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ABSTRACT

The huge size and uniformity of the Sloan Digital Sky Survey (SDSS) make possible an
exacting test of current models of galaxy formation. We compare the predictions of the
GALFORM semi-analytical galaxy formation model for the luminosities, morphologies, colours
and scalelengths of local galaxies. GALFORM models the luminosity and size of the disc and bulge
components of a galaxy, and so we can compute quantities which can be compared directly
with SDSS observations, such as the Petrosian magnitude and the Sérsic index. We test the
predictions of two published models set in the cold dark matter cosmology: the Baugh et al.
model, which assumes a top-heavy initial mass function (IMF) in starbursts and superwind
feedback, and the Bower et al. model, which uses active galactic nucleus feedback and a
standard IMF. The Bower et al. model better reproduces the overall shape of the luminosity
function, the morphology—luminosity relation and the colour bimodality observed in the SDSS
data, but gives a poor match to the size—luminosity relation. The Baugh et al. model successfully
predicts the size—luminosity relation for late-type galaxies. Both models fail to reproduce the
sizes of bright early-type galaxies. These problems highlight the need to understand better
both the role of feedback processes in determining galaxy sizes, in particular the treatment of
the angular momentum of gas reheated by supernovae, and the sizes of the stellar spheroids

formed by galaxy mergers and disc instabilities.
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1 INTRODUCTION

There is a growing weight of evidence in support of the hierar-
chical paradigm for structure formation (Springel, Frenk & White
2006). The principal process responsible for the growth of struc-
ture, gravitational instability, has been modelled extensively using
large numerical simulations (e.g. Springel et al. 2005, 2008). The
cold dark matter model gives an impressive fit to measurements
of temperature fluctuations in the cosmic microwave background
radiation (Hinshaw et al. 2009). When combined with other data,
such as measurements of local large-scale structure in the galaxy
distribution or the Hubble diagram of type Ia supernovae, there is
a dramatic shrinkage in the available range of cosmological pa-
rameter space (Percival et al. 2002; Sanchez et al. 2006; Komatsu
et al. 2009). The spectacular progress made in constraining the
background cosmology has allowed the focus to shift to trying to
understand the evolution of the baryonic component of the Universe
(Baugh 2006).

*E-mail: j.e.gonzalez@durham.ac.uk

Over the same period of time, there has been a tremendous in-
crease in the quantity and range of observational data on galaxies
at different redshifts. Observations at high redshift have uncovered
populations of massive, actively star-forming galaxies which were
already in place when the Universe was a small fraction of its cur-
rent age (e.g. Smail, Ivison & Blain 1997; Steidel et al. 1999; Blain
et al. 2002; Giavalisco 2002). Huge surveys of the local universe
made possible by advances in multifibre spectrographs allow the
galaxy distribution to be dissected in numerous ways (e.g. Colless
et al. 2003; Adelman-McCarthy et al. 2008). It is now possible to
make robust measurements of the distribution of various intrinsic
galaxy properties, such as luminosity, colour, morphology and size.
The trends uncovered in these local surveys are influenced by a
wide range of physical effects, such as star formation, supernova
(SN) and active galactic nucleus (AGN) feedback, the cooling of
gas and galaxy mergers, and hence provide as strict a test of galaxy
formation models as that posed by the high-redshift data.

In order to test current ideas about galaxy formation against
observations, well-developed theoretical tools are needed which can
follow many complex processes concurrently. Most importantly, it
is vital that the model predictions are produced in a form which can
be compared as directly as possible with observations. Gas dynamic
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simulations typically follow galaxy formation in great detail for an
individual dark matter halo (e.g. Governato et al. 2004; Okamoto
et al. 2005; Governato et al. 2007) or within some small volume
(e.g. Nagamine et al. 2004; Scannapieco et al. 2006; Croft et al.
2008). In general, only limited output is available which can be
compared directly with observations, such as estimates of galaxy
luminosity. Currently, the closest contact with observations is made
by semi-analytical models of galaxy formation (see Baugh 2006 for
areview). In their most sophisticated form, these models can make
predictions for the luminosity, colour, scalelength and morphology
of galaxies in a wide range of environments (e.g. Bower et al. 2006,
hereafter Bower 2006; Cattaneo et al. 2006; Croton et al. 2006;
Monaco, Fontanot & Taffoni 2007; Lagos, Cora & Padilla 2008).
These models necessarily have to treat the baryonic physics in a
somewhat more idealized way than is done in the gas dynamic
simulations. Physical processes are described using rules, some of
which contain parameters whose values are set by comparing the
model predictions with selected observations. As the range of data
the model is compared against increases, the parameter space open
to the models reduces. For example, the strength of SN feedback
(see Section 2) has an impact not only on the number of galaxies
in the faint end of the luminosity function, but also on the size of
galactic discs and even the morphological mix of galaxies.

Two key properties of semi-analytical models are their computa-
tional speed and modular nature. The impact of different processes
on the nature of the galaxy population can be rapidly assessed by
running models with different parameter choices. This makes the
models ideal tools with which to interpret observational data. Any
discrepancy uncovered between the model predictions and obser-
vations can help to identify physical ingredients which either may
require better modelling or may be missing altogether from the
calculation. One clear example of how observations drive the de-
velopment of the models is given by the recent efforts to reproduce
the location and sharpness of the break in the galaxy luminos-
ity function. With the current best-fitting cosmological parameters,
galaxy formation models struggled to avoid producing too many
bright galaxies (Benson et al. 2003). One solution to this problem
was suggested by observations showing the apparent absence of
cooling flows at the centres of rich clusters (e.g. Peterson et al.
2003) which motivated the idea of taking into account the energy
released by AGN. This acts as a feedback process that heats the gas
in massive haloes. The incorporation of this feedback mechanism
suppresses the formation of galaxies in massive haloes, such that the
right number of bright galaxies can be produced, and, furthermore,
these galaxies have red colours to match those observed (Bower
2006; Croton et al. 2006; Lagos et al. 2008).

In this paper, we test two published galaxy formation models run
using the GALFORM semi-analytical model against statistics measured
from the Sloan Digital Sky Survey (SDSS). The Baugh et al. (2005,
hereafter Baugh2005) model invokes a ‘superwind’ channel for
supernova feedback, which ejects gas from low- and intermediate-
mass haloes. This model assumes that stars are produced with a
normal initial mass function (IMF) in quiescent discs but with a
top-heavy IMF during merger-driven starbursts. The Baugh2005
model is able to reproduce the counts and redshift distribution
of sub-millimetre selected galaxies, along with the abundance of
Lyman-break galaxies and Lyman « emitters (Le Delliou et al.
2005, 2006; Orsi et al. 2008). The Bower2006 model incorporates
AGN feedback, with the energy released by the accretion of mass
on to the central supermassive black hole in haloes with quasi-
static hot gas atmospheres being responsible for stifling the cooling
rate. The Bower2006 model gives a good match to the evolution

of the K-band luminosity function and the inferred stellar mass
function.

This paper is organized as follows. In Section 2, we outline the
galaxy formation model GaLFORM tested in this paper. In Section 3,
we describe how some additional galaxy properties are computed
from the model output; these properties are needed to compare
the model predictions directly with observations of SDSS galaxies.
Section 4 contains the comparisons between model predictions and
SDSS data for the luminosity function, the distribution of morpho-
logical types, the colour distribution and the size distribution. In
this section, we also show the impact on the predictions of chang-
ing the strengths of various processes in the model. In Section 5, we
present our conclusions. The appendices discuss how certain pho-
tometric properties of galaxies have changed between SDSS data
releases and compare different indicators of galaxy type. Finally,
we note that magnitudes are quoted on the AB system assuming a
Hubble parameter of i = Hy/100km s~' Mpc~!; the cosmological
parameters adopted depend on the choice of semi-analytic model
as explained in Section 2.

2 GALAXY FORMATION MODEL

We use the Durham semi-analytical galaxy formation model,
GALFORM, introduced by Cole et al. (2000) and developed in a se-
ries of subsequent papers (Benson et al. 2003; Baugh 2005; Bower
2006). The model tracks the evolution of baryons in the cosmolog-
ical setting of a cold dark matter universe. The physical processes
modelled include (i) the hierarchical assembly of dark matter haloes;
(ii) the shock heating and virialization of gas inside the gravitational
potential wells of dark matter haloes; (iii) the radiative cooling of
the gas to form a galactic disc; (iv) star formation in the cool gas; (v)
the heating and expulsion of cold gas through feedback processes
such as stellar winds and SNe; (vi) chemical evolution of gas and
stars; (vil) mergers between galaxies within a common dark halo as
a result of dynamical friction; (viii) the evolution of the stellar pop-
ulations using population synthesis models and (ix) the extinction
and reprocessing of starlight by dust. In this section, we first give a
comparison of the main features of the Baugh2005 and Bower2006
models, introducing the recipes used to model phenomena which
are varied in Section 4. Similar discussions of these models can be
found in Almeida, Baugh & Lacey (2007), Almeida et al. (2008)
and Gonzalez-Perez et al. (2008). In the second part of this section,
we review the model used to compute galaxy sizes, which was orig-
inally devised by Cole et al. (2000) and tested by these authors for
galactic discs and by Almeida et al. (2007) for spheroids.

2.1 A comparison of the Baugh2005 and Bower2006 models

The Baugh2005 and Bower2006 models represent alternative mod-
els of galaxy formation. The parameters which specify that the
models were set by the requirement that their predictions should
reproduce a subset of the available observations of local galaxies
together with certain observations of high-redshift galaxies. Differ-
ent solutions were found due to the use of different physical ingre-
dients, as set out below, and because different emphasis was placed
on reproducing particular observations. We refer the reader to the
original papers for a full description of each model; the Baugh2005
model is also described in detail in Lacey et al. (2008).

‘We now summarize the main differences between the two models.

(i) Cosmology. The Baugh2005 model adopts a A cold dark
matter cosmology with a present-day matter density parameter,
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Qo = 0.3, a cosmological constant, 2; = 0.7, a baryon density,
Qp = 0.04 and a power spectrum normalization given by oy =
0.93. The Bower2006 model uses the cosmological model assumed
in the Millennium Simulation (Springel et al. 2005), where 2 =
0.25, Q, = 0.75, 2, = 0.045 and o3 = 0.9, which are in some-
what better agreement with the constraints from the anisotropies in
the cosmic microwave background and galaxy clustering on large
scales (e.g. Sdnchez et al. 2006).

