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Zusammenfassung — Abstract

Galaxien-Entwicklung der letzten 9 Milliarden Jahre

Ich benutze HST-Bilder des Projektes GEMS und photometrische Rotverschiebun-
gen von COMBO-17, um die Rolle von blauen elliptischen Galaxien (BSGs) und die
Entwicklung von scheiben-dominierten Galaxien seit einer Rotverschiebung von z ~ 1
zu untersuchen. Um meine Galaxienauswahl treffen zu konnen, habe ich GALFIT und
GIM2D, zwei oft angewandte 2-D Modellierungs-Programme, intensiv auf echten und
simulierten Daten getestet. Ich zeige, dal GALFIT zuverldssigere Ergebnisse liefert als
GIM2D, vor allem durch seine Fihigkeit, benachbarte Objekte gleichzeitig anzupassen.
Beide Programme unterschitzen die Fehlerbalken der Parameter dabei stark.

Durch automatische Klassifikation sowie durch Klassifikation per Auge, gewinne ich eine
Auswahl an BSGs und zeige, dal nur BSGs mit hoher Massendichte in der Lage sind, sich
passiv in typische rote elliptische Galaxien zu entwickeln, und daf3 ca. 6% der masserei-
chen elliptischen Galaxien blaue Firbung zeigen, in Ubereinstimmung mit Vorhersagen
aus Zusammenstof3-Raten von Galaxien.

Fiir Scheiben-Galaxien finde ich eine starke Entwicklung der Helligkeit—GrofBe-
Beziehung von Galaxien mit My < —20, entsprechend einer Zunahme der Helligkeit
von ca. 1 magarcsec™2 im V-Band seit z ~ 1. Nur schwache oder keine Entwicklung der
Masse-GroBe-Beziehung von Galaxien mit log (M /M) > 10 ist sichtbar im gleichen
Zeitraum, konsistent mit einem mittleren Wachstum der Scheiben von Innen nach Auf3en.
Scheiben werden umso grofer, je massereicher sie werden.

Galaxy Evolution in the last 9 Billion Years

I use HST imaging from the GEMS survey and photometric redshifts from COMBO-
17 to explore the role of blue spheroidal galaxies (BSGs) and the evolution of disk-
dominated galaxies since z ~ 1. To be able to define the galaxy samples, I extensively
tested GALFIT and GIM2D, two widely used 2-D fitting packages, on both simulated and
real data. I find that GALFIT returns more reliable results than GIM2D; in particular due
to its ability to simultaneously fit neighboring galaxies. Both codes significantly underes-
timate the uncertainty of the fit.
I extract a sample of BSG galaxies through automated and visual classification of rest-
frame images. I find that only high-mass-density BSGs can passively evolve into typical
red-sequence galaxies. I find that the high-density BSGs include ~ 6% of the massive
early type galaxy population, consistent with expectations from published massive galaxy
merger rates.
I find strong evolution of the galaxy magnitude—size scaling relation for disk-dominated
galaxies with My, < —20, corresponding to a brightening of ~1 mag arcsec™? in rest-
frame V' -band by z ~ 1. Only weak or no evolution was found in the mass—size relation
for galaxies with log (M /M) > 10 in the same time, consistent with an ‘inside-out’
growth of galaxy disks on average. Galaxies increase in size as they grow more massive.
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Chapter 1
Introduction

We are probably nearing the limit of all we can know about astronomy.

SIMON NEWCOMB (MARCH 12, 1835 —JULY 11, 1909)

1.1 Galaxies Types and the Hubble Sequence

Galaxies are the building blocks of the Universe. They contain hundreds of millions
or even billions of stars, making them very complex N-body-systems, supported against
gravity either by rotation or by random motions. These billions of stars evolve strongly
during their lifetime (e. g. populations of young stars being bluer, populations of old stars
being redder). Galaxies can also contain large amounts of interstellar gas and dust that
is constantly creating new stars and is rebuilt from dying stars. Dark matter is present
in galaxies as is known e. g. from rotation curves of spiral galaxies and dominates the
dynamics of galaxy clusters and galaxies. Some galaxies inhabit massive black holes in
their centers, seriously affecting the dynamics of at least the inner regions of these stellar
systems. Magnetic fields, radiation and stellar winds can also influence the properties
and evolution of galaxies. Furthermore, ‘no galaxy is an island’, none lives on its own
for a (in astronomical sense) very long time, but can (and will) interact with neighboring
galaxies, satellites and intergalactic gas. Putting all this together, it becomes obvious why
the physics of galaxies is much more poorly understood than the physics of e.g. stars or
emission line nebulae and that detailed simulations of galaxies are indeed a very complex
and challenging task.

The Hubble-Sequence (see Figure 1.1) was created and first published by Edwin Hub-
ble in his monograph ‘The Realms of the Nebulae’ [1936] to put some order in the diver-
sity of galaxy morphologies. Up to today, it forms the basis of most galaxy classification
schemes.

The original Hubble-sequence arranges galaxies into a continuous sequence of types,
showing spiral galaxies (so-called ‘late-types’) on the right-hand side and elliptical
(spheroidal) galaxies (so-called ‘early-types’) on the left-hand side of the diagram. The
spirals are furthermore divided into two branches named ‘normal’ and ‘barred’ galaxies,



2 Chapter 1. Introduction

ELLIPTICAL GALAXIES /
S
o & o

E(b)4 E(d)4 SBO\ N
Boxy Disky Q ;

Figure 1.1 The Hubble Sequence of Galaxies as given by Kormendy & Bender (1996).
Early-type galaxies are on shown on the left, late-type galaxies at the right.

which is why the Hubble-Sequence is often called the ‘tuning-fork’. The expressions
‘late-type’ and ‘early-type’ are of historical origin, when theorists thought that ‘late-type’
galaxies are ‘late’ in sense of evolution history, so ellipticals evolve into spiral galaxies by
the later formation of galactic substructure. Today this picture is known to be incorrect, in
fact it is now thought to be the opposite, elliptical galaxies can be created in the merging
process of two spiral galaxies (Toomre & Toomre 1972), but the terminology remained
from that time.

The Hubble sequence was later revised many times and described e.g. by Kormendy
& Bender (1996) who (with others) added a few more types. As shown in Figure 1.1,
Irregular galaxies were placed at the very right. These are galaxies that do fit in neither
elliptical nor spiral galaxies. Nowadays it is also known that the old sub-classification
of ellipticals (EO to E7) is only a projection effect depending on the viewing angle of the
observer, and the classification was revised to now distinguish between galaxies with more
box-shape isophots and disk-shape isophots. There is evidence that these two ‘classes’ of
galaxies indeed have different building scenarios and therefore form physically different
populations (Kormendy & Bender 1996). Additionally, there exists a large population
of dwarf galaxies with low luminosity and several other categories, e.g. cD galaxies, N
galaxies, radio galaxies and so on. I will discuss the most important galaxy types in the
following sections.

Although the Hubble sequence is a beautiful and very useful tool to put an order in
the variety of billions of galaxies seen on the sky, it is still an empirical way to classify
galaxies and it is not clear whether it has any physical significance. What made some
collapsing gas clouds turn into elegant spiral systems like our Milky Way, whereas others
became smooth, featureless ellipticals? Are there significant differences in the stellar pop-
ulation between the different galaxy types? Does the Hubble sequence reflect a sequence
in star formation activity? The next subsections will address these questions and will try
to highlight, summarize and explain the differences seen.
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Figure 1.2 The upper left image shows M110, a typical elliptical galaxy, the upper right
galaxy is NGC 185, a dwarf elliptical. In both galaxies, one can see nearly no internal
structure. The lower left images shows M87, the dominant elliptical galaxy in the Virgo
cluster, therefore also known as VirgoA. It contains a jet in the very center of the galaxy,
which is not apparent in this image. M87 is the standard example for cD galaxies. Finally,
the lower right galaxy is M 104, the famous Sombrero galaxy. It represents the standard
type of a SO galaxy with both prominent bulges and disks.

1.1.1 Elliptical Galaxies E

These galaxies (see Figure 1.2), also called ‘spheroidal’ galaxies, show little internal
structure. Due to the random motion of their stars, they appear elliptical on the sky as
if they were spheroids or ellipsoids in space. Elliptical galaxies range from the most lu-
minous galaxies known today, having Mp ~ —24 to dwarf galaxies (dE), so dim that,
with today’s telescopes and instruments, they can only be observed in the local group of
galaxies. In the original Hubble sequence, the observed ellipticity of the galaxy was in-
cluded in the morphological designation with EO being the most circular galaxies and E7
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being the most elliptical galaxies, having an axis ratio b/a ~ 0.3. Although this might be
thought to be relatively straightforward, rotation is not the reason for the flattening of the
elliptical galaxies. Observations of rotation and velocity dispersions (Bertola & Capacci-
oli 1975) show that ellipticals rotate too slowly to explain the flattening. It can be shown
that therefore the assumption of axissymmetric spatial distribution and isotropic velocity
distrubution of stars at all points within the galaxy must be wrong. This means, massive
elliptical galaxies must be triaxial systems, which show 3 unequal axes and consequently
with anisotropic stellar velocity distributions.

Ellipticals ‘flatter’ than E7 show a distinct disc and bulge and are therefore classified
as lenticular (SO) rather than E galaxies (see below for details about this class of galaxies).

The light profile of elliptical galaxies was thought to be well fit by a ‘deVaucouleurs-
profile’, often also called r'/* law (de Vaucouleurs 1948).

logao { 1](<:e))] — 33307 [(rﬁe)w _ 1]

with 7. being the ‘halflight-radius’ within which half of the total flux is emitted and ()
being the surface-brightness at that radius. This expression is a good representation of the
luminosity profile over many orders of magnitude in surface-brightness.

In fact, this is not entirely true. More generally speaking, ellipticals have light profiles
corresponding to the more general Sérsic law (Sersic 1968, also see section 3.1):

5(r) = B - exp [~r((r/re) " = 1)]

where n, the so-called Sérsic index, defines the shape of the profile (with n = 4 this corre-
sponds to the deVaucouleurs profile given in 1.1.1) and the parameter « is a normalization
factor closely connected to n (for details see e.g. Peng ef al. 2002). The Sérsic index n
for elliptical galaxies shows a relatively wide distribution around a value of 4, but also
values of 2 and 6 are apparent. The exact value of the Sérsic index seems to be correlated
to the absolute magnitude of the galaxy. The brighter the galaxy, the higher is n (the more
compact is the central part of the profile, Caon et al. 1993). It is not entirely understood
where this correlation comes from, it is subject of current research.

There are two contradicting scenarios of how elliptical galaxies are formed. One of
them pictures their formation during a monolithic collapse and formation in a single burst
(e.g. Eggen et al. 1962; Larson 1974); the other explains the formation of ellipticals as the
end product of galaxy merging in a cosmological context (e.g. Toomre & Toomre 1972;
Khochfar & Burkert 2005; Kauffmann & Charlot 1998) (please see §4 for a more detailed
discussion). For over 30 years, theoretical N-body simulations (Naab & Burkert 2001;
Toomre & Toomre 1972; Barnes 1992) support the view that elliptical galaxies form from
merging galaxies. After two galaxies collided, they form an elliptically shaped galaxy
with nearly no star-formation after the merger, but all their gas is transferred into stars
during the merging event itself. This way, galaxy mergers themselves should show high
star-formation rate and the star population in the created elliptical galaxy gets older giving
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Figure 1.3 These pictures show different ‘types’ of spiral galaxies. The upper left plot
shows NGC1232, a beautiful face-on spiral. One can clearly see the spiral arms, the
central bulge and the star-forming regions. The upper right image shows M64, the ‘Black
Eye’ galaxy. It’s a very nice and extreme example for dust in spiral galaxies. The lower
left shows NGC1300, a galaxy with a prominent bar in the center of the galaxy. The spiral
arms start at both ends of the bar. The lower right image finally shows NGC891, a spiral
galaxy seen edge-on. One can see the dustlane blanking out the background stars.

the elliptical galaxy a red color, which indeed is seen in observations (for further details
about this model see chapter 4).

1.1.2 Spiral Galaxies S,SA,SB

Spiral galaxies (see Figure 1.3) show clear internal structure like e. g. spiral arms and/or
bars, star-forming regions, and/ or dustlanes. Their stars rotate around the galaxy center
on almost circular orbits and reside mainly in a thin disk, so depending on the galaxy
orientation in respect to the observers line-of-sight, they appear different. If one looks at
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them face-on, they appear round and spiral-arms and HII regions can clearly be seen. If
one looks at them edge-on, you can see the dust-lane in the disk of at least more massive
galaxies.

In many cases the spiral pattern is double with some degree of symmetry, but many
more configurations of spiral structure are known (one spiral arms, three or more spiral
arms, spiral arms that split up into several arms at some radius, ...). There are two classes
of spiral galaxies. The ‘normal’ spiral galaxies (SA) can be decomposed into a central
bulge component, similar to an elliptical galaxy in color and light profile, and a disk
component which contains the spiral arms (Peletier ef al. 1999; Jablonka et al. 1996). In
the case of ‘barred’ galaxies, there are a bulge, a disk and additionally a highly elongated
concentration of light in the central parts, termed a ‘bar’; the spiral arms starting from the
ends of the bar (see lower left panel of Figure 1.3). Although non-barred spirals are called
‘normal’, there are just as many barred galaxies as non-barred, and just as many spirals
just between the two extreme cases. Spiral galaxies are classified as Sa, Sb, Sc according
to 3 criteria, the openness of the winding of the spiral arms, the degree of resolution in
the spiral arms and the size of the central bulge component and/or bar.

e Sa galaxies have tightly wound spiral arms. They are smoothed out, so clumpy
structures like star clusters can not be seen. The central bulge or bar is very bright
and dominant and shows no structure.

e Sb galaxies have more open spiral arms. They appear a bit clumpy. The bulge
component is smaller than in Sa galaxies.

e Sc galaxies have very open spiral arms. They are patchy and can be resolved into
star clusters and regions of ionized hydrogen. The bulge is very small. In barred
galaxies, the bar is resolved into star clusters and HII regions, but is smaller than in
Sa or Sb galaxies.

e Some galaxies with nearly chaotic structures, that were originally classified as very
‘late’ Sc spirals, are now classified as Sd spirals.

There are also intermediate stages between these classes. They are classified as Sab,
Sbc and Scd galaxies. The light profile of the bulges have been found to be very similar to
elliptical galaxies of similar luminosities; i.e., they are well-described by a Sérsic profile.
The disks have a luminosity profile which may be represented by an exponential light

distribution
I(r) = Tyet=/M

where h is called the disc scalelength. For the MilkyWay h ~ 3kpc. The total luminosity
of the disk is then L = 4wh2ly. This profile can also be described by a Sérsic law
with n = 1. In fact, the Sérsic profile can be used to automatically distinguish between
spiral galaxies and elliptical galaxies. One fits a Sérsic profilfe to the light profile of the
galaxy (see chapter 3 for extensive tests of this method) and examines the Sérsic index
n. Galaxies with n ~ 1 are likely to be disk (spiral) galaxies, values with significantly
higher indices, are more likely to be of elliptical type.
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1.1.3 Lenticular Galaxies SO or L

All galaxies with smooth light distribution and axis ratio b/a < 0.3 show evidence of a
disk-like component. These are called lenticular (lens-like) or SO galaxies. In some way
they are similar to spiral galaxies, their light distribution can be decomposed into a very
strong central bulge and an extensive disk. This way they appear intermediate between
elliptical and spiral galaxies. Also, there are face-on galaxies, where clear round bulges
inhabit inclined disks, that are classified as lenticular objects.

Often, the bulges have a bar-like appearance, so they can be divided into ‘normal’ and
‘barred’ lenticulars like spirals. In some galaxies, there is evidence for obscuring matter,
often in the form of rings. Lenticulars that are free from obscuring matter are termed as
‘early’ SO~. ‘Later’ lenticulars with increasing amount of obscuring matter are called S0°
and SO*.

1.1.4 Irregular and Peculiar Galaxies

They were added to the original Hubble-Sequence later. They are systems lacking both
well-defined nuclei and rotational symmetry, and include everything which could not be
incorporated into the standard Hubble sequence. Many of them are similar to the Magel-
lanic Clouds, they are known as Irr I or Magellanic irregulars. Other galaxies, that could
not be resolved into stars, were classified as Irr II galaxies.

Galaxies with very strange appearances that do not fit into any other class of galaxies
along the Hubble sequence are referred to as peculiar galaxies. In a few galaxies, stars
seem to form a ring rather than a disk or spheroid. They are known as ring-galaxies.
Beautiful examples for this kind of galaxy are the ‘Cartwheel’ or ‘Hoags object’ (see
Figure 1.4).

Many of the remarkable structures, like long arcs or rings of stars, may be due to grav-
itational interactions or collisions between galaxies. As already shown by Toomre and
Toomre [1974] with computer simulations of close encounters between galaxies, merging
events give rise to asymmetric structures, like e. g. tidal arms. A nice example for this is
the Antennae-galaxy (see Figure 1.4), which has very long tidal tails. As already men-
tioned above, such structures can form if two spiral galaxies pass close to each other on
prograde orbits, that means, the rotation axis of the galaxies are parallel and also parallel
to the rotation axis of the galaxies rotating around the center of mass. The gravitational
interaction strips of the outermost stars of both galaxies so they are thrown apart. Similar
structures were found in simulations made by Naab & Burkert (1999) and (Mihos et al.
1995).

Ring-galaxies (see Figure 1.4) can appear when a smaller galaxy falls face-on through
the center of a bigger galaxy. Then a circular shockwave in the big galaxy compresses
the interstellar gas to high-enough densities so that the star formation is greatly enhanced.
Therefore new born stars appear as a ring surrounding the galaxy center. But this inter-
action is not strictly necessary to create a ring galaxy. Some appear like rings, although
there seems to be no interaction (like Hoags object).
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Figure 1.4 The first three pictures show famous interactions of galaxies: MS51 (The
‘Whirlpool’ galaxy), NGC4038&4039 (The ‘Antennae’) and the ‘Mice’. The next two
show ring galaxies: ‘Hoag’s object’ & the ‘Cartwheel’. They are created when a smaller
galaxy falls face-on through a bigger galaxy creating a ring-shaped shockwave that trig-
gers star-formation. The last picture shows a spectacular part of the GEMS survey, show-
ing two interactions that by chance appear one behind the other.
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Because of the compression of interstellar gas (ISM!), the magnitude of merging
galaxies might change. When ISM is compressed, two things happen: The star formation
rate is increased (therefore some mergers appear brighter than unmerging galaxies), and
the ISM forms dust (this dims galaxies, especially in optical wavelengths, so these merg-
ers do not appear brighter than other galaxies). Mergers are among the most luminous
objects in the universe in bolometric terms, especially they are very bright in far-infrared
band.

Collisions between galaxies also play a central role in models of galaxy formation. In
the cold dark matter scenario, galaxies are build up by the process of hierarchical clus-
tering in which larger galaxies are formed by the coalescence and merging of smaller
galaxies. In this picture, strong gravitational encounters between galaxies are essential in
forming the structures we can observe today. Among the present population of galaxies,
peculiar and interacting galaxies are rare. It is subject of recent research, whether interac-
tion was more common on earlier ages of the universe and how this rate changed (Patton
et al. 2002; Lotz et al. 2006b).

1.2 Properties of Galaxies Along the Hubble Se-
quence

The Hubble sequence is not only useful to classify galaxies to different types but seems
to have physical significance. Certain independent physical properties are correlated to
the position on the Hubble sequence. A number of the more important correlations have
been reviewed by Roberts & Haynes (1994). Although there are clear trends, there is also
wide dispersion about these correlations:

e Total Masses and Luminosities. All galaxy types have huge ranges in stellar
mass/luminosity. The most massive galaxies tend to be Ellipticals and SOs. At
lower masses, an increasingly large fraction of spiral galaxies is observed. Irregu-
lars tend to have reasonably low masses.

e Neutral Hydrogen. There is only very rarely any neutral hydrogen observed in el-
liptical galaxies, while all spirals and late-type galaxies have significant gaseous
masses. In elliptical galaxies, the upper limit of mass of neutral hydrogen cor-
responds to My;/M;,; < 107* while in spirals the fractional mass of neutral
hydrogen ranges from about 0.01 for Sa galaxies up to 0.15 at Sm with monotonic
increase between. The fractional mass of neutral hydrogen is more or less indepen-
dent of the mass of the galaxy.

e Total surface-brightness and surface density of Neutral hydrogen. These quantities
change in opposite senses along the Hubble sequence. The total surface density, as
determined by the total mass of the galaxy and its characteristic radius, decreases

nterstellar matter
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Figure 1.5 The fraction of different morphological types of galaxies found in different
galaxy environments according to Dressler (1980). The local number density of galaxies
is given as a projected surface density, p,,,; of galaxies, which is numbers Mpc=2.

monotonically along the sequence (from SO to Im), whereas the surface density of
neutral hydrogen increases.

o Specific Angular Momentum. The Specific angular momentum of baryons increases
from ellipticals to spirals, leading to the strong flattening of disk galaxies and the
shape and light-profile of spheroidals.

e Specific Angular Momentum. The Specific angular momentum of baryons increases
from ellipticals to spirals, leading to the strong flattening of disk galaxies and the
shape and light-profile of spheroidals.

e Integrated color. There is a strong color correlation along the sequence. Elliptical
galaxies are red (old stars, no star-formation), they basically form the so-called ‘red-
sequence’ of early type galaxies (see Fig. 1.6) in the color-magnitude diagram, late-
type galaxies are blue (young stars, ongoing star-formation), they form the ‘blue
cloud’ (The gap in between these two poulations is sometimes referred to as the
‘green valley’). Despite this systematic trend there is a significant dispersion about
the relation at each point along the sequence. For example, there are Sc galaxies
that are red instead of blue. For this thesis, the blue, but morphologically elliptical
galaxies are especially important (see chapter 4).
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Figure 1.6 The color-magnitude diagram of galaxies as given by Bell ef al. (2004a). Red
circles show visually-classified E/SO galaxies, green ellipses are Sa-Sm galaxies, blue
stars are Peculiar/Strong Interaction galaxies, purple circles are Irregular/Weak Interac-
tion and compact galaxies. One can see the red-sequence of red, mostly spheroidal or
bulge-dominated galaxies, also highlighted as the red line, although some fraction of
spheroidals with blue colors exist. Furthermore the blue cloud of star-forming spirals
and mergers and the ‘green valley’, indicated by the blue line, are visible.

These correlations are related to different star formation rates in different types of
galaxies.

One further well-observed correlation is that early-type galaxies tend to live in
high-density environments whereas late-type galaxies prefer low-density environments.
Dressler (1980) has plotted the fraction of different galaxy types as a function of the num-
ber density of galaxies in which they were found (Figure 1.5). Field galaxies, galaxies
that are not member of a galaxy group or cluster, are located to the left of the diagram,
while rich clusters of galaxies are towards the right. As one can see, in rich clusters,
elliptical and SO galaxies are much more common than spiral galaxies, while in general
field, galaxies are mostly spirals and irregulars. Evidently, the environment of galaxies
seems to have big influence on the morphological characteristics. One can understand this
in the picture of hierarchical galaxy formation. When elliptical Galaxies form in galaxy
mergers, ellipticals should exist more often in dense environments as galaxy interactions
are more likely to happen here, which is exactly what is observed.
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1.3 Galaxy Evolution from Theory & Observations

Our understanding of cosmology and the universe has been changing drastically in the
last century. At the beginning of the 20th century, the universe was still thought to be
static. This was the reason why Einstein introduced the cosmological constant in his fa-
mous equations to be able to prevent the mass in the universe from rapid collapse through
gravity. When it became known that many of the nebulae seen on the sky were truly gi-
gantic self-bound stellar systems of extragalactic origin, and that most of these systems
were actually moving away from the observer (the further away, the faster they move
away from us, Hubble 1936), it was noticed that the universe was not stable at all but ex-
panding, and Einstein removed the cosmological constant from his equations and called it
the ‘biggest blunder’ of his life. Today, the cosmological constant experiences a revival in
the so-called A Cold Dark Matter (ACDM) model, a cosmological model that tries to
connect cosmology (e.g. Big Bang and Inflation), astrophysics (e.g. gravitational cos-
mic structure growth, hierarchical clustering) and particle physics (e. g. standard particle
physics models) and explains the accelerated expansion of the universe as it is suggested
by cosmological observations. A number of free parameters are important to describe this
model. Observations of many different cosmological probes are needed to constrain the
exact values of these parameters, many of which correlate among them (degeneracy). The
ACDM model, in which galaxies grow in mass through both star formation and accretion
of already-formed stars in galaxy mergers, tries to explain the origin of galaxies, when
and how they form and evolve to finally show their present-day properties and the origin
of their diversity and scaling laws. What is the dark component that forms the vast ma-
jority of the mass we know of today and why do galaxies cluster in space as observed,
following a ‘sponge-like’ structure? By answering these questions we would be able to
link between the present-day universe and the properties of the early universe, and to use
the observations as laboratories for testing fundamental theories.

Today the cosmological constant A is thought to dominate the energy content of the
universe by ~ 2/3 (‘Dark energy’). Only about 1/3 of the energy content is based on
matter, but as is known 85% of this 1/3 is in form of non-baryonic ‘Dark Matter’ (DM,
it’s true nature is unclear), which is only known from indirect observations, e. g. lensing
studies, see Fig. 1.7. Only 15% of all the mass in the universe is present in stars, dust,
gas and baryonic matter in general. The DM interacts only gravitationally with baryons,
playing an important role in the clustering of galaxies and matter in general. Baryonic
matter falls to the center of the dark matter haloes that dominate the gravitational potential
in large regions of the universe, and, through cooling, fragmentation and gas collapse,
starts to form stars and galaxies which we can observe directly today. Disk galaxies form
inside the growing CDM haloes, the properties of which influence the properties of the
formed galaxy, like surface brightness, the shape of the rotation curve, the bulge-to-disk
ratio of the galaxy and it’s star formation rate and history. As the dark matter is not
homogeneously distributed, it can explain e. g. the clustering of galaxies and the large-
scale structures seen in large and deep surveys, e.g. voids, sheets and filaments in the
distribution of galaxies. In higher-density environments, where DM haloes do not live as
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Figure 1.7 This figure explains the principle of gravitational lensing. Light from distant
galaxies and QSO’s is gravitationally bend around a massive galaxy cluster. This imposes
different effects on the QSO image, e. g. shear and distortion. Using many galaxies and
statistical methods, one can derive the distribution of the Dark Matter, which makes up
most of the mass in the universe. When the lensing is strong, multiply images, or even an
‘Einstein-Ring’ can be seen if the alignment is perfect and geometry of the lensing object
fits strict requirements, €. g. spherical symmetry.

isolated as in ‘field” environments where disk galaxies form, they can merge and create
massive elliptical galaxies through violent merging of the Dark matter haloes and/or the
galaxies therein.

Yet, there clearly is an important contribution of baryonic matter through gas and
stars that produce most of the light in the universe that we can observe, mainly through
star formation (SF) and feedback mechanisms. Trying to understand the formation and
evolution of galaxies and their properties, it becomes obvious that one has to understand
both the evolution of Dark matter and the evolution of the content of galaxies, stars, dust
and gas. Theoretical models that try to describe this evolution, need to implement both
these components and their interaction to be able to reliably predict galaxy properties that
can be checked by observations. This task is challenging given the fact that it is known that
stars are created from collapsing gas clouds and strongly interact with their environment
during their lifetime, by ionizing their surrounding by UV radiation, by winds and by
supernovae at the end of their lifetime, but none of these processes is fully understood in
detail.

Different hydrodynamical approaches have been made to simulate galaxy properties.
In SPH (‘Smoothed Particle Hydrodynamics’) models, gravitational interaction of parti-
cles with both their neighbors and the dark matter particles, as well as the gas pressure
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are included. Complete, big simulations (e.g. Springel & Hernquist 2003) are very
CPU intensive, though, a more efficient, less CPU intensive method would be appre-
ciated. Semi-analytic models (e.g. White & Rees 1978; Somerville & Primack 1999;
Kauffmann et al. 1993) are a good approach in which simple, yet physically and obser-
vationally motivated prescriptions for star formation and feedback replace the equations
of gas-dynamics. Semi-analytic hierarchical models, describing the build-up of present-
day galaxies through subsequent merging (merger-trees) of many smaller galaxies, can
be coupled to population synthesis models in order to predict the luminosities and col-
ors of galaxies as well as the luminosity function and other observed relations of nearby
galaxies. One sees from these approaches, that spiral galaxies, like our galaxy, can not
be explained with closed-box models (a single burst of star formation and passive evolu-
tion). Continuous infall of gas with low metallicity is required to reproduce the colors,
metal abundances, star formation rates, and gas fractions of these galaxies. On the other
hand, massive ellpitical galaxies can be well described by a single star burst at early times
and subsequent passive evolution. To create e.g. the color-magnitude relation of very
massive ellipticals observed today, some yet unknown process (feedback) has to be im-
plemented into these models, quenching gas cooling and thus star formation. Without this
process, creating the most massive elliptical galaxies would not be possible.

It becomes clearer that any kind of feedback, e.g. enriching the ISM with metals
and thus changing the properties of galaxies drastically, is an important mechanism to
solve many of the problems encountered in all models when trying to predict parameters
of galaxies today, e. g. the overcooling problem, the shape of the luminosity function of
galaxies, the metallicity of the inter-stellar medium and the properties of stellar popula-
tions of at least some types of galaxies. There are different possible feedback mechanisms
to solve these problems, although it is unclear in which fractions the different possible
mechanisms play a role, although all seem to be obvious, e. g. feedback from supernovae
and/or active galactic nuclei (AGN Di Matteo et al. 2005) that inhabit central regions of
some galaxies. When these supermassive black holes are fed with infalling material, ac-
cretion disks around them release, mainly through powerful jets, the largest amounts of
energy known in astronomical objects and thus prevent further gas cooling, which could
in fact shut off SF efficiently. This phenomenon was much more frequent in the past than
in the present, the high-redshift quasars (QSO’s?) being the most powerful examples of
the AGN phenomenon.

In the past decade there has been huge progress in observational astronomy, opening
a new window for the study of galaxy formation and evolution, especially at high red-
shift, where observations become more and more difficult. The new class of 8-10 meter
telescopes with their wide-field multi-object spectrographs and imagers, the HST with its
high resolution and high sensitivity as well as other observatories in different wavelength
regimes, e. g. X-ray, UV, IR and submm allowed observers to get different and more de-
tailed insight into galaxies and their properties at higher redshift. Deep wide-field surveys
discovered new populations of galaxies and enabled observers to measure the quantities

2Quasi Stellar Objects. Very bright objects, that look like stars on astronomical images because of the
small size of the light-emitting region
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of high-redshift galaxies and global parameters, e. g. the dependance of different galaxy
types on environment, the co-evolution of stellar bulges, the supermassive black holes and
their host galaxies, the importance of galaxy merging on galaxy evolution and the build-
up of the stellar mass, as well as the global cosmic star formation rate. Theoretical models
need to successfully predict these quantities and relations, e. g. it is now known from dif-
ferent independent observations, that the global star formation rate rapidly declined by
a factor of 5-10 since a redshift of z ~ 1, roughly 2/3 of the stellar mass is formed in
a relatively short period before this time, only 1/3 is formed at later times. The further
build-up of the massive galaxies present today, has to happen through major mergers; at
z < 1 a significant fraction of massive galaxies undergo a major merge as is evident from
studies of close-pair fractions, morphologically disturbed galaxies and the build-up of the
stellar mass in morphologically early-types.

In this PhD-thesis, I will address different important aspects of galaxy evolution from
the GEMS (Rix et al. 2004, , please also see §2) survey. In §3 I will present an important
and useful test of two widely-used software packages, GALFIT (Peng ef al. 2002) and
GIM2D (Simard et al. 2002) to quantify parameter reliability within the data-reduction
pipeline used in GEMS. One of the key predictions of hierarchical galaxy formation mod-
els, as briefly discussed above, is, that a significant fraction of elliptical galaxies form in
late merging events as described above. One of the most important observations of such
an assembly is the existence of blue spheroidal galaxies, which have spheroid-dominated
morphologies and blue colors indicating recent star formation, as an intermediate step
in the evolution of elliptical galaxies. I will address these galaxies in §4 and will try to
quantify whether they are likely to be possible remnants of galaxy mergers and the pro-
genitors of typical red-sequence galaxies as they are seen in the local universe. In §5 I
will address the size evolution of disk galaxies. Finally, in §6, I will briefly introduce the
GEMS ‘skywalker’, a little PR-program written to be able to access the huge variety of
GEMS galaxies through the web with finite web-access.

Throughout this work, I will assume a cosmological model as described by 2,,, = 0.3,
Qu +Qy =1,and Hy = 70kms~! Mpc~1.






