show the relative differences of
the same observables against the input values (bottom row):
in this case there is no trend in the derived quantities and
statistical errors stay always below 10%. We have found that
these good accuracies are independent of the band and of the
seeing, as long as we restrict to galaxies with S/N > 50 in
any given bands.

3.4 Check for systematics on the estimated

parameters

In this section we proceed with a series of validation tests to
check the presence of biases in the parameter estimates. To
do that we have selected literature samples having an overlap
with our KiDS galaxy sample. However, before going on with
tests on external catalogs we will start with a basic check

MNRAS 000, 1–26 (2017)



10 Roy et al.

-1.0 -0.5 0.0 0.5 1.0
0

5000

10000

15000

20000

25000

30000

Log Re HarcsecL

C
ou

nt

0 2 4 6 8 10
0

10000

20000

30000

40000

50000

n

C
ou

nt

16 17 18 19 20 21 22 23
0

5000

10000

15000

20000

25000

30000

35000

mT

C
ou

nt

Figure 9. Distribution of structural parameters in r-band: for Log Re, n, mT , from left to right panel.
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Figure 10. Uncertainties in the parameters Log Re, 〈µe〉, and Log n as a function of the Logarithm of the S/N per unit area. Different
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This fit is not performed for Log n as it does not shows any correlation with S/N/Re

2.

on the effect of the background evaluation on the parameter
estimates.

3.4.1 Effect of sky background

We have discussed in Sect. 3.1 that the background is a free
parameter in our fitting procedure (see e.g. Eq. 2). However,
it is well known that the simultaneous fit of the background
and the photometric laws can be degenerate and produce
some systematics.

In order to estimate the effect of background fitting
on the estimate of structural parameters, we have repeated
the fitting of galaxy image by keeping the background as
a fixed parameter. We measured the background value far
from the galaxy (local background value calculated from the
galaxy stamp images, which is 1.5 times the S-Extractor
ISOAREA parameter, see La Barbera et al. 2008 for more
details) and entered as the initial guess in the fitting proce-
dure. Here, we fix this value of background for the modelling.

We randomly selected ∼ 3000 galaxies from our high–
S/N galaxy sample and again extracted the structural pa-
rameters. We compare the two sets of structural parameters
we have obtained with the standard procedure and the one

with fixed background. The differences in structural param-
eters are shown in Fig. 13.

Squares and error bars represent mean and standard de-
viation of the scattered plot. For most of the selected galax-
ies the differences between measured and input parameters
are negligible. The background fit does not introduce sys-
tematics and the error associated to the background mea-
surement is of the order of 10-20% in Re less than 10% in
n, and less then 20% in the total magnitude, which are in
line with the estimates in Sect. 3.3.

3.4.2 Comparison of KiDS and SDSS structural

parameters

We want now to compare our results with some external
catalogs to check the presence of biases. The accuracy of
our structural parameter estimates is compared with two
samples which overlaps with KiDS sky area.

First, the SPIDER galaxies (La Barbera et al. 2010b),
which includes 39,993 spheroids with SDSS optical imaging
and UKIDSS Near Infra Red (NIR) imaging, with redshifts
in the range 0.05 ∼< z ∼< 0.1.

This sample has structural parameters derived with the
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Figure 11. A real KiDS image (left) vs. a mock image with simulated galaxies (right). Seeing FWHM are 0.69 and 0.66 for real and
mock images respectively.

same software (2DPHOT) used in this paper for KiDS, but
applied on SDSS images, which have a poorer image quality.
This would give us the effect of depth (KiDS is two magni-
tudes deeper than SDSS) and image quality (both pixel scale
and seeing are about twice smaller in KiDS) on the parame-
ter estimates being the analysis tool substantially the same
for the two datasets. By matching the KiDS data with SPI-
DER we found 344 galaxies in common for which we can
have a direct comparison of the derived parameters. This al-
lows us to measure the relative differences among the struc-
tural parameters. The results are shown in Fig. 14, where we
can see a good agreement among the parameters from the
two datasets with the scatter (measured by the errorbars)
in line with the statistical errors (∼10% or below) discussed
in Sect. 3.3.2.

Secondly, we have checked our structural parame-
ters with the ones obtained by the GAMA collaboration

(Kelvin et al. 2012) using GALFIT (Peng et al. 2002) on
SDSS optical images. This subsample consists of 7857 galax-
ies and the results are shown in Fig. 15, where again we plot
the relative differences among the structural parameters. In
this test, both data and analysis methods are different, hence
we can check whether the combination of the image quality
and the analysis set-up can introduce some differences in the
galaxy inferences.

The comparison with SDSS and KiDS data shows a
clear offset between the two sets of parameters of the or-
der of 20%. This was already found when comparing the
2DPHOT estimates with GALFIT on SDSS data (see e.g.
La Barbera et al. 2010b for details), hence this has to be re-
lated to the different tools’ performances. In Fig. 15 we plot
the structural parameters against the S/N defined as for
the KiDS case. We can see that a large part of the GAMA
sample have a S/N< 50, a region where the scatter among

MNRAS 000, 1–26 (2017)



12 Roy et al.

Figure 12. Figure shows differences between the input and output parameters for Re n, and mT , with respect to S/N . We define the
quantity δpk = (pink − poutk ), with pk = Re n, mT . We plot δRe/Re

in, δn/nin and δmT in terms of S/N . Datapoints for single galaxies
are plotted as blue points. Mean values are plotted as filled squares and error bars show the standard deviation in bins of S/N . The
numbers given are the standard deviations in each bin.

Figure 13. Differences in the r-band parameters Re n, and magnitude when background is kept constant with respect to the value
when background is subjected to change. We define the quantity δpk = (pfixk − pvark ), with pk = Re n, mT . We plot δRe/Re

fix, δn/nfix

and δmT as a function of Re
fix, nfix and mfix

T , respectively. Mean values are plotted as filled squares and are given along with the
single datapoints. Error bars show the standard deviation in bins of parameter plotted on x axis. The numbers given are the standard
deviation in each bin.

the two analysis increases and results from SDSS should be
less robust. However, the offset shows-up at the higher S/N
which suggests that the differences are not due to the poorer
SDSS quality. In general, effective radii and Sérsic indices
with GALFIT are smaller with respect to those of 2DPHOT
by 15% and 25% or less respectively, whereas the total mag-
nitude from 2DPHOT is brighter by ∼ 0.2 mag compared
to the SDSS. The offset of the Re in particular, seems con-
sistent with zero within the (albeit large) scatter.