(i) Halo merger trees. The Baugh2005 model uses a Monte Carlo
technique to generate merger histories for dark matter haloes, which
is based on the extended Press—Schechter theory (Lacey & Cole
1993; Cole et al. 2000). The formation and evolution of a represen-
tative sample of dark matter haloes are followed. In the Bower2006
model, the merger histories are extracted from the Millennium Sim-
ulation (see Harker et al. 2006 for a description of the trees). The
mass resolution of the simulation trees is 1.72 x 10'"°h~' M),
which is a factor of 3 worse than that used in the Monte Carlo trees.
By comparing the output of models using Monte Carlo and N-body
merger trees, Helly et al. (2003) found very similar predictions
for bright galaxies, with differences only becoming apparent be-
low some faint magnitude, the value of which depends on the mass
resolution of the N-body trees. The resolution of the Millennium
Simulation yields a robust prediction for the luminosity function to
around 3 mag fainter than L,, which is more than adequate for the
comparisons presented in this paper.

(iii) Quiescent star formation time-scale. The quiescent star for-
mation rate (SFR) in discs, v, is given by ¥ = M, /7., where
Mg, is the mass of cold gas and the time-scale, 7, is parametrized
differently in the two models. In both cases, the star formation
time-scale is allowed to depend upon some power of the circular
velocity of the disc and is multiplied by an efficiency factor. In the
Baugh2005 model, the efficiency factor is assumed to be indepen-
dent of redshift, whereas in the case of the Bower2006 model, this
factor scales with the dynamical time of the galaxy (z4yn), measured
at the half-mass radius of the disc. Since the typical dynamical time
gets shorter with increasing redshift, the star formation time-scale in
the Bower2006 model is shorter at high redshift than it would be in
the equivalent disc in the Baugh2005 model. This has implications
for the amount of star formation in merger-triggered starbursts (or
following a disc becoming dynamically unstable in the Bower2006
model — see later). In the Bower2006 model, discs at high red-
shift tend to be gas poor, with the gas being turned into stars on
a short time-scale after cooling, whereas in the Baugh2005 model,
high-redshift discs are gas rich.

@iv) IMF for star formation. The Bower2006 model uses the
Kennicut (1983) IMF, consistent with deductions from the solar
neighbourhood, in all modes of star formation. The Baugh2005
model also adopts this IMF in quiescent star formation in galactic
discs. However, in starbursts triggered by galaxy mergers, a top-
heavy IMF is assumed. The yield of metals and the fraction of gas
recycled per unit mass of stars formed are chosen to be consistent
with the form of the IMF.

(v) SN feedback. With each episode of star formation, a mass of
cold gas is reheated and ejected from the disc by SN explosions at
arate given by

Mejecl =( Vhot/ Vaise )ahm 1//a (1)

where Vi s the velocity at the disc half-mass radius, and Vo and
oo are parameters. The SN feedback is stronger in the Bower2006
model (Vo = 485 kms™' and oo = 3.2 compared with Vi, =
300 kms~! and oy = 2 in the Baugh2005 model).

(vi) AGN versus superwind feedback. Perhaps the most signif-
icant difference between models is the manner in which the for-
mation of very massive galaxies is suppressed. In the Baugh2005
model, an additional channel or fate for gas heated by SNe is in-
voked, called superwind feedback. In addition to the standard SNe
feedback model described in the previous bullet point, some gas is
assumed to be expelled completely from the halo due to heating by
SNe. The amount of mass ejected is taken to be a multiple of the
SFR, multiplied by a function of the circular velocity of the halo.
The superwind is most effective in removing gas from low-circular-
velocity haloes, with the mass of gas ejected falling with increasing
circular velocity. The gas expelled in the superwind is not allowed
to recool, even in more massive haloes at later times in the merger
history. This has the effect of reducing the cooling rate in massive
haloes since these haloes have less than the universal fraction of
baryons. Such winds have been observed in massive galaxies, with
the inferred mass ejection rates found to be comparable to the SFR
(e.g. Heckman, Armus & Miley 1990; Pettini et al. 2001; Wilman
et al. 2005). In the Bower2006 model, an AGN feedback model is
implemented which regulates the cooling rate, effectively switch-
ing off the supply of cold gas for star formation in quasi-static
hot gas haloes. These are haloes in which the cooling time of the
gas exceeds the free-fall time within the halo. The cooling flow is
quenched by the energy injected into the hot halo by the central
AGN. The growth of the black hole is followed using the model
described by Malbon et al. (2007)

(vii) Disc instabilities. In the Baugh2005 model, the only process
that leads to the formation of bulge stars is a galaxy merger. In the
Bower2006 model, strongly self-gravitating discs are considered to
be unstable to small perturbations, such as encounters with minor
satellites or dark matter substructures. Such events can lead to the
formation of a bar, and eventually the disc is transformed into a
bulge. The onset of instability is governed by the ratio

Vdisc
6 = 71/2.
(GMdisc/rdisc)

Discs for which € < €y are considered to be unstable; in
Bower2006, the threshold for unstable discs is set at €4ic = 0.8.
Any cold gas present when the disc becomes unstable is assumed
to participate in a starburst. As with starbursts triggered by galaxy
mergers, a small fraction of the gas involved in the burst is accreted
on to the central black hole. This is an important channel for the
growth of low- and intermediate-mass black holes in the Bower2006
model.

(viii) Treatment of reheated cold gas. The fate of gas reheated
by SNe is different in the two models. In the Baugh2005 model,
as discussed above, there are two possible fates for the gas heated
by SNe: ejection from the disc to be reincorporated into the hot
halo and ejection from the halo altogether, with no possibility of
recooling at a later time. In the case of the first of these channels,
the gas is added back into the hot halo when a new halo forms.
This happens when the original halo has doubled in mass since its
formation time. In the Bower2006 model, this time-scale is instead
taken to be some multiple of the dynamical time of the halo. Thus,
gas can be reheated by SNe, be added back into hot halo and cool
again on a shorter time-scale in the Bower2006 model than in the
Baugh2005 model.

@

2.2 Galaxy scalelengths

For completeness, we now review the calculation of the sizes of
the disc and bulge components of galaxies used in GALFORM, to
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complement the discussion of the size predictions presented in Sec-
tion 4. For a more detailed description, we direct the reader to Cole
et al. (2000). In the following sections, we outline how the scale-
lengths of the disc and bulge are calculated. The scalelengths are
determined by solving for the dynamical equilibrium of the disc,
bulge and dark matter together. Dark matter haloes are assumed to
have a Navarro, Frenk & White (1997) density profile. The hot halo
has a modified isothermal density profile with a core.

2.2.1 Discs

The size of a galactic disc is determined by the conservation of the
angular momentum of the gas cooling from the halo and the appli-
cation of centrifugal equilibrium. The disc is assumed to have an
exponential surface density profile with half-mass radius rgs.. The
half-mass radius of the disc is related to the exponential scalelength,
I’ZD by Fdisc = 168]1])

The angular momentum of the dark matter halo is quantified by
a dimensionless spin parameter which is drawn from a lognormal
distribution, as suggested by measurements from high-resolution N-
body simulations (Cole & Lacey 1996). This scheme is used in both
models; the spin parameter of low-mass haloes cannot be measured
reliably from the Millennium Simulation (Bett et al. 2007). Each
newly formed halo in a halo merger tree is assigned a new spin
parameter drawn from the distribution at random, independently of
the previous value of the spin parameter.

As the halo collapses, the associated gas will shock and so be
heated to approximately the virial temperature of the halo. There-
after, it will begin to cool via atomic processes. As gas cools, it
loses pressure support and flows to the centre of the halo, where it
is assumed to settle into a rotationally supported disc. The model
assumes that the specific angular momentum of the cooling gas de-
pends on the radius from which it originated, as described in Cole
et al. (2000). The scalelength of the disc is dependent on the angular
momentum of the halo gas which cools.

2.2.2 Bulges

Spheroids result from galaxy mergers, and in the case of the
Bower2006 model also from dynamical instabilities of discs. The
size of the spheroid produced by these events is calculated by con-
sidering virial equilibrium and energy conservation. We assume that
the projected density profile is well described by a de Vaucouleurs
r'/4 law (e.g. Binney & Tremaine 1987). The effective radius, re,
of the /4 law, i.e. the radius that contains half the mass in projec-
tion, is related to the half-mass radius in three dimensions, rpyige, by
Toulge = 1.35}”5.

When dark matter haloes merge, the galaxy in the most mas-
sive halo is assumed to become the central galaxy in the new halo
while the other galaxies become satellites. The orbits of the satel-
lites gradually decay as energy and angular momentum are lost via
dynamical friction. Eventually a satellite will merge with the central
galaxy if the time-scale for the orbit to decay is shorter than the halo
lifetime.

Two types of merger are distinguished, major and minor mergers,
according to the ratio of the mass of the smaller galaxy to the larger
galaxy M» /M. If the ratio is M, /M| > fenip, then a major merger
is assumed to have taken place. Both stellar discs are transformed
into spheroid stars and added to any pre-existing bulge. Any cold
gas present takes part in a starburst. If the ratio is My/M | < fepip,

then a minor merger is assumed and the stars of the smaller galaxy
are added to the bulge of the central galaxy, which keeps its stellar
disc. If fenip > M>/M| > fpus and the central galaxy is gas rich,
then the minor merger may also be accompanied by a burst. The
parameter f i, = 0.3 in both models; fpurst = 0.05 in Baugh2005
and fpuse = 0.1 in Bower2006. Discs are considered gas rich if
10 per cent of the total disc mass in stars and cold gas is in the form
of cold gas in Bower2006; this threshold is set higher, 75 per cent,
in Baugh2005.