Chapter 2
GEMS: Galaxy Evolution from
Morphologies and SEDs”

Abstract

GEMS, Galaxy Evolution from Morphologies and SEDs, is a large-area (800 arcmin?)
two-color (F606W and F850LP) imaging survey with the Advanced Camera for Surveys
on HST. Centered on the Chandra Deep Field South, it covers an area of ~ 28" x 28/,
or about 120 Hubble Deep Field areas, to a depth of m,5(F606W)= 28.3(50) and
myp(F850LP)= 27.1(50) for compact sources. In its central ~ 1/4, GEMS incorporates
ACS imaging from the GOODS project. Focusing on the redshift range 0.2 < 2 < 1.1,
GEMS provides morphologies and structural parameters for nearly 10, 000 galaxies where
redshift estimates, luminosities and SEDs exist from COMBO-17. At the same time,
GEMS contains detectable host galaxy images for several hundred faint AGN. This chap-
ter provides an overview of the science goals, the experiment design, the data reduction
and the science analysis plan for GEMS.

2.1 Introduction

The formation and the evolution of galaxies are driven by two interlinked processes. On
the one hand, there is the dynamical assembly of the mass distribution in the context of
dark-matter dominated, hierarchical structure formation. On the other hand, there is the
star-formation history (SFH), i.e. the successive conversion of gas into stars, along with
the ensuing feedback. By now, the cosmological background model and the correspond-
ing large-scale structure growth are well constrained (e.g. Percival et al. 2002; Spergel
et al. 2003, we will use €2y, = 0.3, Q) = 0.7 and Hy = 70 km/s throughout), and the
focus is shifting towards understanding on galaxy scales the dynamics and the physics of
star formation, reflected in the structure and stellar populations of the resulting galaxies.
On the one hand, a comprehensive picture of galaxy formation must match the pop-
ulation statistics of integrated galaxy properties, e.g. the galaxy luminosity and mass
functions or the overall spectral energy distributions (SED), and the dependence of these
distributions on the larger environment. But a picture of galaxy formation should also

3This chapter has been adapted from Rix et al. (2004).
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explain the internal structure of galaxies: e.g. their size, bulge-to-disk ratio, degree of
symmetry, internal population gradients, and nuclear properties. Many of the ingredients
that determine the internal structure and the SFH are qualitatively clear. For example, the
size of galaxies is linked to the angular momentum of the stars and their progenitor gas,
created early on through tidal torquing; spheroid stars formed before or during the last
episode of violent relaxation, whereas most disk stars in large galaxies have formed after
the last major merger; and major mergers are effective triggers of powerful starbursts,
if the progenitor galaxies have a sizeable supply of cold gas. These same mergers are
also suspected to trigger nuclear (AGN) activity by funneling gas into the vicinity of the
ubiquitous central black holes.

Quantitative theoretical predictions of the resulting internal structure and SFHs of
individual galaxies are neither robust nor unique, as galaxy formation involves a vast
range of spatial scales, from well below 1 pc to well above 1 Mpc, along with complex
geometries. Neither direct numerical simulations (e.g. Katz & Gunn 1991; Steinmetz
& Navarro 2002; Springel et al. 2001), nor semi-analytic models (e.g. Cole et al. 2000;
Kauffmann et al. 1993; Somerville & Primack 1999) can currently capture all important
aspects of the problem. Turning to empiricism in light of this situation, galaxy evolution
is perhaps best studied by observing directly how the properties of the galaxy population
change with cosmic epoch.

Observational constraints on the galaxy population in the present-day (z < 0.2) uni-
verse have drastically improved over the last years, in particular through three large sur-
veys: 2MASS imaging the sky in the near-infrared (Skrutskie 1997), and the optical sur-
veys SDSS (York et al. 2000) and 2DFRS (Colless et al. 2001). The galaxy luminosity
functions, the galaxy (stellar) mass function, the galaxy correlation function, the distri-
bution of spectral energy distributions, the distribution of galaxy sizes, efc. have been
(re-)determined with unprecedented accuracy (e.g. Blanton et al. 2003c; Norberg et al.
2002; Shen et al. 2003; Kauffmann et al. 2003a; Bell et al. 2003a; Strateva et al. 2001).

The observational challenge now is to come up with a correspondingly more detailed
assessment of galaxy properties and galaxy population properties at earlier epochs. Over
the last decade the ‘look-back’ approach to studying galaxy evolution has experienced a
number of breakthroughs, both in obtaining distant galaxy samples with secure redshifts
to study integrated galaxy properties, and in obtaining high-resolution imaging, mostly
with HST, to study internal structure (e.g. Ellis ef al. 1996; Lilly et al. 1996; Steidel
et al. 1996; Williams et al. 1996; van Dokkum et al. 1998). Yet, for a full comparison
with local samples, these data sets — typically a few hundred objects — have been much
too small. This holds especially true considering only samples with redshift and internal
structure information. For one, these samples are too small in number to allow dissecting
the galaxy population by redshift, luminosity, color, size or even environment, and still
be left with significant subsamples. Previous samples with redshifts and well-resolved
images have also been drawn from too small an area. As a consequence, they cannot
reflect the ‘cosmic average’ at any epoch, because luminous galaxies are clustered quite
strongly at all epochs (e. g. Giavalisco et al. 1998; Phleps & Meisenheimer 2003).

Existing studies of morphology and internal structure have shown that to z ~ 1 the
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sizes and Hubble types of galaxies roughly resemble the nearby universe (e.g. Abraham
et al. 1996; Lilly et al. 1998; Simard et al. 1999), whereby the significance of possible dif-
ferences from z ~ 0 (e. g. the higher incidence of distorted morphologies) is weakened by
discrepant sample definitions, small sample sizes and survey volumes and by the observa-
tional effects of (1 + 2)* surface brightness dimming and of bandpass shifting. At z > 2,
galaxy images lose their prima facie resemblance to the nearby universe and appear more
compact, but there, too, the band pass shifting may give an exaggerated impression of true
evolutionary effects of the galaxy population (e. g. Labbé et al. 2003).

Recently, the COMBO-17 project (e.g. Wolf er al. 2001, 2003a) has afforded a
thirty-fold increase by number over the earlier redshift surveys (See also Fried ef al. 2001;
Im et al. 2002; Le Fevre et al. 2003; Davis et al. 2003, for other recent or ongoing sur-
veys). COMBO-17 incorporates deep (R < 23.5) photometry in 17 optical filter bands,
providing redshifts good to 0z/(1+z) < 0.02 for both galaxies and AGNs. From a sample
of > 25000 galaxies with z 1.2, the survey has explored the population and integrated
properties of galaxies since these redshifts. Building on earlier results, COMBO-17 has
detailed and quantified the increasing prominence of massive galaxies without young stars
(Bell et al. 2004b), the shift of high specific star formation activity to low mass systems
(Wolf et al. 2003a), and the SED-differential evolution of galaxy clustering (Phleps &
Meisenheimer 2003). Furthermore, COMBO-17 has provided a deep insight into the
population and evolution of low-luminosity AGNs (Wolf et al. 2003b).

Yet, as any other ground-based imaging survey, COMBO-17 could add little to elu-
cidating the evolution of internal structure over this redshift interval. The goal of the
present project, GEMS (Galaxy Evolution from Morphologies and SEDs), is to provide an
order of magnitude improvement in assessing the evolution of the internal structure and
morphology of galaxies over the ‘last half” of cosmic history (actually the last 8.5 Gyrs to
z ~ 1.2) through wide-area, high-resolution imaging with HST.

Foremost, GEMS should address a) how the galaxy merger and tidal interaction rate
evolved since z ~ 1; b) which portion of the global star formation rate at any given epoch
is externally triggered, through tidal interaction or mergers; c) whether stellar disks grew
“inside out”; d) whether the formation of bulges entirely preceded the formation of their
surrounding disks; e) whether stellar bars are a recent (z < 1) phenomenon; f) whether
the drastic decay in nuclear accretion activity is reflected in any drastic change of the host
galaxy population.

Obviously, we would be most interested in tracing the evolution of individual objects.
Yet, only the evolution of population properties is observable. In practice, one tries to
bridge this gap and answer the above questions by assessing separately the redshift evo-
lution of various structural parameter relations and of space densities for different galaxy
sub-samples: e.g. the relation of disk- or bulge-size vs. their luminosity or stellar mass;
the space density of large disks; the ratio of disk and bulge stars at different epochs, the
fraction of young stars in disks, etc..

GEMS and a number of other cosmological imaging surveys (in particular the nar-
rower, but deeper GOODS survey; Giavalisco & GOODS Team 2003; Ferguson et al.
2004; Moustakas et al. 2004) with HST, have been enabled by the advent of the Advanced
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Camera for Surveys (ACS, Ford et al. 2003), which vastly improves the survey speed of
HST. The GEMS observations were planned at a time when much research effort in ob-
servational cosmology is centered around a number of selected fields, such as the HDF’s
North and South, or the Chandra Deep Fields, where multiwavelength observations from
the X-rays to the far-IR and radio are creating synergies; the GEMS mosaic encompasses
such a field, the Chandra Deep Field South.

In the remainder of the chapter we outline the experiment design (§2.2), the initial
data reduction (§2.3), the image analysis and initial galaxy catalog (§2.4), and the planned
science analysis.

2.2 Experimental Design

The immediate goal of the GEMS survey is to provide high resolution images from which
to extract an empirical data base of ‘structural parameters’ that describe the stellar bodies
for a large sample of distant galaxies. Here we outline the rationale for the particular
survey implementation.

To resolve the internal structure of galaxies at z ~ 1, with expected typical scale-
lengths of ~ 2 kpc, one needs imaging at a spatial resolution considerably finer than their
apparent size: e.g. 2 kpc project to 0.”26 at z = 0.75. To date HST is still far more
efficient to deliver this over wide fields over wide fields than AO on large ground-based
telescopes, such as afforded by CONICA on the VLT (Lenzen et al. 2003).

Sample Size: The desideratum is the distributions of galaxy size, light concentration,
bulge-to-disk-ratio, and morphology as a function of redshift, luminosity, SED, and per-
haps environment. Even considering only one number to characterize the internal struc-
ture of galaxies, one needs to estimate the frequency distribution of galaxies in a four-
dimensional parameter space , (z,L,SED,structure). For a handful of bins per axis and
~10 galaxies per bin (or S/N > 3), one needs samples of ~ 10* galaxies.

Choice of Survey Area and Field: To approach representative sampling of environments,
the field size must be well in excess of the correlation length of typical (L,) galaxies
(which is ~ 5 Mpc comoving for 0.3 < 2z < 1 Phleps & Meisenheimer 2003; Coil
et al. 2004), and even twice as large for red, early type galaxies (e.g Daddi et al. 2001).
This scale corresponds to 7/ — 11" at z = 0.75, or three times HSTs field-of-view in a
single pointing (~ 3’) with the ACS (Ford et al. 2003). The need for large samples with
redshifts, faint limiting magnitudes and imaging with HST’s restricted field of view lead to
a densely sampled, contiguous field. To date, the COMBO-17 survey provides redshifts
and SEDs in three disjoint fields Wolf et al. (2003a) of ~ 30’ x 30’ each, one including
the Chandra Deep Field South (CDFS Giacconi et al. 2001), which we refer to as the
‘extended CDFS’ (E-CDFS) area. Note that the results of (Wolf ef al. 2003a) show, that
even for such large field sizes the galaxy population variations due to large scale structure
are still very significant, e.g. > 50% rms for luminous red galaxies over redshift intervals
of 4z~ 0.2.
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In part, we chose the E-CDFS because it appeared a priori representative with respect

to its galaxy population, as opposed to e. g. the Abell 901 cluster field in COMBO-17.
But foremost, the field is preferable because of the intense focus of research at other,
complementary wavelengths, in particular in X-rays with Chandra and XMM observa-
tions (Rosati et al. 2002) and in the thermal infrared with upcoming SIRTF observations
(Goobs Dickinson et al. 2003). As we will detail in §3, GEMS imaging is coordinated
with the multi-epoch GOODS imaging over the central ~ 25% of the total GEMS area.
The GEMS survey area and its spatial relation to the GOODS and COMBO-17 field is
illustrated in Figure 2.1. The central co-ordinates of the COMBO-17, and hence GEMS
field are «=03h 32m 25s, § = —27 48" 50" (2000).
Flux Limit and Filters: To reach ‘typical’ galaxies (L ~ L,) to redshifts of z~1, one needs
samples with redshifts to a magnitude limit of mg ~ 23.5 (Wolf et al. 2003a). The GEMS
imaging depth was designed to permit robust galaxy model fits for most objects that are
in the COMBO-17 redshift sample, mr < 23.6. To get S/N > 20 on extended objects
near this magnitude requires about one orbit of exposure time with the ACS in F850LP.

The structural parameters (de Jong 1996; Kranz et al. 2003) and morphology (see Rix
& Rieke 1993), especially of late types galaxies, depend on the observed wavelength.
Therefore, one must study morphology evolution at comparable rest-frame wavelengths
across the explored redshift. The ACS filters chosen were F606W (between the Johnson V
and R bands, hereafter “V”’) and F850LP (corresponding approximately to, and hereafter
referred to as, the z-band). For some redshift ranges these observations provide imme-
diately galaxy images in the rest-frame B-band (~ 4500 A). For most redshifts one can
reconstruct such a rest-frame image through pixel-by-pixel interpolation across the two
bands, or through modest extrapolation in the other redshift ranges. The lowest redshifts
of interest, z~0.2, require a blueward extrapolation of the observed V-band flux by 10%
in A and the highest redshifts, z=1.2, a 10% redward extrapolation of the z-band flux. For
redshifts in between one can interpolate between the two observed filters; at z~0.33 our
V-band corresponds directly to rest-frame B, as does the z-band at z~1. This choice of
filters also provides consistency with the GOODS data at the field center.

Observations in two filters are crucial not only for the reconstruction of the rest-frame
B-band, but also for color information, especially radial gradients, within one galaxy.
Given limited observing time, area and imaging depth were deemed more important than
a third filter. In cycle 11, 125 orbits of HST time (G0-9500, PI: Rix) were awarded to carry
out this program. All these data have no proprietary period and are freely accessible.

2.3 Data

The full details of tile lay-out (Figure 2.1), the observations, the data reduction, and the
data quality assessment will be given in (Caldwell et al. 2007) here we provide a brief
overview.
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Figure 2.1 Layout of the GEMS image mosaic. With 800 square arcminutes, GEMS nearly
covers the extended Chandra Deep Field South from COMBO-17 (underlying r-band
image, see Wolf et al. 2003a), which measures ~ 30" x 30’; the orientation is North up
and East left. The individual GEMS tiles, labelled by their HST visit number are shown
as pairs of rectangles (ACS chips). The mosaic tiles indicated in pink at the center and
not aligned with the overall field are the first epoch observations of GOODS which have
been incorporated into the overall GEMS analysis. The tilted large rectangle (solid green
line) indicates the area of planned SIRTF observations for GOODSA few tiles have been
omitted from the overall mosaic to avoid the brightest stars in the field. Observations for
four tiles (2,4,6,58) had to be at different roll angles to assure guide stars. The area of the
HDFs is indicated at the top left.

2.3.1

The bulk of the GEMS observations (59 visits, or 117 orbits) were carried out with the
ACS’s WEC (Ford et al. 2003) between Nov 4 and Nov 24, 2002. Two visits were executed
on Sep 14, 2002 and one each on Feb 24 and Feb 25, 2003. The first epoch observations of
the GOODS survey that cover the central position of the GEMS field were taken in July and
August 2002 (Giavalisco et al. 2003). The tile pattern of the overall mosaic (Figure 2.1)
was laid out to a) encompass the GOODS epoch 1 data; b) create a large contiguous

Observations
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imaging field; and c) avoid excessively bright stars that would lead to excessive charge
bleeding and scattered light on the CCD. Of the 63 tiles, 59 are oriented North-South.
For four tiles, the availability of guide stars forced an orientation at right angles to the
remaining ones (see Figure 1).

Each HST orbit visit (see labels in Fig. 2.1) consisted of three separate 12 min to
13 min exposures each for both V-band (F606W) and z-band (F850LP), dithered by 3~
between exposures. The exposures of each tile in each filter required one full orbit with
overhead. The dithering was chosen both to close the inter-chip gap and to provide sub-
pixel sampling for drizzling of the final image. In each visit the first orbit was spent on V
and the second on the z-band, where the rapid re-acquisition allowed a slightly longer (by
3 min) total exposure time.

2.3.2 Data Reduction

For the first version of the GEMS data the underlying approach was to reduce each tile in
each filter separately, i.e. each set of 3 dithered exposures taken within an orbit was first
treated as a completely independent data set. To assure data homogeneity, we re-reduced
the first epoch GOODS data at the center of the overall GEMS area in the exactly same
way as the GEMS data.

Each frame was processed using CALACS ( www.stsci.edu/hst/acs/analysis ) to take
care of bias and dark current subtraction, flatfielding and to include the photometric cal-
ibration information. Frame combination and cosmic-ray rejection were accomplished
with multidrizzle (Mutchler, Koekemoer, & Hack 2003), resulting in a combined image
and a variance array on a 0.”03/pixel grid (as opposed to the original 0.”05/pix of the
individual frames). We opted for a relatively fine 0.”03 scale, to avoid resolution degrada-
tion in subsequent operations, even though it implies more strongly correlated pixel noise
(Caldwell et al. 2007).

Cosmic ray rejection with three dithered frames worked excellently. As GEMS does
not address time variable phenomena, any faint and rare residual cosmic rays are not of
concern for its immediate science goals.

The astrometry of each image tile was tied to the overall catalog from the ground-
based COMBO-17 r-band image (Wolf et al. 2001, W03), with an rms of ~ 0.”14 per
source (see also §4.1). Both filters of each GEMS tile are tied to the COMBO-17 frame
independently, but the V-band frames were subsequently micro-registered to a fraction of
a pixel with respect to the z-band frame, for the color distribution analysis of individual
sources.

Flux calibration was done using the best available zero points as of Feb. 2003,
Vap = 26.49 and z,p5 = 24.84. The resulting point source sensitivities (5 o) are: my;,
(V) = 28.25 and my;,,, (z)=27.10, in AB magnitudes. The angular resolution of the im-
ages, M/D~ 0.055” and 0.077” in V-band (F606W) and z-band (F850LP), respectively,
corresponds to physical resolutions of 500 pc and 700 pc for galaxies at z ~ (.75, compa-
rable to galaxies in the Coma Cluster imaged with 1” seeing. Figures 2.2 and 2.3 give a
visual impression of how the GEMS images compare to the two most immediately related
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Figure 2.2 Comparison of the GEMS V-band (F606W) data (left panel in each row), and
z-band (F850LP) data (center) with the deep, good seeing (0.7” resolution) COMBO-17
R-band data (right half of each sub-panel). While comparable point-source and surface
brightness sensitivity can be reached from the ground, the advantage in source parsing and
in the assessment of morphological and structural information is manifest. Each panel is
14” x 10” on a side.

data sets: the deep r-band image from COMBO-17 and the deep, 5-orbit GOODS images.
The total affective area of the GEMS mosaic is 796 arcmin®.

We have not found any significant tile-to-tile variations in the relevant data properties
(noise, sensitivity, efc. ) and it appears that the intra-tile variations in sensitivity are also
negligible. Further details will be given in (Caldwell et al. 2007).

2.4 Data Analysis

As the largest, multi-color image taken with HST to date, GEMS can be applied to wide
range of scientific problems. Yet, the immediate focus of GEMS is to study the internal
structure of galaxies for which redshifts and SEDs exist from COMBO-17. To accom-
modate the narrow and broader goals, the data analysis is broken down into three steps:
1) a catalog of “all” objects well detected in the GEMS z-band (F850LP) image, 2) a
match-up with the COMBO-17 catalog, 3) the fitting of parameterized image models to
selected source postage stamps. At a later stage this will be followed by the creation and
analysis of color images. As for many applications of immediate interest, the longest ac-
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GEMS (1 orbity

Figure 2.3 Comparison of a single-orbit exposure in z-band, as used throughout GEMS
and of a 5-orbit exposure in the same band, reflecting the full exposure time of the GOODS
deep imaging. Each panel is 33.6” 231" on a side, or 0.00036 times the total GEMS mosaic
area.
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cessible rest-frame wavelength is most relevant, thus the first version of the GEMS catalog
is “driven” by the z-band image, with the V-band i1mage providing color information.

2.4.1 Object Detection and Deblending

For parsing an image into an object catalog, the most widely used image software at
present is SEXTRACTOR (Bertin & Arnouts 1996). As for the COMBO-17 catalogs, we
apply SEXTRACTOR to the GEMS mosaic to obtain positions and a variety of photometric
parameters for each detected source. We configure SEXTRACTOR to produce a GEMS
source catalog that a) contains nearly all objects from the statistical COMBO-17 sample
(m, < 23.6); b) avoids spurious deblending of the largest galaxies, which show ample
substructure in the HST images, reflecting spiral arms, OB associations, efc. ; ¢) provides
a homogeneous, flux- and surface brightness-limited catalog of all sources in the z-band
GEMS mosaic, regardless of COMBO-17 or other external information.

Even the first two requirements cannot be achieved with a single SEXTRACTOR pa-
rameter setting. The point-source flux limit of the GEMS z-band image is more than
two magnitudes fainter than the COMBO-17 catalog limit (for typical SEDs). But the
ground-based data, drawing on long exposures and large pixels, have at least as high a
surface brightness sensitivity as the ACS data (see Fig. 2.2). To pick up all diffuse, low-
surface brightness objects from COMBO-17, the SEXTRACTOR program requires an
object detection threshold that is so sensitive that inevitably weak features in the outer
parts of large galaxies get deblended spuriously, as illustrated in Figure 2.4. The judg-
ment of “over-deblending” was made by visual inspection, independently by two of the
co-authors (D.H.Mclntosh & M. Barden).

To meet our catalog requirements, we then employ two different source detection
configurations with SEXTRACTOR: a) a conservative, cold setting that avoids spurious
deblending of large objects with strong substructure, but does not pick up all faint, low-
surface-brightness objects in the COMBO-17 catalog; and b) a hot version, assured to
detect all faint objects at the expense of an occasional over-deblending of a large source
(see Fig. 2.2). The following SEXTRACTOR configuration parameters define cold and
hot source detections: (1) the detection threshold above background DETECT_THRESH
= 2.30pkg (cold), 1.6501,k, (hot); (i1) the minimum number of connected pixels above
threshold DEBLEND_MINAREA = 100 (cold), 45 (hot); (iii) the minimum contrast be-
tween flux peaks for deblending multiple sources DEBLEND_MINCONT = 0.065 (cold),
0.06 (hot); and (iv) the number of sub-thresholds considered during deblending DE-
BLEND_NTHRESH = 64 (cold), 32 (hot). For both cases we employ a weight map
(o< var~1) and a 3 pixel (FWHM) tophat filtering kernel. The use of weight maps reduces
the number of spurious detections in low signal-to-noise (S/N) areas of each image (e.g.
near image edges).

We apply SEXTRACTOR to our z-band mosaic only; galaxies appear to have more
substructure in the bluer V'-band imaging, which increases the number of spurious over-
deblendings and hampers meeting our detection criteria. Our final catalog consists of
all (18,528) objects detected with our cold configuration, augmented by an additional
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“cold” SExtraction | ° - hot” SExtraction

Figure 2.4 Two-pass strategy for object detection and deblending: the left-subpanels show
the source identification with a conservative (“cold”) setting of the SEXTRACTOR param-
eters that avoid over-deblending of large objects and galaxies with lumpy structure. The
right panels shows the result of SEXTRACTOR with a parameter setting that picks up
objects closer to the noise threshold, at the expense of occasionally breaking up objects
erroneously. Our final object catalog consists of the left, cold objects augmented by the
missing right, “hot” objects, but only those that do not overlap with a cold object. Each
panel is 16.8” x 15.4” on a side.
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(23,153) hot detections, but only those found outside of the isophotal area of sources from
the “cold” catalog. Note, that while the SEXTRACTOR parameters for the hot and cold
configurations were fine tuned interactively, the final GEMS catalog (of 41,681 unique
sources) is produced strictly algorithmically. This GEMS catalog will be published and
described in complete detail in (Caldwell ef al. 2007).

We cross-correlate the final GEMS source catalog with the ground-based COMBO-17
redshift catalog solely on the basis of the object coordinates. There are 9,833 objects with
redshifts from COMBO-17 (mp < 24) in the E-CDFS field of COMBO-17We consider
as a match the nearest redshift coordinate of a GEMS z-band position if it is within 0.75".
The average RMS angular separation between matches is 0.13” and the fraction of un-
clear or blended detections at COMBO-17 coordinates is ~ 1%. We find 8,312 unique
GEMS sources with redshift matches resulting in a 84,5% success rate; the roughly 14.5%
COMBO-17 objects without GEMS detections are due to the larger coverage of the E-
CDEFS region by COMBO-17 compared to our ACS imaging (Figure 2.1).

2.4.2 Image Simulations

We explore the detection limits of the GEMS mosaic, with the above described SEX-
TRACTOR cold+hot object detection configurations, by extensive Monte-Carlo simula-
tions (HéauBler er al. , 2007, see chapter 3). Simulated galaxy images were added to the
actual data frames and processed as above. The detectability — and the subsequent ability
to extract structural parameters — depends mostly on the effective surface brightness of
the object (Figure 2.5), with much weaker dependences on the overall size and the axis
ratio (see § 3). When defining the mean surface brightness of a galaxy image as:

Itot 1
2 % 2. X q
efr 4

(112

where I, is the total flux, r.ss is the effective, or half-light radius and ¢ is the axis ratio,
we find the characteristic (80%) completeness limit of the GEMS galaxy sample to be
{j1.) = 24 for exponential profiles and (1) = 25 mag arcsec™2 for R'/* profiles.

2.4.3 Point Spread Function

While the majority of galaxies in the combined COMBO-17/GEMS sample are resolved
in the sense that the intrinsic half-light radius, R., is larger than the diffraction limit of
HST (\/D ~ 0.077" at z-band ), virtually all objects have central flux gradients on angular
scales much smaller than the point spread function’s (PSF) FWHM. This is particularly
true in the cases of AGNs, where the unresolved central source often dominates. Any
image modeling of the galaxies in GEMS requires therefore an accurate knowledge of the
PSE.

There are two basic ways to construct a model PSF for the subsequent image interpre-
tation: a calculation of the theoretically predicted PSF, using e. g. TinyTim (Krist 1993)
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Figure 2.5 Completeness in surface brightness of the GEMS z-band imaging for detecting
exponential disks (left plot) and de Vaucouleurs bulges (right plot) with SEXTRACTOR
and subsequently fitting them. The definition of the mean surface brightness is given in
§2.4.2. Even for bright galaxies, object overlap causes a small fraction of them not to pass
detection and fitting. The vertical line indicates the background flux of the ACS data. The
higher central concentration of de Vaucouleurs bulges permits the detection of r'/* objects
with lower effective surface brightness than exponential disks.

or an empirical construction from the point sources within the data (e. g. daophot Stetson
1987). By necessity, the synthetic PSF is based on model assumptions, some of which
are not sufficiently understood. On the other hand, the empirical PSF depends on a finite
number of bright but unsaturated stars in the data. For strong PSF variations within the
field, they may be hard to derive from fields at high Galactic latitude.

The large number of ACS images obtained within GEMS homogeneously acquired
and reduced, has enabled us to study the inter- and intra-tile variations of the PSF in some
detail. We found that variations among different tiles are negligible, while the PSF depen-
dence on position within an ACS frame is noticeable but still small. We have performed
extensive simulations assuring us that for fitting galaxy images without prominent AGN
components, one universal, empirical high S/N PSF per filter is fully sufficient for all tiles
and for all positions within each tile (see § 3).

Active Galaxies with a strong nuclear point source require a more elaborate treatment,
due to the spatial PSF variations within the tiles. For such cases we use appropriate sub-
tile PSF representations, jointly derived from all pointings. For each AGN the sub-tile
PSF is constructed from at least ~ 30 stellar images near its pixel position (Jahnke et al.
2004b).
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2.5 Summary

The GEMS project, which stands for “Galaxy Evolution from Morphologies and SEDs”,
has produced the largest color image taken with HST to date, providing structural and
morphological information for over 10,000 distant galaxies. We have presented here an
overview of the science goals, the experiment layout, the observations, and the main data
reduction steps.



Chapter 3

GEMS: Galaxy fitting catalogues
and testing parametric galaxy fitting
codes: GALFIT, GIM2D*

Abstract

In the context of recent HST/ACS surveys of intermediate redshift galaxies, we explore
how their structure and morphology can be best described by parameterized models. We
present a study of the inherent limitations of this technique at S/N of typical HST survey
data (GEMS), we compare two widely used fitting codes, GALFIT and GIM2D, and we
present the catalog of fit results for all 41,495 objects detected in the GEMS survey (Rix
et al. 2004). We show a detailed comparison of GALFIT and GIM2D that (in the setup that
we used here) describe galaxy images by fitting single-component Sérsic models to the
two-dimensional light profiles. We test the reliability of both codes using a suite of simu-
lated images, constructed to represent the characteristics of GEMS. For the sake of testing,
the input galaxy parameters span a wider range than observed in GEMS. Our results are
therefore a reasonable reflection of the uncertainties of the fitting analysis used in recent
GEMS publications. We find that fitting accuracy depends sensitively on the input galaxy
structure. Exponential profiles with Sérsic indices n of 1 — characteristic of galaxy disks
— are on the whole fit well, whereas de Vaucouleurs profiles with n = 4 — characteristic
of galaxy spheroids — are harder to fit owing to the large amount of galaxy light at large
radii in such profiles. We find that both codes provide reasonably reliable fits whenever the
average surface brightness <y >y within the half-light radius is above the background
surface brightness: for the bulk of n = 4 galaxies with < p >.r¢ (F'850LP) < 22.5
magnitudes arcsec™? a random scatter [in half-light radius] of < 25% for GALFIT and
< 50% for GIM2D are readily achievable with no systematic offsets. Structural param-
eters for n = 1 galaxies of similar surface brightness are recoverable with much greater
accuracy by both codes. We furthermore find that the errorbars returned by both codes are
significantly smaller than the scatter of parameters in our tests and do not reflect the true

“This chapter has been submitted to ApJ.
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‘uncertainty’ of the fit. We use the results of these tests to derive parameter uncertainties
for individual objects that are published in this chapter. We highlight the importance of
a correct sky estimate as an input to the parametric fitting analysis. We find that GALFIT
results are robust to the presence of neighboring images, as GALFIT can simultaneously
fit nearby neighbors while fitting the galaxy of interest. In contrast, GIM2D suffers sig-
nificant systematic errors for n = 4 galaxies with bright nearby neighbors owing to the
difficulty of fully masking out neighboring galaxies; there seems to be no work-around to
this source of systematic error in GIM2D’s current implementation. While this crowding
error affects only a small fraction of galaxies in typical field HST surveys, GIM2D anal-
ysis of deeper cosmological images or of more crowded galaxy fields must account for
this source of systematic error. We further explore the impact of image depth on fitting
results, using a comparison between fit results from real galaxies in GEMS and the deeper
GooDS data. We find that, given that both codes return consistent results for both deep
and shallow images, real galaxies seem to be well described by a general Sérsic light pro-
file. On the balance, GALFIT offers a number of important advantages over GIM2D for
galaxy fitting on large moderate depth HST/ACS datasets, foremost its much higher speed
and its robustness to nearby neighbors.

3.1 Introduction

One of the central goals of observational exploration of galaxy evolution is to understand
how the structures of galaxies evolve with cosmic time. A powerful tool in this context
is large look-back surveys, where the time evolution of the distribution of galaxy struc-
tural properties can be quantified. The key to unlocking the potential of these surveys is
the development of quantifiable, well-understood, and repeatable ways to measure and
describe galaxy structures. Using such methods, the evolution of the structure of disk
galaxies (Lilly et al. 1998; Simard & Pritchet 1998; Ravindranath et al. 2004; Barden
et al. 2005; Trujillo & Pohlen 2005; Sargent et al. 2006) and spheroid-dominated galax-
ies (e.g., Schade et al. 1997, 1999; Mclntosh et al. 2005; Trujillo et al. 2004, 2006) has
been quantified over the last 10 billion years of cosmic time, since z = 3. In this chapter,
we exhaustively test and tune two parametric galaxy fitting codes, GALFIT (Peng et al.
2002) and GIM2D (Simard et al. 2002), that are commonly used in the literature. With
these tests we determine the best fitting setups for each code, quantify the sources of ran-
dom and systematic uncertainty, and presents parametric fits for 41,495 objects in the HST
GEMS (Rix et al. 2004) dataset.