There might be many reasons why the two software
might have brought to systematics (e.g. PSF sampling, con-
volution methods, background estimate etc.) and a detailed
discussion of the origin of this is beyond the scope of this pa-
per. Based on our test done with mock galaxies in Sect. 3.3.2,
corroborated by the check vs. the SPIDER sample, we are
confident that the 2DPHOT estimates are fairly accurate.
However, we will perform a challenge of different surface
photometry tools on an advanced mock galaxy catalog on
the next paper (Raj et al., in preparation). We just remark

here that there seems to be no trend of the offset with the
redshift, as shown on the last panel of Fig. 15: since most of
the focus of the paper is on the galaxy size evolution with
redshift, we believe that our results should not suffer any
severe systematics.

4 RESULTS

In this section we present results about the evolution across
cosmic time of galaxy sizes and size–mass relations. The
evolution of the size–mass correlation is strictly related to
the way the galaxies have been assembled. It is known
that the two main classes of galaxies, spheroids and disc-
dominated, show a different dependency between size and
stellar mass with disc-dominated galaxies having a weak, if
any, dependence on the redshift, and spheroids showing a
clear variation with the redshift (see e.g. Shen et al. 2003,
van der Wel et al. 2014), which suggest a different evolution
pattern for the two populations. In the following, we will
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Figure 14. Comparison of KiDS structural parameters with the ones derived within the SPIDER survey. The SPIDER dataset consists
of spheroids with redshifts in the range 0.05 < z < 0.095, selected from SDSS; the structural parameters are derived using 2DPHOT.
We define the quantity δpk = (pSPIDER

k − pKiDS
k ), with pk = Re, n, mT . We plot δRe/Re

SPIDER, δn/nSPIDER and δmT in terms of
Re, n and mT , respectively. Data are shown as points. Mean values and standard deviations are plotted as filled squares and error bars.
The numbers are the standard deviations in each bin.

Figure 15. Comparison of KiDS structural parameters with the ones derived by GAMA using SDSS images (Kelvin et al. 2012).
The structural parameters are derived using GALFIT (Peng et al. 2002). We define the quantity δpk = (pGAMA

k − pKiDS
k ), with pk =

Re, n, mT . In the first three panels we plot δRe/Re
GAMA, δn/nGAMA and δmT as a function of S/N . In the fourth panel to the right,

we also plot the δRe/Re
GAMA vs. redshift, which shows that there is no significant systematics between the GALFIT parameters and

the ones obtained with 2DPHOT as a function of the redshift. Median values and median deviations divided by 0.675 (as equivalent to
the standard deviation) are plotted as filled squares and error bars. The numbers are the standard deviations in each bin.

refer to effective radii derived in r-band if not otherwise
specified.

4.1 Spheroids and disc-dominated galaxy

classification

We start by separating spheroids and disc-dominated galax-
ies using two independent criteria, based on: a) the Sérsic in-
dex values (Sect. 3) and b) the SED fitting classification us-
ing the spectrophotometric classes discussed in Sect. 2.3. We
define ”spheroids” those systems with steep light profiles, i.e.
with r-band n > 2.5 (Trujillo et al. 2007, van der Wel et al.
2014), and with photometry best-fitted by one of the 22 el-
liptical galaxy model templates (see Sect. 2.3; Tortora et al.
2016). Instead, ”disc-dominated” galaxies are defined as sys-
tems with more extended and shallower light profiles, i.e.
with r-band n < 2.5, and with photometry which is best-
fitted by model templates of late-type galaxies (i.e., Sbc and
Scd types).

The final sample consists of 49 972 spheroids and
144 859 disc-dominated galaxies in r-band. We just remark

that there are a number of galaxies (13 403) which turned
out to be neither spheroids nor disc-dominated (classified
as star burst or irregular systems), which we have excluded
from our analysis. Furthermore, in order to use with caution
the warning of the offset found with the GAMA estimate in
§3.4.2, we show that our results are insensitive to a more con-
servative choice of the Sérsic-index (e.g. adopting n > 3.5)
in Appendix C.

4.2 Size–Mass as a function of redshift

Once we have defined the two main galaxy classes interested
by this analysis, we can proceed to investigate the size–mass
relation as a function of the redshift and compare this with
previous literature data and simulations.

4.2.1 Spheroids

In Fig. 16 we show the size–mass relation of spheroids in dif-
ferent redshift bins with overplotted the mean as boxes and
the standard deviation of the mean as errorbars. In Fig. 16
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Figure 16. Size–Mass relation for spheroids (top panels and left and central bottom panels). Individual galaxy values are plotted together
with mean and standard deviation of the mean (boxes and error bars). For the 0 ≤ z < 0.1 bin we overplot some local relations from
literature (solid line: Shen et al. 2003; dot-dashed line: Hyde & Bernardi 2009; dashed black line: Mosleh et al. 2013; dashed red line:
Baldry et al. 2012; solid red line: Lange et al. 2015). For all other z bins we show the z = 0 relation form Mosleh et al. (2013) to visually
appreciate the deviation of the average relation from the local one. Bottom right panel: the stellar mass distributions in different z bins
normalized to the total covolume. The vertical coloured line at the bottom of the bottom-right panel are the rough mass completeness
derived by the histogram shown in the same panel. Here we took as fiducial completeness mass the mass roughly corresponding to the
peak of the distribution, except for the lowest z bin where we also keep the second peak of the mass distribution as a significant feature.

only the 90% complete sample is shown, and this becomes
clear in particular at z > 0.3 where the sample starts to be
severely incomplete at Log M∗/M⊙ < 10.2. The two bins
at z > 0.4 are shown together as the contribution of galax-
ies in the bin 0.5 < z ≤ 0.6 is minimal and limited to the
very high mass end. The mean contour of the latter redshift
bins are fully consistent with the ones derived for the lower
z bin, 0.4 < z ≤ 0.5, hence we decided to cumulate the two
samples.

In the figure we have also plotted some relevant
literature trends obtained at z = 0 (i.e. Shen et al.
2003, S+03 hereafter; Hyde & Bernardi 2009, HB+09 here-
after; Mosleh et al. 2013, M+13 hereafter; Baldry et al.
2012, B+12 hereafter; Kelvin et al. 2012, K+12 hereafter;
Lange et al. 2015, L+15 hereafter), after having scaled all
masses to the Chabrier IMF, which is our reference choice.
All the literature results used for comparison had been ob-
tained with a single Sérsic model (as for our results) except
for HB+09 which used a simple de Vaucoleurs profile. Also,
we had to take into account the different size definitions as

circularized radii (i.e. the ones adopted by us) were used
by Shen+03, HB+09, and M+13, while B+12, K+12 and
L+15 adopted major axis effective radii and needed to be
corrected by the galaxy axis ratio (see §3.1). Since we did
not have information on the axis ratio of all literature sam-
ples, we have adopted an average correction between the
major axis and the circularized radii as a function of the
mass for the low-z bin obtained from our galaxy sample as
discussed in Appendix B (and shown in Fig. A2), which we
have applied to the datasets adopting major axis effective
radii (i.e. B+12 and K+12). This corresponds to have com-
pared our major axis estimates with the equivalent ones in
B+12 and K+12, and then re-arranged all back to some cir-
cularized radii consistent with the same average ellipticity
of the KiDS galaxies.