In a merger, the two galaxies are assumed to spiral together until
their separation equals the sum of their half-mass radii, which is the
moment when they are considered to have merged. We estimate the
radius of the merger remnant using energy conservation. Assuming
virial equilibrium, the total internal energy Ej, of each galaxy (both
for the merging components and for the remnant of the merger) is

related to its gravitational self-binding energy U;, by Eiy = — % Usnis
and so can be written as
cGM?
int = — & B (3)
2 r

where M and r are the mass and half-mass radius, respectively, and
¢ is a form factor which depends on the distribution of mass in
the galaxy. For a de Vaucouleurs profile, ¢ = 0.45, while for an
exponential disc, ¢ = 0.49. For simplicity, in the model we assume
¢ = 0.5 for all galaxies.

The orbital energy of a pair of galaxies at the moment of merging
is given by

Jorvit GM M,
2 rtn’

Eomit = — (4)
where M, and M, are the masses of the merging galaxies, r; and
r, are their half-mass radii, and f . is a parameter which depends
on the orbital parameters of the galaxy pair. A fiducial value of
Sfomvie = 1 is adopted which corresponds to two point-mass galaxies
in a circular orbit with separation r; + r,. The galaxy masses M,
and M, include the total stellar and cold gas masses and also some
part of the dark matter halo. We assume that the mass of dark matter
which participates in the galaxy merger in this way is a multiple
faark Of dark halo mass M; 4, Within the galaxy half-mass radius.
We adopt a fiducial value f 4, = 2. We thus have

Mi = Mi,stellarJrgas + fdarkMi,dark~ (5)

Later on we will investigate the effect of varying fic and the dark
matter mass contribution f .

Assuming that each merging galaxy is in virial equilibrium, then
their total energy equals one-half of their internal energy. The con-
servation of energy means that

Eim,new - Eim,l + Eim,2 + Eorbi(s (6)

and replacing Ei, with equation (3) and E,y with equation (4)
leads to
(M) + M,)? _ %12 n

Tnew r

%22 i Jorvic M1 M,

Iy c r1—|—r2’

)

where 7,y is the half-mass radius of the remnant immediately after
the merger. These equations lead to the result that, in a merger of two
identical galaxies, the half-mass radius of the new galaxy increases
by a factor of 4/3 which agrees reasonably well with the factor of
1.42 found in simulations of equal-mass galaxy mergers by Barnes
(1992).

In the case of a bulge produced by an unstable disc (which is only
considered in the Bower2006 model), the considerations that lead
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to the remnant size are similar to those applied to a bulge produced
by mergers, leading to

- 2 M2 - g2
s (Mgise + Myuige) CeMpy,. Mg, MM,
= + + fine ; (3)
Tnew Tbulge Fdisc r+r

where Mpuge, ouige and M gisc, Fqisc Tefer to the masses and half-
mass radii of the bulge (if any) and disc, respectively. As mentioned
above, the form factors ¢y = 0.49 and ¢p = 0.45 for a bulge
and disc, respectively. The last term in equation (9) represents the
gravitational interaction energy of the disc and bulge, which can be
approximated for a range of ryyge /7 dgisc With fine = 2.

3 DERIVED GALAXY PROPERTIES

In this section, we describe how standard GaLForM outputs, such
as disc and bulge total luminosities and half-mass radii are trans-
formed into quantities which are measured for SDSS galaxies. This
allows a direct comparison between the model predictions and the
observations. We outline the calculation of Petrosian magnitudes
(Section 3.1), the concentration index (Morgan 1958; Section 3.2)
and the Sérsic index (Sérsic 1968). The latter two quantities are
used as proxies for morphological type in the analyses of SDSS
data. We also illustrate how the Petrosian magnitude, concentration
index and Sérsic index depend on the bulge-to-total luminosity ratio
(B/T) and on the ratio of the disc and bulge radii.

3.1 Petrosian magnitude

As a measure of galaxy flux, the SDSS team uses a modified defi-
nition of the Petrosian (1976) magnitude. The Petrosian radius rpe
is defined as the radius for which the following condition holds:

125 40 1) [7(1.25% — 0.8%)r3, |

0.8rpet
Jor dr2mr 1 (r)/ [rory,]

=0.2, 9)

where /(r) is the surface brightness profile. Defined in this way,
Tper 18 the radius where the local surface brightness averaged within
a circular annulus centred on the Petrosian radius is 0.2 times the
mean surface brightness interior to that radius. The Petrosian flux
defined by the SDSS is then obtained within a circular aperture of
radius 2rpe. In the SDSS, the aperture used in all five bands is set
by the profile of the galaxy in the r band. I(r) is the azimuthally
averaged surface brightness measured in a series of annuli. In the
case of GALFORM model galaxies, we calculate the disc and bulge
sizes, and adopt an exponential profile for the disc with /(r) o
exp[—1.68(r /rp)], where rp is the disc half-light radius, and a de
Vaucouleurs profile for the bulge (assumed to be spherical), with
I(r) o exp[—7.67(r /rg)'/*], where ry is the bulge half-light radius
in projection (see Cole et al. 2000). The total surface brightness
profile for a galaxy is given by the sum of the disc and bulge profiles.
The disc and bulge magnitudes include dust extinction. A random
inclination angle is assigned to the galactic disc for calculating
the dust extinction. The Petrosian flux within a circular aperture
of 2rpe recovers a fraction of the total light of the galaxy which
depends on its luminosity profile and hence its morphology. For a
pure disc with an exponential profile, the Petrosian flux recovers
in excess of 99 per cent of the total flux. On the other hand, for
a pure bulge with a de Vaucouleurs profile, the percentage of the
total light recovered by the Petrosian magnitude is closer to 80
per cent. Fig. 1 shows the ratio of Petrosian flux to total flux for
model galaxies as a function the B/T in the r band. The limiting
cases described above are apparent in the plot, which also shows the

oo T T — —_—
L S B /r, > 4.0 1
F ., 40 > ry/ry> 1.2 4
r 1.2 > ry/r, > 08
L 0.8 > ry/r, > 0.25 ]
« 0.95 L W /r, < 025 |
5
2 L ]
° L ]
[0
X 0.90F -
~ H ]
x F ]
> F 4
© [ ]
5 085+ -
o L ]
o L ]
E L ]
0.80 3’,/ _
o750 v v ]
0.0 0.2 0.4 0.6 0.8 1.0

B/T

Figure 1. The ratio of Petrosian flux to total flux for a sample of GALFORM
galaxies with the same selection as the SDSS, plotted as a function of the
B/T, measured in the r band taking into account dust extinction. Points are
colour coded according to the ratio of disc to bulge scalelengths, as indicated
by the legend.

fraction of light recovered by the Petrosian definition for composite
disc plus bulge systems, and for different ratios of the disc and bulge
scalelengths.

3.2 Concentration index

The concentration index can be straightforwardly derived once the
Petrosian flux and radius have been calculated. The concentration
index is defined as ¢ = Rgy/Rs9, Where Ryy and Rsy correspond
to the radii enclosing 90 and 50 per cent of the Petrosian flux, re-
spectively, in the r band. Hence, the luminosity is dominated by
the bulge for high-concentration galaxies and is dominated by the
disc for low-concentration galaxies. In Fig. 2, we plot the bulge
to total luminosity versus the concentration index for model galax-
ies in the r band. We can see that pure discs have ¢ = 2.3, pure
bulges have ¢ = 3.3 and intermediate values of concentration index

T T T T T T
L ®r/r, > 40 . 4
4.0 > ry/ry > 1.2
1.2 > r,/r, > 0.8
0.8 > ry/r, > 0.25
35 mr,/r, <025 ' —

30 -

25

B/T

Figure 2. The concentration index, c, plotted as a function of the B/T in
the r band for the Baugh2005 model galaxies. The ratio of disc to bulge
scalelengths is indicated by the colour of the symbol as shown by the key.

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 397, 1254-1274

$T0Z ‘Y2 JBQWBAON UO Weyind Jo A1SeAIuN Te /60 [euno[pio Jxo'seuw//:dny Wwo.j papeo lumod


http://mnras.oxfordjournals.org/

Testing model predictions of CDM with the SDSS 1259

correspond to galaxies with different combinations of 7 gisc /7 puige and
B/T. Most galaxies lie in a narrow locus of B/T versus c, but different
combinations of disc and bulge scalelengths and B/T produce the
scatter shown. Observationally, the Petrosian concentration index is
affected by seeing (Blanton et al. 2003). The same galaxy can show
different concentrations under different seeing conditions.

3.3 Sérsic index

The Sérsic index describes the shape of a fit made to the surface
brightness profile of a galaxy without prior knowledge of the scale-
lengths of the disc and bulge components. The radial dependence
of the profile is given by (Sérsic 1968)

I(r) = Iyexp [—(r/r))/"] . (10

Here, I is the central surface brightness, r is the Sérsic scale ra-
dius and n is the Sérsic index. The Sérsic index has been shown to
correlate with morphological type (e.g. Trujillo, Graham & Caon
2001). We can see that if n = 1 we recover an exponential pro-
file (used for pure disc galaxies) and if » = 4 we recover a de
Vaucouleurs profile, used to describe pure bulge galaxies. The Sérsic
index has been calculated in the New York University Value Added
Galaxy Catalogue (NYU-VAGC; Blanton et al. 2005a). Here, we do
not attempt to reproduce exactly the procedure that Blanton et al.
used to obtain the parameters in equation (10) (which takes into
account seeing and pixelization). Since we know the full surface
brightness profile of the model galaxies out to any radius, we want
the Sérsic profile that best reproduces the composite disc plus bulge
profile. In order to determine the parameters of the Sérsic profile,
Iy, ro and n, we minimize a x> function which depends on the dif-
ference between the Sérsic profile and the sum of the disc and bulge
surface brightness profiles, given the scalelengths and luminosity
ratio of these components:

X2 = Z[log Idisc+bulge(ri) - 10g ISérsic(ri’ ro, n)]zvvz (1 1)
The total luminosity of the fitted Sérsic profile is constrained to be
equal to that in the true disc + bulge profile. Here, 7; is a series
of rings between r = 0 and r = Rgg p+5, the radius enclosing the
90 per cent of the disc plus bulge profile flux, and the weight
W; is given by the luminosity in the ring containing 7;. Since the
steepness of the Sérsic profile is more evident at the centre of the
galaxy, we assign half of the bins to the region within the bulge
Size Fpuge (S0 as long as ryuge < Roo,pyp)- As a test to check the
consistency of changing from a disc+bulge profile to the Sérsic
profile, we have compared Rs, (the radius enclosing 50 per cent
of the total luminosity) obtained from the two descriptions of the
surface density profile and find very similar results.