There are two main approaches towards describing galaxy structure from the two-
dimensional information contained in image data. Non-parametric methods provide esti-
mates of total brightness, galaxy half-light size, and structure, using metrics which do not
depend on a galaxy, having a structure well-described by any particular functional form
(e.g., Petrosian 1976; Abraham et al. 1996; Bershady et al. 2000; Lotz et al. 2006b). The
main disadvantages of non-parametric methods are that they are reasonably sensitive to
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the depth of the images; because there is no parametric form for extrapolating to account
for the faint outer parts of galaxies, one can underestimate flux and/or size in poorly-
posed cases (Blanton et al. 2003c). Parametric methods, in contrast, choose particular
functional forms (sometimes reasonably complicated) with which to fit the galaxy light
distribution. These have substantially less flexibility than non-parametric fitting codes,
but have the advantage that light at large radii can be accounted for reasonably well by
the natural extrapolation of the best-fitting model profile (under the assumption that the
parametric form chosen does, in fact, describe the light profile in the outer parts of galax-
ies reasonably well). Besides robust estimates of galaxy size, parametric methods provide
measures of galaxy structure that may shed light on relative contributions of physically
distinct and meaningful components such as spheroids, disks, and stellar bars.

One particularly useful and flexible profile for parametric galaxy fitting is a single-
component Sersic (1968) model, which describes the radial surface brightness profile of
a galaxy by the Sérsic function given by

S(r) =S¢ - exp [—k((r/re)/™ = 1)], 3.1)

where 7. is the radius of the galaxy (Note that for a Sérsic fit 7, is equivalent to the half-
light radius 75), 2. is the surface brightness at r., and the Sérsic parameter n describes
the profile shape (the parameter « is closely connected to n). Together with position (x and
y), axis ratio b/a and position angle, this profile has 7 free parameters. The Sérsic profile
represents a more general form of the exponential light-profiles seen in galactic disks
(n = 1), the R'/*-1aw (de Vaucouleurs law) profiles typical of luminous early-type galaxy
(n = 4) (e.g., de Vaucouleurs 1948; Freeman 1970); fitting with this profile has been
explored in detail in a number of works (e.g., Simard 1998; Simard et al. 2002; Graham
et al. 2005; Trujillo et al. 2001). Figure 3.1 shows some examples of Sérsic profiles with
different n. Many authors have used a constant value of n = 2.5 or n = 2.0 to crudely
distinguish early-type (bulge-dominated) from late-type (disk-dominated) galaxies (e.g.,
Blanton et al. 2003b; Shen et al. 2003; Hogg et al. 2004; Bell et al. 2004b; Barden et al.
2005; Mclntosh et al. 2005; Ravindranath et al. 2004). Furthermore, fitting galaxies with
a Sérsic profile gives an estimate of size, and therefore is very useful for the examination
of the evolution of galaxy scaling relations.

The goal of this chapter is to describe our efforts to optimize the estimation of single-
component Sérsic profile fits to the galaxies in the GEMS survey (Rix et al. 2004). To
date, this has been our primary method for quantifying galaxy structure®. We compare
the performance of the GALFIT and GIM2D automated galaxy fitting codes, which are
suitable for fitting large datasets such as GEMS, STAGES (Gray & STAGES collaboration
2006, in prep.), GOODS (Giavalisco et al. 2004) and COSMOS (Scoville et al. 2007).
We address the reliability and limitations of these codes through thorough testing, using
simulated and real galaxies. We describe the details of the simulations used throughout
this chapter in §3.2. In §3.3 we explore different set-ups, converging on ‘best-fitting’

SBulge-disk composite galaxies were not simulated for this work; bulge-disk decomposition will be
addressed in a future paper.
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Figure 3.1 This plot shows Sérsic profiles for different values of the Sérsic index n, nor-
malized to have the same flux at .. One can see that profiles with high Sérsic indices
n 2 2 have more flux at larger radii; thus, a good estimate of the background sky level is
particularly important for precise fitting of high-n galaxies.

set-ups for each fitting code. §3.4 summarizes the results from our testing of these ‘best-
fitting’ set-ups using both simulated galaxies (§3.4.1 and §3.4.2) and real galaxies (§3.4.3).
We compare our findings with those of a recent paper on the same topic (using the codes
GALFIT, GIM2D, and GASPHOT) by Pignatelli e al. (2006) in §3.5, and publish a catalog
of GALFIT fitting results for all 41,495 detected galaxies from the GEMS survey in §3.6.
All results from this chapter and a number of other catalogs and images useful for testing
galaxy fitting codes are presented on the GEMS webpage®.

3.2 Simulations

Galaxy simulations are an invaluable tool for understanding the performance of quantita-
tive fitting pipelines. In this section we describe the set of simulations that are extensively
used for this work; the results obtained from fitting these simulations are discussed in
§3.4.

In this chapter, we focus on simulations of two different galaxy light profiles: purely
exponential profiles (n = 1) representing the luminosity profile of a galactic disk (we will
call these galaxies ‘disks’ throughout this thesis), and Sérsic profiles with a Sérsic index
of n = 4 representing a de Vaucouleurs luminosity profile of a galactic bulge/elliptical

bsee http://www.mpia.de/GEMS/gems.htm
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galaxy (we will call them ‘spheroids’), respectively. Profiles having Sérsic indices be-
tween these two values of 1 and 4 are not presented here because n = 1 and n = 4
simulations span the range of observed behavior, exponential profiles being the ‘easiest’
to fit, de Vaucouleurs being the ‘hardest’. Nonetheless, extensive simulations of interme-
diate profiles (200,000 objects) have been produced, the catalog of fitting results for this
sample can also be downloaded from the GEMS webpage.

This section is arranged as follows. The simulation of individual galaxies is described
in §3.2.1. Section 3.2.2 describes the construction of simulated GEMS frames from the
individual galaxy simulations, including the addition of realistic noise.

3.2.1 Simulation of Individual Noise-free Galaxies & Oversam-
pling

Galaxies were simulated using a custom-built IDL routine. Most available standard rou-
tines (like MKOBJECT in IRAF, create/image in MIDAS and similar tasks in other
programs) compute the correct flux value for the center of the pixel, but due to curvature
of the profile, taking this as the mean flux value for the whole pixel is incorrect. The
higher the curvature is (within a certain pixel), the more one underestimates the true pixel
value. This implies progressively larger inaccuracies for higher Sérsic indices.

While it is possible to analytically integrate the profile across a pixel to obtain an
exact answer, this procedure is very CPU-intensive. We adopt a hybrid approach. We
use IDL’s dist_ellipse routine in conjunction with equation (3.1) to compute Sérsic
galaxy models which, as in the above cases, are only correct for the center of the pixel.
In order to increase accuracy, the inner parts of our simulated profiles (100x100 pixels
up to 200x200 pixels depending on object size) have been oversampled by a factor of
10, and the very inner parts (10x10 up to 20x20 pixels) are oversampled by a factor of
100. This was done by creating the images by a factor of 10 (or 100 respectively) bigger
and then rebinning the image while holding the total flux constant. In this way, it is
possible to create a final profile accurate to better than 0.03% at all radii (much smaller
than the poisson noise added later in the simulation process) with a factor of 100 gain in
speed compared to the analytical integration — an important gain when simulating large
samples of galaxies.

3.2.2 Simulation of Crowded Images

To realistically test galaxy extraction and fitting codes requires creating images with large
numbers of simulated galaxies distributed as in real data. Such images were created by
providing a catalog of simulated galaxy input parameters to the simulation code, which
simulated galaxies at the location, luminosity, size, orientation and axis ratio b/a specified
in this catalog. In this step, galaxies were put in an empty image of the same size as the
final image.
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Table 3.1 Simulation parameters for the sample of n = 1 galaxies

Simulation Parameter Min Max Distribution

mag [mag] 20 26.5 uniform
re [pixel] 2 316  uniform in logarithmic space

re < 107-36-0-233mag ‘mag being chosen magnitude for object
b/a 0.18 1 uniform in cos(4), ¢ being inclination angle

corrected for intrinsic thickness:
b/a = /cos2(i) + (sin(i) - 0.18)2
intrinsic thickness 0.18 following Pizagno et al. (2005),

Ryden (2006) and others
PA [deg to image] 0 180  uniform
Sérsic index n 1 1 fixed

Table 3.2 Simulation parameters for the sample of n = 4 galaxies

Simulation Parameter Min Max Distribution

mag [mag] 20 27  uniform
re [pixel] 2 630  uniform in logarithmic space
Te < 104.7970.1-mag
re < 1011.4970.392<mag
b/a 0.45 1 uniform in cos(4), ¢ being inclination angle
corrected for intrinsic thickness:
b/a = \/cos?(i) + (sin(i) - 0.45)2
PA [deg to image] 0 180  uniform
Sérsic index n 4 4 fixed

To choose the range of galaxy parameters for the simulated galaxies, we first fitted
all GEMS galaxies with GALFIT and determined the parameter range covered by the real
galaxy sample. Given these results, we chose a wider range of parameter space for the
simulations, in order to test detection efficiency, completeness, and to allow pushing both
parametric fitting codes to their limits. The simulations have a random distribution in
size between 2 and 316 (uniformly distributed in logarithmic space) pixels and magnitude
between 20 and 27 (uniform). With this distribution of parameters, there were a relatively
large number of large and low surface brightness galaxies (stringently testing the detection
efficiency and fitting codes); we discuss this point in more detail in §3.4.2. The exact
distributions of simulation parameters are given in Tables 3.1 and 3.2.

After simulating the galaxy profiles and putting them in an empty image, this final im-
age was convolved with a real F8S0LP-band PSF derived from the GEMS dataset (Jahnke
et al. 2004b). Next, an appropriate amount of noise had to be added to the images. Owing
to the multiple-frame dither characteristic of HST imaging surveys, the noise is somewhat
correlated pixel-to-pixel. Thus, strictly speaking, galaxies should be simulated in individ-
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ual dithers, then dithered together using exactly the same routines as were used to combine
the GEMS frames. We took an intermediate approach: Poisson noise with the same RMS
as the GEMS noise was added to the simulated galaxy frame, then a real ‘sky’ frame was
added to the simulated frame to accurately account for real fluctuations and correlated
noise in observed HST sky backgrounds. We have confirmed through tests with GALFIT
that this (much less CPU- and work-intensive) hybrid approach yields a scatter which is
negligible compared to random fitting uncertainties. The ‘sky’ frame was constructed by
adding GEMS F606W- and F850LP-band frames (to increase images depth and to make
sure that objects appear in neither of the two bands) and visually checking those images
to identify patches of 500x500 pixels in size without objects detected by SEXTRACTOR.
The chosen patches were cut from the F850LP-band images and pasted together to form
an empty image of the same size as an original GEMS image.

The result of the simulation process was a simulated image with noise properties very
similar to a real GEMS image that contained 800 simulated light profiles with different
magnitudes, sizes, position angles and values of b/a. Different sets of simulations were
created in this way: one set contains disk-like n = 1 galaxies only (for results see §3.4.1.1)
and the other contains spheroidal n = 4 profiles only (see §3.4.1.2). Not all 800 galaxies
were recovered by SEXTRACTOR. Roughly 80% of the objects where recovered, depend-
ing on the simulated profile shape and the distribution of galaxy parameters in the partic-
ular image (see Figure 3.2). In particular, very large and low surface-brightness galaxies
were not detected (see Figure 3.2 and Rix ef al. 2004). Due to the fact that spheroids
are easier to detect due to their centrally concentrated light profiles, less galaxies were
recovered in the disk sample.

By design, these simulated tiles are artificial in two ways. Firstly, the galaxy input
parameters span a wider range in parameter space than real galaxies. Secondly, the simu-
lated tiles are significantly more crowded than the actual data itself, about a factor of 7-8
overdense in galaxies with Sérsic index n > 2.5 compared to a typical ACS image from
GEMS (see Figure 3.3). They contain many more LSB galaxies (detected and undetected),
adding a complex layer of extra flux to the background. This makes the simulations more
difficult to analyze than real data; this was intentional since we wanted to push both codes
to their limits. In a third set of simulations we mixed the two types of profile (see §3.4.2)
to estimate the effects of deblending given more realistic mix of n = 1 and n = 4 galaxies.

To test and compare the two different 2D-fitting routines, the simulated images were
treated as ‘real’ images, i.e. we used exactly the same data pipeline for fitting that was
used for the real GEMS data analysis. Therefore, all effects which we can see in the
results from simulations should be present in real data as well, although mixed with many
other effects like bulge/disk composite profiles, non-smoothness, lumpiness and/or spiral
features of real galaxies.
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Figure 3.2 F850LP magnitudes and sizes for the full set (all symbols) of 1600 simulated
n=1 galaxies (left) and n=4 galaxies (right), and the subsets that were detected by SEX-
TRACTOR (grey crosses). The black squares indicate galaxies that were missed during
object detection. The indicated contours show the magnitude-size space populated by
actual GEMS galaxies used by Barden et al. (for disk galaxies 2005, left) and McIntosh
et al. (for spheroidal galaxies 2005, right); the contours show the areas of parameter space
where the reliability of the fitting routines becomes especially important. Whereas real
n > 2.5 galaxies lie in the area where all galaxies are detected, we did use n < 2.5 galax-
ies that are close to the edge of detectability for our analysis. The different behavior of
the non-detected galaxies in both samples reflect the fact that, due to their bright central
peak, galaxies with a high Sérsic index are easier to detect than galaxies with low n. To
guide the eye, we overplot long-dashed lines of constant surface brightness of 17, 19, 21,
23 and 25 magnitudes arcsec 2 from bottom to top.

3.3 Galaxy Fitting: Description, Basic Considera-
tions, Best-fitting Setups

For the GEMS analysis, we have used two widely-employed parametric fitting codes for
quantitatively describing galaxy structure and morphology: GALFIT and GIM2D. In this
section, we describe both codes and the procedures used to parametrically fit both the real
GEMS data and the simulations described in the previous section. The basic considera-
tions for code setup and application to real data, and the tests which we have performed
on simulated data, are useful in general to other workers in galaxy image fitting. These
basic considerations for setup and application of these (and most) fitting codes are (1) sky
estimation, (2) initial parameter guesses, (3) postage stamp construction, and (4) deblend-
ing and/or masking of neighboring sources. We describe in detail the setups and various
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Figure 3.3 Density of sources in simulation images. Left: One of the two simulated im-
ages with galaxies having Sérsic index of 4. We plot a circle with radius r. (simulated)
at the correct x,y location of each simulated galaxy. In total there are 800 simulated
n = 4 galaxies placed in a single ACS tile, ~ 250 of which are too LSB to be detected
by SEXTRACTOR; they could nonetheless influence the fitting results by contributing to
the image background. This simulation represents an extreme case for testing the limits
of profile fitting with GIM2D and GALFIT. Right: the sources in a simulation of a typ-
ical GEMS ACS image (GEMS tile 04) using GALFIT fitting results. There are 523 total
simulated galaxies, 374 with n=1 (in dark grey) and 148 with n=4 (light grey). Stars and
the few objects (in total 46 objects) that ran into a fitting constraint where excluded from
this simulation. One can easily see from this plot that real galaxies are significantly less
crowded than the completely artificial simulations used in §3.4.1.1 and §3.4.1.2

tests we carried out in order to optimize these setups in §3.3.1 for GALFIT and §3.3.2 for
GIM2D.

The initial conditions and setups for both GALFIT and GIM2D are determined us-
ing SEXTRACTOR output images and catalogues. We use SEXTRACTOR (version 2.2.2
, Bertin & Arnouts 1996) for image parsing and catalog creation. SEXTRACTOR de-
tects, deblends, measures and classifies objects, giving estimates of magnitude, size, b/a,
position angle and a star-galaxy classification. In GEMS, we found that no single SEX-
TRACTOR setup satisfactorily detected and deblended both bright, well-resolved galaxies
and faint galaxies near the detection limit. Accordingly, our best setup is to run SEX-
TRACTOR twice: once to detect the bright objects without splitting them up (what we call
the ‘cold’ version) and once to detect the faint objects (‘hot’ version). The two versions
are then combined to give one single catalog containing all objects. The procedure is
described in more detail in Rix et al. (2004) and Caldwell et al. (2007). We do not use
the SEXTRACTOR output catalogs directly for science; instead, these values are used as
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initial estimates for galaxy fitting codes and their setup. In the following sections we will
describe which parameters are taken as starting guesses and how these values are used for
the two parametric galaxy fitting codes used in this work: GALFIT and GIM2D.

3.3.1 GALFIT

GALFIT is a 2D galaxy fitting software package written by Peng et al. (2002). We used
GALFIT Version 2.0.3b from Feb. 2, 2005 for this analysis. GALFIT was designed to ex-
tract structural components from galaxy images. Compared to other fitting techniques it
has two main advantages. It uses a Levenberg-Marquardt downhill-gradient (Press et al.
1997) method to derive the best fit and therefore is relatively fast, being able to fit roughly
3000 galaxies per day on a dual 2.4 GHz LINUX processor (when running 4 threads si-
multaneously to efficiently use all CPU time). Furthermore, due to its speed and design, it
is able to fit an image containing an arbitrary number of galaxies simultaneously, making
it possible to fit neighboring objects. The main disadvantage of GALFIT, in theory, is that
it is possible that it converges on fit solutions that represent a local minimum instead of
giving the global minimum. Our experience with GALFIT is that in single component,
but multi-object, fits this happens relatively rarely, if at all, both through the simula-
tions (§3.4.1) and through comparison of fitting results for real galaxies from GALFIT and
GIM2D (§3.4.3).

During the fitting process, the model is convolved with a specified PSF to model the
image seeing and then compared to the input image. It is possible to fit the background
sky level during the fitting process, although in this work we use this capability for testing
purposes only (see §3.3.1.2).

In the following section, we will explain the basic setup procedure of GALFIT in detail;
e.g., cutting postage stamps, estimating the sky background, deciding on how galaxies
should be deblended, and setting up the initial parameters for GALFIT. We developed
automated routines for this purpose, and we describe their most important features in this
section. As sky background is of critical importance, we discuss this issue in some detail
in §3.3.1.2.

3.3.1.1 GALFIT Setup and GALAPAGOS

GALFIT is designed to fit one galaxy of interest at a time. Therefore, we created an
individual postage stamp for each galaxy of interest . These postage stamps were cre-
ated, and initial GALFIT parameter files produced, by an IDL program, GALAPAGOS
(Galaxy Analysis over Large Areas: Parameter Assessment by GALFITting Objects from
SEXTRACTOR, for further details about GALAPAGOS and details of the procedure see
Barden et al., in prep). For every object in the SEXTRACTOR catalog GALAPAGOS did
the following.

1. First, GALAPAGOS determined the size of the required postage stamp for each ob-
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ject. This was done using different object sizes and angles given by SEXTRACTOR:
Xsize = 2.5 % ax kron * (] sin(0)| + (1 — ellip) * | cos(0)|) (3.2)

Ysize = 2.5 % a * kron x (| cos(0)| + (1 — ellip) * | sin(0)]) (3.3)

where

a is the SEXTRACTOR output parameter A_ IMAGE, kron is KRON_RADIUS, ¢
is THETA_TIMAGE and ellip is ELLIPTICITY. Extensive testing showed that
this algorithm for producing postage stamps was a good compromise between the
conflicting needs to have enough sky pixels present in the postage stamp to give a
robust fit of the object, while at the same time keeping the postage stamps small
enough to be fit in reasonable amounts of CPU time.

2. In the next step, GALAPAGOS decided from this postage stamp and the aperture
map, which secondary objects had to be deblended and fitted simultaneously and
which objects were simply masked out during the fitting process. For this it cre-
ated a second map where SEXTRACTOR aperture ellipses were increased in linear
size by a factor of 1.5 (a factor of 2.25 larger area). Every object whose ellipse
overlapped with the ellipse of the primary object was fitted simultaneously using
a single Sérsic profile; every other object with pixels in the postage stamp was
masked out during the fit, using this expanded ellipse as the mask’. This way time-
consuming fits, with 10 or more objects to be simultaneously fitted, were avoided
in most cases. In total for around 48%/31%/46% of the fits, at least one secondary
object had to be taken into account (for n = 1 simulations, n = 4 simulations and
real galaxies respectively). In the most crowded situations we find that we needed
to simultaneously fit a maximum of 9/7/12 profiles.

3. After this step the sky background was estimated. For this, GALAPAGOS used
the aperture map on the whole science frame (and not only the postage stamp) and
estimated the mean value of all pixels that lay within 6 consecutive elliptical annuli,
each with a width of 60 pixels (measured along the semi-major axis; corresponding
to 1.8” using the GEMS data with 0.03”/pixel). These 6 annuli partially overlap,
with a spacing of 30 pixels between successive annuli. The annuli were centered on
the primary fitting galaxy (pixels belonging to a secondary object were ignored in
this step). The innermost area is masked out during this process (the factor of 1.5
magnified aperture ellipse enlarged by a further 30 pixels). These annuli ‘marched
outward’ together in radius in steps of 30 pixels until the gradient of the mean
values within the last 6 rings (180 pixels) was larger than —0.05; the change in the
sky value, given that the mean GEMS F850LP sky background is around 18 counts,
was then well below 0.3 % within this radial range. The sky was then determined
as the mean value of the outermost 6 annuli. This made the area where the sky

"In many other fitting routines the SEXTRACTOR segmentation map is used for masking; our masks are
considerably more conservative.
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is determined to be an ellipse between 35 and 215 pixels in semi-major axis for
the smallest objects (between 15 and 30 r.) and an ellipse of width of 180 pixels at
around 4-6 r, for the bigger objects (for details see Barden et al, 2007, in prep.). We
call this sky estimate the ‘isophotal sky’ in what follows, and testing shows that for
fitting with GALFIT the ‘isophotal sky’ provides significantly better fitting results
than using sky values from, e.g., SEXTRACTOR (see §3.3.1.2).

. In the same step, by dividing the elliptical individual annuli into 8 octants, GALA-

PAGOS was able to detect sky gradients within an annulus as a function of position
angle. Such cases were relatively rare, and were due to nearby bright objects that
did not reach into the postage stamp themselves (especially bright high Sérsic in-
dex objects with strong wings). GALAPAGOS then identified these objects in the
SEXTRACTOR catalog automatically and these objects were fitted simultaneously
to eliminate this sky gradient (GALFIT can fit profiles that are centered outside of
the postage stamp). In the very rare cases that an identification was not possible
although a strong gradient was present (i.e. the object lay outside of the original
GEMS tile), we fit an artificial object centered outside the postage stamp in the cor-
rect direction to achieve the same result. In total, 15.2% of the fits in the simulated
disk sample needed an additional identified profile centered outside of the postage
stamp, 1.5% needed an artificial, not identified profile (4.3%, 0.6% for simulated
spheroidal galaxies). For real galaxies only 3% of the fits needed an identified ob-
ject, 0.4% needed an artificial profile. Recall that the simulated images contained
a large number of galaxies not recovered by SEXTRACTOR; these galaxies con-
tributed to the background sky only. These galaxies can lead to ‘sky’ gradients
found by GALAPAGOS. This effect should be, and is, more pronounced in the sam-
ple where less galaxies are recovered.

Table 3.3 Starting guesses for GALFIT when using GALAPAGOS

Parameter  Starting guess from SEXTRACTOR

mag MAG_BEST

Te 0.162 - FLUX_RADIUS!87

b/a 1 -ELLIPTICITY

PA THETA_TMAGE

n 1.5

X,y the postage stamp is centered on the primary object

positions of secondary objects can be derived from SEXTRACTOR

5. The last step for setting up GALFIT was the determination of the starting guesses for

the different fitting parameters from SEXTRACTOR and writing them to a GALFIT
start file automatically (see Table 3.3). We decided to fit single Sérsic profiles to all
galaxies (with a starting value of 1.5 for the Sérsic index). Starting magnitudes were
given by SEXTRACTOR MAG_BEST, sizes were given using FLUX_RADIUS (we
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used the formula 7, = 0.162 - Ry}, where Ry, is FLUX_RADIUS. This formula
was determined empirically using simulations). The axis ratio b/a was derived by
taking the SEXTRACTOR ELLIPTICITY, the position angle by THETA_IMAGE.
Furthermore the position of the objects within its postage stamp was required,
which was directly given by the cutting process of the postage stamps (the object
is centered within its postage stamp, see step 1). The parameter diskiness/boxiness
in GALFIT was fixed to 0 (no boxiness/diskiness) for all our fits. Furthermore, as
described above, the estimated sky value from step 3 was held fixed during the fit.
Each object that had to be deblended during the fitting process was included (from
step 2) with its appropriate starting values; all other objects were masked out (using
a mask image with the by a factor of 1.5 enlarged SEXTRACTOR apertures that tells
GALFIT which pixels it should use and which pixels it should ignore during the fit).
Finally, the GEMS PSF (see Jahnke et al., in prep.) was provided to GALFIT.

We adopted a set of fitting constraints for GALFIT which prevented the code from
exploring unphysical (and time-consuming) areas of parameter space. We used 0.3 <
n < 8,0.3 <r. < 500 [pixels of 0.03” in size] and fixed the fit magnitude to be within 5
mag of the SEXTRACTOR MAG_BEST.

We used exactly the same constraints for real galaxies, also using the same setup
procedure. Whenever we state that GALFIT fitted ‘successfully’, we mean that GALFIT
returned a result (it did not crash during the fit) and the fit did not run into any of the
constraints given above.

3.3.1.2 GALFIT Sky Test

The estimate of the sky background is of critical importance in determining parametric
or non-parametric descriptions of galaxy surface brightness profiles (e.g., de Jong 1996).
While in principle it is possible to fit the sky level as an extra parameter, such a procedure
requires that the surface brightness profile being used is an accurate description of the real
galaxy light profiles. An alternative is to estimate the sky level as carefully as possible
prior to the fit and hold it fixed.

In this section we quantify the effect of different assumptions/estimates of the sky
level for GALFIT (the results of the equivalent test for GIM2D are in §3.3.2.3). We test
three setups: i) the isophotal sky, ii) the sky value determined by SEXTRACTOR, and iii)
allowing sky to be a free parameter, to be estimated by GALFIT.

In Figure 3.4 one can see the difference between the sky values derived by the two
sky estimation methods, GALAPAGOS and SEXTRACTOR, for the two different samples
of simulated n=1 and n=4 galaxies, respectively. Because the simulations were added to
a sky frame composed of empty patches of real sky, the true sky values was known to be
18.1440.03, indicated by the vertical dashed line in both plots. SEXTRACTOR recovers a
mean value of 18.29 (0=0.10) for disk galaxies and 18.40 (0=0.11) for spheroidal galax-
ies. The isophotal estimator in GALAPAGOS gives a mean value of 18.13 (0=0.10) for
disk galaxies and 18.26 (0=0.11) for spheroidal galaxies. Although all distributions have
around the same width, one can see that both methods recover the sky better for the low
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Figure 3.4 This plot shows the recovered sky values for both used estimators, SEXTRAC-
TOR (grey) and isophotal (determined within GALAPAGOS, black) for each of the simu-
lated samples. The vertical dashed line indicates the true value. One can clearly see that
both methods tended to overestimate the sky value for the spheroid sample, mainly due to
the large wings of galaxies in this sample contributing to the sky level.

Sérsic-index sample. Furthermore, in both samples, the isophotal estimator gives back
rather more accurate sky values.

That SEXTRACTOR recovers a sky value that is slightly too high has been noted be-
fore — e.g., by the GOODS team® and was the reason why we decided to write our own
isophotal sky estimator.

That the sky is easier to estimate for the n = 1 simulations than for the n = 4
simulations can be partly explained by our simulation of a number of large, low surface
brightness galaxies which escape detection by SEXTRACTOR and which inflate the sky
surface brightness. Since galaxies with high Sérsic index n have more extended wings
the effect of contamination in the outskirts is larger for n = 4 simulations than for n =
1. There is a further effect for n = 4 galaxies: since the sky estimates provided by
SEXTRACTOR and GALAPAGOS only probe out to < 67, for brighter galaxies, there is a
residual contribution to the sky from the galaxy itself which becomes more serious as n
increases.

We compare the fitting results with the three different sky setups in Figure 3.5. We
only show results for the sample of simulated n = 4 galaxies; the results for the n = 1
galaxies were qualitatively similar but the systematic effects are much weaker, showing
very little difference between the three different sky setups. The Y-axis shows the devia-
tion of the three key parameters magnitude, r. and n from their true values, and the X-axis

8see http : / /www.stsci.edu/science/goods/catalogs/r1.0z_readme/, chapter 5.1 Local sky back-
ground
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Figure 3.5 This plot shows the fitting results of the spheroid galaxy sample when fitted
with GALFIT using three different sky estimates (see §3.3.1.2): isophotal sky from GALA-
PAGOS (left), SEXTRACTOR sky (middle) and the sky returned by GALFIT when allowed
to fit it as a free parameter. The X-axis shows the simulated mean surface brightness
within 7, defined by 1 = mag+2.5-log(2-b/a-7-r?), where mag is the magnitude, b/a the
axis ratio and r. the half-light radius of the object in arcsec. The thin vertical grey line in
the plot indicates the brightness of the sky background. The upper X-axis shows the mean
signal-to-noise ratio per pixel within r, calculated by: S/N = (0)-[{0)+{0sky) +0sk,] /2,
where (p) is the average counts in a galaxy pixels within r. (basically p), (0s,) is the
background flux within a pixel and o, is the uncertainty of the background sky (...cap-
tion continues on next page...)
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[To figure 3.5:] estimation. Although this number is only a rough approximation, it gives
a feeling about the mean S/N of the galaxies. The Y-axis shows magnitude difference
(fitted - simulated), size ratio (fitted/simulated) and Sérsic index fitting results. Perfect
parameter recovery is indicated as the horizontal thin dark-grey line. The thick light-
grey line and the thick dashed dark-grey line indicate the mean value and 1o values for
different surface brightness bins. The small crosses show the galaxies that where fitted
‘successfully’, meaning that the fit returned a result and that it did not run into fitting
constraints.

shows the simulated mean surface brightness ;,,;,: of the galaxies within an ellipse with
semi major axis 7. and the axis ratio b/a:

p=mag+2.5-log(2-b/a-m-r?) (3.4)

where mag is the magnitude, b/a the axis ratio and 7. the half-light radius of the object in
arcsec. The factor of two accounts for the fact that only half the light is within the half-
light radius. The top axis shows the mean S/N per pixel corresponding to that average
surface brightness x, given by

S/N = (o) - [{0) + {Osky) + Tory] /> (3.5)

where () is the average countrate [in e~ ] for galaxy pixels within r., (os,) is the back-
ground flux [in e~] within a pixel, and o, is the uncertainty of the background sky
estimation, estimated using the empty sky image.

At faint surface brightness levels, one can see that magnitudes are typically overesti-
mated (i.e., are recovered too faint), sizes are systematically underestimated, and Sérsic
indices are typically underestimated (Figure 3.5). The effects are subtle and affect only
galaxies much fainter than the sky surface brightness for the isophotal sky and the sky
fit by GALFIT. These effects set in at much higher surface brightness (approximately 2
magnitudes arcsec™2 above the sky level) for SEXTRACTOR-derived sky values. In all
cases, the effects are primarily systematic in nature, and could in principle be corrected
for, if required.

According to these test results, we choose to use the isophotal sky estimate for GALFIT
analysis. Even though, for simulated galaxies, allowing GALFIT to determine the sky
appears as reliable as our isophotal sky method, for real galaxies, complex structures that
deviate from profile assumptions may affect sky estimation. We therefore choose to hold
the sky values fixed to our best estimate for GALFIT fitting of both simulated and real
galaxies.

3.3.2 GIM2D

GIM2D (Galaxy Image 2D) was written by Luc Simard (Simard 1998; Simard et al. 2002)
as an IRAF package for the quantitative morphological analysis of galaxies. We use ver-
sion 3.1 for the analysis in this thesis. For a single Sérsic fit we work in 7-dimensions with
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the bulge fraction parameter set to B/T" = 1; thus, we find the best-fit model described by
frot, Te, €, @B, dx, dy, and n. During the fit, the images are deconvolved with a given PSF.
GIM2D uses the Metropolis algorithm to find a x* minimum, which makes it less prone to
settle on local minima. On the other hand, this algorithm is time consuming. Accordingly,
to process large datasets, GIM2D ought to be run on many machines in parallel.

3.3.2.1 GIM2D Setup

As with GALFIT, GIM2D requires certain generic considerations for galaxy profile fitting:
(1) postage stamp construction, (2) nearby companion masking, (3) background sky esti-
mation, and (4) initial parameter guesses. We did not use GALAPAGOS to set up GIM2D’s
galaxy fit for two reasons: GIM2D is embedded into IRAF whereas GALAPAGOS requires
IDL; and the simultaneous fitting of galaxies is not supported in GIM2D, whereas much
of GALAPAGOS’s algorithm is devoted to making decisions about which galaxies are to
be simultaneously fit. Therefore, GIM2D is set up by using a different procedure, which
we describe in this section.

Starting with the combined hot/cold SEXTRACTOR output catalogues, a square
postage stamp was cut from the large image, centered on each galaxy with size given
by 4ais, X 4ais,, Where a;s, 1s the major axis diameter of the SEXTRACTOR isophotal area
in pixels (the minimum postage stamp size we allowed was 101 x 101 pixels). GIM2D
masks out nearby objects using SEXTRACTOR segmentation maps: discussion of the con-
sequences of this procedure are presented later in this section, and in §3.4.1.2. For sky
estimation and defining the best part of the fitting parameter space to explore, GIM2D has
several important setup parameters that allow the user to modify its behavior. In this sec-
tion, we describe some of the most important ones — parameters that we find to critically
affect the performance of the code.