We first remark a very good agreement of our mean val-
ues (data points with error bars) with the non-parametric
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Figure 17. Mass vs. redshift plot for the spheroids sample. Over-
plotted to the individual galaxy values, we show the mean and
standard deviation of the mean of the sample (error bars are com-
parable to the size of the boxes). Note that the steepening of the
z ∼ 0.6 bin is due to the mass incompleteness of this bin. In the
lowest z bin (z ∼ 0.1), the sample suffers some volume incom-
pleteness (see discussion in Sect. 2), which produces the mean
mass in the bin to be biased toward less massive systems.

estimates from M+13 shown as dashed line in Fig. 161. In
particular, we clearly see in our data a flattening of the re-
lation at masses below Log M∗/M⊙ ∼ 10.0 in the lowest z
bin. The z = 0 relation from M+13 nicely matches also the
average trend in our next z bin (0.1 < z ≤ 0.2), where the
flattening of the relation is even more evident.

Differently from M+13, S+03 use a single power-law to
best fit their data, i.e. Re ∝ Mα, while HB+09 have per-
formed a parabolic fit in the Log-Log plane to reproduce
the curvature they have observed in their data too and that
is also seen in our Fig. 16. Both S+03 and HB+09 show
a good agreement with our data at the intermediate mass
scales, while they diverge at the lower masses. In particular,
S+03 does not seem to catch the flattening of the average
size-mass relation, while HB+09 seems to over-predict the
flattening we also observe. We expect to better quantify this
tension at lower mass scales by using the larger dataset to be
gathered with the third data release. We note, though, that
the sample is complete at this mass bin according to Tab. 1.
At higher masses (Log M∗/M⊙ > 10.8), the main issue of
the S+03 relation, is that they tend to underestimate Re

because of sky subtraction in the SDSS Photo pipeline. To
conclude our comparison with previous literature, we also
show the average relation obtained by Baldry et al. (2012)
with GAMA galaxies, where we see also a flattening of the re-
lation at Log M∗/M⊙ ∼ 10.0, but the overall relation seems
tilted with respect to our average relation.

We use the M+13 results as a z = 0 reference to com-
pare the size-mass relations in the other redshift bins and
visually evaluate the evolution of the size–mass relation with
lookback time. Going toward higher z, in Fig. 16 we show
that the mean correlation (boxes connected by the solid
lines) starts to deviate from the z = 0 relation after z = 0.2
as galaxies become more and more compact with respect to
their low-z counterparts. The difference is significant within

1 Note that, the M+13 effective radii are obtained from a non-
parametric procedure, based on the growth curve.

the errors at stellar masses Log M∗/M⊙ >∼10.5, while at
lower masses there is little evolution in size, or even, an oppo-
site trend with respect to that seen in the high mass regime,
i.e. galaxy sizes becoming larger. However, this might be due
to the fact that we are in a mass regime (M ∼ 1010M⊙) close
to the completeness limit of the sample.

On the higher mass side, the sample does not suffer
any particular incompleteness, as shown by the mass distri-
bution in the z-bins in the bottom-right panel of the same
Fig. 16 (except possibly for the low-z bin, see also below).
Here, the counts have been normalized to comoving volume
and corrected by the completeness function (i.e. the frac-
tion of galaxy lost per mass unit in different z-bins). The
error bars mainly reflects the propagation of photo-z errors
on the determination of the comoving volume in the dif-
ferent z-bins. The drop of the counts after the first peak
at Log M∗/M⊙ = 10.5 − 11.0 going towards lower masses,
is typical of the spheroids mass function measured at all
redshifts (see e.g. Kelvin et al. 2014) and does not reflect an
intrinsic incompleteness of the sample. We conclude that the
observed trend with z relation, which moves the spheroids
sample progressively away from the z = 0, is genuine and
has to be related to an evolution pattern in the galaxy struc-
tural parameters. All these effects go in the sense of favoring
more and more massive (hence larger) galaxies at higher z,
which goes in the opposite direction as the trend of galaxy
sizes decreasing with z.

This should not be due to an evolution of the stellar
mass, as the average stellar mass of our sample does not
show any significant trend with the redshift. This is demon-
strated in Fig. 17, where the average masses stay almost con-
stant in the range Log M∗/M⊙ ∼ 10.7 − 10.8 as a function
of z although a steepening is observed only at the z ∼ 0.6
bin, which is due to the mass incompleteness of this bin (be-
low Log M∗/M⊙ = 11.5). A possible selection effect is also
present in the lowest z bin (z ∼ 0.1), due to the volume
incompleteness discussed in Sect. 2), which causes the av-
erage mass in the bin to be biased toward the less massive
systems.

We conclude that the the driver of the evolution of
the mass-size relation is the change of the galaxy size with
z. Visually, this means that galaxies more massive than
Log M∗/M⊙ ∼ 10.5 have sizes (i.e. Re) that decrease with
increasing redshift at any given mass. To better quantify this
effect and to estimate also the amount of the size variation
in the different mass intervals, we have performed a fit to the
average size–mass at different redshifts and then evaluated
the Re corresponding to different mass intercepts (see also
van der Wel et al. 2014, hereafter vdW+14).

To fit the size–mass we have used the two fitting formula
used in M+13 and HB+09 (as showed in Fig. 16), which we
report here below for clarity:

Re = γ(M∗)
α(1 +M∗/M0)

(β−α) [from M+ 13], (5)

where Re is in kpc, M∗ in solar units, and α, β, γ, M0 are
free parameters, and

Y = p0 + p1X + p2X
2 [from HB+ 09] (6)

where Y = Log Re/kpc, X = Log M∗/M⊙ and p0, p1, p3
are free parameters to be adjusted to best fit the data points.
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Figure 18. Parametric fit to the Size–Mass relation for spheroids. The average size mass in different bins (colour coded as in Fig. 16)
is fitted with the parametric formulae as in Eqs. 5 (dotted lines) and 6 (solid lines). The z = 0 fit has been reported in the subsequent z
bins in blue, to visually check the difference of the z > 0.1 relations. These curves are used to define the Re corresponding to different
mass intercepts as shown in Fig. 19.

The best fit relations for both cases are shown in Fig. 18. The
fit is generally very good for both fitting function across the
data points, however Eq. 6 seems to predict a very strong up-
turn of the trend at low masses, right outside the first dat-
apoint, which we cannot confirm with our current dataset.