If it is assumed that the distribution of light in real galaxies is
accurately described by the Sérsic profile, then quantities derived
from fitting a Sérsic profile have some advantages over the cor-
responding Petrosian quantities. (i) The total flux integrated over
the fitted Sérsic profile would equal the true total flux, unlike the
Petrosian flux, which underestimates the true total value, especially
for bulge-dominated galaxies, as shown in Fig. 1. (ii) The effects of
seeing can be included in the Sérsic profile fitting, so that quantities
obtained from the fit (total flux, scale size r; and Sérsic index n) are
in principle corrected for seeing effects, unlike the corresponding
Petrosian quantities. However, since the Petrosian quantities are the
standard ones used by the SDSS community, in the rest of this pa-
per we work with Petrosian magnitude and radius, unless otherwise
stated.

6T 5
F®ry/r,>40 q

[ 4.0 > ry/ry > 1.2 ]

F 1.2 > ry/ry > 0.8 1

SE m08 > ry/r, > 025 E

r M, /r, <0.25 1

4 =

< f E
3F =
2F =
s =
E1 . R Ll L R 1

B/T

Figure 3. The Sérsic index n plotted against the B/T for the Baugh2005
model galaxies. The ratio of disc to bulge scalelengths is indicated by the
colour of the symbol, as shown by the key.

Fig. 3 shows the correlation between the Sérsic index and the
B/T in the r band. There is a considerable scatter between these
two proxies or indicators of morphology, driven by the ratio of
the scalelengths of the disc and bulge components. For example,
galaxies with a Sérsic index of n = 4, usually interpreted as a
pure bulge light profile, can have essentially any value of bulge-to-
luminosity ratio from B/T = 0.1-1. A key feature of this plot is the
distribution of disc to bulge size ratios generated by GALFORM. It is
possible to populate other parts of the n — B/T plane in the cases
of extremely large or small values of the ratio of disc to bulge radii.
Without the guidance of a physical model, if a grid of r4/r, was
used instead, the distribution of points would be even broader than
shown in Fig. 3. Note that only model galaxies brighter than M, —
5 logh = —16 are included in this plot. A similar scatter is seen
between these two quantities for real galaxies, as shown by Fig. B1
in the Appendix.

4 RESULTS

The primary observational data set we compare the model predic-
tions against is the NYU-VAGC, which gives additional properties
to those found in the SDSS data base for a subset of Data Release 4
(DR4) galaxies (Blanton et al. 2005a). The NYU catalogue covers
an area of 4783 deg? and contains 49 968 galaxies with redshifts.
The sample is complete to rpe, = 17.77 over the redshift interval
0.0033 < z < 0.05, and has a median redshift of z = 0.036. The
relatively low median redshift compared with the full spectroscopic
sample is designed to provide a sample of large galaxy images,
suitable for measurements of galaxy morphology. Examples of the
extra properties listed for galaxies, beyond the information available
in the SDSS data base, include the rest-frame (AB) absolute mag-
nitude, the Sérsic index and the value of V,, (i.e. the maximum
volume within which a galaxy could have been observed whilst
satisfying the sample selection; this quantity is used to weight each
galaxy in statistical analyses). We run GALFORM with an output red-
shift of z = 0.036 to match the median of the NYU-VAGC and
derive properties from the output which can be compared directly
against the observations, as described in Section 3. In Section 4.1,
we compare the model and observed luminosity functions; in
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Figure4. The r-band luminosity function predicted by the Bower2006 (red)
and Baugh2005 (blue) models. For comparison, we also plot the SDSS lu-
minosity function estimated using the SWML estimator by Blanton et al.
(2005b) from DR2 (solid histogram) and our result using the 1/V nax esti-
mator from DR4 (dotted histogram).

Section 4.2, we show the distribution of morphological types versus
luminosity; in Section 4.3, we examine the colour distributions and
explore this further as a function of morphology in Section 4.4.
Finally, in Section 4.5 we test the size predictions against observa-
tions and assess the sensitivity of the model output to the strength
of various processes.

4.1 Luminosity function

The local luminosity function plays a key role in constraining the pa-
rameters which specify a galaxy formation model. The comparison
between the predicted and observed luminosity functions is hence
a fundamental test of any model. The original papers describing the
Baugh2005 and Bower2006 models showed the comparison of the
model predictions with the observed local luminosity function in
the optical and near-infrared. However, a comparison with SDSS
data was not made in those papers. Fig. 4 shows the luminosity
function in the Petrosian r band predicted by the Baugh2005 and
Bower2006 models, compared with our estimate of the luminosity
function from SDSS DR4 made using the values of V,,, from the
NYU-VAGC catalogue. We also overplot the luminosity function
estimated from the SDSS DR2 by Blanton et al. (2005b) using the
stepwise maximum-likelihood (SWML) method. The SWML and
1/V max estimates are in very good agreement, particularly for mag-
nitudes brighter than M, — 5 logh = —17. At fainter magnitudes,
the 1/V . estimator could be affected by very local large-scale
structure (Blanton et al. 2005b).

Both models overpredict the abundance of bright galaxies. The
Bower2006 model produces a somewhat better match to the shape of
the SDSS luminosity function. This offset in the -band luminosity
function has also been noted by Cai et al. (2008), who made the
model galaxies in the Bower2006 model fainter by 0.15 mag before
using this model to make mock galaxy surveys. It is worth noting
that the Bower2006 model gives an excellent match to both the
by-band luminosity function estimated from the 2dF galaxy redshift
survey (Norberg et al. 2002) and to the K-band luminosity function

(e.g. Cole et al. 2001; Kochanek et al. 2001) without the need to
shift the model magnitudes by hand.

We can study the impact on the luminosity function of different
physical processes in more detail by using colour to separate galax-
ies into different samples. For the SDSS data, we can compute the
luminosity function of colour subsamples using the 1/V . esti-
mator, bearing in mind that fainter than M, — 5 logh = —17 this
method gives an unreliable estimate of the luminosity function due
to local large-scale structure. We use the Petrosian g — r colour
to split galaxies into blue (g — r < 0.45), red (g — r > 0.65) and
intermediate (0.45 < g — r < 0.65) colour samples. In Fig. 5, we
can see that both models reproduce the intermediate-colour popula-
tion fairly well (middle panel). The Bower2006 model in particular
matches the shape of the observed luminosity function closely, al-
beit with a shift to brighter magnitudes, similar to that seen in the
case of the overall luminosity function in Fig. 4. The models fare
worst for blue galaxies, with both models overpredicting the num-
ber of bright blue galaxies. This suggests that star formation is not
quenched effectively enough in massive haloes or that the time-scale
for gas consumption in star formation is too long. For the case of red
galaxies, the models do best brightwards of L, but get the number
of faint red galaxies wrong, with the Baugh2005 model giving too
many faint red galaxies and Bower2006 too few.

4.2 The distribution of morphological types

In this section, we examine the mix of morphological types
as a function of luminosity, using different proxies for galaxy
morphology.

We first look at the mix of galaxies using the Sérsic index. Using
a Sérsic index value of n = 2.5 (which is halfway between n = 1
and 4), we separate galaxies into two broad morphological classes,
disc-dominated galaxies (late-type galaxies) with n < 2.5 and bulge-
dominated galaxies (early-type galaxies) with n > 2.5. Fig. 6 shows
the fraction of galaxies in each morphological type, as a function
of Petrosian magnitude, M,, for SDSS galaxies and the GALFORM
model (Baugh2005 in the left-hand panel and Bower2006 in the
right-hand panel). The trend found for SDSS galaxies is that the
disc-dominated population is more common at faint magnitudes,
whereas bulge-dominated objects are in the majority brighter than
L,. Fig. 6 shows that both models follow the same general trend,
but with the changeover from one population to the other occurring
brighter than L, in the Baugh2005 model, whereas the Bower2006
model looks more similar to the observations.

Another way to morphologically classify galaxies using the pro-
file shape is to use the Petrosian concentration index c. In Fig. 7, we
show the fraction of early- and late-type galaxies as a function of
luminosity based on this, where we classify galaxies with ¢ < 2.86
as late-type and ¢ > 2.86 as early type. The resulting plots look very
similar to those based on the Sérsic index in Fig. 6, though there are
differences in detail, particularly at the bright end. The agreement
between the models and the SDSS data is generally better using
the concentration as the classifier, particularly for the Bower2006
model.

As a third approach to determine galaxy type, we consider the
B/T measured in the r band. Benson et al. (2007) fitted disc and
bulge components to images of 8839 bright galaxies selected from
the SDSS EDR (Early Data Release). In fitting the disc and bulge
components of each galaxy, they used the bulge ellipticity and disc
inclination angle, i, as free parameters. The resulting distribution of
cos(i) showed an excess of face-on galaxies. This is due in part to
the algorithm mistaking part of the bulge as a disc. Benson et al.
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Figure 5. The colour-dependent luminosity function for three populations of galaxies defined by the g — r colour as shown by the label on top of each panel.
The black lines show the luminosity function estimated from DR4 and the red (Bower2006) and blue (Baugh2005) lines show the model predictions (see the

legend in the left-hand panel).
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Figure 6. The fraction of different morphological types as a function of magnitude M, for SDSS data (squares) and GaLForM (solid lines). The fraction of
disc-dominated galaxies (as defined by a value of the Sérsic index n < 2.5) is shown in blue and bulge-dominated galaxies (i.e. those with n > 2.5) are plotted
in red. The left-hand panel shows the Baugh2005 model and the right-hand panel shows the Bower2006 model.
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Figure 7. The fraction of different morphological types as a function of magnitude M, for SDSS data (squares) and GALFORM (solid lines), using the Petrosian
concentration index c to define type. The fraction of disc-dominated galaxies (as defined by ¢ < 2.86) is shown in blue and bulge-dominated galaxies (i.e. those
with ¢ > 2.86) are plotted in red. The left-hand panel shows the Baugh2005 model and the right-hand panel shows the Bower2006 model.

attempted to correct for the uneven distribution of inclination angles
in the following way. Galaxies with cos(i) < 0.5 are assumed to
have been correctly fitted. Since a uniform distribution in cos(7) is
expected, for each galaxy with cos(i) < 0.5, a galaxy with a similar
bulge and face-on, projected disc magnitude but with cos(i) > 0.5 is
also selected. The galaxies with cos(i) > 0.5 which are left without
a match are assumed to correspond to cases where the disc compo-
nent has been used to fit some feature in the bulge. Benson et al.
assigned to these galaxies a value of B/T = 1. The correction has
a considerable impact on the fraction of bulge- and disc-dominated
galaxies, as shown by the extent of the shaded region in Fig. 8.