The parameter ‘dobkg’ specifies whether GIM2D determines the background it-
self (‘dobkg’ =yes) or fixes the sky to a user-defined value (*dobkg’ =no). With
‘dobkg’ =yes, GIM2D calculates the background prior to galaxy fitting directly from
the postage stamp images of each source using only non-object (sky) pixels as specified
by the SEXTRACTOR segmentation map. As such, this method is closely dependent upon
extracting a large enough image to get a reliable sky measurement. Once determined,
the sky value is held fixed during the fitting. If *dobkg’ =no, GIM2D assumes that the
postage stamps have background equal to zero; therefore, the user may use an external
method to estimate the sky and subtract this from the input images. GIM2D does offer an
option to fit the background offset (parameter db) as a free parameter during fitting, but
this is not recommended when working with real galaxies with non-idealized profiles. We
test the effect of different sky estimates in detail in §3.3.2.3.

GIM2D, like GALFIT, has constraints which can be applied to limit the regions of
parameter space searched for solutions. GIM2D starts with a user-specified parameter
space, given by the initial value and minimum/maximum hard limits for each parameter
to be fit. GIM2D has an option to automatically narrow the focus of the input parameter
space by setting initparam=yes. With this setup option GIM2D uses FOCAS-like image
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moments based on information extracted from the SEXTRACTOR-created segmentation
map to estimate the hard limits for the model parameter space.

Under all setups GIM2D starts in the Initial Condition Finder (ICF) mode, which
explores the user-specified parameter space coarsely to find the best initial model guess.
In practice, the ICF creates Nicr models throughout the allowed parameter space, selects
the best one, and then reduces the search volume by a factor equal to Nicp. The final
result from the ICF is used as the starting point by the Metropolis algorithm. The GIM2D
website gives a default value of Nicp = 100.

To find the best-fitting setup we rigorously tested a large number of different setups of
GIM2D. We do not discuss all of the different setups here; the most important ones are
shown in Tables 3.5 (for bright galaxies) and 3.6 (for faint galaxies) and will be discussed
in detail in the following sections starting with the recommended GIM2D setup (§3.3.2.2),
sky tests (§3.3.2.3), other tests (§3.3.2.4), concluding with the final adopted best-fitting
setup (§3.3.2.5).

3.3.2.2 GIM2D Recommended Setup

In Figure 3.6, in the leftmost panels, we show fitting results for the setup that is
recommended on the GIM2D webpage®. This recommended setup, in particular, has
‘dobkg’=yes and ‘initparams’ =yes; i.e., GIM2D determines the sky level and
fitting constraints from SEXTRACTOR output. As is clear from this plot, this setup pro-
duces unsatisfactory results even for fairly high surface brightness galaxies and where
GEMS survey completeness is still quite high. The systematic errors are already ~ 50%
in 7. near the sky level. Fitting results are strongly systematically biased towards fainter
magnitudes, smaller sizes and lower concentrations.

As most galaxy surveys aim to push their analysis down to faint levels, the ideal per-
formance of any fitting code is to provide parameter estimates that are free of significant
systematic trends. Therefore, we deem the recommended setup to not be suitable for the
GEMS survey. In an attempt to improve the GIM2D performance, we tried a number of
different strategies, among them different settings of ‘initparams’ and ‘dobkg’.

Through extensive testing, we find that the best results are obtained when both
‘initparams’ =no and ‘dobkg’ =no (see rightmost panels in Figure 3.6), and when
the SEXTRACTOR local background is used (see §3.3.2.3). Setting ‘initparams’=no
and dobkg=yes produces very modest improvement. Setting ‘dobkg’=no and
initparam=yes helps considerably, giving satisfactory results for galaxies with surface
brightness higher than the sky surface brightness!®. We note that setting both dobkg and
initparam to no is substantially better at all surface brightness, although the scatter at

9The GIMFIT2D description is http://www.hia-iha.nrc-cnrc.gc.ca/STAFF/Isd/gim2d/, and specifies the
last program update of March 19, 2001

10This is the setup that was used by McIntosh ef al. (2005) for their study of the evolution of the early-
type n > 2.5 galaxy luminosity—size and stellar mass—size relations. Their sample of n > 2.5 galaxies all
had F850LP surface brightness brighter than 22.5 mag arcsec ~2, and inspection of the third row of panels
in Fig. 3.6 and setup G in Table 4 shows that at these limits the GIM2D fitting results suffer from < 10%
biases.
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Figure 3.6 This plot compares the recommended GIM2D setup to setups where we used
different settings of the GIM2D parameters ‘initparam’ and ‘dobkg’ [from left to right:
setup I (initparams=+, dobkg=+, recommended),G (-, +),H (+, -)and E (-, -; best), see
Table 3.6]. The X-axis shows the simulated surface brightness of the galaxies. The Y-
axes again show magnitude difference, size ratio and Sérsic index fitting results. The
thick light-grey line and the thick dashed dark-grey line indicate the mean value and
the 1o line for different surface brightness bins. One can see easily that our best-fitting
GIM2D setup (see §3.3.2.5) fits galaxies with much less systematic bias than the initial
setup recommended on the GIM2D webpage. This is especially true for galaxies fainter
than the surface brightness of the sky.
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fainter surface brightness is large. It is worth noting that compared to these two param-
eter choices, other effects such as the sky value used (see §3.3.1.2) and the image size
(§3.3.2.4) appear to produce only low level improvements.

Table 3.4 Parameter limits used for GIM2D when using initparam=no

Parameter min max

mag 20 27
Te 0.3 500
ellipticity 0.0 1.0
PA all all
n 02 8.0
centeringx 0 3.0

centeringy 0 3.0

The minimum and maximum limits of the parameter space that we allowed in our best
setup are manually set to span more than the entire range of the simulations in terms of
size, luminosity and Sérsic index, more than the physically useful parameter range of real
galaxies, so that the solutions are not ‘pinned up’ against the boundary values artificially
imposed on them (the actual values are given in Table 3.4). Fits that ran into any of the
given fitting constraints were removed from the sample for the analysis in this chapter.

From our findings, we strongly discourage GIM2D users to use ‘initparam’ =yes
and ‘dobkg’ =yes.

3.3.2.3 GIM2D Sky Test

In the above, we showed that sky value estimation can dramatically affect GIM2D fits
using the default (recommended) setting. In this section, we repeat the sky analysis for
GIM2D as carried out in §3.3.1.2 for GALFIT. We tested GIM2D using SEXTRACTOR
local sky (setups D, E and H in Table 3.5) and the isophotal sky that we used for GALFIT
(setups A, B, C, J and K). We carried out one test — setup F — where we used the ‘real’
background of 18.14 counts, determined on the ‘sky’ image. Such a setup is of academic
interest only, as for real galaxies it is impossible to measure such a sky value. Nonetheless,
this test gives insight into the performance of GIM2D when the actual, known, sky value
is used as an input for galaxy fitting. For setup G and I we tried fixing the sky background
to the value determined directly by GIM2D ( *dobkg’ =yes). We show results from these
different tests in Figure 3.7.

It is interesting that GIM2D performs somewhat better using SEXTRACTOR local sky,
whereas we showed in §3.3.1.2 that GALFIT performs somewhat better using the isophotal
sky from GALAPAGOS. It is likely that the cause of this behavior is related to how GALFIT
and GIM2D deal with nearby neighbors. Since GALFIT simultaneously fits neighboring
galaxies which overlap with the galaxy of interest, the isophotal sky estimate better rep-
resents the background pedestal that is common to the neighboring sources. GIM2D, on
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Figure 3.7 This plot shows the same as Figure 3.5 but for GIM2D results (setups B,E and
G in Table 3.5). As is immediately obvious from these plots, GIM2D performs best when
using the SEXTRACTOR background held fixed during the fit.

the other hand, is unable to simultaneously fit neighbors, and relies on masking neighbors
using the SEXTRACTOR segmentation map. Thus the ‘effective sky’ for GIM2D includes
flux from the outer parts of the galaxy itself and neighboring sources; as the SEXTRAC-
TOR sky is derived from the same ‘sky’ area used for fitting, it is a more appropriate

value.
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3.3.2.4 GIM2D Other Tests

Table 3.5 GIM2D: Fitting of n = 4 Simulations: Bright subsample with p;, < 22.5 and
mag;, < 22.5

Setup  N/Niot Sérsic n 750 ratio Amag e ratio APA Quality
mean ¢ mean ¢ mean 0 mean ¢ mean o
A 161/545 481 0.76 1.12 0.16 -0.09 0.09 101 0.06 -0.03 1.6 62.26
B 165/539 475 0.67 1.10 0.17 -0.08 0.08 1.01 0.06 0.05 20 53.60
C 161/533 557 149 1.14 022 -0.14 0.13 1.02 0.07 -020 2.0 193.85
D 168/533 437 043 1.02 0.09 -0.03 005 1.01 0.06 -0.16 1.5 9.85
E 164/540 434 0.61 1.02 0.13 -0.04 0.07 101 0.05 000 22 8.85
F 163/533 568 140 127 030 -0.16 0.14 1.01 006 -0.03 1.7 277.71
G 167/551 330 049 082 0.14 0.09 009 1.00 005 -0.18 19 72.15
H 165/549 432 056 1.01 0.10 -0.03 0.07 1.02 006 -0.10 1.8 7.71
I 168/546 333 0,51 083 0.13 009 0.09 101 0.05 -0.01 1.6 64.76
J 164/531 4.84 0.76 1.11 0.17 -0.09 0.08 1.01 0.06 -0.17 2.0 65.09
K 162/539 482 075 1.10 0.17 -0.08 0.07 1.01 006 034 22 58.59

Note. — This Table summarizes the results from all GIM2D testing for bright galaxies; see Table 3.6 for
results for faint galaxies.
N/Ny,: gives the numbers of galaxies N selected from the total sample of Ny, that GIM2D returns a
result for each setup. The following columns give deviations (resistant mean values clipped at 30) from
the simulated value and scatter for the 5 key fitting parameters. The ¢ values given are values computed
iteratively for all galaxies within 3 o.
The last column gives the fit quality. This number is defined as:

Quality = 1000 = [(An/4 — 1)* + (Are — 1)? + (Amag)? + (A(b/a) — 1)* + (APA/180)%] (3.6)

where A values are given as the mean values in the table. This quantity is a fairly intuitive combination of
the different fit parameters, indicating in broad terms which setups perform well (low values) and which
perform poorly (high values).

Explanation of the setups:

(A) isoph. bkg, initparam=yes, Nicr = 100, 4a;s, image sizes

(B) isoph. bkg, initparam=no, Nicr = 100, 4a;s, image sizes

(C) isoph. bkg, initparam=no, Nicr = 100, 6a;s, image sizes

(D) SExtr. local bkg, initparam=no, Nicr = 100, 2a;s, image sizes

(E) SExtr. local bkg, initparam=no, Nicr = 100, 4a;s, image sizes, best setup

(F) bkg = 18.14, initparam=no, Nicr = 100, 4a;s, image sizes

(G) dobkg=yes, initparam=no, Nicr = 100, 4a;s, image sizes

(H) SExtr. local bkg, initparam=yes, Nicr = 100, 4a;s, image sizes

(D) dobkg=yes, initparam=yes, Nicr = 100, 4a;s, image sizes, recommended setup

(J) isoph. bkg, initparam=no, Nicr = 25, and 4a;s, image sizes

(K) isoph. bkg, initparam=no, Nicr = 400, and 4a;s, image sizes

To determine the best-fitting setup to use with GIM2D, we performed 11 different
tests (rows A-K) as shown in Tables 3.5 (bright galaxies) and 3.6 (faint galaxies). For
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Table 3.6 GIM2D: Fitting of n = 4 Simulations: Faint subsample with 22.5 < p;, < 26.0

Setup  N/Niot Sérsic n 50 ratio Amag e ratio APA Quality
mean o mean o mean o mean o mean o

153/545 245 092 053 027 053 050 09 0.16 -0.88 8.1 652.75
149/539 513 126 194 093 -047 046 1.03 020 -1.00 63 1178.66
147/533 552 136 322 193 -0.76 057 1.00 020 -1.22 10.6 563545
149/533 452 092 144 0.67 -023 043 1.05 021 -0.13 7.0 264.95
151/540 4.63 145 138 078 -020 055 1.05 023 -1.10 74 212.71
146/533 538 1.19 284 151 -0.73 053 099 025 -0.88 7.0 4026.70
155/551  1.79 044 028 0.11 108 049 1.02 0.19 -057 92 199240
154/549 246 086 050 023 057 048 101 0.19 -0.64 55 730.11
154/546 1.78 040 0.28 0.12 1.10 047 104 015 -186 7.5 2027.37
147/531 5.05 127 189 095 -047 049 1.02 0.16 -1.17 7.6 108347
148/539 524 130 236 145 -0.52 051 1.02 0.16 -143 65 2221091

Ao IDmaoaTmmoaw >

the ‘bright’ galaxies, we selected all N galaxies with ji,;,, < 22.5 magnitudes arcsec ™2

and mags;,, < 22.5 (representing the sample of early-type galaxies from MclIntosh et al.,
2005, i.e., those important for surveys of early-type galaxy evolution) from the set of Ny
galaxies in the sample for which GIM2D returned a result. The ‘faint’ sample included
galaxies with 23.5 < p4;,, < 26 magnitudes arcsec™2. We then calculated the mean of the
recovered value or ratios of the different fit parameters and the 68% confidence interval.

In our visual examination of the properties of the outliers in these distributions,
we found that most of the non-Poisson scatter is caused by contamination of the outer
isophotes of the object of interest by nearby neighbors. While this issue is discussed in
more detail later in §3.4.1.3, we illustrate this behavior by running GIM2D on 3 different
postage stamp widths of 2a;, (setup D), 4ays, (setup E), and 6a;s, (setup C). These tests
find that there is an increase in scatter for larger image size, consistent with the expecta-
tion of contamination. Using 2a;s, reduces the extreme outlier fraction somewhat from
4a;s. Yet, since such outliers are a small fraction of the objects, this change in postage
stamp size had relatively little impact on the RMS scatter (see tables 3.5 and 3.6). The
best-fit stamp cutouts we adopt here have sides equal to 4a;s,. This seems to be the best
compromise between a postage stamp large enough so that GIM2D includes enough of the
important outskirts of the galaxies for fitting, but small enough that neighboring galaxies
are reasonably rare and CPU requirements are reasonable. For comparison, the stamp
sizes used in GALFIT fits are nearly always larger in area than 4a;s, X 4ais,, due to the
requirement of simultaneously fitting neighboring galaxies. We will further quantify the
effect of neighboring galaxies in §3.4.1.2 using the set of simulated spheroids examined
there.

We also tested whether the initial number of ICF models affected our fitting results.
Holding all other setup choices constant we compared the results from fits to the n = 4
simulations with the default value of Nicp = 100 (setup B in Table 5), to results for
Nicrp = 25 (setup J) and 400 (setup K). We found that the results are independent of the
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number of ICF models.

3.3.2.5 GIM2D Best-fitting Setup

As is apparent especially from Table 3.6 and Figure 3.6, the best combination of pa-
rameters for our simulations was given by setup D, using SEXTRACTOR background
(dobkg=no), initparam=no and 4a;, as image sizes. We choose this setup to be our best
and use it throughout this thesis to compare GIM2D results with GALFIT results.

3.4 GALFIT/GIM2D Comparison Using Optimized
Setups

In this section, we discuss the results of testing our best setups of GIM2D and GAL-
FIT. Section 3.4.1 describes the results obtained using the simulated images with artificial
distributions of galaxy parameters as explained in §3.2. Section 3.4.2 describes a very
similar test using simulated galaxies having more realistic parameter distributions, as de-
rived from real galaxies recovered from individual GEMS survey fields. Section 3.4.3
sums up the results of tests where real images of different depths were fit and the results
intercompared.

3.4.1 Results of Fitting Simulated Galaxy Images
3.4.1.1 Results of Pure Disk Simulations

Figure 3.8 shows both GALFIT and GIM2D results for the set of simulated disk galaxies
with an exponential n = 1 light profile. Of the 1600 galaxies simulated in this sample,
997 (62%) were recovered by SEXTRACTOR. Of these, 979 (98%) were successfully
fitted by GALFIT, 12 (1.2%) ran into constraints, 6 (0.6%) fits crashed. GIM2D fitted 870
(87%) successfully, 46 (5%) ran into fitting constraints, 81 (8%) of the fits crashed. There
are 4 (0.4%) galaxies for which both codes failed.

Crosses in Figure 3.8 represent galaxies that were fitted by both codes. Grey squares
show galaxies that were fitted by that code only; the other code failed to return a useful
result either through running into one of the fitting constraints, or the fit crashed. The
thick light-grey line and the thick dashed dark-grey line indicate the mean value and the
30 lines for different surface brightness bins of all galaxies that were fitted using that
code. The left column shows fitting results using GALFIT, the right column shows the
results of the same set of simulations using GIM2D. The X-axis, showing the simulated
surface brightness of the galaxies, is the same for all 6 plots. The 3 rows show the results
for magnitude (plots a and b), size (¢ and d) and Sérsic index (e and f), respectively. The
thin vertical line indicates the brightness of the sky background within the GEMS survey.
This is also roughly the limit up to which galaxies are used for science within GEMS. The
Y-axes show deviations of the fitting values to the true parameter values, the horizontal
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Figure 3.8 Fitting results for GALFIT (left) and GIM2D (right) for the set of simulated
n = 1 galaxies. The X-axis again shows the input surface brightness, the thin vertical
grey line indicates the brightness of the sky background. The Y-axes are the same as in
Figure 3.5. The input value is indicated as the horizontal thin dark-grey line, in this case
representing a Sérsic index of 1 for the sample of disk galaxies. The mean value of the
deviations and the 3o line are indicated for different surface brightness bins. The small
crosses show the galaxies that where fitted ‘successfully’ by both codes. Grey squares
indicate galaxies that where fitted by one code only and the other code did not return a
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thin line indicating the ideal value, which, in case of this galaxy sample, is simply the
simulated value.

We will discuss here and in all other sections the behavior of the codes in 3 different
surface brightness bins: first, the galaxies of highest surface brightness which one clearly
would want to be fitted well with any code; secondly, galaxies within a surface brightness
bin of 1 magnitude around the surface brightness of the sky; and thirdly, the faintest
galaxies, much fainter than the sky surface brightness. The third sample are the galaxies
that are obviously hardest to fit. Here the results from the two codes differ the most from
each other.

To summarize our general findings, for n=1 galaxies brighter than the sky’s surface
brightness, there is no significant mean offset between the input and recovered values in
Figure 3.8; however, the scatter in the GIM2D results is somewhat larger. For this sample
of galaxies, this would mean that the final results would be statistically unaffected by
one’s choice of fitting code, but for individual objects the reliability of the GALFIT results
is slightly higher.

For galaxies around the sky surface brightness, there are small systematic trends and
increased scatter for our setup of GIM2D: a size ratio of 1.06 (7 fited/ " simulated» ¢ ~ 0.18)
for GIM2D and a ratio of 1.02 for GALFIT (¢ =~ 0.08). This trend continues towards
fainter surface brightness, although at no point does the systematic size offset exceed
20%.

From Figure 3.8 (grey squares show objects fitted only by the respective code), one
can easily see that GALFIT returns a result more often than GIM2D, although the fraction
of galaxies with failed fits is small in both cases. It is interesting to note that the properties
of galaxies with failed fits is somewhat different between the two codes: galaxies not fit by
GALFIT (those fit only by GIM2D) are fainter than average, the parameters are discrepant
even using GIM2D, whereas galaxies not fit by GIM2D (those fit only by GALFIT) are fit
almost as well by GALFIT as other galaxies with the same surface brightness.

3.4.1.2 Results of Pure Spheroidal Simulations

Figure 3.9 shows the same plots as Figure 3.8 but for the simulated set of n = 4 profiles
representing the light profile of a typical early-type galaxy. The total number of galaxies
recovered in this sample out of 1600 simulated objects was 1091 (68%). Of these, only 2
(0.2%) crashed in GALFIT, 56 (5.1%) ran into constraints; GIM2D crashed on 31 galaxies
(2.8%), 36 (3.3%) additional fits ran into fitting constraints. 54 (5.0%) galaxies were fitted
by GIM2D that were not fitted by GALFIT, 63 (5.8%) galaxies were fitted by GALFIT and
not fitted by GIM2D, both codes crashed on 4 (0.4%) galaxies in common.

When comparing Figure 3.9 to Figure 3.8, one should be aware that the X-axis is
shifted by 2 magnitudes arcsec™2 towards fainter surface brightness, and that the dashed
lines for clarity indicate 1o instead of 30 as in Figure 3.8. It is clear that both codes
recover the parameter values for n = 4 galaxies significantly less accurately than was
the case for the n = 1 disks, resulting in a substantially larger scatter. This is due to
two different effects. Firstly, spheroidal profiles are in principle harder to fit due to the
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Figure 3.9 Code comparison for n = 4 galaxies. This figure is formatted in a similar way
to Figure 3.8, but for the sample of simulated n = 4 galaxies. The X-axis is shifted by 2
magnitudes arcsec 2 compared to Fig 3.8; furthermore, in this plot the grey dashed line
represent the 1o limits. The value for o in this sample is around 3 times as large as was
the case for disk galaxies. The true value of 4 for the Sérsic index is again indicated as
the horizontal thin line.

importance of the outskirts of the light profile — this makes using an appropriate sky
estimate much more important for a successful fit. Secondly, due to the large amount of
light in the faint wings of the galaxies, neighboring objects have a much bigger influence
on the fit of the galaxy of interest than was the case for the exponential light profiles. This
effect is particularly important for this simulated galaxy sample, because it was designed
to have an unrealistically high number of large n = 4 galaxies.
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As was the case for disk galaxies, both codes are basically indistinguishable for high
surface brightness galaxies in a statistical sense. For galaxies with surface brightness
close to that of the sky, our implementation of GALFIT recovers slightly better parameter
values than GIM2D (size ratio of 1.00, o ~ 0.23 and a somewhat asymmetric error distri-
bution for GALFIT; size ratio of 1.14, 0 ~ 0.44 and more asymmetric errors for GIM2D).
The trend continues towards lower surface brightness, with the GIM2D showing increas-
ingly important systematic offsets and a substantially increased scatter. The directionality
and asymmetry of the scatter in all plots (GIM2D and GALFIT) are caused by neighbor-
ing contamination that is not fully removed, keeping in mind that 32% of the simulated
galaxies escape detection by SEXTRACTOR because of their low surface brightness.

3.4.1.3 Deblending Effects

Given the significant differences in philosophy when it comes to the deblending tech-
niques between GALFIT (multiobject fitting & masking) and GIM2D (masking only), we
explored the recovery of input parameters as a function of the immediate environment of
a galaxy for both codes. We analyze the subset of 390 (out of a total of 1033) n = 4
simulated galaxies where GALAPAGOS decided that GALFIT needed to simultaneously fit
two or more profiles. This has the advantage that only significant neighbors are included
in this analysis and should be sufficient to demonstrate the magnitude of the influence of
deblending on the quality of galaxy fitting with GALFIT and GIM2D.

The results are summarized in Figure 3.10, showing the difference between recovered
and input magnitude as a function of the distance to the next neighbor (left) and as a
function of the brightness of this neighbor (right).

Fitting neighboring objects simultaneously, GALFIT (panels a and b) is able to deblend
these galaxies reliably, and the deviations of the fitting magnitudes is independent of both
distance and brightness of the closest neighbor. For GIM2D (panels ¢ and d), it is clear
that fitting residual is a strong function of both distance and brightness of the nearest
neighbor. The closer and brighter a neighboring object is, the larger is the magnitude
deviation. In an attempt to disentangle the influence of distance and brightness, we try
to correct for the systematics observed in panels ¢ and d by removing the offsets and
the slope, showing the results in panels e and f. It is clear that distance and brightness
effects of nearest neighbor cannot be easily corrected, thus can significantly impact the
performance of GIM2D in recovering the true parameters for simulated n = 4 galaxies.
For isolated galaxies, GIM2D does an excellent job of recovering the properties of n = 4
galaxies.

3.4.2 Results of Simulations Representing Simulated GEMS
Tiles
Bearing in mind the importance of neighboring galaxies in determining the quality of

fit, we repeated the above analysis using a sample of galaxies where n = 1 and n = 4
galaxies were intermixed with realistic clustering, sizes and magnitudes. Towards this
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Figure 3.10 The impact of neighboring galaxies on fit results with GALFIT (upper row)
and GIM2D (middle and lower row). The left column shows magnitude deviations from
the simulated values as a function of the distance to the next neighbor; the right column
shows the difference between the recovered and simulated values as a function of the
brightness of the nearest neighbor. GIM2D shows strong systematic offsets as a function
of both distance to the nearest neighbor and its brightness. In the lower two panels, we try
to correct for the systematics observed in panels ¢ and d by showing the distance depen-
dence of the offset-magnitude relation residuals (panel e), and the magnitude dependence
of the offset-distance relation residuals (panel f).
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goal, simulations were produced from the GALFIT results of two real GEMS tiles using
recovered values of magnitude, position and size. The only parameter that was changed
was the Sérsic index. Every galaxy with a real Sérsic index of 2.5 or smaller was simulated
with a Sérsic index of 1; all others with a Sérsic index of 4. These simulations have the
advantage that they are better able to estimate the uncertainties of galaxy fits with GEMS
data.

The results are shown in Figures 3.11 and 3.12. It is worth noting that the range in
galaxy surface brightness is much smaller in these simulations, although we have left the
X-Axis the same as in the previous plots to facilitate comparison with these. We also
show the surface brightness histograms of galaxies used in Barden et al. (2005; disk
galaxies, left) and Mclntosh et al. (2005; spheroidal galaxies, right), to show which areas
of parameter space are especially important for scientific analysis of data.

Inspecting Figs. 3.11 and 3.12, it becomes clear that GIM2D and GALFIT perform
equally well for galaxy populations with clustering and properties typical of medium-
depth cosmological HST surveys. GALFIT shows increased scatter and mild systematic
offsets compared to the earlier simulations. In the case of the n = 1 galaxies the dif-
ference in behavior is especially pronounced: it is clear that the presence of realistically
clustered n = 4 galaxies around n=1 galaxies is a larger source of random error in galaxy
fitting for both GALFIT and GIM2D than in pure n=1 simulations. GIM2D shows very
similar behavior compared to the earlier simulations, with only slightly larger scatter and
systematic offsets than GALFIT.

3.4.3 Results of Deep-shallow Tests Using GOODS and GEMS
Data

Simulations have the disadvantage that the galaxies have unrealistically simple structure
and light-profiles that are known a priori to be the same as the profiles used for fitting.
Accordingly, in this section we test the performance of the codes on real galaxies. This
goal is not straightforward to achieve, inasmuch as one does not know what the real
parameters of a given galaxy are, or indeed whether or not real galaxies are well described
by the Sérsic light-profile that was used during our analysis. Instead, we take an empirical
approach and test whether the fitting results obtained for real galaxies are sensitive to the
image depth by comparing fitting results from the same galaxies in the 1-orbit depth
GEMS survey and the 5-orbit depth GOODS survey. If they were sensitive to the image
depth, it would show that the Sérsic profile is of limited applicability in describing the
light profile of real galaxies.

Inspection of Figure 3.13 shows clearly that both codes are reasonably self-consistent
when fitting the same galaxies on images of different depth, i.e. neither GALFIT nor
GIM2D depends strongly on image depth. While robustness to image depth does not im-
ply that the fitting results are necessarily correct, it does give confidence that issues such as
low surface brightness disks missing from shallow HST imaging, departures from Sérsic
profiles at fainter surface brightness levels, etc., do not appear to seriously compromise
the reliability of fitting parameters in 1-orbit depth HST/ACS data.
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Figure 3.11 Fit results from re-simulated GEMS tiles (see §3.4.2), disk galaxies. Same as
Fig. 3.8, but for a sample of 2 GEMS tiles that were re-simulated in order to create a more
realistic distribution of galaxy parameters and object density (the results for the n = 4
galaxies in this sample are shown in Figure 3.12). In the upper panel we overplot the
surface brightness histogram of the 5664 disk galaxies that where selected for analysis by
Barden et al. (2005) showing where fitting accuracy is especially important.

3.4.4 Error Estimations from GIM2D and GALFIT

It is interesting to consider if the internal error estimates from GALFIT and GIM2D are
reasonable reflections of the more realistic uncertainties given by how well the codes
recover input parameters for simulated galaxies. In Fig. 3.14, we address this issue by
exploring the distribution of the error estimate o divided by the deviation of the fit result
from the true value A. One can see a strong peak of values with /A < 1, i.e., for these
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Figure 3.12 Results from re-simulated GEMS tiles, n = 4 galaxies. Same as Fig. 3.9,
but for the n = 4 galaxies in the re-simulated GEMS tiles. The histogram in the upper
panel shows the surface brightness distribution of the 929 red-sequence galaxies that were
selected for analysis on MclIntosh et al. (2005).

galaxies the deviation A is much larger than the error estimate o!'. Under the assump-
tion that the error estimates are correct, o/A should be >1 for 68% of the galaxies. Fig.
3.14 shows that 0/A > 1 for much less than 50% of the cases; i.e., both GALFIT and
GIM2D substantially underestimate the true fit uncertainties, clearly indicating that the
dominant contribution to fitting uncertainty is not shot and read noise; instead contamina-
tion by neighbors, structure in the sky, correlated pixels, profile mismatch, etc., dominate
the errors. Fig. 3.14 shows no difference between the histograms of o/A for GALFIT

'"This behavior was the motivation for plotting o/A instead of the more intuitive quantity A/o.
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Figure 3.13 Comparison of fits to deep vs. shallow images. The left column shows results
using GALFIT and the right column shows results for GIM2D. Both codes were run on
the same sample of galaxies. Note that in this plot the X-axis shows the GALFIT surface
brightness derived from the deeper GOODS data. The Y-axis shows the deviations of
the three key parameters of the galaxies between the ‘deep’ and the ‘shallow’ fit. In the
uppermost plots we again overplotted the histograms of the disk galaxy sample of Barden
et al. (2005, left histogram) and the spheroid.dominated sample of Mclntosh et al. (2005,
right histogram), right histogram) to highlight out the area of parameter space where
fitting and independence of the image depth is particularly important.
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Figure 3.14 A comparison of estimated and real errors for two simulated samples of disk
(n = 1) galaxies and spheroidal (n = 4) galaxies. Shown is the histogram of the errorbars
o devided by the deviation from the input value A. We show o/A instead of the more
intuitive quantity A/o, which would show a very wide distribution and effects are not as
obvious as here. Calculated as ¢/A, in principle for 68% of all galaxies this value should
be >1. The number given in each plot shows the fraction of galaxies for which this is true.
One can easily see that magnitude and Sérsic index errors are dramatically underestimated
by both GALFIT and GIM2D; the r. uncertainties are significantly better estimated.
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and GIM2D; i.e., GALFIT and GIM2D both underestimate the errors to a similar extent.
Accordingly, in this work and all other GEMS works, we have not used the error estimates
given by GALFIT or GIM2D on an object-by-object basis, relying instead on the mean and
width of the parameter distributions from Figs. 3.11 and 3.9 at the surface brightness of
the galaxy in question.

The uncertainties given in Table 3.6 are calculated and interpolated by using the sur-
face brightness p and the Sérsic index n and the results from the simulated data (see §3.6
for details about this procedure).

3.4.5 Further Considerations

In the course of our preparation of Barden et al. (2005) and MclIntosh et al. (2005), we
found that there were two additional practical considerations that potential users of GAL-
FIT and GIM2D may wish to consider.

e GALFIT is substantially less CPU intensive than GIM2D, reducing the cost and time
of fitting large datasets.

e GIM2D, at least in our implementation, failed to return a fitting result reasonably
frequently, requiring manual intervention to restart the code. When trying to fit
large datasets, we found this to be labor-intensive. In contrast, GALFIT treated each
fit as an individual task and therefore was run from shell scripts one fit after the
other; if GALFIT does not return a fitting result, the script automatically starts the
next fit, requiring no interaction from the user.

3.5 Comparison with Pignatelli et al. (2006)

In this chapter we present an extensive and thorough test of the two different 2-D galaxy
fitting codes GALFIT and GIM2D. In this section, we compare our results with Pig-
natelli et al. (2006), who compared results from testing those two codes with their own
1-dimensional profile fitter, GASPHOT.