In Fig. 19 we show the trend of the Re, obtained from
Eq. 5 and 6, for different mass values, as a function of
z, while errorbars show errors from the best fit at every
mass bin for Eq. 5 only, for clarity (being the ones of Eq. 6
very similar). The errors on the individual estimate take
into account the 1σ errors in the best fit. There is an evi-
dent trend of the sizes to decrease with redshift in all mass
values except Log M∗/M⊙ = 10.4. This trend is nicely
consistent with a similar analysis performed by vdW+14
on HST data for CANDELS (Koekemoer et al. 2011) and
shown in the same figure, where we show their results for
Log M∗/M⊙ = 10.25, 10.75, 11.25, from bottom to the top
(see also the colour code, as in the legenda). Our results
are consistent CANDELS at higher-z (>0.3) for the lowest
mass value for which our sample is complete out to z ∼ 0.5
(Log M∗/M⊙ = 10.4).

If we use the standard parametrization for the size evo-
lution vs. redshift of the form

Re = Bz(1 + z)βz (7)

we note that the steepest variation of the sizes is found in
our highest mass intercept (Log M∗/M⊙ = 11.6), for which
we measure a slope of βz = −2.0±0.3 as in Tab. 2, where we
report the best fit to the data point obtained from Eq. 5 (but
the use of Eq. 6 would not have changed the final results).
This is different from the ones of the lower mass bins which
have an average slope of -1.5, which is consistent with the
one reported by vdW+14 (i.e. -1.48). This corresponds to a
reduction of the size with respect to the value at z = 0.1
of galaxies with mass Log M∗/M⊙ = 11.6 that reaches
about 50% at z > 0.5 and that is larger than the 40% of
the galaxies of the close mass bin (Log M∗/M⊙ = 11.2), as
shown in the bottom panel of Fig. 19. We used the z = 0.1
value as normalization value, consistently with previous lit-
erature (Trujillo et al. 2007, Huertas-Company et al. 2013)
also shown in the figure as comparison.

The evolution of the galaxy size over cosmic time be-

comes increasingly significant at larger masses. We could
not track back these discrepancies in the Re(z)/Re(z = 0)
in the original samples from the two analyses mentioned
above as the galaxy selection are somehow different from
ours (e.g. Trujillo et al. 2007 use systems with n > 2.5,
Huertas-Company et al. 2013 distinguish group and field
galaxies) and also the local values adopted by them are dif-
ferent.

4.2.2 disc-dominated

The mass size relation of disc-dominated systems is shown
in Fig. 20 as open symbols and compared with the ones of
spheroids from Fig. 16. In all panels we show again the local
relation, by M+13, but here represented as a shaded area
which reproduces the larger spanning of their inferences, de-
pending on the different selections made (LTG, n < 2.5, blue
samples, etc.). Our z ∼ 0 results (top left) are again very
well consistent with literature, and we can see a change in
the overall slope at Log M∗/M⊙ < 9 which is not reported
in previous data. In all other redshift bins, we see that the
size–mass data tend to tilt with respect to the local relation,
around a fixed mass scale (Log M∗/M⊙ ∼ 10.5).

In our sample, disc-dominated galaxies have always
larger sizes than spheroids at masses ∼< 1011.0M⊙, con-
sistently with what is found in previous literature (e.g.
vdW+14), while for higher masses we do not have a sig-
nificant sample of disc-dominated galaxies (see also the Bz

values in Tab. 2 which are larger for the discs with respect
to the passive galaxies at Log M∗/M⊙ > 10.8) and we can-
not exclude that spheroids might have larger sizes at that
mass range, e.g., vdW+14. We expect to investigate more
this issue with the next KiDS data release.

We finally see that disc-dominated galaxies do not show
a clear trend with redshift as clearly seen for spheroids. In
fact, in Fig. 20 the average relations at higher z do not de-
viate significantly from the one at z = 0 (shaded region) as
observed in the case of spheroids.

As done for spheroids in Sect. 4.2.1, we have quanti-
fied the dependence on the redshift by fitting the Re −M∗

relations at the different redshifts and determining the in-
tercept at different mass values. In this case we have used
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Table 2. Re = Bz(1 + z)βz fit to the size-redshift relation as derived from the average size-mass fit at different redshifts (Figs. 19 and
21) and from direct fit to the size-redshift relation in different mass bins (Fig. 22).

Indirect from size-mass Direct Fit

spheroids disc-dominated galaxies spheroids disc-dominated galaxies

Log M∗ Log Bz βz Log Bz βz Log Bz βz Log Bz βz

10.0 – – 0.48± 0.02 −0.8± 0.4 – – 0.44± 0.04 −0.3± 0.5
10.4 0.48± 0.04 −1.4± 0.6 0.57± 0.02 −0.3± 0.3 0.35± 0.04 0.4± 0.3 0.60± 0.01 −0.7± 0.1
10.8 0.75± 0.04 −1.6± 0.5 0.88± 0.02 −1.1± 0.2 0.67± 0.06 −0.6± 0.4 0.92± 0.11 −1.4± 0.9
11.2 1.03± 0.03 −1.5± 0.3 0.91± 0.04 0.4± 0.2 1.11± 0.03 −2.0± 0.2 0.87± 0.03 0.4± 0.2
11.6 1.53± 0.02 −2.0± 0.3 – – 1.41± 0.02 −1.5± 0.2 – –

Figure 19. Size vs. z plots from the average size-mass paramet-
ric fit of spheroids. Top. We plot the derived absolute intercept
of the best fit relations as in Fig. 18 at mass values in the leg-
ends. Error bars account for the 1σ errors in the best fit. Dot-
ted and solid lines show the results of fit from the M+13 rela-
tions as in Eq. 5 and HB+09 relation as in Eq. 6 respectively.
We also overplot results from HST data in vdW+14, correspond-
ing to Log M∗/M⊙ = 10.25, 10.75, 11.25, from bottom to the
top, which well compare to our measurements in similar mass
bins. Bottom. We plot the size evolution with respect to the local
size at different mass intercepts. The evolution of the size with
redshift becomes increasingly significant at larger masses. The
black dashed line is the relation as found by Trujillo et al. (2007)
for Log M∗/M⊙ > 11.0. The grey dashed line is for ETGs with

10.5 < Log M∗/M⊙ < 11.0 and the grey solid line for those with
11.2 < Log M∗/M⊙ < 12 from Huertas-Company et al. (2013).

only the double power law formula (Eq. 5), since the data
do not show any signature of the inversion of their trend at
low masses. The results are shown in Fig. 21, for the high-
est mass bins for which the sample is complete at z < 0.5.
disc-dominated sizes show a flat trend with redshits (see also
the best fit slopes in Tab. 2), much flatter that the spheroids.
This is consistent with the results from vdW+14, also shown
as thick shaded lines, using the same intercept approach.