The observational estimates of the mix of morphological types
presented in Figs 68 are qualitatively the same, but show that the
transition from disc- to bulge-dominated depends on the choice
of property used to define morphology. We note that the model
predictions are very similar when we set the division at ¢ = 2.86 or
at B/T = 0.5. The model predictions made using the Sérsic index,
concentration and (B/T) appear to be closer to each other than
the corresponding observational measurements. This comparison
gives some indication of the observational uncertainty in measuring
fractions of different morphological types using the Sérsic index,
concentration and (B/T).
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Figure 8. The fraction of different morphological types as a function of magnitude M, using the B/T in the r band to define type. Disc-dominated galaxies
(B/T < 0.5) are shown in blue and bulge-dominated (B/T > 0.5) are plotted in red. The solid curves show the model predictions, according to the label above
each panel. The shaded region shows an observational estimate made from SDSS data by Benson et al. (2007). The extent of the shading shows by how much
the fraction changes when a correction is applied to the observational estimates (see Benson et al. for details).
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Figure 9. The (u — r) colour distribution as a function of luminosity for the Baugh2005 model (blue histograms), the Bower2006 model (red histograms) and
the SDSS data (yellow histograms). The centre of the magnitude bin used in each panel is given by the legend. All the histograms are normalized to have unit

area.

4.3 Colour distribution

An important feature uncovered in the SDSS data is a bimodality
in the galaxy colour—-magnitude relation (e.g. Strateva et al. 2001;
Baldry et al. 2004). In Fig. 9, we plot the distribution of Petrosian
(u — r) colour in selected bins of magnitude M, for models and
SDSS data. The SDSS data show a dominant red population at bright
magnitudes, with a blue population that becomes more important at
fainter magnitudes. Although we see blue and red populations in the
Baugh2005 model predictions for intermediate magnitudes, the red
population always dominates, even at the faintest magnitudes. The
Bower2006 model, on the other hand, displays a clear bimodality,
with the red population dominating at bright magnitudes, compa-
rable red and blue populations at intermediate magnitudes and a
slightly more dominant blue population at faint magnitudes. The
Bower2006 model shows the same behaviour as the SDSS data
at bright magnitudes. At faint magnitudes, the Bower2006 model

still shows a red population which is not apparent in the data. Font
et al. (2008) argued that these faint red galaxies are predominantly
satellite galaxies, which in the Bower2006 model have exhausted
their cold gas reservoirs. In the Font et al. model, which is a modi-
fied version of the Bower2006 model, the stripping of hot gas from
satellites is incomplete, and so gas may still cool on to the satellite,
fuelling further star formation and causing these galaxies to have
bluer colours on average.

Since the SDSS photometry covers five bands (u, g, r, i and z),
we can investigate the bimodality further using different colours. In
Fig. 10, we plot the abundance of galaxies in the colour-magnitude
plane, for (u — g), (g — r), (r — i) and (i — z) Petrosian colours
against magnitude M,. The top row of panels shows the distributions
for the NYU-VAGC SDSS data, the middle row shows the predic-
tions of the Baugh2005 model and the bottom row gives those of the
Bower2006 model. In this plot, each galaxy contributes 1/V .« to
the density. The contours in the plot indicate the regions containing
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Figure 10. The galaxy distribution in the colour—magnitude plane. Each column shows the distribution for a different colour. Top row shows the SDSS
distributions, middle row shows the predictions of the Baugh2005 model and bottom row shows the Bower2006 model. Galaxies are weighted by 1/V n.x. The
inner contour encloses 68 per cent of the total number density of galaxies and the outer contour encloses 95 per cent of the density. The colour shading reflects

the square root of the number density.

68 and 95 per cent of the number density of galaxies in the samples.
Note that the colour shading scales as the square root of the density.

For the case of the SDSS data in all colours except for (i — z),
we can see a bright red population and a fainter, bluer population
as indicated by the splitting of the 68 per cent density contour. The
Baugh2005 model predicts a dominant red population at the bright-
est magnitudes. On moving to fainter magnitudes, bluer galaxies
appear but red galaxies still dominate, and there is no clear bimodal-
ity. The Bower2006 model displays a strong bimodality in colour,
though with a blueward shift in the locus of the colour—-magnitude
relation compared with the observations. Font et al. (2008) ob-
tained better agreement of their model with the observed locus of
red galaxies in the SDSS by increasing the assumed yield of metals
by a factor of 2 relative to the Bower2006 model.

In Fig. 11, we plot a similar colour—-magnitude distribution, but
this time each galaxy contributes L/V .« to the density. By do-
ing this, more emphasis is given to brighter galaxies. As a conse-
quence, the bimodality in the SDSS data is less readily apparent.
Intriguingly, the Baugh2005 model appears visually to be in better
agreement with the observations when presented in this way.

4.4 Colour distribution by morphology

The bimodality of the colour—-magnitude relation seen for SDSS
galaxies suggests that different populations or types of galaxy dom-
inate at different magnitudes. We also saw in Section 4.2 that disc-
dominated galaxies are more abundant at faint magnitudes and the
bulge-dominated population is more prevalent at bright magnitudes.
A correlation is therefore expected between morphology, colour and
luminosity. To see this effect more clearly, we use the Sérsic index,
n, to separate galaxies into an ‘early-type’ bulge-dominated popu-

lation (with n > 2.5) and a ‘late-type’ disc-dominated population
(n < 2.5) and replot the colour-magnitude relation.

We calculate the median Petrosian colour for (u — g), (g — r),
(r — i), (i — z) in bins of magnitude M, for the two populations.
The results are plotted in Fig. 12 for the models and the SDSS
data. We can see from the SDSS data that the different populations
display different colour—magnitude correlations, confirming that
the Sérsic index is an effective morphological classifier. The bulge-
dominated galaxies are redder than the disc-dominated galaxies,
with the size of the difference decreasing as the effective wavelength
of the passbands increases. Also, at fainter magnitudes, the colours
of the two population tend to become more similar.

In the Baugh2005 model, Fig. 12 shows that the populations
split by the Sérsic index have similar colours except for the bright-
est galaxies. Both populations are predicted to be too red at faint
magnitudes. At brighter magnitudes (M, — 5 logh < —19), bulge-
dominated galaxies show similar behaviour to the SDSS data. Disc-
dominated galaxies become bluer at the brightest magnitudes, which
is opposite to the trend seen in the data. The Bower2006 model pre-
dicts a clear separation in colour for populations classified by the
Sérsic index, with blue disc-dominated galaxies even at faint magni-
tudes, which is in better agreement with SDSS data. In both models,
the faint bulge-dominated population is predicted to be too red.

4.4.1 What drives the colours? A look at the specific star
formation rate and metallicity

To identify which feature of the models is producing the differences
in colour seen in Fig. 12, we now examine the specific star formation
rate (SSFR) (the SFR per unit stellar mass) and stellar metallicity
of galaxies in both models. The SSFR quantifies how vigorously a
galaxy is forming stars in terms of how big a contribution recent star
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Figure 11. Same as Fig. 10, but with each galaxy weighted by the product of its luminosity and 1/V pax.
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Figure 12. The median colour (« — g), (g — r), (r — i), (i — z) for the models (continuous lines) and SDSS galaxies (triangles) as a function of magnitude
M,. Different coloured lines and symbols correspond to different morphological types of galaxies, as given by the Sérsic index (n < 2.5 for the disc-dominated
population and n > 2.5 for the bulge-dominated population). Each panel corresponds to a different colour. Each panel has the same range of colour on the
y-axis. The results are plotted only when there are 10 or more galaxies present in a bin.

formation makes to the total stellar mass. Galaxies with a high SSFR
will tend to have bluer colours and stronger emission lines than more
‘passive’ galaxies. We use the Sérsic index to separate the galaxies
as before, into an ‘early-type’ bulge-dominated population (with
n > 2.5) and a ‘late-type’ disc-dominated population (n < 2.5). In

the top panel of Fig. 13, we plot the median of the SSFR as a function
of magnitude M,. In the bottom panel of this figure, we plot the
median of the V-band luminosity-weighted stellar metallicity. The
top panel of Fig. 13 shows that bulge-dominated galaxies have very
low SSFRs in both models. The disc-dominated galaxies have very
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Figure 13. The top panel shows the SSFR, i.e. the SFR per unit stellar
mass, as a function of magnitude M, for the GaLFORM models, as indicated
by the key in the lower panel. The lower panel shows the stellar metallicity,
weighted by the V-band luminosity as a function of magnitude M, Different
colours correspond to different morphological types as set by the Sérsic
index, as shown by the label in the top panel.

different SSFRs in the two models. In the Bower2006 model, the
disc-dominated galaxies are undergoing significant amounts of star
formation, except at the brightest magnitudes. Although the strength
of SN feedback is stronger in the Bower2006 model than in the
Baugh2005 model, reheated gas tends to recool on a shorter time-
scale because it is reincorporated into the hot halo faster. The drop in
the SSFR for the brightest galaxies in the Bower2006 model can be
traced to the AGN feedback which shuts down gas cooling for these
galaxies. Note that disc-dominated galaxies make up only a small
fraction of the galaxies at these magnitudes. Within a given model,
the metallicities of the disc- and bulge-dominated populations are
similar. However, the metallicities in the Baugh2005 model are
higher than in Bower2006, presumably because some fraction of
the star formation in the former model occurs in starbursts with a
top-heavy IMF, which correspondingly produces a higher yield of
metals. Hence, given this differences, one expects bluer galaxies at
faint magnitudes in the Bower2006 model than in the Baugh2005
model.