Pignatelli et al. conclude that GASPHOT performed substantially better for signifi-
cantly (realistically) blended objects than either GALFIT or GIM2D. In the course of our
testing, we found a number of differences between our analysis and the Pignatelli et al.
(2006), which we felt may significantly affect their conclusions.

e For the simulations examined in this chapter, they used the IRAF task mkobject,
which, as we described in §3.2, is inexact for the inner pixels of a simulated galaxy
light profile. The differences in the profiles can lead to systematic errors of 10-20%
in the fitting parameters.

e In their paper, Pignatelli et al. allow the sky value to be fitted as a free parameter
for all three codes. We argue in this chapter that this is a non-optimal way to run
any galaxy fitting code: not only would one be subject to errors from irregularities
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around a Sérsic profile, but also the tests shown in this chapter show that fitting the
sky level as an additional parameter leads to significantly worse fits (especially in
the case of GIM2D). Estimating a value for the sky before running the fitting codes
and keeping this value fixed returns more accurate galaxy parameter values.

Pignatelli et al. state that all automatic tools are likely to have problems with
blended objects. Like them, we find that deblending is necessary when setting up
fitting routines. Masking out blended objects, while better than doing nothing at all,
still leads to significantly-biased results: this appears to lie at the root of GIM2D’s
difficulties in fitting some simulations (Fig. 3.10). We find, furthermore, that if
one fits multiple galaxies simultaneously (as is recommended when using GAL-
FIT), GALFIT returns stable unbiased galaxy parameters, even in strongly-blended
cases. Their argument that GALFIT does not deal well with blended galaxies is an
artefact of the mode in which they chose to use GALFIT.

Pignatelli et al. only show the GIM2D results for n=4 galaxies; according to our
tests these are the hardest galaxies to reliably fit, and showing only those galaxies
leads to a false impression of the frequency and severity of GIM2D’s difficulties
with nearby neighbors. Also, it seems that Pignatelli et al. (2006) have used the
standard setup for GIM2D, which, according to our tests, behaves poorly for faint
galaxies: the influence of this decision on their fitting results is unknown.

3.6 GEMS GALFIT Results

In this section, we present the GALFIT F850LP-band fitting results of all 41,495 GEMS
objects that were found by SEXTRACTORWe include fit results fr all unigue objects, be
they stars or galaxies. Some objects appear on two or more GEMS frames; in this case
the fit results for the images lying furthest from the image edge was taken. Table 3.6
shows the 10 first objects in the catalog and gives the format of the catalog published in
the online version of this work. It includes the following values:

1.
2.
3.

RA (1), Dec (2): RA and DEC, given by SEXTRACTOR(J2000).
tile (3): the GEMS tile in which the galaxies appears
Snum (4): the SEXTRACTOR catalog number of this object

GEMSID (5): the identification of the galaxy within the GEMS project.

. PosX (6), PosY (7): the position [pixels] of the galaxy in this given GEMS tile.

sky (8): The background pedestal as returned by GALAPAGOS and used during the
fit with GALFIT.
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7. The GALFIT results (9-13): magnitude, halflight-radius r., Sérsic index n, Axis
Ratio b/a, and position angle (both with respect to the image, PA;,,, and with
respect to the WCS, defined north-to-east, P Ay cs) as well as their ‘uncertainties’.
These uncertainties are not the errorbars returned by GALFIT; as shown in §3.4.4
these errorbars do not reflect the true uncertainty of the fit. We use a statistical
method to derive the error estimates from our simulations. We first estimate from
our simulations the scatter of the distribution (of the n = 1 and n = 4 galaxy
sample, respectively) at the given surface brightness i of the real object forn =1
and n = 4 simulations. Then, we perform a linear interpolation between the o(n =
Lpt = piops) and o(n = 4, 1 = pigps) to estimate o (n = ngps, (L = flobs). We do not
extrapolate; galaxies with n < 1 are given the value of the n = 1 sample, n > 4
galaxies the value of the n = 4 sample. We further adopt a minimum uncertainty
for each fitting parameter (0.01 mag for mag, 0,01 pixels for ., 0.01 for n, 0.001 for
b/a and 0.1 deg for PA). In the table published online and on the GEMS webpage,
the uncertainties are saved in extra columns.

8. feon (14): A flag showing which fits ran into any of the fitting constraints (0: fit ran
into constraint, 1: fit did not run into any of the constraints).

9. fsei (15): A flag showing which galaxies would be selected according to the se-
lection criteria given in Barden et al. (2005) (O: object would not be selected for
analysis, 1: object would be selected for analysis). The primary effect of the selec-
tion is to discard stars and very low surface brightness objects.

As is clear from Fig. 3.15 and 3.2, the catalog has strongly varying completeness,
primarily as a function of surface brightness. Many applications of the GEMS catalogs
require a good understanding of these completeness properties. In Barden et al. (2005)
and Mclntosh er al. (2005), we used the simulations presented in this work to quantify
the effects of completeness. Accordingly, we have made extensive suites of simulation
catalogs available to interested users on the GEMS webpage to allow detailed examination
of systematic errors in fitting and sample completeness. These issues are discussed in
substantially more detail in Rix et al. (2004), Barden et al. (2005) and Mclntosh et al.
(2005).

Figure 3.16 shows the parameter distribution of the subset of 34,638 objects for which
the fit did not run into fitting constraints. Galaxies plotted in black and indicated by the
contours would pass the selection in Barden et al. (2005) . One can see that galaxies
discarded (plotted in grey) are mostly faint, low surface brightness galaxies. Another
important class of objects thrown out of the sample are objects with either very small sizes
or relatively small sizes at high magnitudes. These are identified as stars (or saturated
stars) by the automated selection criteria in Barden et al. (2005). Although all these
objects are still included in Table 3.6, one should be very careful when using their fitting
results. All these galaxies are indicated by f,.; = 0.
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Figure 3.15 shows histograms of the most important parameters (surface brightness z,
apparent magnitude, apparent size r. and Sérsic index n) for the subset of 23,187 objects
that would be selected according to the cuts given in Barden et al. (2005).

057
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Figure 3.15 This figure shows histograms for 23,187 objects from the GEMS survey that
were fitted without running into constraints when fitted by GALFIT and selected accord-
ing to the selection criteria in Barden et al. (2005). From left to right we show surface
brightness u, apparent magnitudes, apparent sizes 7. (logarithmic scale) and Sérsic index
n. For comparison we overplotted the surface brightness of the sky as a vertical line in the
leftmost plot and the cut of n=2.5 which is frequently used to distinguish between disk-
and bulge-dominated galaxies in an automated fashion.
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Figure 3.16 Here we show parameter distributions for all galaxies in the catalog published
in Table 3.6, excluding the ones where the fit ran into any of the fitting constraints. Galax-
ies plotted in grey do not end up in the science sample according to the selection criteria
used in Barden ef al. (2005). Galaxies plotted in black and indicated by the contours pass
this selection. In both plots one can see that the galaxies thrown out are mostly faint low
surface brightness galaxies.

3.7 Conclusions

In this chapter, we have tuned and tested two parametric galaxy fitting codes — GALFIT
and GIM2D — for fitting single Sérsic light profiles to both simulated and real data. Our
conclusions are the following:

e The performance of both GALFIT and GIM2D are a strong function of how the codes
are set up; in particular, studies using different setups of parametric fitting codes
may arrive at different conclusions about those codes if not properly or optimally
used.

e The setup of GIM2D, recommended by the author, using ‘dobkg’=‘yes’ and
‘initparams=‘yes’ is unable to recover the input parameter values of simu-
lated n = 4 galaxies that were fainter than the sky surface brightness. We strongly
discourage users from using these settings, but to instead fix the background to the
value local of each galaxy as given by SEXTRACTOR and to input very wide model
parameter limits. This is very important if the SEXTRACTOR segmentation map
does not represent the true extent of a galaxy, as was the case for galaxies below the
sky surface brightness when using standard SEXTRACTOR configurations.
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e Both codes are able to fit n = 1 galaxies reasonably well with relatively little
bias (Figures 3.11 and 3.12). Concentrated n = 4 galaxies are substantially less
straightforward to fit, owing to the large amount of light in the faint outer parts
of the galaxies. For galaxy populations and clustering typical of medium-depth
cosmological HST surveys, there are no large differences between results obtained
using GIM2D and GALFIT.

e The errorbars given by both codes underestimate the true uncertainty of the fit by a
large factor. One has to use a different approach to derive more realistic errorbars.

e Our testing demonstrated that how a code treats neighboring galaxies can be of great
importance. GIM2D only masks out neighbors, which in the tests we ran could lead
to poor fitting results for strongly blended objects. GALFIT, in contrast, is able to
simultaneously fit many objects, and when used in that mode seems to be relatively
robust to contamination by neighbors. For this reason, we caution users interested
in strongly clustered galaxies against using GIM2D without extensive prior testing.

e Both GALFIT and GIM2D are self-consistent and show no discernable dependence
on image depth when comparing fitting results from GEMS and GOODS data.

e Our tests on deep and shallow data show that real galaxies are indeed reasonably
well described by general Sérsic light profiles.

e GALFIT works best using an isophotal sky value given by GALAPAGOS instead of
using the local values given by SEXTRACTOR.

e On the balance, we would tend to recommend GALFIT for single Sérsic profile
fitting in medium-depth HST/ACS data, as GALFIT results are not only somewhat
more reliable in the mean, but also have lower scatter and less sensitivity to con-
tamination by neighbors than GIM2D.
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Chapter 4
GEMS: Exploring the Evolution of
Blue Spheroidal Galaxies

After a collision, a car is a wreck, not a new type of car.

DE VAUCOULEURS, 1974

4.1 Introduction

Trying to explain the formation of spheroidal galaxies, one can in principle picture two
contrasting scenarios: the formation of spheroids (ellipticals) in a single-burst, monolithic
collapse (e.g. Eggen et al. 1962; Larson 1974); or formation through hierarchical galaxy
assembly, where spheroids are the result of merging pre-existing galaxies (e.g. Toomre &
Toomre 1972; Khochfar & Burkert 2005; Kauffmann & Charlot 1998).

The Monolithic Collapse and Formation in a Single Burst. In this picture (e.g. Eggen
et al. 1962; Larson 1974), spheroidal galaxies form at very early times, with the rapid
collapse and conversion into stars of a large gas cloud. Gas cools efficiently during this
process and star formation happens in a big, single burst. After this process, some process
(possibly AGN-feedback) removes remaining gas from the galaxy, leaving behind a gas-
less spheroidal galaxy, although Naab et al. (2005) have shown that this is not strictly nec-
essary when heating of shocks of further infalling material prevents gas cooling. Through
later accretion of gas galactic disks can be built up, slowly turning these galaxies into
more spiral-type galaxies with prominent disks.

If this picture is correct, spiral galaxies are formed from spheroids (or/and the bulges
of spiral galaxies), indeed explaining the color distributions of these galaxies; spheroids
contain mainly old stars, spirals contain many young stars dominating their light and
making them look rather blue.

Two of the important observationally testable outcomes of such a scenario are that
spheroidal galaxies should already be in place at high redshifts and that spiral galaxies
should be more common today than they were in former times. Also, the red-sequence,
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formed by the red and dead spheroidal galaxies in the color-magnitude-diagram of galax-
ies (see Fig. 1.6), should already be present at high redshifts and should only evolve
passively (becoming fainter & redder) when stars in the galaxies age. A late build-up
of the red-sequence (e.g. the total mass of the red sequence) cannot be explained in this
picture.

Hierarchical Galaxy Assembly. In the hierarchical galaxy assembly (e.g. Toomre &
Toomre 1972; Khochfar & Burkert 2005; Kauffmann & Charlot 1998), spiral galaxies
are created in collapses of gas in dark-matter haloes. These spiral galaxies can interact
with neighboring galaxies and merge on a timescale of ~ 0.5 Gyr. During this ‘merging’
event, most of the available gas is drawn to the center and converted into stars (Sanders &
Mirabel 1996). Yet, some inevitable fraction of the gas falls in at later times and rebuilds
a star-forming disk which persists for many Gyrs — in clear conflict with the observations
(Springel et al. 2005). Therefore, a feedback mechanism has to blow out the remaining
gas, ceasing star formation and leading to the eventual formation of a red and ‘dead’
spheroidal galaxy that just passively fades and reddens with time, now that there is no gas
left to form new stars. One of the main problems of the theoretical models following this
ideas is, that the star-formation (SF) within galaxies has to be shut of by a (yet unknown)
process in order to be able to create the most massive red-sequence galaxies observed
today (AGN-feedback might be a possible solution).

This model would lead to a continuous build-up of the red-sequence since z ~ 1
through merging events during this period, turning blue spiral galaxies into massive red-
sequence galaxies, leading to an increase in the total mass in red-sequence galaxies.

Put together, one of the observable key discriminants between these two scenarios
would be whether the red-sequence does build up at late times or not, a late build-up
would prefer the scenario of hierarchical galaxy assembly through galaxy mergers.

The build-up of the red-sequence. Today it is in fact known from observations that
the red-sequence builds up at z<1 (e.g. Borch et al. 2006; Bell et al. 2004b; Brown et al.
2006, see figure 4.1). Red sequence galaxies from little new mass in sifu by star formation,
therefore, new mass must arrive on the red sequence through the cessation or truncation of
star formation in typically blue star-forming galaxies. Some pissible physical mechanisms
include:

e galaxy merging in the picture of hierarchical galaxy formation, both gas-rich
(‘wet’) mergers of spiral galaxies and gas-less (‘dry’) mergers of already existing
spheroidal galaxies (Barnes & Hernquist 1992);

e disk fading in bulge-disk-galaxies (Couch et al. 1998), making spheroidal galaxies
more common with time;

e environmental effect, e. g. , gas-stripping from galaxies falling into galaxy clusters
(Gunn & Gott 1972). This would lead to spheroids being more common in galaxy
clusters, which indeed is observed (Dressler 1980).
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Figure 4.1 Build-up of the red-sequence since z ~ 1: The left plot (Bell 2004), that puts
together results from different surveys (Bell 2003; Bell et al. 2004b; Chen et al. 2003;
Cimatti et al. 2002) shows the evolution of the stellar mass in red-sequence galaxies over
the last 8 Gyrs. The solid line shows a rough fit to the total stellar mass density in red
sequence galaxies in the Cole et al. (2000) semi-analytic galaxy formation model. In
agreement with the galaxy formation model, a clear increase in the stellar mass on the
red sequence is demonstrated since z ~ 1. The right plot (Borch et al. 2006) shows
the integrated stellar mass density as a function of redshift from the COMBO-17 (Wolf
et al. 2003a) survey. The total for all galaxies is shown by filled circles, for red-sequence
galaxies by diamonds, and for blue cloud galaxies by asterisks. In the lower panel the
fraction of mass in red sequence galaxies is shown as a function of redshift. As one can
clearly see, the total mass in the red-sequence rises with time whereas the total stellar
mass in blue galaxies does not, running counter to the naive expectation that the bulk of
the mass increase should be in the blue star-forming galaxies.

To gain further insight into the manner of the growth of the red sequence, it is impor-
tant to study the population of galaxies which are plausibly transforming from blue and
disk-dominated to red and spheroid-dominated.

A natural prediction of the hierarchical galaxy assembly would be a population of blue
spheroidal galaxies, representing an intermediate stage of evolution as the young stars,
created during the merging process, fade and redden and the timescale 7,.c44e, for this
process is longer than the timescale 7,,¢yger for the dynamical assembly into a spheroid-
like galaxy (see § 4.5 for a detailed discussion of these timescales). Such systems are
very rare in the local Universe. However, as shown by Menanteau et al. (2004), such
systems were much more common at early times. To examine these systems in detail,
especially at relatively high redshift to be able to observe their evolution, one needs a big
redshift survey that provides restframe colors for all galaxies, and high-resolution (e. g.
HST) data, enabling the observer to examine the morphologies and sizes of galaxies. This
combination of datasets is available through e.g. the COMBO-17 (Wolf et al. 2003a)
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and GEMS (Rix et al. 2004) surveys. As one of the science goals in the GEMS survey, we
have studied the properties of these blue spheroids (BSGs).

The following sections will describe the estimation and analysis of restframe images
(64.2), technical issues, e. g. , PSF-matching and smoothing, identification of BSGs (§4.3)
before we finally show our results from this analysis in §4.4 and discuss our findings in
64.5.

4.2 Restframe Images

In order to estimate galaxy evolution over a large range of redshifts, it is useful to analyze
galaxies at a fixed restframe (intrinsic) wavelength. Morphological k-correction is impor-
tant (Abraham 1998) as galaxies show different properties at different wavelength, e. g.
star forming regions and spiral arms. e.g. it is known that galaxies show different sizes
in different wavelength bands, making restframe very important for this work, as much
of the analysis is based on galaxy sizes. The easiest ‘correction’ possible can be done
by measuring galaxy properties in the observed band closest to a given restframe band as
e.g. done by the GOODS team in Ravindranath et al. (2004) or in GEMS by Jogee et al.
(2004). In this work, we take a different approach: we use the high-resolution GEMS
HST/ACS data with its 1-color information and the redshifts derived from COMBO-17
(Wolf et al. 2003a) to estimate restframe images on a pixel-to-pixel basis. This is possi-
ble, because optical color-color diagrams are degenerate, which is known as the classical
age-metallicity-dust degeneracy. All these effects can redden galaxy light, but luckily for
us they all redden the light by roughly the same amount. We can use this to our advantage
and estimate the restframe colors for each galaxy on a pixel-to-pixel basis from only one
color that GEMS provides.

There are two key steps toward creating useful images of a galaxy in the restframe: 1)
construct and characterize a set of stellar-population models that we used to ‘translate’ the
observed color into restframe colors (§4.2.1); and ii) construct and optimize the process
used to estimate colors on a pixel-to-pixel basis, and to create the final restframe image (§
4.2.2).

4.2.1 The PEGASE stellar-population models

In order to be able to convert between observed and rest-frame, and between different
observed frames, a grid of stellar populations with a variety of properties and redshifts is
required. We have constructed such a grid using the PEGASE stellar population model
(see Fioc & Rocca-Volmerange 1997, for an earlier version of the model). PEGASE cre-
ates a stellar population with a star formation history according to 1) = ce~%/", for all
t < A, where A is the age, 7 is the e-folding time of the star formation history, and c is an
arbitrary normalisation constant related to the stellar mass of the system. For all ¢ > A,
the star-formation-rate (SFR) is ¢» = 0. In total, we constructed 45 different templates
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Figure 4.2 These images explain how the restframe g-band images were derived and
tested. the rightmost column shows images from testing the pipeline on deeper GOODS
data (Giavalisco et al. 2004), the left and middle columns show images used for this work
directly. Details are explained in the following:

1) z-band image: The z-band image for this galaxy from GEMS.

2) V-band image: The V-band image for this galaxy from GEMS.

3) i-band image: The i-band image from the deeper GOODS survey that was used to test
the restframe estimation.

4) A 2-band composite color-image from the color-images used for the GEMS-skywalker
(see also chapter 6).

5) Image to control the smoothing of the observed GEMS images. From bright to dark
this image shows in which step the S/N of a certain pixel was high enough in order to be
used to derive the colormap (frame 7) that was used for the estimation of the restframe
image. 14 steps were taken in total. For all pixels with still too low S/N, the mean color
of the most smoothed 20% of the pixels was taken as color. In this image, one can also
see the masking that was used during the whole process in the lower right corner.

6) estimated i-band image: This is the observed-i-band image as it was estimated from
using GOODS z- and V-band. Images like this were used to test the pipeline as they were
compared to the observed i-band images from GOODS.

(...caption continues on next page...)
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[To figure 4.2:]

7) This is the colormap (V-z) of the galaxy as derived from z-band and V-band images
after the smoothing. The scale of this image is arbitrary.

8) The final restframe image derived from the pipeline (restframe-g-band). This image
was used in the further analysis of this work, especially for deriving galaxy parameters
like Sérsic index and r. from profile fitting using GALFIT (see §4.3 and especially §3for
details). As is obvious from this example, this image is noisier than the original images.
This is due to the fact that a) it is derived by adding a noisy color map to one of these
images and b) we used smoothing to increase the S/N of each pixel. This smoothing
introduces some structures, especially in low-S/N regions. One can also see that the dust-
lane in this particular galaxy can not bee seen very well in the restframe image. This is
mostly an effect of smoothing, small structures as dust are smeared out by this step.

9) The relative deviation between estimated and observed GOODS i-band images. The
scale of this image is arbitrary, the fluffy structure especially at the outskirts of the galaxy
are created by the smoothing steps within the pipeline. As one can see, the created image
represents well the true observed i-band image. There is no dependance on galaxy bright-
ness and only slight effects of pixel color can be seen, especially along the (red) dustlane.
The masking in this image was different from what can be seen in 5), this is because these
tests were carried out on GOODS where the masking was different due to different image
depth.

with different values of 7 and A, selected to give the best match to the run of colors as a
function of redshift in COMBO-17 (see Fig. 4.3).

It must be noted that these grids were tuned to reproduce the global colors of galaxies
in COMBO-17, yet are applied pixel-by-pixel to GEMS galaxies in this work, where
bursts of star formation and large variations in dust amount/geometry are expected. Only
being able to use 1 color in GEMS to probe stellar population/dust variations, we cannot
have any more than a 1-dimensional set of models (i.e., our 1D sequence of 45 models).
Given that we needed to define a 1D set of models, we then chose to tune the models to get
COMBO-17’s global colors as accurate as possible, instead of choosing a perhaps more
physically-motivated set of models which a priori already severely violated the observed
global colors of galaxies in COMBO-17.

Three additional ingredients were added to provide a better match to galaxy colors as
a function of redshift in COMBO-17: a template-dependent metallicity, selective dust
extinction (where the amount of extinction is template-dependent), and a ‘gradual shut-
off” of star formation towards recent times. The run of metallicity with template number
is shown in Figure 4.3. Galaxies dominated by older populations are more metal-rich in
this scheme. This was designed to maximize the strength of the 4000 break for the reddest
galaxies.
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Figure 4.3 The properties of the stellar population grid used to convert between different
observed and rest-frame passbands as a function of redshift. The grid is a 1-dimensional
sequence of a variety of star formation histories, ages, metallicities and dust contents. See

text for details.
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Selective extinction is added according to Calzetti et al. (1994).

AyJE(B —V)gs = 117(=1.857 + 1.040/A[pm]) + 1.78  [A > 0.63um] (4.1)
1.17(—2.156 + 1.509/A[um] — 0.198 /X [um] +
0.011/X\*[um]) + 1.78 [\ < 0.63um] (4.2)

where E(B — V)45 is the reddening in the gas phase. The reddening in the stars is
roughly 1/2 of the gas phase reddening in this model to simulate the clustering of young
stars inside and near the region in which they were formed. The amount of gas extinction
as a function of template number is shown in Fig. 4.3.

Finally, in order to reduce the amount of blue flux (required to match the behavior of
V-I vs. R-I observed frame colors in COMBO-17) it was necessary to introduce further
suppression of the light from very young stars. This was done in a somewhat artificial
fashion: the SFR was artificially reduced from 100% of the value given by the 7 model
200 Myr before the epoch of observation to only 20% of the value given by the 7 model
at the epoch of observation (where the fraction is a linear function of the time before
epoch of observation, i.e. age). A physical interpretation for this type of model would
be the obscuration of star-forming regions in optically-thick dust clouds which cannot be

detected at optical wavelengths, and the successive emergence of young stars from these
dust clouds with time (e.g. Charlot & Fall 2000).

4.2.1.1 Testing the PEGASE models on COMBO-17 and GEMS data

The colors as estimated from the grid of models were tested on different sets of data, both
comparing to galaxy colors from COMBO-17 and GEMS as a function of redshift. A full
analysis if these tests is far beyond the scope of this work, we will discuss and show the
most basic results here.

From tests on COMBO-17 colors (see Fig. 4.4 for part of these results), it is clear
that the grid estimates colors in a pretty good fashion when estimating R — I vs. V' — I.
This is by construction: for GEMS F606W-F850LP we wanted to get the color-color plots
in this part of wavelength space right, so the grids were created in a way that they match
these colors best.

When comparing the estimated colors from the grid to F606W-F850LP colors from
GEMS (see Fig. 4.5 for part of these results) as a function of U — V rest frame and U — B
vs. GEMS observed frame, the agreement is quite encouraging.

When we use GEMS magnitudes from both z-band and V-band (photometry within
an ellipse of 2r, semi-major axis) to predict COMBO-17 colors in restframe U — V
(see Fig. 4.6, blue galaxies left plot, red galaxies right plot), we get good results with
only small offset and a 0.1 mag scatter. This is close to the limit of what we suggested
to be acceptable, but given all the uncertainties, this should be good enough to estimate
restframe images on a pixel-to-pixel basis. The Mp magnitudes can be predicted from
GEMS magnitudes with 0.1 mag offset such than GEMS is brighter than COMBO-17 and
< 0.2 mag scatter.
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Figure 4.4 Testing the PEGASE models on COMBO-17 data: These plots show color-
color diagrams R — [ vs. V' — I for real galaxies fromCOMBO-17(data points) and the
colors predicted by the models (as solid line). One can see that models and predictions
agree quite well at all redshifts.

The most basic test that we carried out was based on the exact pipeline that we used
to estimate the restframe images, including masking and smoothing (see §4.2.2 for details
about this procedure). Using this pipeline and GEMS z- and V-band images, we estimated
i-band observed frame images on a pixel-to-pixel basis for all galaxies in the shared data
with the GOODS project using the same set of population models that we used for rest-
frame estimation (see images 1 and 2 in Fig. 4.2 for z- and V-band images and image 6
for the i-band image as estimated using our pipeline). For the GOODS project, there is
also i-band data (F775W) available, which allowed us to directly compare our estimated
images with ‘reality’ as shown in image 3 in Figure 4.2; image 9 shows the relative devi-
ation between estimated and observed image. One can see that in principle the estimation
works, but has some problems e. g. at the ~ 0.1 mag level in the dustlane of this galaxy
and in the low S/N outskirts of the galaxy where it introduces smoothing features. Fig-
ure 4.7 shows results from this test as a function of redshift. The y-axis shows relative
deviations of the estimated image when compared to the GOODS image. Each data point
represents the mean deviation of all pixels within an ellipse of semi-major axis 2r, (as de-
rived from the initial z-band fit using the procedure discussed in §3) for one galaxy in our
test sample. The bars on the right side show typical errorbars for redshift estimation of
COMBO-17 (6z ~ 0.03) and the standard-deviation of the distribution of the deviation
pixel-by-pixel, although individual distributions can be much wider (shown by the bigger
errorbar representing one of the largest standard deviations in our sample). As we can see
from this plot, the estimation of i-band observed frame images works with 10% system-
atic offset and 20% scatter. While testing different grids of stellar population models, it
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Figure 4.5 Testing the PEGASE models on GEMS data: We compare F6O6W.F850LP
colors from GEMS with U — V,..i; from COMBO-17. Also here, the models agree well
with the observations, although scatter is obvious.
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Figure 4.6 Testing the PEGASE models on GEMS vs. COMBO-17 data: We use GEMS
colors to predict COMBO-17 U — V... colors and compare these with the colors actually
observed by COMBO-17. Results are shown as a function of redshift. As one can see,
there are small systematic trends with redshift, but all in all, the esimated and observed
colors agree quite well.

was not possible to reduce these effects, e. g. it was not possible to remove the systematic
offset seen in this plot.

4.2.2 Estimating the restframe g images

A second key ingredient to restframe image creation is the challenge of deriving accurate
colormaps from noisy data, which can then be translated to restframe color images using
the stellar population grids described in § 4.2.1. It is clear that some kind of smoothing is
required to extract color information for low S/N areas. It is also clear that any smoothing
will introduce unwanted artefacts in pixels with strong surface brightness or color gradi-
ents. We have developed a complex, well-tested pipeline which will be described in detail
step-by-step in this section.

e We try to estimate restframe images for all galaxies for which we successfully found
both COMBO-17 information (e.g. redshift which is obviously needed for this
work) and GEMS z-band fitting results in order to be able to mask out neighbors
successfully (this will be explained in further detail below). In total, we start with a
sample of 9315 galaxies. We are able to create restframe images for 9163 of these
(98.3%).
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Figure 4.7 Testing the PEGASE models on estimating GOODS i-band: We show mean
deviation of all pixels within 2r, of a galaxy when comparing the estimated i-band ob-
served frame image to the real i-band image from the GOODS survey as a function of
redshift. The ideal deviation of O is indicated as the long dashed line. Median errorbars
are indicated on the right side, the bigger errorbars shows one of the extreme examples to
guide the eye for reliability of these colors. As one can see from this plot, there are small
systematic trends over redshift that we could not get rid off when testing different types
of stellar population models, but in general, the true and the estimated color agree on a
10-20% level.

¢ In the initial step, the images are sky-subtracted. We subtract the isophotal sky val-

ues as explained in detail in §3.3.1.2, although here, this routine was also run on
V-band data in order to be able to sky-subtract these images. The typical uncertain-
ties of this sky estimation, as shown in § 3, is of order 1%.

We fit 2-D gaussian functions to both images and derive the object’s center from
this fit in each band. This has to be done in order to remove small image shifts
between V- and z-band due to poor registration of the images, which would severely
influence the colormaps derived. We shift the V-band image to match the z-band
image on a 1/10 pixel level. As this is especially important for galaxies with high
concentration and less important for galaxies with low concentration, we carry out
this step only for galaxies with n > 2 from the initial z-band fits. This prevents
problems when deriving the center for the galaxies with low n, where the center
from fitting a gaussian is not derived very securely. If the offset was bigger than
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Figure 4.8 This figure shows the the quality of the PSF correction. In the left figure, the
black line represents a cut through the original V-band PSF, the red line represents the
V-band PSF after the correction which has to be compared to the original z-band PSF
which is shown in green and can hardly be seen because the correction is indeed very
good. The right plot shows a histogram of the relative deviations between the corrected
V-band PSF and the z-band PSF. Numbers being on a level of 107 clearly show that the
PSF correction applied is very good.

3 pixel, though, the images were not shifted (345 galaxies). In these cases, it was
clear from visual inspection that the gaussian was not a good fit to the data, we
expected image offsets to be much smaller than this. In total, 2437 galaxies (26%)
where shifted with typical offsets of 0.1-0.2 pixels (and an additional bump around
1 pixel as some GEMS images show 1 pixel offset between V' and z band).

e We convolve the V-band image with a correction PSF in order to show the same
PSF as the z-band image. This has to be done in order to prevent artificial color-
gradients of galaxies as one of the images is ‘smeared out’ more severely than the
other. Figure 4.8 shows results from these correction. As immediately becomes
obvious from these plots, the correction is very well understood and is good at a
107° level.

e We create a mask image for each galaxy (see image 5 in Fig. 4.2), masking out cos-
mics and neighboring objects (as known from the GALAPAGOS pipeline as blown-
up SEXTRACTOR ellipses). This is important as neighboring objects (especially
‘false’ neighbors at a different redshift) may influence the colormap.

e In order to increase the signal-to-noise for each pixel, we iteratively smooth both V-
and z-band image, holding the total flux fixed. As we want the S/N to be S/N > 20
in both bands for each pixel, we initially only keep the pixels where this is true. The
rest of the pixels are smoothed in n = 14 steps (over a box of [2 * n + 1]? pixels),
until their S/N was high enough. The noise in each step is calculated as

Timage = \/image + sky + readnoise? + o2, + o? — gfheow (4.3)

sky smooth
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where ‘image’ is the image after the smoothing, ‘sky’ is the background sky that
was subtracted in the initial step, ‘readnoise’ is the readnoise of the GEMS frame,
Osky 18 the uncertainty from the sky level estimation (0.05 count at a sky level of 18.3
counts, ~ 0.2 — 0.3%), 0smootn quantifies the smoothing structures as introduced in
the smoothing itself (estimated by running the same smoothing scheme on empty
patches of sky, see images 7-9 in Figure 4.2 for an impression of this structure)
and 0ype0ry 15 theoretical noise that was suggested from the smoothing of empty sky

defined as %, where 4.98 is the readnoise and 18.34 the background of

our data and pizels is the number of pixels over which we smoothed the image in
that step. oipeory has to be subtracted here, because it is included in both sky and
O smooth and counting it double would bias the S/N map.

Image 5 in Figure 4.2 shows a greyscale map which represents in which smoothing
step the S/N was high enough so the values were accepted for this pixel, from white
being high-S/N initially without smoothing to dark grey being high-S/N in the last
smoothing step. Black pixels where too-low S/N even in this last step. If no high-
S/N pixels were apparent, the estimation of the restframe image was skipped (20
galaxies).

We have to set pixels with fluxr < 0 to a very small value in order to be able to
convert the image into a magnitude map. The conversion is done by using

mag = zeropoint — 2.5 - log(flux/0.03%) (4.4)

where ‘zeropoint’ is the zeropoint of each image and 0.03 is the pixelscale of the
GEMS images so that the created image shows magnitudes arcsec 2. By subtracting
the images from V- and z-band, a colormap (V' — z) s is created, low-S/N images
(see step before) are assumed to have the mean color of the 20% most-smoothed
pixels of the object (see image 7 in 4.2), taking care of possible color-gradients
within galaxies.