In the same Fig. 21 (bottom panel) we have also es-
timated the trend with redshift of the size normalized to
the local value and our results seem to have a trend which
is spread in normalization but consistent with the ones ob-
tained by, e.g., Trujillo et al. (2007). The new evidence from
the KiDS sample is that galaxies in the lower mass bins have
a trend which is similar to the one of the most massive bins
(if we exclude the very massive one, which is incomplete at
lower redshift), as also quantified in Tab. 2. Overall the disc-
dominated systems show shallower trends than spheroids in
all mass bins.

4.3 Spheroids and disc-dominated size evolution

parametric fit

In this section we offer a complementary analysis of the size
evolution by directly deriving the Re−z relation in different
mass bins. Being this inference independent of any fitting
formula, it provides a more unbiased estimate of the actual
dependence of the size from the redshift, once the the mass
incompleteness in each redshift bin has been taken into ac-
count.

The results for the spheroids and disc-dominated galax-
ies are compared in Fig. 22, where we show the average
Re−z dependence in different mass bins, following the mass
grouping and colour code adopted in the previous section.
For the spheroids, we also show the individual values with
the same colour code to better evaluate the spread of the
relation. For disc-dominated galaxies we have omitted in-
dividual values because, being their relative normalization
in the different mass bins smaller than the spheroids case
(see average values, in the right panel, closer to each other
wrt spheroids) and the scatter almost the same of the one
of spheroids, it was too crowded to appreciate any differ-
ence among the different mass bins. We have performed also
for these average estimates the Re = Bz(1 + z)βz fit, with
best-fitting parameters being reported in Tab. 2.

Both the average values and the parametric fit show
the same features discussed for the size-redshift obtained
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Figure 20. Size–Mass relation for disc-dominated galaxies. Symbols have the same meaning of the spheroids sample in Fig. 16, but
now data are shown with open symbols in contrast to the spheroids average relation also shown as full symbols. The local relation is
given by a shaded area which show the range spanned by the average relation from Mosleh et al. (2013) (i.e. their LTG, n < 2.5, blue
samples) and solid red line from (Lange et al. 2015). In the bottom right panel we summarize all results: the disc-dominated galaxies
have generally larger sizes at masses, especially for ∼< 1011.0M⊙ and show a trend with redshift (see Sect. 4.2.1) which seems weak or
absent.

for the “indirect” relations in the previous Section. Namely,
the spheroids show steeper decreasing trends with z for mass
bins Log M∗ >∼10.5 while they almost flatten out at lower
masses. disc-dominated galaxies show shallower slopes (see
Tab. 2) than spheroids and, at masses Log M∗ ∼< 11.0, they
show larger sizes than the spheroids (see the comparison
between spheroids and disc-dominated galaxies in Fig. 22,
right panel). We will interpret these different variations of
the size with z in the next paragraph.

Looking at the average slopes in the Tab. 2, for the in-
direct fit we have a good agreement with vdW+14 (they
have found a slope of -1.48 for their ETGs, we have an aver-
age of −1.6 ± 0.3), while our disc-dominated systems show
possibly a shallower evolution as they find -0.75, while we
have an average slope of −0.5 ± 0.6, but we are dominated
here by the value of the high mass which is quite uncertain
being based on two points. If we exclude that value, we ob-
tain an average slope of −0.7 ± 0.4, hence consistent with
the results from vdW+14. Overall these average quantities
have a large scatter due primarily to the wide range of stel-
lar masses covered. However, as shown in §4.2.1 and §4.2.2,
the consistency with vdW+14 is generally very good in the
mass bins. Similar average slopes are found for the direct fit
in the same Table.

5 DISCUSSION AND CONCLUSIONS

The main result of this paper is that the two main classes
of galaxies, spheroids and discs, show different relations be-
tween size and stellar mass and size and redshift, which are
well consistent with previous literature (Shen et al. 2003,
Baldry et al. 2012, van der Wel et al. 2014) but based on
a sample which is much larger in the higher redshift bins.
Our sample, complete in mass down to Log M∗ ∼< 9.0 at
z < 0.2 and down to Log M∗ >∼10.0 at higher−z, has al-
lowed us to highlight some features that were not clearly as-
sessed in previous datasets (at lower z, e.g. HB+09, S+03,
M+13). First, a curvature in the Re − M∗, seems present
at almost all z-bins for both spheroids and disc-dominated
galaxies, but becomes less clear at z > 0.4, mainly because
of the mass incompleteness. The size–mass relation of disc-
dominated galaxies also presents a knee in the relation at
the very low masses (Log M∗ ∼< 9.5) at z < 0.1, which was
not reported in previous studies.

The results found for our spheroids and disc-dominated
samples are consistent with the expectation of the
galaxy growth from recent hydrodynamical simulations
(Furlong et al. 2015) from the EAGLE set-up (Schaye et al.
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Figure 21. Size vs. z plots from the average size-mass para-
metric fit of disc-dominated galaxies, as done for spheroids in
Fig. 19. Top. We plot the derived absolute intercept of the best
fit relations at mass values as in the legend. Dotted and solid
lines show the results of fit from the M+13 relations as in Eq.
5 and HB+09 relation as in Eq. 6 respectively. Error bars ac-
count for the 1σ errors in the best fit. We also overplot three
relations from HST data in vdW+14 in transparent colours, cor-
responding to Log M∗/M⊙ = 10.25, 10.75, 11.25, from bottom
to the top, which nicely overlap to our measurements in similar
mass bins. Bottom. We plot the size evolution with respect to the
Re at z = 0 at different mass intercepts. The trend of the size

with redshift of disc-dominated seems constant within the errors
at all mass bins. The black dashed and dotted lines represent
the same relations for spheroids and disc-dominated, respectively
(from Trujillo et al. 2007).

2015), as demonstrated in Fig. 232. Overall, the predic-
tions from simulations match our trends at all mass scales
within 1σ, although the match of the spheroids is slightly
more discrepant with respect to the excellent agreement
found for disc-dominated galaxies, especially for the higher
mass values. However, the consistency of sizes predicted for

2 We have corrected the simulation results both a) rescaling their
major axis radii as done for the other literature, and b) linear
interpolating the normalization of their curve to the logM∗ of
our mass bins, to have the best match between the data and
predictions.

spheroids in the EAGLE simulations and our estimates in-
directly demonstrates the importance of feedback mecha-
nisms to prevent the simulated systems to collapse too much.
This is a well known effect of hydrodynamical simulations
(e.g. Scannapieco & Athanassoula 2012) as a consequence of
the so-called angular momentum catastrophe (Katz & Gunn
1991; Navarro & White 1994) consisting in a too large an-
gular momentum transfer into the galaxy haloes which can-
not retain the collapse of the cold gas into stars toward the
galaxy center. The effect is todays balanced by the inclusion
of feedback mechanisms in the centers, which balance the
gas collapse (e.g. Governato et al. 2004; Sales et al. 2010;
Hopkins et al. 2014; etc.), but whose recipes are still un-
der refinement. In case an insufficient energy injection is
accounted for in simulations, the predicted sizes result to be
more compact for a given mass bin, as shown in the same
Figure by the the predictions of the Re − z for ∼ 1011M⊙

spheroids from Oser et al. (2012) (note that they do not pro-
vide explicitly disc-dominated predictions) with a modified
version of the parallel TreeSPH code GADGET-2 (Springel
2005) and no AGN feedback. The predicted sizes, in this
case, turn out to be more than 1σ smaller the one derived
in our analysis at all redshift.