4.4.2 Correlation between Sérsic index, colour and magnitude

To further investigate the correlation between the Sérsic index,
colour and absolute magnitude, we plot in Fig. 14 the luminosity-
weighted density in the various projections of the Sérsic index (n),
(g — r) colour and M; absolute magnitude plane, both for SDSS
data and for GaLFORM models. In the data, we can see that disc-
dominated galaxies (i.e. those with small » values) tend to be bluer
and also fainter, whereas the bulge-dominated galaxies (those with
large n values) tend to be redder and brighter. The predictions of
both GaLForM models are peaked around Sérsic indices of n = 1
(nominally pure disc galaxies) and n = 4 (pure bulge galaxies).

0.0 -16 —-18 —-20 —-22 —-24

SDSS

Baugh2005

Bower2006

=2>
4 < R 4+ = gy

0.0 0.5 1.0 -16 —-18 -20 —-22 —-24
(g—r) M, — 5 log h

Figure 14. The luminosity-weighted density of galaxies in different projec-
tions of the Sérsic index (n), (g — r) colour and magnitude plane. Contours
indicate the regions containing 68 and 95 per cent of the total density of
galaxies. Top panels: SDSS data, intermediate panels: Baugh2005 model
and bottom panels: Bower2006 model.

Despite these density peaks, the number of galaxies in the differ-
ent morphological classes is similar to the SDSS data (as shown
in Fig. 6) showing that at a broad-brush level, the distribution of n
predicted by the GALForRM models is in reasonable agreement with
the observations.

Bearing in mind the level at which the models are able to
match the distribution of Sérsic indices, both models reproduce the
behaviour seen in the SDSS observation fairly well, with a spike
corresponding to a faint blue disc-dominated population, which
changes to a red, bulge-dominated population at bright magni-
tudes. Compared with the SDSS, the Baugh2005 model overpre-
dicts the number of red disc-dominated galaxies [around values
(g —r) ~1and n ~ 1] and the number of moderate luminosity
bulge-dominated galaxies (around values M; — 5 logh ~ —19 and
n ~ 4). The Bower06 model predicts a distribution which agrees
better with the observational data.

4.5 The distribution of disc and bulge sizes

We now examine the model predictions for the linear size of the
disc and bulge components of galaxies. We compare the model
predictions with SDSS observations using the radius enclosing
50 per cent of the Petrosian flux, Rso. The calculation of disc and
bulge sizes was reviewed in Section 2.3 (see also Cole et al. 2000
and Almeida et al. 2007). We use the concentration index, c, to
divide galaxies into two broad classes of disc- and bulge-dominated
samples. First, we discuss the accuracy of the predictions for Rs, for
disc-dominated galaxies (Section 4.1) and then for bulge-dominated
galaxies (Section 4.2), before illustrating the sensitivity of the re-
sults to various physical ingredients of the models. The observations
we compare against are our own analysis of the size distribution in
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the NYU-VAGC constructed from DR4, as discussed below, and the
results from Shen et al. (2003, hereafter Sh03), which were derived
from a sample of 140 000 galaxies from DRI.

4.5.1 Disc-dominated galaxies

Following Sh03, we take ¢ < 2.86 to define the disc-dominated
sample (recall that pure disc galaxies have ¢ ~ 2.3 and pure bulges
have ¢ ~ 3.3, as shown by Fig. 2). Besides the selection introduced
by the use of the SDSS spectroscopic sample (rpe, < 17.77), further
selection criteria are required in the size distribution analysis. The
size measurement for compact galaxies could be affected by the
point spread function of the image or because these objects could be
misclassified as stars by the SDSS imaging processing software. To
minimize such contamination, Sh03 selected galaxies with angular
sizes Rsyp > 1.6 arcsec (this excludes only a few per cent of the
galaxies). ShO3 further restricted the sample to galaxies with surface
brightness ptsp < 23.0 mag arcsec~2, and apparent magnitude in the
range 7 min(0, @) < r < rm.x(0, @) with, typically, 7mi, ~ 15.0 and
rmax ~ 17.77, and redshift z > 0.005.

We apply the same criteria as used by Sh03 to the low-redshift
NYU-VAGC catalogue. This requires us to recalculate the value
of Vo needed to construct statistical distributions, to take into
account the bright magnitude limit, size cut and surface brightness
cut. Note that although the ShO3 sample is from the smaller DR1,
it contains more galaxies than the NYU-VAGC sample used here
because it extends to higher redshift.

The correlation of size with luminosity for disc-dominated galax-
ies is shown in the upper six panels of Fig. 15, in which we plot
the distribution of Rs in selected magnitude bins in the r band.
The GaLForM predictions are plotted as unshaded histograms, with
the Baugh2005 results in blue and the Bower2006 results in red. The
observed distributions are shown by the yellow filled histograms.
Except for the brightest 2 mag bins shown, the models tend to over-
predict the size of disc-dominated galaxies, particularly in the case
of the Bower2006 model. In the Baugh2005 model, the peak of
the distribution shifts to larger sizes with brightening magnitude,
reproducing the trend seen in the observations. On the other hand,
in the Bower2006 model, there is little dependence of disc size on
luminosity. Both models display a larger scatter in sizes than is seen
in the data. The panels for early types are discussed in the next
section.

To further quantify the trend of size with luminosity, we calculate
the median value of Rsy and plot the results in Fig. 16, where the
continuous green line represents the fiducial GaLForM model (the
left-hand panel shows the results for the Baugh2005 model and
the right-hand panel for the Bower2006 model) and open symbols
represent the NYU-VAGC data, where we overplot for comparison
(and to check for consistency) the results from Sh03 (filled trian-
gles). Fig. 16 shows that our analysis of the size distribution in the
NYU-VAGC is consistent with the results of Sh03. The apparent
magnitude cut ry;, together with using a low-redshift sample in
comparison with Sh03 removes the galaxies brighter than M, —
Slogh = —-21.5.

The SDSS data show an increase of over one decade in Rs, across
the luminosity range plotted for disc-dominated galaxies. This in-
crease is reproduced by the predictions of the Baugh2005 model.
The behaviour of the Bower2006 model is quite different, with an es-
sentially flat size—luminosity relation to L., followed by a decrease
in size for brighter galaxies. We investigate the impact of various
processes on the form of the size predictions in Section 4.5.3.

4.5.2 Bulge-dominated galaxies

We select a bulge-dominated sample by taking those galaxies with
concentration index ¢ > 2.86. In the lower six panels of Fig. 15, we
plot the distribution of sizes Rs, for bulge-dominated galaxies for a
selection of magnitude bins. In general, the model predicts values
of Rsy larger than observed, except for the M, — 5 logh = —20.5
bin for Bower2006 and M, — 5 logh = —21.25 for Baugh2005.
As for the case of disc-dominated galaxies, the predicted scatter in
sizes is larger than observed.

We plot the median size of the bulge-dominated samples in the
top row of Fig. 16. The predicted size—luminosity relation is flatter
than observed, turning over at the brightest magnitudes plotted. The
brightest galaxies are three to five times smaller than observed,
confirming the conclusion reached by Almeida et al. (2007).

As the DR4 data set we are working with covers a larger solid
angle than the sample used by ShO03, the combined set of data
measurements covers a wider range of magnitudes than can be
reached by either sample alone. Again where there is overlap, we
find that our analysis of DR4 is consistent with the results of Sh03.

4.5.3 Sensitivity of the predictions to physical ingredients

The calculation of sizes involves several components as outlined in
Section 2.2. Given that this is the area in which, overall, the model
predictions agree least well with the observations, it is instructive
to vary some of the physical ingredients of the model to see if the
agreement can be improved. In the tests which follow, we vary the
strength of one ingredient at a time and assess the impact on
the size—luminosity relation. We also show the effect of the param-
eter change on the form of the overall galaxy luminosity function
and the mix of morphological types. These variant models are not
intended to be viable or alternative models of galaxy formation, but
instead allow us to gain some physical insight into how the model
works.

(i) The strength of SN feedback. SN feedback plays an important
role in setting the sizes of disc galaxies, by influencing in which
haloes gas can remain in the cold phase to form stars. Cole et al.
(2000) demonstrated that increasing the strength of SN feedback
results in more gas cooling to form stars in more massive haloes,
which leads to larger discs. Conversely, reducing the feedback al-
lows gas to cool and form stars in smaller haloes resulting in smaller
discs. The strength of SN feedback is parametrized using V. and
Onot @s shown in equation (1). The adopted values for these param-
eters are Vi = 300kms™! and oo = 2 in the Baugh2005 model
and Vo = 485kms~! and o, = 3.2 in the Bower2006 model. We
perturb the models by increasing and reducing the value of V to
its double and half the fiducial value in each model, and plot the
results in Fig. 16. The normalization of the size—luminosity rela-
tion for disc-dominated galaxies changes as expected on changing
the strength of SN feedback, moving to larger sizes on increas-
ing Vi and smaller sizes on reducing V. Reducing Vi in the
Baugh2005 model leads to better agreement with the observed size—
luminosity relation for disc-dominated galaxies, at the expense of
producing slightly more faint galaxies. Similar trends are seen in
the predictions for the size—luminosity relation of bulge-dominated
galaxies. Note that there are very few bulge-dominated galaxies at
faint magnitudes in the Bower2006 model, hence the noisy size—
luminosity relation in this region. Changing the strength of feed-
back in this way has little impact on the slope of the size—luminosity
relation.
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Figure 15. The distribution of the Petrosian half-light radius, Rs, for early-type galaxies (with concentration parameter ¢ > 2.86) in top six panels and for
late-type galaxies (¢ < 2.86) in the lower six panels. Each panel corresponds to a different 1-mag-wide bin, as indicated by the legend. The GALFORM predictions
are shown by unshaded histograms (Baugh2005 — blue; Bower2006 — red) and the SDSS data by the yellow shaded histogram. All of the histograms are

normalized to have unit area.