This colormap is translated using the grid of stellar population models from
PEGASE (see §4.2.1 for details) to a g,.s: — 2ops image. Besides the 45 models, the
used grid contains information about 17 filters and 33 redshifts which are used to
interpolate between the two closest redshifts in the grid to the redshift of the object.
During the estimation process, we check whether the model is strictly monotonic in
the color-color-diagram. If is is not, the interpolation might fail for those pixels that
happen to fall into this region of the color-color-diagram (231 objects had warnings
due to this reason, we estimated the images non the less).

The new ¢,.s: — 2ops colormap is added to the initial (non-smoothed) z,,s image
in order to get a restframe g¢,.; (Sloan g-band) image. The initially subtracted
background sky is added to this image in order to have a ‘proper’ image for GALFIT
which needs background flux to successfully fit the galaxies. For the fit, we used the
same GALFIT setup that was tested in §3, but GALFIT did not derive a sigma-image
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Figure 4.9 This plot (from Bell et al. (2004a) shows the distribution of Sérsic indices of
visually classified E/SO galaxies (red), Sb — Sdm galaxies (blue), and Sa galaxies (yellow).
Although automated classification by dividing early- form late-type galaxies by using
n = 2.5 as a cut, returns relatively robust (80% reliability) classifications of galaxies,
significant contamination of both samples is still apparent. The inclusion of SO galaxies
in either of the late- or early-type galaxy bins does not significantly affect this conclusion.

internally, but we created one in this step and implemented it in the GALFIT start
file. This new sigma image was necessary because the estimated restframe images
had count levels which were sometimes substantially different from z,,s, and whose
uncertainty could not be estimated from the count level + readnoise + gain alone.
The sigma image was created using all S/N maps from the smoothing steps, the
image itself, readnoise and uncertainties in the sky estimation. In the end, to avoid
strong pixel-to-pixel variations, the sigma image was smoothed by convolution with
a gaussian (FWHM=2 pixels).

The product of this pipeline was a g,..; image for each galaxy, the according GALFIT
startfile and all information needed for the fit. In total, a number of 9163 have been created
and prepared for the fit (see next section).

4.3 Identification of Blue Spheroidal Galaxies

As has already been described in detail in § 3, we fit Sérsic profiles to all galaxies using
GALFIT. From § 3 it becomes clear, that GALFIT is capable of recovering the true param-
eter of the galaxies using the same masking and simultaneous fitting scheme as tested in
§ 3, simply using a different sigma image for differently weighting the individual pixels
during the fit. The fitting results derived could, in principle, be used to automatically
classify galaxies by using the Sérsic index n, classifying all galaxies with n > 2.5 as
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early-type and galaxies with n < 2.5 as late-type, as was done by several authors before
(e.g. Mclntosh et al. 2005, and others). This method indeed gives a rough classification
for very large samples of galaxies without too much work, a scheme that is required and
very much appreciated today as large galaxy surveys (especially HST surveys like GEMS,
CosMos and STAGES) exist and visual classification of all galaxies is clearly challeng-
ing. Nontheless, Figure 4.9 shows Sérsic indices for a sample of 1500 visually classified
galaxies from Bell et al. (2004a). As is obvious from this plot, when using automated
classification by cutting at n = 2.5, significant contamination from disk galaxies in the
‘early-type’ galaxy sample would be apparent. In order to remove this contamination and
to get a clean sample of spheroidal galaxies which was strongly required for our analysis,
visual classification of at least some galaxies was required. We decided to classify all
galaxies with n > 2 (from the same fitting pipeline that was used for the code-testing
in §3), to be slightly more conservative than the usual automated classification and to
remove the contamination from our sample, without having to visually classify galax-
ies with n < 2. For time reasons, only half of the galaxies have been classified at this
stage. For the rest of this analysis, we only use this half of the galaxy sample where the
classification was completed (3501 galaxies).
For our classification we used several different images from our dataset:

e The most important image was the restframe image as derived by §4.2 as this was
the image that was used for galaxy fitting during all this analysis.

e Not to be affected by the smoothing in the estimation of the restframe images, which
hides weak internal structure, e. g. spirals that were an important criteria during the
classification, we used the nearest observed image to restframe-B (the observed V-
band image up to a galaxy redshift of z=0.5, the observed z-band image for galaxies
beyond z=0.5.

e During the restframe estimation, a color-map of the galaxies was created. This
colormap was used for the classification, because it sometimes showed internal
structure that was not visible in any of the observed images. Some (clear) spirals
only became obvious in the colormap.

e We used the fitting-residual from the z-band fits as they sometimes revealed spiral
arms, dustlanes and/or other internal galaxy structures.

Although our internal classification was more complicated, the important step for this
work is the separation of late-type and early-type galaxies (while still removing galaxy in-
teractions and irregular galaxies). As early-type galaxies we use ellipticals and SO galax-
ies, we will call the sum of these ‘spheroidal’ for the rest of this work. Some examples
for galaxy classifications are show in Figure 4.11. As becomes obvious from this plot,
some galaxies with n > 2 are clearly disk galaxies with a central cusp of light. These
were removed from our sample of ‘early-type’ galaxies.

At this stage, only one classifier gas classified the galaxy sample (B. HiauBler). Visual
tests have suggested a good degree of reliability; however, results from multiple classifiers
would be clearly desirable and will be secured and analyzed soon.
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4.4 Results

Figure 4.10 shows color-magnitude-diagrams for galaxies from GEMS and COMBO-17
for different redshift bins. As all plots in this chapter, the values for magnitudes and
colors are derived from COMBO-17 (Wolf et al. 2003a), GEMS values were used for
Sérsic indices and galaxy sizes.

In the left hand column, galaxy classes from automatic classification using Sérsic
indices to separate ‘early-type’ (n > 2.5, black symbols) from ‘late-type’ (n < 2.5,
grey symbols) are shown. The red sequence, the blue cloud and the gap in between (the
‘green valley’) show up clearly. In the right column of plots, we overplot the visually
classified spheroidal galaxies as classified according to §4.3. As one can see, not all high-
Sérsic-index galaxies have been classified as early-type (black dots without surrounding
diamonds or boxes), so the visual classification was required to remove this contamination
and agrees roughly with the color-bimodality observed in the color-magnitude diagram.
Red galaxies turn out to be mostly visually classified spheroids, though edge-on spirals
with strongly reddened colors do also form a fraction of the red-sequence. Blue galaxies
are basically spiral (disk-dominated, non-spheroidal) galaxies. This is true at all redshifts,
although significant contamination is obvious.

By using the ‘green valley’, indicated by the solid line in the left plots and the dashed
lines in the right plots, the visually classified spheroids can be divided into a red (black
boxes) and a blue (black diamonds) population. Please note, that this cut ‘evolves’ with
redshift, the slope of the cut (-0.08, parallel to the red-sequence) is derived by Bell et al.
(2004b), but a Y-offset has been applied to better fit the ‘green valley’ for the different
redshifts. Figure 4.11 shows examples of different types of galaxies that were classified
by eye. Recalling that only galaxies with n > 2 were visually classified, it helps to
understand why some galaxies with high Sérsic index n where clearly classified as disks.
Most of them are disk galaxies with a central cusp of light, e. g. a faint AGN, a bright
central cluster or a foreground star. Removing the clear disk galaxy contamination from
the sample is important in order to get a sample of spheroidal galaxies as cleanly as
possible.

We can use figure 4.10 to estimate how much BSGs at a given magnitude have to red-
den in order to form a typical red-sequence galaxy. Although passive evolution includes
significant changes of luminostity (fading) this number should be a good estimate for the
reddening that is required. This scheme is indicated in the right column of plots as the
vertical lines from the BSGs to the fit of the red-sequence. We measure this number for
all spheroidal galaxies, RSGs as well as BSGs.

Figure 4.12 shows magnitude-size-diagrams for the visually classified spheroidal
galaxies. For each redshift we individually estimate the fit to the population of red
spheroids (left plots and grey squares in right plots), by excluding very bright (Mp 45 <
—17 mag; 6 galaxies in the redshift bin 0 < z < 0.4), very big (r. > 100 kpc; 1 galaxy
in the highest redshift bin having several much brighter neighbors, a combination which
makes the galaxy very hard to fit. The z-band fit returns a size 15 times smaller) and very
small galaxies (r. < 0.3kpc; 7 galaxies in total, size is too small to represent a reliable
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Figure 4.10 The left plots show color-magnitude diagrams of galaxies from the GEMS
survey for different redshifts as labeled in the plots. X- and Y-axes, as for all plots in this
chapter if not labeled differently, show parameters from COMBO-17 (Wolf et al. 2003a).
The different grey scaled dots show the galaxy type as derived from automatical classi-
fication cutting galaxies at a Sérsic index n = 2.5, light grey indicating low n galaxies
(late-type), black indicating high n galaxies (early-type). All galaxies with n > 2 were
classified by eye. The diamonds indicate galaxies classified as early-type galaxies in this
classification. (...caption continues on next page...)
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[To figure 4.10:] As one can see, the classification roughly agrees with the color bimodal-
ity of galaxies. The diagonal lines in each plot show the cut that was used to define blue
(bottom) and red (top) galaxies, directly defining the sample of blue spheroidal Galaxies.
These cuts are also shown as dashed lines in the right plots. To guide the eye, the divid-
ing line of the z ~ (.7 bin is indicated in all plots as a dashed line. On the right side,
visually classified spheroids have been overplotted, squares representing red spheroids,
diamond representing blue spheroids as devided by the dashed line. The solid diagonal
line in the right plots show the fit to the red-sequence. The slope (-0.08) is taken from
Bell et al. (2004b), the y-offset is determined to fit the data. We measure the distance of
all blue spheroids to the fit of the red-sequence (vertical solid lines) asking: At a given
magnitude, how much do galaxies have to redden in order to form a typical red-sequence
spheroidal 7’

fit to the data). This fit is shown in both plots as solid line. In the right plot, we also
show the population of blue spheroidal galaxies (diamonds). For each galaxy we measure
the distance to the fit of the RSGs at a given fixed size. Assuming that galaxies just fade
passively during their evolution, this answers the question how much galaxies (at a given
fixed size) have to fade (or brighten) in order to form a typical red-sequence spheroidal.
As one can see from this plot, in fact most BSGs would have to brighten in order to form
a typical red-sequence galaxy.

Given the fact that the magnitude of galaxies changes significantly during their life-
time, it is a ‘bad’ parameter to estimate evolution effects. A better parameter to do this
are galaxy masses that should not evolve if passive evolution is assumed. We use stellar
masses of galaxies derived by Borch et al. (2006) from the color-M/L-relation (Bell et al.
2003b; Borch et al. 2006) by using stellar population models. These masses have been
tested dynamically on a small subset of galaxies from the COMBO-17 survey.

In figure 4.13 we show mass-size diagrams for GEMS galaxies. As becomes obvious
from these plots, RSGs (grey open boxes) on one hand and disk galaxies (both visual
and automated classification using n < 2, grey dots) on the other hand form two very
distinct classes of galaxies. At a given r., RSGs are more than 10 times more massive
than typical disk galaxies at all redshifts (i.e. spheroids have ~ 10x surface density within
r. than disks). In contrast to other projects, our sample is large enough to be able to
divide the identified BSGs into different subpopulations, which turns out to be important
in order to examine these types of galaxies in more detail. Using a mass-density cut of
3 - 108Mykpc=? (dashed line) which was suggested by Kauffmann et al. (2006) as the
mass-density where star formation histories of galaxies changes qualitatively, separating
disk-dominated galaxies from bulge-dominated systems, we can divide the blue spheroids
(black open diamonds) in 2 subclasses, low- and high-mass-density.

e The high-density BSGs at a given mass have similar sizes as the RSGs. Given that
Mclntosh et al. (2005) found no evidence for evolution in the mass-size relation of
spheroids from z = 1 to the present day, a natural expectation is that high-density
BSGs will become present-day red spheroid-dominated galaxies.
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Figure 4.11 This figure shows examples for different types of visually classified n > 2
galaxies from the redshift bin 0.6 < z < 0.8. Recalling that only galaxies with n > 2
were classified, these examples explain why many of these galaxies have high Sérsic
index, although they are clearly classified as disks. From left to right we show: red
spheroids, blue spheroids, blue disks, red disks. Please note that the images do only
roughly show similar physical scales (all galaxies being from the same redshift bin 0.6 <
z < 0.8). Disk galaxies with high n turn out to be disk galaxies with a central cusp of light,
either faint AGN, bright central clusters or other features. A single-component Sérsic fit
to an exponential disk profile with some extra-light in the center returns higher Sérsic
index. The difference between blue and red high-n disks is the viewing angle. Red disks
turn out to be edge-on spirals that are reddened by dust. In some of them the dustlane
is clearly visibly (e.g. the bottom right example). This figure illustrates clearly that
automatic classification by using the Sérsic index as the dividing-criteria is insufficient to
unambiguously identify spheroidal galaxies. Visual classification is strongly required to
rule out significant contamination by disk-dominated galaxies in the spheroid-dominated
galaxy sample.
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Figure 4.12 These plots show magnitude-size diagrams for the same redshift bins as in
in Figure 4.10. The left columns of plots show red spheroidal galaxies and the line fit to
these data points. The same data is shown in grey scale in the right column of plots. Over-
plotted, we show the distribution of blue spheroidal galaxies as diamonds. We measure
the distance of these galaxies the the fit to the RSGs. How much do galaxies at a given
size have to fade in order to form a typical RSG. When we talk about ‘fading’ of galaxies,
one should note that in fact most of the BSGs would have to brighten in order to have

true properties similar to typical red-sequence galaxies.
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Figure 4.13 Mass-size diagrams for galaxies at different redshifts. The underlying grey
dots show disk galaxies, both visually and automatically classified (n < 2), grey squares
show red spheroidal from the visual classification and by color defined by figure 4.10.
Diamonds show blue spheroidal galaxies. There are two classes of BSGs, one showing
the same mass-size distribution as the RSGs, one showing sizes at a given mass much
bigger, more in consistency with disk galaxies. The dashed line shows the mass-desnity
cut of 3 - 108 My kpc=? (from Kauffmann et al. 2006) and is the same for all redshift bins.
It is used to divide the BSGs into a low-density and a high-density sample.
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Figure 4.14 We show three examples for each sample of classified spheroidal galaxies,
red spheroids, high-density blue spheroids and low-density blue spheroids (from left to
right). Note again that the images do only roughly show cutouts of comparable physical
size. The blue-red offset in the middle image is unphysical and comes from poor centering
of one of the images used to create this color-image.

e Low-density BSGs are much bigger at a given mass than red spheroidal or high-
density BSGG galaxies. Given their overlap with disks in the mass-size plane, we
speculate that these galaxies my evolve into disk-dominated galaxies.

Figure 4.14 shows three examples of each of the three different populations, red
spheroids, high- and low-density BSGs (from right to left). Note that these images show
roughly the same physical size as they show galaxies from the 0.6 < z < 0.8 redshift bin.

For these different classes of galaxies, we can plot the two quantities derived from
figures 4.10 (the color distance to the red-sequence at a fixed magnitude in the color-
magnitude diagram ) and 4.12 (the magnitude distance to the red-sequence at a fixed size
in the magnitude-size diagram). We show the result in figure 4.15, the X-axis showing
the color difference, the Y-axis showing the magnitude difference. By definition, the
red-sequence galaxies (open grey boxes) show no systematic offset in any direction, they
clearly cluster around values of O along both axes. Low-density BSGs are shown as
open diamonds, high-density BSGs are plotted as filled black diamonds. The overplotted
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model arrows connect 5 different stellar population models, to get a sense of the expected
fading and reddening experienced by a galaxy after a starburst and truncation of the star
formation rate. In all cases, the population started forming stars 5 Gyr before the epoch of
observation. The star formation was truncated O (bluest), 0.5, 1.0, 2.5, and 4.5 (reddest)
Gyrs before the epoch of observation. A starburst happens just before truncation, and the
mass created in this burst brings up the models to have the same final stellar mass (i.e.,
these models have the same stellar mass, and the luminosity and color differences are the
result of their different star formation histories). It is important to note that the expected
fading and reddening of a truncation only, or a different mix of truncation and burst, are
not significantly different from those shown in Fig. 4.15.

The arrows in each plot show how galaxies theoretically should fade and redden as-
suming passive evolution. They have been derived by stellar population models (see
64.2.1 for details) and show relative fading and reddening of stellar populations only,
once the star formation has been shut off in the galaxy (arrows show the effect after 0.5,
1.0, 2.5 and 4.5 Gyrs).

One can see in figure 4.15 that only the high-mass-density galaxies are in place to
evolve into typical red-sequence galaxies passively. Summarizing that they have both the
same mass-size distribution as red-sequence galaxies and the right magnitudes and color,
they are the ideal progenitors of the RSGs. Low-density galaxies are too faint to be able
to evolve into red-sequence galaxies. Given the fact that they show a similar stellar mass-
size distribution to typical disk galaxies, one could speculate that they are either old disk
galaxies that form strong bulges through several minor mergers making them look rather
spheroidal, or they are the remnants of mergers, but they are currently reforming a galactic
disk by gas inflow, evolving them back into disk-dominated systems. They are clearly too
extend at a given stellar mass (too low-mass at a given size) to be able to evolve into
typical red-sequence galaxies.

4.5 Implications and Discussion

4.5.1 Comparison with Other Studies

Within our sample of spheroidal galaxies (high and low-density ellipticals, ignoring the
lowest redshift bin 0 < z < 0.4), we find that a total fraction of ~ 22% (47 out of
216 early-type galaxies in total, both spheroids and SO galaxies) shows blue colors, so
presumably star-formation happens or happened recently within these galaxies.

This is only roughly in agreement with other works which have found that approxi-
mately 30-50% of morphologically normal field E/SO galaxies are quite blue because of
recent star formation. For Example Abraham et al. (1999) find evidence for star formation
which must have occurred within the past third of the galaxy ages at the epoch of obser-
vation for ~ 40% (4 out of their sample of 11 early-type field galaxies from the HDF with
redshifts 0.4 < z < 1), although they clearly suffer from number statistics due to their
small field of view. Schade et al. (1999) also find that roughly 30% of spheroids (from a



4.5. Implications and Discussion 97

F0<z<0.4 ' ' ]
F <> ]
2r @ =

L O Q 4

o S0 E
F o o© ¢ ]

§0.6<z<058 S : ]
2F o~ o E
oF e —— ]

/"7 '0 ]
T . E
2f ]

6 MB,abs

£0.8<2<1.0 ]
oF  © .

15 1.0 0.5 0.0 0.5
5(U-V)

Figure 4.15 We plot the two quantities measured in figures 4.10 and 4.12, the distance
to the fit of the red-sequence in the color-magnitude and the magnitude-size diagram,
against each other for different types of galaxies and redshifts. Open diamonds represent
low-density BSGs as defined by figure 4.13, filled diamond represent high-density BSGs.
Open squares represent red-sequence galaxies. The arrows show the evolution according
to stellar population synthesis models after 0.5, 1.0, 2.5, and 4.5 GYrs (for details about
the models please see text). As one can see, high-density BSGs are well in place to evolve
passively into red-sequence galaxies while the low-density BSGs are much too faint to be
able to evolve into red-sequence galaxies that we typically see at all redshifts.



98 The Evolution of Blue spheroidal Galaxies

sample of 65 early-type galaxies) show star formation, identified by [OII] emission. Im
et al. (2002) show a somewhat smaller number ~ 16%, they used an automatically classi-
fied sample of 145 galaxies. Ferreras et al. (2005) find that ~ 20% of early-type galaxies
in the GOODS survey show blue colors, well in agreement with our work.

It is important to notice that previous studies (except Ferreras et al. 2005) neglected
low-density vs. high-density comparison. In fact, in our sample most of the BSGs, 48 out
of 65, are low-density. Put differently, the red sequence has an observational mass limit
of about 1010_10’3M@ within our analysis, BSGs are seen at much lower masses, so the
quantity npsg.9.5-12/Mrsg,10.3-12 + Mbsg.9.5—12 » Where nyg, is the number of blue spheroids,
Nrsq is the number of red spheroids and numbers represent log (mass[Mq]) and which
is given in most of the older studies, compares different samples of galaxies. One would
want to have a clean sample of galaxies by using 7ysg.10.3-12/7rsg,10.3—12 + Mbsg,10.3—-12-
This returns a fraction of only ~ 9% of high-mass spheroids being blue in our galaxy
sample.

4.5.2 Are Mergers and Blue Spheroids Related?

Comparing the number of BSGs to the number of galaxy mergers is challenging as
timescales have to be assumed for this kind of analysis. There are two key timescales:
The timescale 7,.44., Over which remnants fade onto the red sequence, and the timescale
Tmerger OVETr Which a merger remnant is recognizable as this. We assume a timescale of
Tredden ~ 1 Gyr for the reddening and fading of starbursts triggered by galaxy mergers as
given by the ‘truncation’ models presented in Fig. 4.15. That is, after a merger-induced
truncation of star formation, we assume that the galaxy joins the red sequence in ~ 1 Gyr
(a similar timescale was assumed by Im ef al. 2002 ).

The second timescale, the timescale 7,,erger Over which merger remnants remain dy-
namically disturbed using 1 orbit depth ACS imaging, is considerably less certain, but
has been argued to be ~ 0.4 Gyr (Conselice 2006). The ‘BSG timescale’ 7,5, in which
we would classify galaxies as BSG in our analysis is the difference between these two
timescales — ~ 0.6 Gyr — that time where the galaxy is clearly blue, but shows weak/no
signs of distortion from an early type galaxy light profile and appearance.

To be able to compare our work with the merger rate/close-pair fraction from Bell
et al. (2006), we cut all spheroidal galaxies with masses > 10'°M and 0.4 < z < 0.8,
roughly in agreement with their galaxy sample for their close-pair analysis. Given the fact
that we assume 0.4 Gyrs as the dynamical timescale of a typical 1:1 merger, we should
see ~ 1.5 times as many BSGs as we see galaxies in physical close pairs. Bell et al.
(2006) find that roughly 5 + 1% of all galaxies at these redshifts appear to be within
close pairs. From the 101 chosen spheroids in our sample, 6 (~ 6%) show blue colors,
which is roughly in agreement with the expectation. Given that the timescales are only
rough approximations and given that the close-pair fraction estimated by Bell ef al. (2006)
includes some fraction of galaxies that are not physically correlated and some ‘dry’ (gas-
less) mergers (which would never be classified as blue spheroids), and thus overpredicts
the number of galaxy mergers that will end up in blue spheroidal galaxies, there is no
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significant disagreement between these two numbers. While clearly this comparison is
preliminary & could be improved and elaborated, the results are suggestive that the blue
spheroid phase is an important of early-type galaxy evolution.

14 of the BSGs in our sample turn out to lie within the GOODS survey, which has 5
times deeper data. If one looks at these galaxies in this deeper data, 6-8 out of these 14
(43-57 %, 3-5 out of 11 in the low-density sample, 3 out of 5 in the high-density sample)
galaxies indeed turn out to have very weak tidal features or other distortions, too weak to
be seen in GEMS data. This shows that BSGs in 1-orbit HST/ACS data are indeed very
good candidates as remnants of galaxy—galaxy mergers. The fraction of galaxies showing
weak distortions is higher than expected from the timescales assumed, but given the fact
that these timescales are only very rough approximations and that number statistics are
very bad here, there is no significant disagreement.

4.5.3 The Cosmological Importance of Blue Spheroids

We have seen that the high-density blue spheroid population has the correct properties to
be able to fade and redden on to present-day early-type galaxy scaling relations. Further-
more, the blue spheroid fraction for massive galaxies of ~ 6% compares favorably with
the merger fraction, giving weight to the notion that blue spheroids are an intermediate
step between galaxy merging and the creation of a red spheroid. In this section, we take
the analysis one step further, and ask in very rough terms what the predicted growth in
the spheroidal galaxy population is from integrating the blue spheroid creation rate as a
function of redshift.

The blue spheroid fraction 1, /7,55 + N5 1S assumed to be equal to 0.06 at z = 0.6.
We assume an evolution of the blue spheroid fraction of similar form to those proposed
for the merger rate f,,, o< (1 4 z)®, where we take two limiting cases: a = 4 following
Bell et al. (2006) for the massive galaxy pair fraction evolution, and o = 2 following Lotz
et al. (2006a) and Bell et al. (2006) for the luminous galaxy merger fraction evolution.
If ng = npsg + nysg, where ng is the number of spheroids, one can easily integrate the
number of spheroids created per unit time:

ng(z — Az) = ng(2)[1 + freg(2) dt/dz Az 7] 4.5)

where Az is the incremental change in redshift, dt/dz is the rate of change of cosmic
epoch with redshift, and 7, is the blue spheroid timescale, taken to be ~ 0.6 Gyr. In-
tegrating, we find that the number of spheroidal galaxies at z = 0 should be 1.4 (1.6)
times the number at z = 0.8, assuming o = 4 (2). Obviously, this is a highly uncertain
exercise, bearing in mind the significant uncertainties in blue spheroid timescale and in
the evolution of blue spheroid fraction. Nonetheless, it is clear that the measured massive
galaxy blue spheroid fraction implies significant growth of the early-type galaxy popula-
tion between z = 0.8 and z = 0.
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4.6 Conclusions

Using stellar population models, we were able to estimate galaxy restframe images on
a pixel-to-pixel basis from one-color (two-band) HST/ACS data from GEMS. These im-
ages, although clearly showing low-level artefacts because of the unavoidable effects of
smoothing (required to measure accurate colors), are well-understood and were found
to be reliable at the ~ 10 — 20% level. We intensively tested these images on multi-
wavelength HST GOODS data.

From fitting these images, we were able to derive a sample of high-Sérsic-index galax-
ies, which were visually classified to remove contamination of disk galaxies with central
light-cusps, that severely bias the sample of ‘early-type’ galaxies when automated classi-
fication is used. Visual classification returns a sample of 216 spheroidal galaxies out to
z = 1, out of which 47 (22%) turn out to have blue colors. This is, to best of our knowl-
edge, by far the biggest sample of blue spheroidal galaxies examined so far, enabling us
to separate this sample of galaxies into high-mass-density and low-mass-density galaxies.
We find fundamental differences between these two classes of galaxies.

e High-density blue spheroids have the same mass—size distribution as typical red
sequence galaxies; that is, they have colors and magnitudes at a given size which
allow passive fading and reddening onto the red sequence.

e The low-density blue spheroids are more in agreement with disk galaxies in their
mass—size distribution. As we have shown, they are not able to passively evolve
into early-type galaxies; in fact, most of them would have to brighten at a given
size to fall on local early-type galaxy scaling relations. What these galaxies are —
perhaps merger remnants reforming a galaxy disk through further gas accretion, or
disk galaxies forming bulges through minor merging — we cannot tell from this
analysis.

We measure a total BSG fraction of ~ 22% at z ~ 0.6, comparing reasonably well
with previously published determinations of the BSG fraction. Yet, importantly, we find
that the vast majority of BSG galaxies are low-density. Restricting our attention to high
density BSG galaxies alone, we find that some ~ 6% of spheroidal galaxies are blue.
This fraction of ~ 6% at z ~ 0.6 is a much more physically-meaningful indicator of the
growth rate of the early-type galaxy population through the addition of ‘young’ elliptical
galaxies. We estimate a ~ 0.6 Gyr BSG timescale; adopting such a timescale we find
a reasonable degree of consistency between the massive galaxy merger fraction and the
blue spheroid fraction. Such a consistency gives support to a picture of merger-driven
growth of the early-type galaxy population at z  0.8. Finally, we estimate the growth
in the number of early-type galaxies since z = 0.8 from galaxies which pass through
the blue spheroid stage: the number of spheroid-dominated galaxies at the present-day is
predicted to be ~ 1.5 times higher than the number of such galaxies at z = 0.8. Thus,
blue spheroids represent signposts of cosmologically-significant growth of the spheroidal
galaxy population at intermediate redshifts.



Chapter 5
GEMS: The Size Evolution of Disk
Galaxies!?

Abstract

We combine HST imaging from the GEMS survey with photometric redshifts from
COMBO-17 to explore the evolution of disk-dominated galaxies since z < 1.1. The
sample is comprised of all GEMS galaxies with Sérsic indices n < 2.5, derived from fits
to the galaxy images. We account fully for selection effects through careful analysis of
image simulations; we are limited by the depth of the redshift and HST data to the study of
galaxies with My < —20, or equivalently log (M /M) = 10. We find strong evolution
in the magnitude—size scaling relation for galaxies with My < —20, corresponding to a
brightening of ~1 magarcsec™?2 in rest-frame V'-band by z ~ 1. Yet, disks at a given
absolute magnitude are bluer and have lower stellar mass-to-light ratios at z ~ 1 than at
the present day. As a result, our findings indicate weak or no evolution in the relation
between stellar mass and effective disk size for galaxies with log (M /M) = 10 over
the same time interval. This is strongly inconsistent with the most naive theoretical ex-
pectation, in which disk size scales in proportion to the halo virial radius, which would
predict that disks are a factor of two denser at fixed mass at z ~ 1. The lack of evolution
in the stellar mass—size relation is consistent with an “inside-out” growth of galaxy disks
on average (galaxies increasing in size as they grow more massive), although we cannot
rule out more complex evolutionary scenarios.

5.1 Introduction

The last eight billion years have witnessed strong evolution of the disk galaxy population.
Both ‘archaeological’ studies of local disk-dominated galaxies and ‘look-back’ studies
of the evolution of disk galaxies suggest a steady build-up in their stellar masses since
z ~ 1 (Rocha-Pinto et al. 2000; Flores et al. 1999; Bell et al. 2005; Hammer et al.
2005). Insights into how this growth occurs are accessible through the study of disk
galaxy scaling relations, such as the luminosity—rotation velocity (Tully-Fisher) relation
or the luminosity—size relation (e.g. Vogt et al. 1996; Lilly et al. 1998; Simard et al. 1999;

12This chapter has been adapted from Barden et al. (2005).
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Bohm et al. 2004). Yet, owing to sample size limitations, selection effects, and differences
in analysis techniques, these studies have come to widely divergent conclusions. In this
chapter, we explore the evolution of the luminosity—size and stellar mass—size relations
over the last 8 Gyr (since z ~ 1) using a sample of almost 5700 disk-dominated galaxies
from the HST GEMS survey (Galaxy Evolution from Morphology and SEDs Rix et al.
2004).

In the Cold Dark Matter (CDM) picture of structure formation, collapsing dark mat-
ter perturbations acquire angular momentum through tidal torques and mergers (Peebles
1969; Maller et al. 2002; Vitvitska et al. 2002). Some fraction of this angular momentum
is conserved, leading to the formation of cold, rotationally-supported disks. The typical
magnitude of the specific angular momentum predicted in this framework leads to the
formation of present day disks with approximately the correct distribution of radial sizes,
if the specific angular momentum of the gas is similar to that of the dark matter and is
mostly conserved during the formation process (Fall & Efstathiou 1980).

A difficulty is that this idealized picture does not correspond to the outcome when
the process of galaxy formation is simulated in detail within the cosmological context
of CDM. In hydrodynamical simulations, the gas tends to lose a large fraction of its ini-
tial angular momentum, resulting in disks that are too small compared to observed nearby
galaxies (Navarro & White 1994; Sommer-Larsen et al. 1999; Navarro & Steinmetz 2000;
D’Onghia & Burkert 2004). Furthermore, very few ‘late-type’ disks are formed in such
simulations: galaxies tend to suffer mergers that thicken and destroy their disks (Stein-
metz & Navarro 2002). It is not yet established whether this problem represents a funda-
mental difficulty with the ‘standard’ CDM paradigm (i.e., a result of excess small scale
power), a reflection of our incomplete ability to understand and simulate the complexities
of star formation and supernova feedback, or inadequacies in numerical resolution.

Many proposed solutions to this problem involve delaying gas collapse and disk for-
mation to later times, either by adopting an alternate power spectrum with reduced small
scale power (such as Warm Dark Matter), in which structure formation occurs later (e.g.
Sommer-Larsen & Dolgov 2001), or by invoking some form of feedback that prevents the
gas from cooling until relatively late times z ~ 1 (Weil et al. 1998; Thacker & Couchman
2001). While these solutions would be consistent with an important build-up in the disk
galaxy population at late times, the late formation times implied by these models may
be in conflict with the old ages of disk stars in the Milky Way and M31 (Rocha-Pinto
et al. 2000; Ferguson & Johnson 2001). Additional constraints can be gleaned from so-
called ‘backwards evolution’ models, in which the ages and metallicities of the stars in
present-day disk galaxies are used to constrain the formation history of different compo-
nents within our and other galaxies (Chiappini et al. 1997; Boissier & Prantzos 1999).
Direct measurements of the mass—size scaling relations and radial size distributions of
disk galaxies at earlier epochs will provide an important counterpoint to these arguments
by providing direct constraints on the angular momentum content of stars at these earlier
times.