The remarkable result that emerges from this compari-
son is that the observed sizes are naturally explained in the
context of the galaxy assembly described in the cosmological
simulations. In particular, the size growth is interpreted in
Furlong et al. (2015) as the consequence of the accreted mass
fraction since z = 2. The more stellar mass is accreted from
sources other than the main progenitor at a given time the
more the final size of a galaxy is found to increase. This does
not take into account the type of mergers that contribute
to the size growth, but clearly establish that size growth
and accreted mass fraction are inherently related (see their
Fig. 5).

To conclude, in this paper we have demonstrated the
large potential of the KiDS dataset for the structural pa-
rameter analysis of galaxies at least up to z = 0.6. We have
analyzed a sample of ∼ 380, 000 galaxies with signal-to-noise
ratio large enough (S/N r > 50) to derive accurate structural
parameters. Based on mock galaxy images and performing
an external comparison, we have demonstrated that our es-
timates are robust. We have used in particular the size and
stellar masses to investigate the evolution of the size-mass
relation up to z ∼ 0.6 and compared the results with hydro-
dynamical simulations for galaxy assembly. The main results
of our analysis can be summarized as follows:

• The size–mass–redshift relation show a very good agree-
ment with the size–mass and the size–redshift correlations
obtained either in local analyses (e.g. Shen et al. 2003,
Baldry et al. 2012, Mosleh et al. 2013) or at higher-z (e.g.
Trujillo et al. 2007, van der Wel et al. 2014). The size–mass
relation of spheroids shows a clear evolution of the aver-
age quantities with redshift which we have interpreted as a
consequence of the size decreases with increasing redshift at
masses larger than Log M∗/M⊙ ∼ 10.5, while the evolution
of the sizes for the disc-dominated galaxies is very weak,
which produces no appreciable evolution of their size–mass
relations.

• We have derived the Re vs. z evolution using two ap-
proaches: 1) by fitting the size–mass relation at different
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Figure 22. Size evolution with respect to z for spheroids (left) and disc-dominated galaxies (right) based on r band data. In the left panel
we show the spheroids average relation as full squares connected by solid lines against individual galaxy values colour coded according to
their average mass in the mass bins. In the right panel disc-dominated values are given as squares connected by solid lines and spheroids
are also reported as dotted lines as comparison. In each case mean for redshift are given and standard deviation of mean in size is given
as the error bars as filled squares.

Figure 23. Comparison with hydrodynamical simulations. Left panel: spheroids size–redshift relation is compared with the EAGLE
simulations from Furlong et al. (2015) and with a modified version of GADGET-2 from Oser et al. (2012). The data points show the
results obtained in Sects. 4.2.1 (solid lines) and 4.2.2 (dashed lines) in different mass bins as in the legends. Right panel: disc-dominated
size–redshift relation with symbols as in the left panel but with the results from the average-size mass from Sect. 4.2.2 (solid lines).

redshift bins and then estimating the Re−z evolution along
different mass intercepts (see Sect. 4.2.1 and Sect. 4.2.2) and
2) by direct fitting the measured Re vs. z in different mass
bins. The results of the two methods consistently show a
substantial evolution of sizes with redshift, with spheroids
having a steeper decrease of their sizes with increasing red-
shifts with respect to disc-dominated galaxies. The normal-
ization and slope of the the Re vs. z, parameterized using

the standard Re/kpc ∝ (1 + z)βz relation (see Tab. 2), are
consistent with a recent analysis using accurate HST size
measurements with single Sérsic profiles (van der Wel et al.
2014).

• We have compared the data with suites of recent hydro-
dynamical simulations of galaxy assembly with a full treat-
ment of galaxy feedback (including supernovae and AGN
feedback, Furlong et al. 2015), showing that also in this case
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our results are well matched by simulations and alway con-
sistent with 1σ scatter of our observationally inferred Re−z
relations in different mass bins for both the spheroids and
disc-dominated systems. We have also checked that simu-
lations with no AGN feedback (e.g. from Oser et al. 2012)
show a large discrepancy, showing that an insufficient feed-
back recipe produces a tension with data, due to the too
compact sizes in simulated galaxies.

The large sample expected from KiDS and the image
quality will allow us to obtain unprecedented details in the
evolution of the galaxy size and mass over the cosmic time,
which can be compared with expectations from simulations.
We expect to expand considerably the analysis presented in
this paper with the next KiDS data releases, both in terms
of size and depth of the sample, as we will gather statistics
toward higher redshift to confirm our trends.
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APPENDIX A: EFFECT OF THE ERRORS ON

THE Re-Z RELATIONS

We want to check the effect of the uncertainties on the differ-
ent quantities entering into the size-redshift trends discussed
in Sects. 4.2.1 and 4.2.2. The trend found can indeed be af-
fected by the intrinsic scatter of the mass, effective radius
estimate and photometric redshift. In principle, the covari-
ance among the individual errors might spuriously generate
a correlation from the observed quantities. On the other way
around, the observed trend can be even shallower than the
intrinsic one for the scatter due to the different quantities
that move objects from one bin to another, hence diluting
the real trends. In order to check for the presence of these
effects, and evaluate in which direction the correlations that
we have derived in Sects. 4.2.1 and 4.2.2 and reported in
Tab. 2 can be biased by the intrinsic scatter of the indi-
vidual parameters, we have performed a series of bootstrap
experiments to obtain random resamplings of our datasets.
We have perturbed galaxy mass, Re and zphot by randomly
adding a offset extracted from a Gaussian distribution hav-
ing zero mean and a constant standard deviation equal to the

average error of the different quantities (namely σLog M∗

,

σRe
, σzphot for the mass, size and zphot respectively), hence

resampling the same observed relations, but adding the ef-
fect of random errors on the individual parameters.

In Sect. 2.3 we have mentioned that average errors on
masses are of the order of 0.2 dex (maximum errors reaching
0.3 dex), while the relative errors on Re are of the order of
15 per cent (20 per cent maximum, see e.g. Figs. 12, 13,
and 14), while the scatter for the zphot has been reported
to be of the order of 0.03(1 + zspec) (see Sect. 2.2). We have
re-extracted the catalog values 100 times and obtained, at
every extraction, a correlation like Fig. 22, which we have
finally averaged to obtain the average trend in each mass
bin.