(ii) The threshold for discs to become unstable. The threshold for
a disc to become unstable is set by the parameter €45 (see equa-
tion 2). We show the result of varying this threshold in Fig. 17. In the
case of the Bower2006 model, we increase and reduce the thresh-
old from the fiducial value of €4 = 0.8; increasing the threshold
means that more discs become unstable. The original Baugh2005
model does not test for the stability of discs, so in this case we
switch the effect on and try two different values for the threshold.
The result of turning on dynamical instabilities is straightforward
to understand in this model. For a given mass and rotation speed
of disc, the stability criteria € o /7isc, and so discs with smaller
values of rgic Will preferentially be unstable. The removal of small
discs raises the median disc size but reduces the fraction of galaxies
that are disc-dominated. The impact of varying the stability thresh-
old on the Bower2006 model is less easy to interpret: even though
the fraction of faint disc-dominated galaxies fails dramatically on
increasing the threshold, there is little change in the median size of
the surviving discs. This change has a bigger impact on the size of
bulge-dominated galaxies, with a sequence that is inverted com-
pared with the Baugh2005 model. One result that is easily un-
derstood is the response of the luminosity function. The burst of

star formation which can accompany the transformation of a dy-
namically unstable disc into a bulge is an important channel for
generating black hole mass in the Bower2006 (as discussed in
Section 2.2). If fewer discs become unstable, less mass is con-
verted into black holes and AGN feedback has less impact on
the cooling flows in massive haloes, leading to too many bright
galaxies.

(iii) The orbital energy of merging galaxies. The parameter f oic
quantifies the orbital energy of two galaxies which are about to
merge (equation 4). Our standard choice in both models is f oy =
1, in which case equation (4) is equal to the energy of two point
masses in a circular orbit at a separation of r; + r,. We vary the
value of fowie trying fomir = 0, which corresponds to a parabolic
orbit, and f i = 2. The results are plotted in Fig. 18. As expected,
the median size of disc-dominated galaxies is unaffected by varying
forvit- Increasing the value of f,;; makes bulge-dominated galaxies
smaller, with a larger effect seen for brighter galaxies. A smaller
value of fqpi improves the shape of the size—luminosity relation
of bulge-dominated galaxies in the Baugh2005 model; however,
faint bulge-dominated galaxies are still too large after making this
change.

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 397, 1254-1274

$T0Z ‘Y2 JBQWBAON UO Weyind Jo A1SeAIuN Te /60 [euno[pio Jxo'seuw//:dny Wwo.j papeo lumod


http://mnras.oxfordjournals.org/

1268

J. E. Gonzdlez et al.

Baugh2005

Rso/h ™" (kpc)

V,=half

Vpot=doub

le

h
|
-
I
|

Ll

o)
A
S
>

$(M,/h’Mpc>mag™")

107°

1.0
ogb early type
0.6

0.4

FRACTION

0.2
0.0

O

X
u
dﬁ‘

|8

> |p
\‘
K

=20
M, — 5 log h

=22

Bower2006

[ Vp=half i " : ]
__10EF Vv, =double §
g ok Lo
= i il ]
e | . L

S
R — . ) 1
o E — A
E D F m - E
fo - early type 1
__10f I
o BN
= [ LA ]

T — e

< r — ‘A A - |

N A A
RN A A |
EA 3
r late type 1
a0 1
R —— All
? ]
2 1072 ]
N)E E E
! [ 4
8 107 ]
= E 3
N —4 L J
= 107
=1 F ]
107 ?
1.0F =]
osb €C rly type E
& o6k o2 1
5 E i
r . ]
2 0.4F 0 ]
& F \\ ]
[N C ~__ ) 77’:‘7/// ]
02F I ]
= d -~ ]
oofm o ooo o - ]

—-16 -18 —20 Y
M, = 5 log h

Figure 16. A compilation of predictions for the Baugh2005 (left-hand column) and Bower2006 (right-hand column) models. The top row shows the median
Rs0 as a function of magnitude for bulge-dominated galaxies (¢ > 2.86), the second row shows the median Rs( for disc-dominated galaxies (¢ < 2.86), the
third row shows the r-band luminosity function of all galaxies and the bottom row shows the fraction of early-type galaxies as a function of magnitude. The
predictions of the fiducial model in both cases are shown by the green lines. In this plot, we also show the impact of changing the strength of SN feedback,
rerunning the model with either half the fiducial value of Vo (blue curves; see Section 2.1) or twice the value (red curves). In first and second rows, the
open symbols show our determination of the median size from the NYU-VAGC:; the filled symbols show the results obtained by Sh03. The black histogram
in the third row shows our determination of the luminosity function in DR4 using the 1/V . estimator. The squares in the bottom row show the fraction of
early-types in the NYU-VAGC, defined according to concentration parameter ¢ > 2.86, as a function of magnitude.

(iv) The contribution of the dark matter in galaxy mergers. The
parameter f4,x controls the amount of dark matter associated with
model galaxies during merger events (see equation 5), which has an
impact on the size of the merger remnant, through equations (4) and
(7). We run the models using values of fg,x = 1 and 0, the latter
of which corresponds to the case of a galaxy without participating
dark matter. The results are shown in Fig. 19. We can see that the
reduction of f4,x from the fiducial value leads to smaller sizes for
the early-type galaxies in both models. The effect is particularly im-
portant at bright magnitudes. As expected, there is no change in the
predicted sizes for late-type galaxies. We do not find, either, a vari-
ation in the luminosity function, but there is an increase in the frac-
tion of early-type galaxies, particularly at intermediate magnitudes.
We can see that we can improve the sizes of early-type galaxies,
matching with those inferred from SDSS observations for galaxies
with magnitudes fainter than Lx. However, this change is counter-
productive at bright magnitudes, resulting in even smaller sizes.

4.5.4 What drives the slope of the size—luminosity relation?

We have seen that the prediction of the Bower2006 model for the
size-luminosity relation of disc-dominated galaxies is much flat-

ter than that of the Baugh2005 model (Fig. 16). Moreover, the
Baugh2005 model is in better agreement with the observed rela-
tion. In the previous section, we varied selected model parameters
one at a time relative to the fiducial model, to show their impact on
the model size—luminosity relation. In this exercise, the most dra-
matic change in the Bower2006 predictions resulted from varying
the strength of SNe feedback. Reducing the value of the parameter
Vhot» Which sets the ‘pivot’ velocity below which SNe feedback
has a strong impact, leads to a shift in the size—luminosity relation
to smaller sizes, with an improved match to the observed relation
recovered for intermediate luminosity galaxies. In this section, we
investigate the effect of varying several parameters together, essen-
tially moving from the Bower2006 parameters for SNe feedback
and the star formation time-scale in discs, towards a set which
more closely resembles that used in the Baugh2005 model. The
size—luminosity relations for disc- and bulge-dominated galaxies
are plotted in Fig. 20 for a sequence of models. The starting point is
the fiducial Bower2006 model. For each step in the sequence, one
parameter is varied relative to the previous step, as shown in the key
in Fig. 20. The first change made is to the value of oo, Which con-
trols the slope of the SNe feedback. Changing from the Bower2006
value of oy = 3.2 to 1 gives a much improved match to the observed
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Figure 17. Similar to Fig. 16, but varying the disc instability threshold €gisc in equation (2).

size—luminosity relation, particularly for intermediate luminosities.
Faint disc-dominated galaxies are still somewhat too large, and
bright galaxies in general are still too small. The next step is to
retain the above change to ap, and also to change the value of Vo
to that used in Baugh2005. This results in a modest improvement in
the size—luminosity relation for faint galaxies. Finally, the scaling
of the quiescent star formation time-scale with the disc dynamical
time is switched off. The resulting size—luminosity relation is now
in very good agreement with the observations for disc-dominated
galaxies. However, bright bulge-dominated galaxies are still too
small. Furthermore, the luminosity function and the predicted frac-
tion of early types with luminosity are now much poorer matches
to observations than in the fiducial Bower2006 model (lower two
panels of Fig. 20).

In summary, even though the sizes of disc-dominated galaxies
can be brought into reasonable agreement with observations in a
variant of the Bower2006 model with modified SNe feedback and
disc star formation time-scale, this is at the expense of agreement
with the observed luminosity function and early-type fraction. Fur-
thermore, neither the fiducial Baugh2005 model nor the fiducial
or modified Bower2006 models are able to reproduce the observed
sizes of early-type galaxies, in particular for bright galaxies. No sin-
gle parameter change seemed able to solve the latter problem. The
most promising area to explore further appears to be the modelling
of galaxy mergers; changing the amount of orbital energy brought
in by merging galaxies in our prescription led to an increase in the
sizes of the brightest bulge-dominated galaxies.

5 SUMMARY AND DISCUSSION

Observations of local galaxies have always played a central role
in setting the parameters of galaxy formation models. However,
the huge size of the SDSS sample combined with the quality and
uniformity of the data allows much more precise and exacting tests
of the physics of such models than was previously possible. To take
full advantage of this opportunity, it is necessary for the model to
be able to generate predictions which are as close as possible to
the measurements made for real galaxies. In this paper, we use the
GALFORM model, which predicts the size of both the disc and bulge
components of galaxies. Hence, we are able to take the model output
for the luminosity and scalelengths of a galaxy’s disc and bulge and
turn these into predictions for the quantities measured for SDSS
galaxies: the Petrosian magnitude, the radius containing 50 per cent
of the Petrosian flux (Rs), the concentration parameter (c) and the
Sérsic index (n), the latter two quantities providing descriptions of
the light profile of the galaxy.

The first major result of this work is to understand the correlation
between different indicators of galaxy morphology. The concen-
tration parameter, Sérsic index and B/T have all been used to di-
vide galaxies into morphological classes (e.g. Bershady, Jangren &
Conselice 2000; Hogg et al. 2004; Benson et al. 2007). The B/T is
easy to compute theoretically, yet is perhaps the hardest of these
quantities to measure observationally. Both the ¢—B/T and n—-B/T
planes show scatter. This can be traced to the ratio of the disc
and bulge scalelengths; galaxies with different values of this ratio
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Figure 18. Similar to Fig. 16, but varying the fomi parameter in equation (7).

occupy different loci in the ¢—B/T and n—B/T planes. The scatter
is particularly large in the case of the Sérsic index n versus B/T.
The scatter would be even larger if we simply generated galaxies
by hand, taking the ratio of disc and bulge scalelengths from a grid.
The scatter we find is limited by the distribution of r4/ry, values
predicted by GALFORM.