A number of previous studies have used the Hubble Space Telescope (HST) to quan-
tify the evolution of disk galaxies by measuring their absolute sizes and magnitudes as a
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function of redshift. Magnitude and size are strongly correlated; a line of constant sur-
face brightness falls almost parallel to the distribution of observed galaxies, making the
evolution of galaxy surface brightness a natural choice for parameterizing the evolution
of galaxy sizes. However, the results of studies measuring average rest-frame surface
brightnesses as a function of redshift have proven controversial, ranging from detecting
no evolution to rather strong evolution in the range of 1-2 mag arcsec™2 brightening by
redshift z ~ 1. For example, Lilly et al. (1998) found an average increase of the surface
brightness of ~ 1 mag by redshift z ~ 1. This result is supported by observations of
galaxies at high redshifts (z ~ 2 — 3), detected in very deep ground-based near-infrared
images (Labbé et al. 2003). Trujillo et al. (2004) estimate that the average rest-frame sur-
face brightness of these objects is more than 2-3 mag arcsec ™2 brighter than in the local
universe.

Simard et al. (1999) pointed out that selection effects play a crucial role in such anal-
ysis. After accounting for the different sources of incompleteness, Simard ez al. (1999)
and Ravindranath et al. (2004) argue that the luminosity—size relation of disk galaxies
evolves by less than 0.4 mag arcsec™2 over the interval 0.25 < z < 1.25. Yet, in order to
reproduce the observations, both groups found it necessary to introduce a new population
of high surface brightness galaxies in the highest redshift bin (z ~ 1). A different inter-
pretation was suggested by Trujillo & Aguerri (2004), who find strong evolution of the
average rest-frame V' -band surface brightness of ~ 0.8 mag arcsec 2 at a redshift z ~ 0.7,
also including a full treatment of completeness.

In this work, we present the results from a new sample of disk-dominated galaxies
from the GEMS survey. Each of our galaxies has a spectrophotometrically-measured red-
shift, a spectral energy distribution (Wolf et al. 2004, SED), and a stellar mass estimate
(Borch 2004) from COMBO-17 . We combine these SED constraints with light-profile
shapes and sizes determined from deep high-resolution HST Advanced Camera for Sur-
veys (ACS) images. We reassess the evolution of the magnitude—size and stellar mass—size
relation as a function of redshift over the range 0.1 < z < 1.1, taking particular care to
model the impact of the selection function. We suggest a resolution to the conflicting
previous results by presenting a coherent picture of strong surface brightness evolution
with redshift without the need for a new population of high surface brightness galaxies.

The layout of this chapter is as follows. In § 5.2 we present the GEMS data set and
describe the sample selection, the galaxy fitting techniques and the corrections we applied
to the data. We explain in some more detail our modeling of the sample completeness
in § 5.3. In § 5.4, we explore the evolution of the magnitude—size and stellar mass—
size relations for disk-dominated galaxies. We show that there is a trend of increasing
average surface brightness with redshift and that there is little evolution of the surface
mass density. In § 5.5 we discuss our results in comparison with previous studies in the
literature, and compare them with theoretical expectations. We summarize our results in
§ 5.6. Throughout this chapter we use the concordance cosmology with Hy = 70 km s™*
Mpc—t, Qp = 0.3 and Q4 = 0.7 (Spergel et al. 2003). Unless indicated otherwise we
use Vega-normalized magnitudes.
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5.2 Sample Definition

5.2.1 Imaging Data

GEMS, Galaxy Evolution from Morphologies and SEDs (Rix et al. 2004), has imaged an
area of ~ 800 arcmin? centred on the Chandra Deep Field South (CDFS), using the ACS
on-board HST. Of these 78 ACS tiles the central 15 were incorporated from the GOODS
project (Giavalisco et al. 2004). With integration times of ~ 35 min in each of two filters
(F606W and F850LP) the point source detection limits reached m,, (FOO6W) = 28.3
(50) and m,, (F8S0LP) = 27.1 (50), respectively. Details about the image mosaic and
data reduction will be explained in a subsequent paper (Caldwell et al. 2007, in prep.).

5.2.2 COMBO-17 Data

The HST imaging data is complemented by low resolution spectrophotometric data from
COMBO-17 (Wolf et al. 2004). COMBO-17 has provided precise redshift estimates
(0,/(1 + 2z) ~ 0.02) for approximately 9000 galaxies down to mpr < 24. Rest-frame
absolute magnitudes and colors, accurate to ~0.1 mag, are also available for these galax-
ies. Furthermore, using a simple parameterized star formation history and the photometry
in the 17 COMBO-17 bands, Borch (2004) computed stellar mass estimates for each
galaxy in our sample, assuming a Kroupa et al. (1993) stellar initial mass function (IMF).
These mass estimates are consistent with those derived using a one-color-based transfor-
mation from light to mass as described in Bell & de Jong (2001) and Bell ez al. (2003b).
While such estimates suffer from uncertainties in the IMF, ages, dust, and metallicity, it
is encouraging to note that several studies (Bell et al. 2003b; Drory et al. 2004) find good
agreement between masses based on broad-band colors and those from spectroscopic (e.g.
Kauffmann et al. 2003a,b) and dynamical (Drory et al. 2004) techniques.

5.2.3 Source Detection

For source detection we use the SEXTRACTOR software (Bertin & Arnouts 1996) on the
F850LP image. In contrast to the standard single-pass approach, we apply a two-step
process, running SEXTRACTOR twice on each image to find an acceptable compromise
between deblending and detection threshold (see Rix et al. 2004). Combining the source
lists from each tile, taking care to remove duplicate objects that were detected in two
neighbouring tiles, we end up with over 40,000 galaxies.

5.2.4 Galaxy Fitting and Disk Selection

For the purpose of this chapter we wish to isolate the subset of galaxies whose light is
dominated by a disk component. We start by identifying all galaxies that can be reason-
ably well-fit by any single Sérsic profile (Sersic 1968) using the two-dimensional fitting
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code GALFIT (Peng et al. 2002). The Sérsic profile is a generalisation of a de Vaucouleurs
profile with variable Sérsic index n:

S(R) = %, x exp (—m [(R/Re)l/" - 1]) : (5.1)

where R, is the effective or half-light radius, X, is the effective surface density, X (R)
is the surface density as a function of radius and x = x (n) is a normalization constant.
An exponential profile has n = 1 while a de Vaucouleurs profile has n = 4. GALFIT
convolves Sérsic profile galaxy models with the point spread function of the ACS (Jahnke
et al. 2004b, Jahnke et al., in preparation) and then determines the best fit by compar-
ing the convolved models with the science data using a Levenberg-Marquardt algorithm
to minimize the x? of the fit. The best-fit model is given by 7 parameter values and
their associated uncertainties, including the half-light radius, the Sérsic index and the to-
tal magnitude. Initial GALFIT starting guesses for the model parameters were obtained
from the SEXTRACTOR source catalogues. Typically, neighbouring galaxies were ex-
cluded from each model fit using a mask, but in the case of closely neighbouring galaxies
with overlapping isophotes the galaxies were fitted simultaneously. The sky level for each
galaxy was carefully measured using flux growth curves, masking out detected neighbour-
ing sources. Lacking an estimate for the Sérsic index from SEXTRACTOR, we started all
fits with n = 1.5. In addition, all galaxies with 0.65 < z < 0.75 were fitted with GIM2D
(Simard et al. 2002). Estimates for magnitudes, sizes and Sérsic indices from the two
codes agree very well (see Bell et al. 2004; see also § 3). Morphological quantities quoted
in the present chapter were derived using GALFIT.

For this study, we estimate structural and morphological parameters from the z-band
images (F850LP). In the optical (and the near-infrared), young stars make a progres-
sively smaller contribution with increasing wavelength. Therefore, galaxy morphologies
in F850LP are smoother than those in F606W, leading to a more robust detection and
deblending of extended sources. The F850LP band corresponds to rest-frame R, V', and
B-bands at z ~ 0.4, 0.7, and 1 respectively.

Selection of a galaxy sample for this kind of study is a multi-step process. First we
merge the GEMS catalogue with the COMBO-17 redshift catalogue, then we select disk-
dominated objects, and finally we remove sources with poor fits (see Fig. 5.1). We start by
matching the GEMS sources to the COMBO-17 catalogue. To account for the relatively
high source density in the GEMS images we pick the closest neighbour in the COMBO-
17 catalogue within 0.5 arcsec as the corresponding match for a GEMS galaxy. Only at
matching distances exceeding 1 arcsec does one start to include uncorrelated pairs. We
are left with about 8000 matched sources in our sample.

We isolate disk-dominated galaxies for further study by cutting the sample based on
the Sérsic profile fits. We adopt n = 2.5 as the dividing line between disk- (n < 2.5)
and spheroid-dominated (n > 2.5) galaxies. This cut discriminated between visually-
classified early- and late-type galaxies from GEMS with 0.65 < 2z < 0.75 with 80%
reliability and less than 25% contamination (Bell et al. 2004a). This cut is also consistent
with the analysis conducted by the Sloan Digital Sky Survey (SDSS; see Shen et al.
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Figure 5.1 The disk sample definition in the apparent magnitude—size plane (apparent
effective radius: R, apparent z-band magnitude: m,). Top left: all galaxies detected
in the GEMS tiles. Top right: galaxies with COMBO-17 redshifts. Bottom left: disk
galaxies with Sérsic index n < 2.5. Bottom right: disk galaxies with reliable GALFIT
fits (see text for details on selection criteria). In each panel, we give the total number of
galaxies in the upper right.

2003). Furthermore, Ravindranath et al. (2004) have redshifted a sample of local galaxies
to show that the Sérsic index is still a useful indicator at redshifts 2 ~ 0.5 — 1. Selecting
galaxies with n < 2.5 left us with ~ 6200 disk-dominated objects.

To ensure that the extracted galaxy profile parameters are reliable we remove objects
from our source list that have relative formal errors in Sérsic index n and effective radius
R, of more than 25% (én/n > 0.25, 6R./R. > 0.25)!3. We also exclude objects that
reach the boundary conditions for n (0.2 < n < 8) or R, (0.3 < R, [pixel] < 500).
Furthermore, we require that the GALFIT magnitudes coincide with the SEXTRACTOR
magnitudes to within 0.6 mag (|mga e — s +0.166| < 0.6). Finally, we remove compact
sources with log R* < max [8 — 0.4 X m,, 0] (indicated by the solid line in the bottom
left panel in Fig. 5.1). While slightly more galaxies with low surface brightness were

3G ALFIT formal errors underestimate the true uncertainties, as assessed using simulated galaxy images.
The true uncertainties for the bulk of the sample are ~ 35% in R, and ~ 0.2 mag in m..
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removed by these additional cuts than high surface brightness galaxies, no pronounced
bias was introduced. It is important to note that the simulated galaxy samples were also
subjected to these same cuts for the construction of the completeness maps; thus, the
completeness maps account fully for any biases introduced by these (necessary) extra
sample cuts.

This sample selection should provide a fair representation of the disk-dominated
galaxy population at all redshifts. The final catalogue contains 5664 disk galaxies with ab-
solute rest-frame B- and V'-band magnitudes, redshifts and stellar masses obtained from
COMBO-17 and apparent half-light radii and Sérsic indices from GALFIT.

5.2.5 The Local Comparison Sample

In order to compare our measurements to a local reference point we have opted to use the
NYU Value-Added Galaxy Catalog (VAGC; Blanton et al. 2004), which is based on the
second data release (DR2) of the SDSS (Abazajian 2004). It contains Sérsic fits for 28089
galaxies in the redshift range 0.0033 < z < 0.05. For this chapter, we use the VAGC ellip-
tical aperture Sérsic fits for estimates of r 4 g-band half-light radius, Sérsic index and -flux;
coupled with extrapolated circular aperture uap, gan, "AB, A5, 24 fluxes. The magni-
tudes were converted to absolute galactic foreground extinction-corrected magnitudes us-
ing the latest K-CORRECT routines, which were also used for the original data (Blanton
et al. 2003a). We apply the following correction to convert the SDSS elliptical half-light
r4p-band sizes to rest-frame V'-band (see § 5.2.6): R, (V) = R, (r) x 1.011. The redshift
of the individual SDSS sources does not impact significantly on this correction factor. To
obtain a rest-frame B-band size for the SDSS galaxies we use: R, (B) = R. (V') x 1.017.

We have chosen the VAGC rather than the fits to the magnitude—size and stellar mass—
size planes by Shen et al. (2003) for various reasons. Using the VAGC we have full
control over all estimated parameters including the photometric system, k-corrections,
etc. Specificially, the fits by Shen et al. (2003) where performed on circularized size
estimates while we use elliptical Sérsic measurements. The half-light sizes and absolute
magnitudes by Shen et al. (2003) were provided only in SDSS filters, necessitating the
use of color transformations and of additional luminosity function convolutions in order
to obtain mean values for the same selection and photometric system as the GEMS data.
Furthermore, the VAGC allows us to repeat the same analysis procedure that was also
used for the GEMS data. Finally, the VAGC incorporates the latest version of the SDSS
pipeline, leading to more robust Sérsic indices, fainter apparent limiting magnitudes and
fewer problems with deblending large sources. Since the VAGC and the data used by
Shen et al. (2003) have ~ 20, 000 sources in common we could verify that the measured
parameters broadly agree with each other.

The VAGC does not contain stellar masses. Therefore, we have used the prescription
given in Bell ef al. (2003b) to convert a (g — r) 45 color into a SDSS r4p-band stellar
mass-to-light ratio:

log (M/L,) = —0.306 + 1.097 x (g — ) ;s — 0.15. (5.2)
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We have applied a correction of —0.15 to convert to a Kroupa IMF, in accord with our
GEMS stellar masses. The stellar mass was then obtained from the following relation:

log (M) =log (M/L,) — 0.4 x (M, s — 1), (5.3)

with the absolute rest-frame Sérsic magnitude M, ¢ = rs — 5log (D) — 25, the apparent
rest-frame Sérsic magnitude rg, the luminosity distance D and the absolute magnitude
of the sun 7 = 4.67 in SDSS 745. Calculating a stellar mass in the same fashion for the
lowest redshift GEMS galaxies and comparing this estimate with the SED-based masses
(Borch 2004) reveals no apparent systematic offsets.

5.2.6 Rest-Frame V-band Sizes

Galaxies are known to exhibit radial color gradients. As a result of this, galaxy sizes
vary as a function of wavelength and the measured physical size evolution of the galaxy
population could be skewed by the effects of band shifting with redshift. Therefore, we
have not simply converted our apparent half-light sizes R measured in the F850LP filter
to a physical value, but instead have applied a color gradient correction to each individual
galaxy according to its redshift to correct the size to the rest-frame V' -band. For a sample
of local galaxies, de Jong (1996) presents the relative disk scale lengths, which for a pure
disk corresponds to R, = 1.678 x Ry, inthe B-, V-, R-, I-, H- and K-bands. Figure 5.2
illustrates this ratio of the disk scale lengths in one band to the size measured in the V-
band, as a function of the corresponding wavelength. A linear fit with the intercept fixed
to 1 at the V'-band results in a slope of ag = —0.184, corresponding to correction factors
varying by only +3% over the whole redshift range. All future references to effective
radii R, are to sizes corrected to the rest-frame V -band.

In order to obtain rest-frame sizes for the SDSS data we have calculated the ratio of
the circularized half-light sizes in the five SDSS bands, divided by the size in the SDSS
gap-band. We overplot the resulting values in Fig. 5.2, minimizing in a simultaneous fit
the offset between the SDSS points and the other V'-band normalized measurements. The
agreement between the various measurements is striking. This supports the validity of the
average correction to obtain rest-frame sizes, bearing in mind the 20% galaxy-by-galaxy
scatter, and that this method, strictly speaking, applies only to nearby galaxies.

Given the possible rapid evolution of galaxy disks in the last 8 billion years, it is not
inconceivable that the ‘average’ disk color gradient has evolved considerably since z ~ 1.
In a subsequent chapter (compare § 4) we will reconstruct the rest-frame B-band for
individual galaxies and estimate sizes directly from this image to account for this effect.
As an interim solution, we have tested the applicability of the local average relation on
distant galaxies in GEMS. We have fit all GEMS galaxies in the F6O6W band using exactly
the same approach used to fit in F850LP. Owing to significant differences in the depth of
the F606W and F850LP data, and F606W’s extra sensitivity to ongoing star formation, we
consider the F606W fits at this stage to be preliminary'4. From these fits we selected those

“While many galaxy fits were reasonably successful, a non-negligible fraction of the fits are substantially
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Figure 5.2 The average ratio of the disk scale length R, (\) measured in various bands
(B,V,R, I, H, K)over Ry (V) measured in the V-band for the de Jong (1996) data as
a function of corresponding wavelength A (solid dots). The solid line marks a linear fit
f, which is constrained to f (2.74) = 1 at the V-band (not strictly requiring coincidence
with the data point at the V' -band). Over the redshift range sampled by the GEMS data the
size corrections as inferred from this plot are of order +3%. Errors indicate the disper-
sion of the distribution of R, (A) /R4 (V'); they do not represent errors of the mean values
plotted here. Solid boxes mark data points from the SDSS DR2 data set (see § 5.2.5 for
details). Since there is no direct measurement in the V'-band available for these objects,
the data points are simultaneously fit minimizing the total offset between SDSS and de
Jong values using the g 4p-band as the reference filter. Open symbols represent measure-
ments from the GEMS survey where in a certain redshift bin one of the filters matched the
rest-frame V' -band.

sources for which one of the bands corresponds to the rest-frame V'-band and measure the
size ratio at z ~ 0.08 (F606W ~ V) and at z ~ 0.64 (F850LP ~ V). The average
values from these measurements are overplotted in Fig. 5.2. They confirm the trend seen
in the de Jong (1996) and SDSS data, supporting the validity of the correction we have
applied to the data'.

in error. Thus, while on average, the F606W fits are reliable, it is impossible at this stage to use a weighted
sum of the F6O6W and F850LP fits to directly estimate the rest-frame B- or V-band sizes on a galaxy-by-
galaxy basis.

131t is worth recalling that the corrections implied by this relation are rather small, ~ 3% for the average
GEMS galaxy. Furthermore, the evolution of average rest-frame V'-band surface brightness is dominated
by galaxies with z > 0.6, where the F850LP samples rest-frame V'-band almost directly, and by the SDSS
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Figure 5.3 The GEMS (left panel) and the COMBO-17 (right panel) detection proba-
bilites as a function of apparent z-band magnitude m, and apparent half-light radius .
The contours indicate different detection probability levels (from light to dark shades of
grey: 10%, 20%, 30%,... 90%). For comparison, in both plots a line of constant apparent
surface brightness 1 = 24 mag arcsec™ 2 is shown.

5.2.7 Completeness

In order to estimate the limitations of the GEMS survey we have performed extensive
simulations of artificial disk galaxy light profiles (see § 3). By inserting a number of
such artificial disk images with purely exponential profiles (Sérsic index n = 1), and
subsequently re-running the source detection and fitting process (including removal of bad
fits according to § 5.2.4), we calculate our success rate: the completeness as a function of
apparent effective radius [ and apparent magnitude m,. It turns out that the contours
of constant detection probability in the R™-m-plane (see Fig. 5.3) lie along lines of
constant apparent surface brightness:

" = m, + 2.5log(2mq) + 5log(R¥/ [arcsec]), (5.4)

z

in the limit of bright magnitudes (q is the axis ratio). At the faint magnitude limit, how-
ever, the lines of constant detection probability are at constant magnitude. The precise
location of such a line depends also on the axis ratio of the objects. In the absence of
dust, an object with high inclination has a higher detection probability than a source of
the same apparent magnitude but viewed face-on.

We model the detection probability as a function of the apparent magnitude. A dou-
ble exponential model provides a good fit to the data (for a detailed description see ap-
pendix 5.7.1). Both the shape and the characteristic magnitude limit at which a specific
detection probability is reached depend on the apparent size and the axis ratio.

data at z < 0.05; thus, further reducing our sensitivity to any errors in the size correction.
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Our final sample contains only the objects with redshift estimates from COMBO-
17 and therefore we must also account for the COMBO-17 completeness limit. Wolf
et al. (2003a) have calculated the completeness of COMBO-17 as a function of appar-
ent [2-band aperture magnitude my,,., redshift and U — V' color. In order to show the
COMBO-17 completeness contours on Figs. 5.3, 5.4, 5.6 and 5.7, we statistically trans-
form the COMBO-17 completeness map into the m, — R, plane (Appendix B). We adopt
this analytic approximation to the COMBO-17 completeness in the rest of this chapter,
but note that the use of either the true COMBO-17 completeness map or the analytical
mapping of the completeness maps onto the m, — R, plane in the analysis that follows
does not affect our conclusions.

We combine the GEMS detection probability and the COMBO-17 completeness by
multiplying the two values for each individual object:

P = Dcems X Pcompo-17- (5.5)

We can now estimate the combined detection probability p of individual galaxies. Since
later on we weight galaxies by the inverse of the detection probability we have taken
special care when using very low detection probability values. In order to avoid attributing
large weights to any given galaxy (which would then dominate the whole sample), we
remove any object with p < 5% from the sample (a total of 14 sources). For the main
analysis presented here, we only include objects with a detection probability p > 50%. In
appendix 5.7.3 we discuss in more detail how the detection probability will impact on the
evaluation of the data especially in the magnitude—size plane, which is also the reason for
not removing galaxies with 0.05 < p < 0.5 from the sample altogether. In Fig. 5.4 we
illustrate the resulting detection probability function in the R¥-m -plane.

The completeness pgpss Oof the SDSS data is parameterized as a function of surface
brightness u50,, and position on the sky RA (a) and dec (0) (Blanton et al. 2004):
Psoss (1500 @, 0) = fri (t50.0) X fep (50,) X fon (150,) X foor (v, 8), where fi; is the
“tiling” fraction, f, is the spectroscopic completeness, f,, is the photometric complete-
ness and f,, is the fraction of main targets for which a classification was obtained in
this object’s sector, as described in more detail in Blanton et al. (2004). The result-
ing completeness as a function of surface brightness we present in Fig. 5.5 for the case
fgot (@, 6) = 1. Note that the rapid drop of the completeness at high surface brightnesses
directly results from the improper deblending of the largest nearby galaxies. We have
approximated the data points given in Blanton et al. (2004) with the following analytical

formula:
Pspss = 0.99 X exp ( - exp (/m_))

X (1 — exp (— exp (mwb—;lgl))> (5.6)

In the subsequent analysis we only consider objects with a completeness pgpss > 0.5, in
order to match the selection of the GEMS galaxies.
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Figure 5.4 The combined GEMS / COMBO-17 completeness (dashed contours indicat-
ing 10%, 20%, 30%,... 90%) in the R¥"-m,-plane. The solid contour shows the 50%
completeness limit. Dots and pluses indicate disk galaxies with a combined GEMS detec-
tion / COMBO-17 redshift estimation probability p > 50% and p < 50%, respectively.
The panels show the completeness contours and data points for three different axis ratio
ranges, indicated in the top of each plot. The diagonal line indicates a constant apparent

surface brightness p* = 24 mag arcsec 2.

5.3 Analysis of Completeness and Selection Ef-
fects

In the following sections we evaluate the magnitude—size and stellar mass—size relations
as a function of redshift. We have subdivided our sample of disk galaxies into five redshift
bins, each of which spans a range of 0.2 in redshift, centred on z = 0.2,0.4, 0.6, 0.8, 1.0,
plus an additional redshift bin at z ~ 0.0 for the SDSS data.

In Fig. 5.4 we show the combined completeness map with observed disks with 0.35 <
q < 0.65 overplotted. The galaxies in the sample form a relatively tight relation in the
apparent magnitude—size plane. Inspecting the slope « of this relation one realizes that
it is close to, but not exactly equal to a line of constant surface brightness. A linear fit
provides a slope o ~ —0.15. In physical quantities this slope closely matches that of a line
of constant volume density, i.e. a law such that the ratio of flux and the cube of the radius is
constant (o« = —0.13), rather than a line of constant surface density (v = —0.2). The fact
that the slope does not match that of a constant surface brightness implies that measuring
average surface brightnesses depends to some extent on the range in magnitudes over
which the average is calculated. Thus, in order to quantify the evolution of the surface
brightness one has to make sure that the same range of absolute magnitudes is observed
at all redshifts.

The sample becomes approximately magnitude-limited at m, ~ 23.5. This limit
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Figure 5.5 The SDSS completness as a function of apparent surface brightness 159 .. The
dots indicate the actual surface brightness values as given in Blanton et al. (2004). The
solid line represents our analytical fit to that relation.

is imposed by the COMBO-17 redshifts; fainter galaxies cannot be assigned reliable
redshifts. Furthermore, we find no galaxies at brighter magnitudes m, < 23 with de-
tection probabilities less than 50%. Since we show in Fig. 5.4 galaxies of all redshifts,
this implies that the GEMS data are not limited in surface brightness at any redshift,
even at the highest bin. Therefore, our subsequent analysis is not affected by a possible
completeness-induced truncation of the surface brightness distribution of the galaxy pop-
ulation at any redshift. We conclude that the combined GEMS + COMBO-17 sample
is essentially magnitude-limited only, with surface brightness playing a minor role. This
conclusion is robust to the detailed choice of axis ratios.

We have translated these completeness contours to the absolute magnitude—size plane
in Fig. 5.6. To estimate the absolute magnitude, we fit a third-order polynomial to the
“average apparent z minus rest-frame apparent V' color” (m, — m}') of our sample as
a function of redshift. Obviously a redshift dependence cannot fully model this color,
leading to a small additional scatter of the data relative to the transformed completeness
map'®.

In Fig. 5.6 we also overplot the SDSS completeness. At the low surface brightness

16These transformed completeness maps are not used in the science analysis; rather, they are included in
the figures for presentational purposes alone.
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Figure 5.6 The completeness as a function of redshift in the absolute magnitude—size
plane. The same completeness contours and objects from the middle panel of Fig. 5.4 are
plotted. The 2z ~ 0 bin shows the SDSS data. The contours were computed for the central
redshift of each bin as indicated in the top left of each panel. Galaxies with low detection
probability are found along the absolute magnitude limit, but not at bright magnitudes and
faint surface brightnesses. The box in each panel encloses a selection with ;{7 = 22 mag
arcsec 2 and M{» = —20. This plot shows that the GEMS data (0.2 < z < 1.0) are not
limited in surface brightness. Galaxies are observed in regions where the completeness
contours indicate detection probabilities p < 5%. This is a result of the finite width of the
redshift bins (see § 5.4.1 and Fig. 5.7 for further explanations).

edge a fairly large number of SDSS objects are found with very low completeness val-
ues; the VAGC does not sample the full distribution of surface brightnesses. We adopt an
absolute magnitude cut of My < —20 in this chapter: brighter than this limit the size dis-
tribution is sufficiently narrow that the full range of surface brightnesses is well-sampled.
In order to estimate where the apparent magnitude limit m!™ = 17.77 starts to affect
the galaxy distribution we convert m!"™ into an absolute magnitude M™ = —18.8 for
the highest redshift in the VAGC using a color transformation for a typical Sbc (Fukugita
et al. 1995). Again, this limit is fainter than our adopted absolute magnitude cut.
Inspection of Fig. 5.6 shows that the sample reaches My < —20 in the highest redshift
bin; therefore in what follows we restrict our analysis to this absolute magnitude range
at all redshifts. This selection leaves 3584, 76, 176, 704, 671 and 559 disk galaxies in
the respective redshift bins z = 0.0,0.2,0.4, 0.6, 0.8, 1.0; a total of 3584 4 2186 galaxies.
This magnitude cut implies that our results are applicable only over this brightness range.
We have explored in detail the influence on the average surface brightnesses and sur-
face densities of varying the p > 50% criterion, the surface brightness range over which
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one averages, and the absolute magnitude range considered. The influence of the p cut
is negligible; the surface brightness and magnitude ranges do affect the average surface
brightnesses/densities, and great care must be taken to choose appropriate integration
ranges. These issues are discussed where relevant in §5.5, and in great detail in Appendix
5.7.3.

5.4 Analysis of the magnitude-size and Stellar
mass—size Relation

For our subsequent analysis we define the absolute rest-frame effective surface brightness
in the V'-band as:
py = My + 5log R, + 2.51og g + 38.568, (5.7)

with the absolute rest-frame magnitude in the V'-band from COMBO-17 and the half-
light radius R, in kpc. The constant 38.568 results from using sizes in kpc and luminosity
distances in Mpc. Note that this formula is correct even for a general Sérsic profile. In
the analysis of the evolution of iy we will only address the bright galaxy population with
My, < ]\/[\1}”1 = —20. Moreover, we define the “equivalent” absolute rest-frame surface
mass density

log ¥ p = log M — 2log R, — log (27q) , (5.8)

where the SED-estimated stellar galaxy mass M is given in M. In the case of log >\
we restrict the sample to galaxies with log (M /M) > log M™ = 10. We calculate av-
erage values of the surface brightness (11 (2)) and the surface mass density (log ¥ v (2)),
correcting for incompleteness by weighting indiviual galaxies by the inverse of their de-
tection probability as a function of redshift. We obtain errors on the estimated mean
values by performing an extensive Monte-Carlo analysis (see appendix 5.7.3).

5.4.1 The Magnitude-Size Relation

In Fig. 5.7 we present the magnitude—size relation for disk galaxies in six redshift bins
extending to z ~ 1.1. We stress that the completeness contours shown in the figure are
only indicative as they were calculated for a fixed axis ratio ¢ = 0.5 and the central
redshift of the corresponding bin (see also Fig. 5.3). Therefore, especially in the z = 0.2
redshift bin, we see many galaxies “spilling over” into the incompleteness regions, which
is a result of the non-negligible range of My cutoffs over redshifts 0.1 < z < 0.3. To
illustrate this effect we overplot vertical lines corresponding to an apparent magnitude
m, = 24 at the centre, low and high end of each redshift bin (for z > 0.2). With
increasing redshift (co-moving volume) the spread of the completeness becomes smaller.
The detection probabilities for individual galaxies, however, were calculated according
to their exact magnitude, size and axis ratio and not relative to the plotted completeness
contours. In the case of the z ~ 0.0 redshift bin we only indicate the brightness level,
below which the highest redshift galaxies are not fully sampled.
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Figure 5.7 The magnitude—size relation for six different redshift bins. The solid contours
indicate 11 levels of fractional number of objects per unit area. To obtain the contours the
density field was normalised by the total number of objects being plotted in each redshift
bin and the following scaling was used: (exp (z/2) — 1) x 0.0005, with x = [1,2, ..., 11].
The dotted contours are only shown for the lowest redshift bin (z ~ 0; SDSS data) for
being too noisy in the other bins. The grey-scale contours mark the same completeness
levels as shown in Fig. 5.6. The thin vertical lines in each panel symbolise an apparent
magnitude m, = 24 converted to the rest-frame at three different redshifts correspond-
ing to the center, low and high end of each redshift bin. This illustrates why apparently
so many galaxies especially in the low redshift bin were detected at completeness val-
ues close to zero. The diagonal line in each panel corresponds to the average surface
brightness py = 20.84 mag arcsec™? in the lowest redshift bin. The thick vertical line
represents the lower magnitude limit (M, = —20), below which we exclude galaxies
from the analysis. The thick dashed line shows the magnitude limit of the highest redshift
SDSS data; at fainter magnitudes the VAGC data become incomplete.

As the completeness function limits us to detecting only the bright galaxies at high red-
shift, we limit our analysis to galaxies with My < —20. Recall also that we have demon-
strated in §5.3 and Appendix 5.7.3 that we are not limited in absolute surface brightness
even at the highest redshifts. Therefore, to evaluate the evolution of disk galaxies in the
magnitude—size plane we have calculated the average rest-frame absolute surface bright-
ness ({1 (2)) as a function of redshift including weighting of individual galaxies accord-
ing to their detection probabilities. In Fig. 5.8 we show the weighted histograms of 1 (2)
for each redshift bin. Indicated in each panel (at each redshift bin z,) are the estimated
mean surface brightnesses (11 (z)) together with the mean values of the preceeding red-
shift bins (uy (z < zg)) for comparison. This plot demonstrates clearly that there is a
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Figure 5.8 Histograms of the absolute rest-frame surface brightness as a function of red-
shift (2 ~ 0 from SDSS; 0.2 < z < 1.0 from GEMS). The histograms include weighting
of individual objects according to their completeness (y-axis peak normalized). Only ob-
jects with a completeness exceeding 50% and with My < —20 were included in order to
minimize the impact of selection effects. The black circle marks the estimated mean value
(py (2)) for each redshift bin. In each redshift bin with z > 0.0 we overplotted as open
circles values of (1 (2)) of all lower redshift bins to visualize the evolution in surface
brightness. The vertical line in each panel indicates the Freeman (1970) surface bright-
ness converted to the V' -band (conversion given in Fukugita et al. 1995). The numbers in
the top left of each panel shows the number of sources used in each panel (not including
weighting).

significant trend of increasing surface brightness with increasing redshift.