We have also checked that the quantities that are affect-
ing more the trend is the mass as the scattered quantities
move galaxies from the central mass bins to the contiguous
(small and larger mass) ones, hence making all relations to
converge toward the ones of the intermediate bins, as shown
from the case of maximum errors.

In Fig. A1 we show the“bootstrap” results for spheroids
and disc-dominated galaxies obtained both for the average
errors (solid lines) and for the maximum errors (dashed
lines). We can clearly see that for the spheroids, the larger
the errors assumed the flatter is the final trend obtained.
This demonstrate that the effect of the uncertainties on the
quantities is statistically to reduce the steepness of the ob-
served trends (tiny lines in Fig. A1) rather then to introduce
a spurious slope. The same effect is also seen for the disc-
dominated galaxies although, for the lower mass bin, we see
that errors produce a steepening of the correlation in the
lower redshift bins.

Overall, this test demonstrates that the trends discussed
in Tab. 2 are real and possibly shallower than the ones that
we had measured if we could reduce the uncertainties on the
observed quantities. The only exception is for low-mass disc-
dominated systems (i.e. Log M∗/M⊙ ∼< 10.2), that at lower
redshift (z < 0.2) might have a steeper trend with respect
to the almost flat trend observed in Fig. 22.

As discussed above, the major source of uncertainties in
the derived trends is the one on the mass, which we plan to
reduce in the future by adding NearInfraRed (NIR) bands
in our SED estimates.

APPENDIX B: EFFECT OF THE SIZE

DEFINITION: CIRCULARIZED VS. MAJOR

AXIS EFFECTIVE RADIUS

In this section we want to statistical assess the effect of the
size definition on the size mass relations discussed in §4.
We have seen that different analyses have made different
choices on the effective radius to use for their relations, i.e.
by using the simple major axis radius (Rm, which does not
take into account the observed flattening of the galaxy) or
the circularized one, defined as Re = (b/a)1/2Rm (as done in
§3.1). Since the axis ratio changes with the luminosity and
mass of galaxies, the ratio between the Re and Rm, which is
exactly f =

√

b/a, also changes with these parameters and
hence one should measure a tilt of the size-mass relation
depending on whether this is based on the use of Re or Rm.
We can quantify how the ratio of the two quantities f =
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Figure A1. Effect of the errors on the Re-z correlation as derived in Fig. 22. Left: average trend for the spheroid sample obtained by
resampling the original sample parameters by adding a shift from a Gaussian distribution using average errors (solid line) and maximum
errors (dashed lines) as in the legends. The observed trend is also shown as comparison (tiny solid line). Right: the same as in the left
panel for the disc dominated galaxies.

Figure A2. Differences between the (log) circularized and major
axis effective radii obtained with 2DPHOT for KiDS spheroids
(top) and disc dominated (bottom) in r-band as a function of
the stellar mass in the lowest redshift bin as in Fig. 16. Mean
differences and standard deviations are shown as data points with
error bars, together with a linear fit to the data. This shows the
statistical correction one should apply to the size-mass relation
in the case of major axis size estimates (as for B+12 and K+12).

√

b/a changes with stellar mass for the KiDS spheroids and
disc dominated galaxies by looking at the difference of the
logarithm of these two radii in Fig. A2.

In the plot we see that for spheroids Re/Rm is almost
equal to one for the more massive galaxies (which are domi-
nated by early-type rounder systems) and then decreases for
lower masses consistently with the known anti-correlation
between the flattening and the mass, i.e. the axis ratio tends
to increase for lower mass systems. This is more marked for
disc dominated systems which are intrinsically flatter at al-
most all masses. If on one hand, we can use the correlation
shown in Fig. A2 to convert the correlations found in §4
for the circularized radii into the same correlations for the
major axis sizes, on the other hand we can use the same
correlation to rescale the literature results based on major
axis sizes to the circularized size they should have if they
statistically have the same flattening variation with mass as
the KiDS sample. We note that, in practice, the operation of
correcting the circularized radii of the KiDS data to match
the major axis definition of other analysis (e.g. B+12 and
K+12) would bring to the same conclusion if the major axis
data would be converted into the circularized ones using the
inverse ratio 1/f , but with a different normalization, which
is the approach we used for Fig. 16, when comparing differ-
ent results from literature.

In order to better quantify the effect of the size defini-
tion on our results, we compare the Size vs. z relations of
the spheroids and disc-dominated systems in Fig. A3, ob-
tained both for the Reand Rm. The major effect is seen in
the normalization of the relations, being the Rm generally
larger than the Re and it is more evident for disc-dominated
systems which are intrinsically more flattened. Also, there
is a tendency to show a larger difference toward higher-z,
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Figure A3. Size-redshift correlation for the spheroids (left) and disc dominated galaxies (right) using the circularized (solid line) or the
major axis effective radii (dashed line).

Figure B1. Size–redshift correlation for the spheroids (left) and disc dominated galaxies (right) using n = 2.5 (solid line, see also Fig.
22) or n = 3.5 (dashed line).

being generally all systems less round going back in time in
their evolution. Overall, theRm vs. redshift does not seem to
drive to different conclusions of the one discussed for the Re,
with spheroids showing a gain a significant growth toward
low-z and the disc-dominated systems almost no evolutions
at all all mass scales.

APPENDIX C: EFFECT OF THE SÉRSIC

INDEX SYSTEMATICS

In §3.4.2 we have found a systematic offset of the n-index es-
timated with 2DPHOT with respect to the ones by GALFIT
in the sample common to the SDSS analysed in K+12. We
have discussed that it is not possible at the moment to assess
which of the two set of inferences is unbiased. Despite our
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test on mock galaxies in §3.3.2 shows no bias in the 2DPHOT
estimates, we want to quantify which would be the effect of
of a biased the spheroids/discs splitting of our sample on the
final size evolution, if our Sérsic index are systematic over-
estimate of ground truth, assuming these latter given by the
ones from GALFIT on GAMA galaxies. If this is the case,
then our criterion of n > 2.5 to select spheroids should have
possibly including a large fraction of actual discs. We recall
here that the galaxy classification we have adopted is based
on both the Sérsic index cut and SED classes as discussed
in §2.3, and the former only partially plays a role.

To proceed with this test we decided to compare the
results on the size-redshift relation obtained with n = 2.5
as discriminant for spheroids/discs with the same relation
obtained for n = 3.5, which is a more conservative value
in case the 2DPHOT estimates correspond to intrinsically
smaller n-indexes. This is shown in Fig. B1, where we can
see that the change of the correlations for the spheroid and
disc-dominated galaxies are almost unchanged. This shows
that the combination of the n-index and the SED class ba-
sically prevents significant misclassifications which might be
expected in the case only n-index would be used.