We compared the predictions of two different versions of the
GALFORM model with SDSS data: that of Baugh2005, which has a
top-heavy IMF in starbursts and feedback from superwinds, and
Bower2006, which has AGN feedback and a normal IMF in all
modes of star formation. In the first stage of the comparison, none
of the model parameters was adjusted to improve the fit to the data.
The models gave reasonable matches to the total galaxy luminosity
function, with the Bower et al. model giving the best overall match to
the shape. The match to the luminosity function of different colour
subsamples is less impressive; both models overpredict the number
of bright blue galaxies and fail to match the number of red galaxies.
The Bower et al. model has a strongly bimodal colour distribution,
whereas the Baugh et al. model shows only weak bimodality. The
Bower et al. model agrees better overall with the observed colours
in SDSS, although the predicted bimodality appears somewhat too
strong, and the positions of the peaks in the colour distribution do
not agree exactly with what is observed.

Another clear success of the models is in predicting the cor-
rect trend of morphological type with galaxy luminosity. We used
all three morphological indicators (concentration parameter, Sérsic
index and B/T from disc+bulge fits) to separate galaxies into

disc- and bulge-dominated types. In the SDSS data, the fractions of
these types are found to shift from being almost completely disc-
dominated at low luminosity to almost entirely bulge-dominated
at high luminosity, though with differences in the detailed be-
haviour depending on which morphological indicator is used. Both
the Baugh2005 and Bower2006 models successfully reproduce this
general trend, although the Bower et al. model agrees better in de-
tail with the observed behaviour at intermediate luminosities. Both
models qualitatively reproduce the observed correlation of colour
with morphology (with bulge-dominated galaxies on average being
redder than disc-dominated galaxies at every luminosity), although
quantitatively the Bower et al. model agrees better with the SDSS
data, the Baugh et al. model predicting too many red disc-dominated
galaxies.

Perhaps the most serious shortcoming of the models is in the pre-
dicted galaxy sizes. Whilst the Baugh et al. model gives a very good
match to the luminosity—size relation for discs, the sizes of bulge-
dominated galaxies do not match the observations. The slope of the
size-luminosity relation for bulge-dominated galaxies in the Baugh
et al. model matches the observations for faint galaxies, but the
normalization is too high. Brighter than L., the predicted relation
flattens, with the consequence that the brightest bulge-dominated
galaxies are around a factor of 3 too small (see also Almeida et al.
2007). The situation is worse for the sizes predicted by the Bower
et al. model; in this case, the size-luminosity relation is flat for
disc-dominated galaxies, while for bulge-dominated galaxies the
predicted sizes at high luminosities fall even further below the
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Figure 19. Similar to Fig. 16, but varying the fqarx parameter in equation (5).

observed relation than for the Baugh et al. model. We have demon-
strated that a steeper slope for the size—luminosity relation for disc-
dominated galaxies can be recovered in the Bower et al. model if
we set some physical processes to have the same parameters as used
in the Baugh et al. model. The primary improvement in the model
predictions is seen on reducing the strength of SNe feedback. Also,
by adjusting the star formation time-scale in discs by switching off
the dependence on the disc dynamical time, we can recover the
observed slope of the size-luminosity relation even at high lumi-
nosities. However, this improvement in the size—luminosity relation
comes at the expense of producing too many galaxies overall.

The differences between the predictions of the two models for the
sizes of disc-dominated galaxies lie in the revised cooling model
adopted by Bower2006, the strength of SN feedback, the inclusion
of AGN feedback and the inclusion of dynamical instabilities for
discs. In the Bower et al. model, gas which is reheated by SN feed-
back is reincorporated into the hot halo on a shorter time-scale than
in the Baugh2005 model. Neither model is able to match the ob-
served size of bright bulge-dominated galaxies. We explore a range
of processes in the models, varying the strength of SN feedback,
changing the threshold for discs to become unstable and chang-
ing the prescription for computing the size of the stellar spheroid
formed in a galaxy merger. The latter seems the most promising
solution, at least in the case of the Baugh et al. model. If we neglect
the orbital energy of the galaxies which are about to merge (i.e.
setting the parameter f,; = 0), then the sizes of bright galaxies
are in much better agreement with the observed sizes (though the

faint bulge-dominated galaxies are still too large). A similar change
in the predictions results from ignoring the adiabatic contraction of
the dark matter halo in response to the gravity of the disc and bulge
(Almeida et al. 2007).

The caLrorM model is one of the few which are able to make
the range of predictions considered in this paper and hence to take
full advantage of the constraining power of the SDSS. The model
for disc sizes works well under certain conditions, albeit with too
much scatter. Our analysis suggests that the problems with disc
sizes and colours are connected to the treatment of gas cooling and
SN feedback, while the problems with spheroid sizes are probably
due to an overly simplified treatment of the sizes of galaxy merger
remnants. The prescription used to compute the size of spheroids is
in need of improvement, which will require the results of numerical
simulations of galaxy mergers. This study highlights the need to
make careful and detailed comparisons with observational data in
order to guide improvements in the treatment of physical processes
in galaxy formation models.
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APPENDIX A: CHANGES IN THE
PHOTOMETRY OF SDSS GALAXIES
FROM DR1 TO DR4

The photometric and spectroscopic pipelines for processing SDSS
data have been refined on subsequent data releases, particularly be-
tween DR1 and DR2. In DR2, all the SDSS data were re-analysed
to apply improvements to the processing of images (magnitude
modelling, image deblending) and spectra (extraction of radial ve-
locities, spectrophotometry). It is instructive to test whether any of
the photometric properties used in this paper to constrain the mod-
els have changed appreciably between data releases. Uncertainty
in the extraction of properties from observational data puts a limit
on how well we can expect the models to reproduce the observa-
tional results. In this appendix, we compare galaxy sizes, Petrosian
magnitudes and Sérsic index values between DR1 and DR4.

To perform the comparison between measurements in different
data releases, we need to be sure that we are looking at the same
galaxy in each version of the catalogue. This is not a trivial exercise,
since revisions to the algorithm used to deblend close or merged
images mean that a single object in DR1 could appear as multiple
objects in DR4. The match is made by requiring that a DR4 galaxy
should be closer than 1.2 arcsec on the sky (which is equivalent to
3 SDSS pixels, each of 0.396 arcsec). This is close to the smallest
angular size found for galaxies used in the comparison. With this
criteria, we were able to find DR4 counterparts for 95 per cent of
the galaxies from DRI1.
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Figure Al. The difference in angular radius (in arcsec) enclosing
50 per cent of the Petrosian magnitude, rso, between the same galaxies
identified in DR1 and DR4. The shading reflects the logarithm of the den-
sity of galaxies. The points show the median difference in size and the bars
show the 10-90 percentile range of this distribution.

We first look at the difference in the value of angular radius en-
closing 50 per cent of the Petrosian light, which is plotted in Fig. A1
for galaxies with z < 0.05. Here, we plot the logarithm of the num-
ber density of galaxies in grey-scale to expand the dynamic range of
the shading. The points with error bars show the median difference
in size between the two data releases, with the bars showing the
10-90 percentile range of the distribution. Although there is scat-
ter in the sizes between data releases, there is no evidence for any
systematic differences.

Next we repeat this comparison for the Petrosian magnitude,
which is shown in Fig. A2 for galaxies with z < 0.05. In this
case, there is a small systematic effect, with the median shift being
—0.04 mag between DR1 and DR4, i.e. a galaxy is typically brighter
in DR1 and it appears in DR4.

Finally, we compare the Sérsic index between DR1 and DR4.
For DR1, we use the Sérsic index calculated by Blanton et al.
(2003). The analysis presented by these authors corresponds to
a larger area than DRI, but relies on a pre-DR1 version of the
photometric analysis software. In a subsequent publication (Blanton
et al. 2005a), the algorithm used to compute the Sérsic index was
updated in order to account for a bias in the results. Blanton et al.
(2005a) demonstrated this effect by feeding a pure bulge with n =
4 into the algorithm. With the original method, a Sérsic index of
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Figure A2. The difference in the Petrosian magnitude recorded in DR1 and
DR4 for a matched sample of galaxies. The shading and symbols have the
same meaning as in Fig. Al.
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Figure A3. The Sérsic index in DR1 plotted against that measured for the
same galaxy in DR4. The shading and symbols have the same meaning as
in Fig. Al.

n = 2.7 was recovered. Using the improved algorithm, the result
was increased to n = 3.5, a much smaller bias. The comparison
between the Sérsic indices in DR1 and DR4 is plotted in Fig. A3.
The DR4 Sérsic index is generally larger than in DR1, particularly
for n > 1. The revised algorithm sometimes fails to find a suitable
value for n, in which case n = 6 was assigned. This comparison
shows the difficulty in extracting the value of the Sérsic index for
galaxies, and gives an indication of how closely we should expect
the models to agree with the observational results.

APPENDIX B: THE CORRELATION BETWEEN
SERSIC INDEX AND BULGE TO TOTAL
LUMINOSITY RATIO

In Section 3, we compared different indicators of galaxy morphol-
ogy, the concentration, Sérsic index and B/T using the output of
GALFORM. We found considerable scatter between these quantities,
particularly in the Sérsic-index—bulge-to-total ratio plane. This is
driven by the ratio of the disc and bulge scalelengths; galaxies with
a given ratio of scalelengths occupy a particular locus in the plane.
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Figure B1. The Sérsic index extracted from the NYU-VAGC plotted against
the B/T as determined by Benson et al. (2007). The colour coding re-
flects the ratio of the disc and bulge radii, which blue indicating a ratio of
rq/rv = 4 and red indicating r4/rp, = 0.25, as in Fig. 3.

We can now repeat this comparison for SDSS galaxies. Benson
et al. (2007) calculated the disc and bulge radii (r4 and r,) and B/T
for a sample of galaxies from the SDSS EDR. In Fig. B1, we plot
the raw uncorrected values of B/T found by Benson et al. (2007)
against the Sérsic index n for these galaxies given by the NYU-
VAGC used in this paper. The galaxies are colour coded in the
same way as for the GALFORM sample plotted in Fig. 3; the largest
ratio of disc to bulge radii is shown by blue points and the smallest
ratio by red points. This plot looks qualitatively similar to the one
obtained in Section 3 using GALFORM output, but with much more
scatter. As found by Benson et al., there is a deficit of galaxies with
high B/T.
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