APPENDIX D: EFFECT OF WAVELENGTH ON

THE Re

Galaxies have color gradients, which means that, on aver-
age, their optical Re can change as a function of the band in
which they are observed. E.g. spheroids have negative gra-
dients (they are redder in their center and bluer in their
outskirts) which implies that they are larger in bluer bands
(see e.g., Sparks & Jorgensen 1993; Hyde & Bernardi 2009;
La Barbera & de Carvalho 2009; La Barbera et al. 2010a;
Roche et al. 2010; Tortora et al. 2010, 2018c; Vulcani et al.
2014; Beifiori et al. 2014).

Going to higher redshifts, the blue part of galaxy SEDs
are redshifted into redder bands, hence the r-band which we
have used as reference band for our analysis, covers different
rest frame wavelengths in different galaxies, depending on
each galaxy redshift. If the colour gradients persist at these
epochs, this implies that the observed frame r-band of a
high-z galaxy, which corresponds to a g-band rest frame,
is intrinsically larger than the r-band of a lower-z, which
is closer to the r-band rest frame itself (see Vulcani et al.
2014). E.g., the mean wavelengths of OmegaCAM filters are
λg,r,i = {4770, 6231, 7625} Å, i.e. a galaxy at z = 0 observed
in g-band at λg = 4770Å is redshifted to λr = 6287Å for
z = 0.32, and to the lower limit of the r-band wavelength
range λr,min ∼ 5200Å for z ∼ 0.1 (see Fig. D1).

This implies that if we use r-band as a reference for
galaxies at lower (e.g. z ∼< 0.15) and higher redshift (e.g.
z >∼0.15), in case the ones at higher-z have negative colour
gradients, these might look larger than the ones at lower-
z because their emission in r-band is dominated by the
rest-frame g-band. The opposite will happen for galaxies at
higher-z with positive gradient.

To quantify this effect we could proceed in two ways.
First, we can check whether there is an observed difference
between the average Re estimated in bins of redshift and
mass in the different bands. Second, we could compute the
rest frame Re at some reference wavelength by linearly in-

Figure D1. Size–redshift relation for the spheroids (solid lines)
in the mass bins Log M∗/M⊙ =10.4, 10.8, 11.2 and disc dom-
inated galaxies in the mass bins Log M∗/M⊙ =10.0, 10.4, 10.8
(dashed lines) in g (blue), r (red) and i (purple) bands.

The top axis reports the wavelength of the g-band central λg =
4770Å redshifted according to the corresponding z on the bottom
axis. The filter response in arbitrary units are shown with the
wavelength consistent with the top axis. See text for more details.

terpolating the Re values obtained in different bands and
estimate the evolution with redshift of this latter. We will
show that the second approach is not convenient to apply at
this stage of the project since we are lacking of completeness
and sample size, to have robust inferences. We limit here to
demonstrate that the adoption of the deeper r-band is not
expected to affect the main results of our paper.

Looking at the Re − z in the other bands, it
is important to check the mass dependence because
color gradients have been observed to change with mass
(La Barbera & de Carvalho 2009; La Barbera et al. 2010a;
Tortora et al. 2010, 2018c). In order to do that we needed
to use a mass complete sample of galaxies for which we have
measurements of the Re in the gri bands simultaneously
(we have excluded the u-band since this would have reduced
the sample too much, see below) and selected also in this
case the ones with highest S/N (> 50) and best χ2 (< 1.3).
Since the depth and completeness mass in the g- and i-band
are lower than the r-band because of the survey strategy,
the final sample of galaxies available for this test is almost
one third of the one found for r-band (see §4.1), i.e. ∼ 70k
galaxies.

In Fig. D1 (left) we show the average Re − z of the
selected sample of galaxies in gri-bands for the spheroids
(solid lines) and disc-dominated (dashed lines). In partic-
ular, we show the relations obtained for different mass
bins (bottom lines with smaller Re to the top), which
are Log M∗/M⊙ =10.4, 10.8, 11.2 for spheroids and
Log M∗/M⊙ =10.0, 10.4, 10.8 for disc-dominated galaxies.
In the same figure we show on the top axis the wavelength
of the g-band central λg = 4770Å redshifted according to
the corresponding z on the bottom axis. We also overplot
the filter response in arbitrary units with the wavelength
distributed according to the top axis. This allows us to visu-
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alize how the g-band rest frame is shifted into other bands at
any redshift, and compare this with the Re inferences in the
different bands. We can see that the adoption of the r-band
as a reference filter for our analysis is motivated by the fact
that this covers the largest part of the redshift window of
our sample (i.e. z = 0.1 to 0.5). If one would fairly compare
the galaxy sizes in the same rest frame wavelength range,
than the g-band estimates would work approximately until
z ∼ 0.15 and the r-band between z ∼ 0.15 and z ∼ 0.45,
while i-band should be used at z >∼0.45.

Overall, we see that the disc-dominated galaxies show
almost no differences in the Re estimates in all bands and
for the lower mass bin, they look almost undistinguishable.
This suggests that discs have almost no colour gradients or
possibly mild negative one. This latter is more evident for
the larger mass bin at low-z, which goes along the direc-
tion of previous finding in local samples (e.g., Tortora et al.
2010). Spheroids show negative gradients at almost all mass
(and increasing with it) and redshift, except possibly for the
g−r of the most massive systems at low-z, where the g- and
r-band estimates almost coincide. On the other hand the
r- and i-band average estimates are almost identical at all
masses and redshift except for the latter case. The spheroids
negative gradients are also larger for more massive systems.

The discussion on the trends of the colour gradients is
beyond the scopes of this paper, and there will be forth-
coming analysis dedicated to that, here we are interested
on the effect of these gradients on the main conclusions of
our paper. As anticipated, the presence of negative gradients
would imply that, while the measurement of the r-band at
0.15 ∼< z ∼< 0.45 are a good representation of the rest frame
g-band, at lower z it is the g-band Re the one to use. But
these latter are systematically larger than the ones from r-
band and hence the slope that we would measure should be
steeper that the one obtained using the r-band at all red-
shift. Note that even if the i-band would represent the ideal
band to cover the g-band rest frame at z > 0.45, being r and
i-band estimates almost identical, we do not expect that the
use of r-band has caused any effect.

In this perspective the only big change we could expect
by using proper rest frame sizes would be a steepening of
the correlation with z toward the lower redshift. Since the
current sample of galaxies analysed in the three gri bands
is limited in number, mass and redshift (see Fig. D1), we
reserve this analysis to next datasets from the subsequent
data releases. E.g., we expect to collect up to 500k galaxies
with gri sizes in a larger photo-z range (using the updated
estimates from Bilicki et al. 2017) with the upcoming KiDS
data release 4 based on 900 deg2 of the survey.
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