We demonstrate how the mean surface brightness of the disk galaxy population
evolves by plotting (11 (z)) as a function of redshift in Fig. 5.9. Fitting a linear function
to the data we find an intercept and slope of (uy (z = 0)) = 20.84 + 0.03 mag arcsec™ >
and d (uy (2)) /dz = —0.99 £ 0.06, respectively, thus an evolution of ~1 mag to z = 1.

5.4.2 The Stellar Mass—Size Relation

These stellar mass estimates allow us to investigate the evolution of the analogous quantity
to the magnitude—size relation: the stellar mass—size relation. Working in terms of stellar
mass 1is useful not only because it is one step closer to the quantities actually predicted
by theory, but also because it removes the evolution that is simply due to the aging of
the stellar populations. We present the stellar mass—size relation in Fig. 5.10. Again,
iso-density contours show the distribution of galaxies in the R.-M rest-frame plane. We
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Figure 5.9 Evolution of the average absolute surface brightness (1 (2)). Solid dots show
the GEMS data for the individual redshift bins; the box symbol at z ~ 0.05 indicates
the SDSS data point. The error bars mark 20 statistical errors. The horizontal line at
py = 21.05 represents the Freeman (1970) surface brightness converted to the 1/-band.
The solid and dotted lines mark a linear fit to all data points plus the 1o confidence limits,
respectively.

use the same method as before to correct the size estimates to the rest frame V' -band (it
is important to note that ideally we would prefer to study stellar mass vs stellar mass
weighted size, but we do not attempt this further correction here). As in the case of the
average surface brightness (1 (z)) we estimated the average stellar surface mass density
(log ¥ 01 (2)), as defined in eq. 5.8, for each redshift bin.

We found that, as in the case with the surface brightness, the distribution of galaxies
in the stellar mass—size plane does not fall exactly along a line of constant stellar surface
mass density, but is of somewhat shallower slope. However, here the effect is much less
pronounced (also due to the width of the distribution) and therefore, the precise cut-off in
stellar mass, which is the equivalent of absolute magnitude, is not as important.

Plotting mass as a function of magnitude for different redshift bins we find that
log (M /M) = 10 is a good approximation of the limiting mass in the highest red-
shift bin. In the calculation of (log ¥ (2)) we include the effects of completeness in
exactly the same way as before, i.e. we compute (log ¥, (z)) using a cut in stellar mass
log (M /M) > 10 and we weight galaxies with the detection probabilities derived from
Fig. 5.3.

In Fig. 5.11 we plot (log ¥, (2)) as a function of redshift and find that the average
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Figure 5.10 The stellar mass—size relation for six different redshift bins (¢ ~ 0 from
SDSS; 0.2 < z < 1.0 from GEMS). The contours indicate levels of the same fractional
number of objects per unit area as in Fig. 5.7. The vertical line in each panel marks
log (M /M) = 10, which corresponds to the limiting stellar mass log M"™ applied to
each redshift bin. The diagonal line in each panel corresponds to the average surface mass
density measured from all redshift bins (log ¥, (z = 1)) = 8.50.

surface mass density, to first order, does not evolve significantly with redshift. The over-
all data values are found within 8.44 < (log > (2)) < 8.57. This is also illustrated in
Fig. 5.12 where we plot the histograms of the stellar surface mass density for the indi-
vidual redshift bins. The deviation of the lowest and the highest data point corresponds
to only 34% in surface mass density. Fitting a line with constant slope zero to the data
yields (log ¥ (2)) = 8.50£0.03. We stress that the validity of this estimate does depend
strongly on systematic errors in the measurement of the stellar masses. The error bars do
not account for such effects and therefore might present a somewhat oversimplied view.
The constancy of the stellar mass—size relation above log (M /M) ~ 10 since z ~ 1
comprises a strong constraint on models of disk galaxy evolution. The simplest possible
interpretation of the data is that galaxies grow inside-out: assuming that galaxies can only
increase their stellar mass with time, in order to stay on the stellar-mass size relation as
they grow in mass, galaxies must increase their scale-lengths accordingly. Yet, clearly,
more complex and physically-motivated models will also be capable of fitting the data.
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Figure 5.11 Evolution of the average stellar surface mass density (log > (z)). Solid
dots show the GEMS data for the individual redshift bins; the box symbol at z ~ 0.05
indicates the SDSS data point. The solid error bars indicate the 20 statistical errors;
the dotted error bar for the SDSS data point marks the 20 systematic error resulting
from the conversion of a mass-to-light ratio. The horizontal solid and dotted lines at
(log X0 (2)) = 8.50 £ 0.03 represent a linear fit to the data with a constant slope of zero
and the 1o confidence limits, respectively. The diagonal line indicates the evolution as
obtained from Mo et al. (1998).

5.5 Discussion

5.5.1 Surface Brightness Evolution

In order to facilitate comparison with previous studies, we repeat the analysis in the rest-
frame B-band (using absolute B-band magnitudes from COMBO-17 and correcting the
sizes to B-band). We convert the effective surface brightnesses to central surface bright-
nesses assuming effective size and disk scale length scale as k. = 1.678 x Ry:

fio.5 = Mg + 5log R. — 5log(1.678) + 38.568, (5.9)

This is strictly true only for pure disk galaxies, but should be a reasonable approximation
since the peak of our Sérsic index distribution roughly coincides with the exponential case
n ~ 1. As before, we find strong evolution in the rest B-band surface brightness with
redshift. For the intercept and slope in the rest-frame B-band we find (19 5 (z = 0)) =
21.11 £ 0.03 mag arcsec 2 and —1.43 4= 0.07, respectively (see Fig. 5.13).
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Figure 5.12 Histograms of the stellar surface mass density as a function of redshift (z ~ 0
from SDSS; 0.2 < z < 1.0 from GEMS). The histograms include weighting of individual
objects according to their completeness (y-axis peak normalized). Only objects with a
completeness exceeding 50% and with log (M /M) > log M"™ = 10 were included in
order to minimize the impact of selection effects. The black circle marks the estimated
mean value (log ¥, (z)) for each redshift bin. In each redshift bin with z > 0.0 we
overplotted as open circles values of (log >\ (2)) of all lower redshift bins to visualize
the evolution in surface mass density. The numbers in the top left of each panel shows the
number of sources used in each panel (not including weighting).

In contrast to this picture of strong evolution, several previous authors have found
results consistent with weak or no evolution in the average surface brightness out to z ~ 1
(e.g., Simard et al. 1999; Ravindranath et al. 2004). In this section, we discuss how these
apparently contradictory findings, based on similar data, can be reconciled.

5.5.1.1 Are the Datasets Significantly Different?

We can rule out differences in the datasets as the source of our divergent conclusions.
Owing to the similarity of the datasets, we can reproduce the analysis of Ravindranath
et al. (2004) in some detail. Ravindranath et al. (2004) assessed the average B-band
central surface brightness of their sample as a function of redshift, limited in surface
brightness to ngg < 20.6. For both the GOODS and the GEMS data sets the Ravindranath
et al. (2004) surface brightness limit implies removing half to two thirds of all galaxies
at 0.25 < z < 0.50 that are detected above the absolute magnitude limit and have a mea-
sured redshift. Note that only ~ 5% of all galaxies were excluded at the highest redshift
(1.00 < z < 1.25). Obviously, by using only one third of galaxies with the highest surface
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Figure 5.13 Comparison of the evolution of the average absolute central 5-band surface
brightness (1o 5 (z)) with the literature. Solid dots show the GEMS data for the individual
redshift bins; the box symbol at z ~ 0.05 indicates the SDSS data point. The error bars
mark 20 statistical errors. The horizontal line at pp p = 21.65 represents the Freeman
(1970) surface brightness. The solid and dotted lines mark a linear fit to all data points
(including the SDSS value) plus the 1o confidence limits, respectively. a) Comparison
with Simard et al. (1999, star symbols). b) Reproducing the Ravindranath et al. (2004)
analysis. Triangles show values obtained from the GEMS data using the selection in lim-
iting surface brightness and absolute magnitude as chosen by Ravindranath et al. (2004).
The open symbols indicate the impact of a population of high surface brightness galaxies
at the highest redshift bin using the definition of Ravindranath et al. (open triangle, just
barely visible above the filled triangle) and the definition by Simard ef al. (open star).
Especially when using the latter definition, the GEMS data with the Ravindranath et al.
selection are consistent with no surface brightness evolution.

brightness, one introduces a strong bias in the measurement of (1 5 (2)) and the derived
value will therefore not represent the average properties of disk galaxies at that redshift.
Adoption of the surface brightness limit used by Ravindranath ez al. (2004) yields very
consistent results to theirs for (o p (z)) (right-hand panel of Fig. 5.13). For the GEMS
data we find evolution at less than the 0.4 mag arcsec ™2 level using their selection criteria.
As expected the high redshift data points are the least affected by their surface brightness
limit. However, at lower redshift the results achieved using their selection criteria start
to deviate systematically from the analysis we presented earlier. Specifically, the lowest
redshift point with the surface brightness cut is more than 100 off the expected value (as
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estimated from our linear relation) without such a cut. Simard et al. (1999) adopted a very
similar strategy, and also found very weak evolution, although in their case low number
statistics are also an important source of uncertainty (there are only 5 and 6 galaxies in
their lowest two redshift bins, respectively).

5.5.1.2 Are the Analysis Techniques Different?

We argue that the divergence between our conclusions and those of Simard ez al. (1999)
and Ravindranath et al. (2004) is driven primarily by important differences in the analysis
techniques.

The analysis of Simard et al. (1999) and Ravindranath et al. (2004), justifiably, im-
posed the selection function of high-redshift galaxies on the low-redshift galaxy popula-
tion, and asked whether the average surface brightness of galaxies which one could have
in principle seen at z ~ 1 has evolved. Clearly, because of cosmological surface bright-
ness dimming the bulk of nearby galaxies would be invisible if placed at z ~ 1, and are
omitted from consideration. One then finds little difference in the population of local
galaxies that would be observable at z ~ 1.

In this chapter, we adopt a different approach. In essence, we step gradually outwards
from low redshift to higher redshift, asking at each stage if there is any evidence that
the results are significantly biased due to cosmological surface brightness dimming. The
z ~ (0 SDSS data are clearly not surface brightness limited for galaxies with My < —20.
Stepping outwards to z ~ 0.2 in the GEMS data, the surface brightness limits are well
clear of the observed drop-off in galaxy number density for galaxies with My, < —20.
Similarly for z ~ 0.4, z ~ 0.6, and z ~ 0.8; at each redshift we have clearly detected both
sides of the size distribution in a region where completeness is > 90%, and the observed
drop-off is real. Thus, the observed evolution, at least out to z ~ 0.8, is a genuine property
of the entire disk galaxy population and is unaffected by surface brightness dimming.

At z ~ 1, it is less obvious that the data are well clear of the selection boundaries —
we correct for incompleteness using the estimates obtained by applying our pipelines to
artificial galaxies. Yet, even at the z ~ 1 bin we reach well beyond the peak of the surface
brightness distribution (see Fig. 5.8), within the limits that we can confidently correct
for incompleteness. Therefore, either the evolution we measure in that bin is roughly
correct, or the galaxy surface brightness distribution would have to be bimodal. In that
case we could not observe a hypothetical second peak of low surface brightness galaxies.
Furthermore, these galaxies would have to fade significantly (and faster than the “normal”
galaxy population) with time, because otherwise we would detect these objects at lower
redshifts. So far there are neither observational nor theoretical grounds on which to expect
such a population of low surface brightness galaxies.

It is worth noting that if the galaxy population did not evolve towards higher surface
brightness at higher redshift, we would have seen that in the data, as the sample out to
z ~ 0.8 is clearly deep enough to probe the entire My, < —20 galaxy distribution in the
high completeness region.
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5.5.2 A New Population of High Surface Brightness Galaxies
at High Redshift?

Simard et al. (1999) and Ravindranath et al. (2004) suggest that at = ~ 1 a distinct
population of very high surface brightness galaxies emerges that is not detected at lower
redshifts. Simard ef al. (1999) describe these objects as sources with very high surface
brightness j1p 5 < 18 (they found 9 candidates; 18% of all galaxies detected at that red-
shift). Ravindranath ez al. (2004) delineate this group of objects as compact (R, < 0.8
kpc) and bright (M, < —21.5). Using their classification, < 5% of the galaxies at z ~ 1
fall into this category.

One might conjecture that the introduction of a new population of high surface bright-
ness galaxies at z ~ 1 simply arises in order to interpret the increasing average surface
brightness within a global picture of a non-evolving (i 5 (z)). Our results suggest that
the whole distribution of surface brightnesses shifts with redshift, naturally leading to a
larger number of high surface brightness galaxies at higher redshift. Furthermore, we find
no evidence that the surface brightness distribution changes its shape (at the 10% level,
from inspection of Fig. 5.8).

Interestingly, both Simard et al. (1999) and Ravindranath et al. (2004) introduce the
appearance of this new group of objects just at the high redshift limits of their surveys.
At those redshifts z ~ 1 — 1.2 their values for the average surface brightness are gener-
ally in agreement with the GEMS data points. We have shown in Fig. 5.13b that we can
reproduce the effect of a flattening in the evolution of (1 g (2)) by introducing a hard
upper surface brightness cut. However, the bulk of the remaining evolution appeared in
the highest redshift bin (and hence one could propose the introduction of a new class of
high surface brightness galaxies to account for this). After removing the highest surface
brightness galaxies as classified by Ravindranath et al. (2004) or Simard et al. (1999),
even the GEMS data do not show a significant redshift-dependent trend in (1o 5 (2)) (see
Fig. 5.13b). Although this line of reasoning appears to be consistent it nevertheless has
a major drawback. At the lowest redshift the results should agree with the average sur-
face brightness obtained from the SDSS. This fact alone should raise strong concerns
regarding the global sampling of the local galaxy population. Only strong evolution of
(pop (2)) ~ 21.1 — 1.43z can account for both convergence with the local data point
and the high redshift results from Simard ez al. (1999), Ravindranath et al. (2004) and the
results presented in this chapter.

To summarize, we believe that the weak surface brightness evolution found by Ravin-
dranath et al. (2004) and Simard et al. (1999), and the emergence of a ‘new population’ of
high surface brightness galaxies at z ~ 1 results from differences between their analysis
technique — which imposes the high-redshift selection function on galaxies at all red-
shifts — and our analysis technique, which implicitly steps out gradually from the local
towards the high redshift universe, asking if there is any evidence for the galaxy distri-
bution running into the surface brightness detection limits. Applying the same selection
criteria as Ravindranath et al. (2004), we also found weak surface brightness evolution.
The disadvantage of this approach is that it cannot yield quantitative statements about the
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evolution of the global ensemble of disk galaxies, especially at low redshift.

5.5.3 Comparison with Theoretical Expectations

The basic picture of disk formation within a hierarchical universe posits that the dark
matter and gas are ‘spun up’ by tidal torques in the early universe. The internal angular
momentum is generally characterized by the dimensionless spin parameter, A. Assuming
that the gas does not suffer significant loss of specific angular momentum during collapse,
the size of the resulting disk R, is expected to scale as R; o< Ar;, where r; is the radius
enclosing the gas before collapse (see e.g. Mo et al. 1998). In cosmological N-body
simulations, it is found that the distribution of values of A\ for dark matter halos follows a
characteristic log-normal form, and that the value of A\ does not correlate with halo mass,
nor does the distribution of A evolve with time (Bullock et al. 2001a). Thus, to first order,
we expect the size of a disk of fixed mass to scale with time in proportion to the virial
radius of the dark matter halo:

—2/3
a <Z)} , (5.10)

where R, (0) is the scale length at z = 0 and H (z) is the Hubble parameter as a function
of redshift (Mo et al. 1998). Using the definition of the surface mass density eq. 5.8 we
find: A "

log Xa (2) = log Xaq (0) + glog #(Z);,
with the surface mass density at redshift zero log >, (0). Since we are interested in the
relative evolution only, we normalize the curve to the observed value log ¥ (0) = 8.5
and show the redshift dependence in Fig. 5.11. The expectation of this very naive model
is that disks at z ~ 1 should be a factor of two denser at fixed mass than they are at the
present day, in clear contradiction with the observational results.

In reality, however, we expect there to be several other competing factors. For ex-
ample, the internal density profile of the dark matter halo, as commonly characterized
by the concentration ¢, will also impact the final size of the disk, in the sense that halos
with higher concentration will produce smaller, denser disks. The average concentration
at fixed halo mass is a function of epoch, scaling as ¢ o< (1 + z)~! (Bullock et al. 2001b).
Thus, the fact that halos were less concentrated at z ~ 1 by about a factor of two will
tend to counteract the strong evolution in surface density indicated above. As well, there
are numerous other complications: there is certainly not a straightforward relationship
between halo mass and the mass of baryons that collapse to form a disk; the specific an-
gular momentum of the baryons that comprise the disk may not be equal to that of the
dark matter halo; the disk size can be affected by the presence of a pre-existing bulge; and
halos with low spin parameters and/or large disk masses may not be able to support a sta-
ble disk (Mo et al. 1998). In addition, a proper comparison of the predicted evolution of

(5.11)
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the disk mass-size relation with the data requires a careful treatment of the observational
selection effects. We defer this analysis to a future work (Somerville et al. in prep).

5.6 Summary

Based on two-dimensional fits to the light profiles of all GEMS sources we have compiled
a complete and unbiased sample of disk galaxies. Our disk sample was defined by its
radial profile, specificially by Sérsic profiles with concentrations lower than n = 2.5.
COMBO-17 provided us with redshifts, rest-frame absolute magnitudes and stellar
masses for ~ 5700 sources. In order to compare the GEMS data to a local reference
we have obtained the VAGC, containing the same information as provided by GEMS for
~ 28,000 nearby (¢ < 0.05) SDSS galaxies. Inspecting the magnitude—size and the
stellar mass—size relation for disk galaxies as a function of redshift we have come to the
following conclusions:

o Athighredshifts z ~ 1 the GEMS survey is complete only for galaxies with absolute
magnitudes My < —20 or stellar masses log (M /M) = 10. In order to properly
address the potentially severe biases that arise when one attempts to explore the
evolution of the galaxy population over this redshift range, we have computed a
detailed 2-dimensional selection function and introduced a lower limiting absolute
magnitude cut.

e Treating completeness and selection effects carefully, we find that the average sur-
face brightness of disk galaxies increases with redshift, by about 1 magnitude from
z ~ 1 to the present in the rest-frame 1/-band.

e The values calculated in our study are consistent at the high redshift end with the
results of Ravindranath et al. (2004) and Simard et al. (1999) and at the low red-
shift end with the value estimated from the SDSS VAGC. We have shown that the
reasons the studies of Simard et al. (1999) and Ravindranath et al. (2004) reached
rather different conclusions from our own (weak or no surface brightness evolu-
tion over the same redshift range) are primarily related to the way the data were
analyzed, as well as to problems with small number statistics in the lower redshift
bins. In particular, applying a hard lower surface brightness cut leads to removing
substantial numbers of galaxies in the low redshift bins, and to a strong bias in the
estimated value of the average surface brightness. This approach yields average
surface brightness estimates at low redshift z ~ 0.2-0.4 that do not converge with
the “zero redshift” results from SDSS. We confirmed that when we apply the same
selection criteria to the GEMS data, we obtain results that are consistent with those
of Ravindranath et al. (2004).

e In contrast to the conclusions of Simard et al. (1999) and Ravindranath et al. (2004),
we find that there is no need to appeal to a new population of high surface brightness
galaxies, which makes its appearance at high redshift. The increased number of
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high surface brightness galaxies at high redshift is a natural result of the surface
brightness evolution that we have detected.

e While the magnitude—size relation shows strong evolution with redshift, we show
that the stellar mass—size relation stays constant with time.

e The most naive theoretical expectation is that disks of fixed mass should be about a
factor of two denser at z ~ 1, in clear contradiction with our results. Several com-
peting factors probably conspire to produce the weaker evolution that we observe.

e As the stellar mass of galaxies increases with time, the fact that the surface mass
density does not evolve as a function of redshift implies that on average disk galax-
ies form inside-out, i.e. through increasing their disk scale lengths with time as they
grow in mass.

5.7 Appendix

5.7.1 Parameterization of the Detection Probability

The detection probability p for the GEMS data as a function of apparent magnitude m is
well fitted by a double exponential function:

Does = €XP (_ exp (m ;m0)> (5.12)

with the slope o and the characteristic magnitude m,. Both the slope 0 = o (R¥, q)
and the characteristic magnitude mg, = mg (R, q) are a function of the apperant half-
light radius [ [pix] and the axis ratio q. Since the smallest objects included in the
simulations have half-light radii 2 > 0.3 pix we hold the GEMS completeness fixed at
sizes R® < 0.5 pix: log R = max [log (R*"), 0.5]. The slope o is defined as:

o=o09(q) +01(q) xR (5.13)
with

o0 (q) = 0.0860 + 0.118 x ¢
o1 (g) = 0.308 — 0.0634 x ¢ (5.14)
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The characteristic magnitude m, is defined as:

mo = min[22.5 + M (q) x log R + (7.37 — 1.83 x 1 (q)) x log R* +
(—3.44 + 0.60 x m (q)) x log R* 4 cos (71log R — 1.75)
x exp (—4.2log R) + 5log R 4 2.510g (q) ; famax (q)]
—5log R — 2.51og (q)
(5.15)

with

m(q) = 5.325+45.373 x ¢ — 2.128 x ¢*
L (@) = 29.80 + 0.0933 X ¢
(5.16)

Similarly, we fit the detection probability for the COMBO-17 data by a double expo-
nential function:
m — mo.c
Pcompo17 = 0 X €XP (_ exp <U—Q)) (5.17)

Since the COMBO-17 detection probability does not depend on the axis ratio, both o, =
o. (R*) and mg,. = myg,. (R*) take much simpler forms as functions of R* only. The
slope o. is defined as:

0. = 0.168+0.388 x
| (" ]-10g %" 0] - 231

2
- 5.18
R 0.895 (5.18)

and the characteristic magnitude my . is defined as:
mo. = 23.85 — 0.274 x R+ 0.507 x R? —0.403 x R? (5.19)

with R = max [log R#?,0.3]. The normalisation n differs slightly from unity due to the
effect of redshift focussing:

n=1.014+0.00112 x R (5.20)

5.7.2 Incorporating the Wolf et al. (2003a) Completeness Map

The completeness map given in Wolf et al. (2003a) contains values for the COMBO-
17 detection probability peovsorm = Pcomso-i7 (mR,apen Z, (U - V)rest) as a function of the
apparent R-band aperture magnitude my,,,, the redshift z and the (U-V'),, rest-frame
color. In order to convert this completeness map into our magnitude—size frame peoyso.;; =
Peomsor (M=, R¥), we take the following approach.
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We start with a simulated catalogue containing a uniform distribution of apparent
z-band magnitudes, apparent half-light sizes (uniformly distributed in log R¥*) and red-
shifts. Then, we convert the GEMS z-band magnitude m, into a COMBO-17 total R-
band magnitude My, = Mg (M, 2). The following polynomial fit to the data is an
adequate description (where RND denotes a normally distributed random number with a
mean of zero and a standard deviation of 1):

My = M, — [RND x (—0.308 4 0.0253 x m,)
—0.202 — 0.340 x z 4 3.984 x 2% — 13.881 x 2*
+13.918 x 2% — 4.264 x 2°
+2.951 — 0.376 x m. + 0.0110 x m?] (5.21)

Next, we relate Mg, t0 Mg, (the COMBO-17 completeness map is expressed in
terms of my_,..). By assuming that the aperture loss for the disk galaxies in COMBO-17 is
a function of the half-light radius. For the n < 2.5 disk sample we find a linear correlation
between the difference of total and aperture COMBO-17 magnitude mg . — Mg and
VRE:

Migaper = Miaor — 0.508 + 0.254v/R&® — 0.226 x RND (5.22)

The scatter about this relation is only 0.23 mag.

Finally, we estimate the COMBO-17 (U — V') color given the GEMS m,, redshift
and size. We find that the following description, which is a function of m, and redshift,
is an adequate representation of the data:

(U~-V)_, = RND x0.270
+0.480 — 0.534 x z + 0.125 x 22
+2.417 — 0.107 x m,, (5.23)

Using these transformations, we assign a COMBO-17 detection probability from the
completeness map given in Wolf et al. (2003a) to each mock GEMS galaxy, where the
detection probability is a function of m,, R and z. We have compared the results of the
modeling to the direct values from the Wolf ez al. (2003a) completeness map. Statistically
the agreement is good and our subsequent conclusions are unaffected by which particular
method is chosen. We have carried out the analysis using both methods, arriving at the
same conclusions. In the chapter we refer to our statistical approach in order to clearly
demonstrate the fact that COMBO-17 is somewhat deeper in terms of surface brightness.

5.7.3 Analysis of Completeness and Selection Effects

In order to address the effects of our completeness correction and sample selection we
take the following approach: For each redshift bin we calculate histograms of .y (z) and
log ¥ ¢ (2) using the inverse detection probability p of each object as a weight. From these
“weighted” histograms we measure average values for the rest-frame absolute surface
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brightness in the V-band, (111 (z)) and stellar surface mass density, (log ¥ (2)). These
average values and the corresponding errors we obtain by constructing 1,000 Monte-Carlo
realisations of the GEMS data for each redshift bin. Each realisation consists of a random
subsample of the whole data set containing as many sources as the full set, but allowing
for duplicate data points. The adopted average values originate from the average mean
value of the 1,000 simulations, while the error bars in (1 (2)) and (log X (2)) were
calculated from the scatter of the 1,000 mean value estimations. Using such a procedure,
we are able to correct for galaxies missing in the GEMS survey down to the level where we
can reliably estimate the detection probability p when calculating average mean values.

The calculation of (uy (2)) and (log X0 (2)) is affected by three limitations. At some
limiting magnitude m." the detection probability p drops to zero. The same occurs at some
limiting surface brightness p2>'™. Both effects limit the range of absolute magnitude and
surface brightness that is covered by the GEMS data. The higher the redshift, the brighter
is the corresponding limiting absolute magnitude M and the limiting rest-frame surface
brightness pj7. As a result of this, we have to restrict the study of the average galaxy
population at each redshift bin to the galaxies brighter than M and 147 corresponding to
the highest redshift bin. Finally, the value of p'™, at which one does not include objects in
the calculation of (uy (2)) and (log ¥ (2)), also potentially impacts on the analysis. In
the case of (log ¥, (2)) the absolute magnitude limit M/{" translates into a limiting mass
log M"™.

As will be shown in our subsequent analysis we find M{" = —20 and log M"™ = 10.
We will also provide further proof for the fact that the GEMS data are not limited in surface
brightness even at the highest redshift bin. Furthermore, we will show that our results are
fairly independent of the choice of p'. We adopt a rather conservative value of p"™ = 0.5.
In order to demonstrate these results, we calculate (uy (2)) and (log X (2)) for various
combinations of p™, p{r, Mi™ and log M"™.

In Fig. 5.14 we plot (uy (z)) and (log ¥ (2)) as a function of the adopted p'™
while holding M = —20, logM"™ = 10 and p§} = oo constant. Both (uy (2))
and (log ¥ (2)) do not vary significantly, i.e. one would obtain the same results for
(uy (2)) and (log Xpq (2)) using p™ = 0.2 or p"™ = 0.8. The reason for this is two-fold.
On one hand the absolute magnitude limit M{" = —20 and the lower stellar mass limit
log M"™ = 10 are chosen rather conservatively, leading to a removal of almost all sources
with p < 0.8. On the other hand, once the absolute magnitude limit reaches the region
where the detection probability drops, galaxies fall along a line of constant apparent mag-
nitude (see Fig. 5.4, at m, ~ 23.75 the 50% completeness contour is almost vertical).
Thus, calculation of a mean surface brightness (or surface mass density) is evenly (un-
)affected by the completeness correction (independent of surface brightness). Both these
arguments arise from the fact that the GEMS data is not limited in surface brightness.

We repeat this exercise for py7 (see Fig. 5.15). This time we hold p"™ = 0.5,
M7 = —20 and log M"™ = 10 fixed. We find that there is a characteristic surface bright-
ness at each redshift at which the estimated values of (uy (2)) and (log X0 (2)) systemat-
ically start to deviate towards higher surface brightnesses. This has to be interpreted as the
surface brightness at which one starts removing galaxies from the sample with the lowest
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Figure 5.14 The average surface brightness (1 (2)) (left panel) and the average surface
mass density (log > (z)) (right panel) for the different redshift bins as a function of the
adopted cut-off detection probability py;,,. Horizontal dotted lines mark the means of each
redshift bin. In both panels an absolute limiting magnitude M{™ = —20 was applied.
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Figure 5.15 The average surface brightness (uy (2)) (left panel) and the average surface
mass density (log ¥, (z)) (right panel) for the different redshift bins as a function of the
adopted surface brightness limit ™. Horizontal dotted lines mark the means of each
redshift bin. The values at ;i™ = 24 are plotted to demonstrate the results in the case

were no fixed surface brightness limit (ui™ = co) is chosen. In both panels an absolute
limiting magnitude M{™ = —20 and a detection probability cut py;,, = 0.5 was applied.

The vertical lines correspond to the 50% completeness limiting surface brightness for an
axis ratio ¢ = 0.5 at the indicated redshift.
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surface brightness, thus shifting the average to higher surface brightnesses. Measuring
constant mean values at the lowest surface brightnesses, however, does not necessarily
imply that the average does not shift. It rather means that we run into our completeness
limit eventually, i.e. we do not detect the galaxy population at all that might yet exist at
such a faint level. The question is, whether we reach a plateau in (. (2)) or (log 3y (2))
before we run into the GEMS surface brightness limit. To test this, we convert the appar-
ent z-band surface brightness limit, i.e. where a completeness level of 50% is reached,
as obtained from the GEMS completeness map p¥*** ~ 23.9 into a rest-frame surface
brightness limit £3)* in the V'-band for each redshift bin using the following relation:

uyt = p% 4+ Impt — m,] — 10log (1 + 2) (5.24)

z

with a redshift z dependent color term m{;'—m.. The term —10log (1 + z) arises from the
surface brightness dimming o (1 + z)4, which has to be accounted for when converting
an apparent surface brightness to an absolute one. From a fit to the GEMS data we obtain:

my —m, = My —m,+ dlog Dy, + 25
0.562 — 0.111 X z + 1.160 x 2% — 0.841 x 2° (5.25)

with the luminosity distance Dj;. The values obtained in this manner are indicated in
Fig. 5.15 as vertical lines. We find that we can calculate the average galaxy population
representing values for (1 (2)) and (log X4 (2)) at z = 0.2 down to a limiting surface
brightness p137* ~ 23.7. At higher redshift the corresponding value has dropped signifi-
cantly, p9* ~ 21.7 at z = 1.0. Fortunately, even at that redshift we see that the average
value (uy (2)) has already flattened out, thus implying that even at the high redshift end
of the GEMS survey we do sample the full distribution of surface brightnesses. The same
line of reasoning also applies to (log X (2)).

Finally, we examine the effect of the choice of M;{" and log M" while holding p'™ =
0.5 and py = oo fixed (see Fig. 5.16). Similarly to Fig. 5.15 we overplot the 50%
detection limit m}* ~ 23.7 at the faint magnitude end of the completeness map converted
to a rest-frame absolute magnitude limit 1/i?*. Now the conversion reads:

MP* = mP 4+ my' —m,] — 5log Dy, — 25

z

_ mazpp,SO% 4 [MV _ mz] (5.26)

with the same definitions as above. We have not attempted to construct a similar relation
for the case of log M"™. We find that both (1 (2)) and (log ¥r¢ (2)) vary systemati-
cally as a function of M{" and log M". The reason for this is that the distribution of
galaxies in the magnitude—size plane does not exactly fall along a line of constant surface
brightness, but has a slightly steeper slope. This is most obvious at the lower redshift bins
where we have the largest dynamic range in absolute manitudes. Therefore, our results are
strictly true only for the adopted limiting magnitude M7 = —20. If one were to repeat
our evaluation with deeper data, thus reaching fainter absolute limiting magnitudes at the
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Figure 5.16 The average surface brightness (uy (2)) (left panel) and the average surface
mass density (log ¥, (z)) (right panel) for the different redshift bins as a function of the
adopted absolute magnitude limit M{™ or the limiting stellar mass log M'™ (left and right
panel, respectively). Horizontal dotted lines mark the means of each redshift bin. The val-
ues at M ‘l}m = —18 (left) and log M'™ = 9 (right) are plotted to demonstrate the results if
no fixed absolute magnitude limit (M‘l/im — —00) or stellar mass limit (log M'™ = —o0)
is chosen. In both panels a detection probability cut p;;,, = 0.5 was applied. The vertical
lines in the left panel correspond to the 50% completeness limiting absolute magnitude at
the indicated redshift.
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highest redshift, one should expect to find slightly different absolute values for (uy (z))
and (log ¥ (z)). However, if the distribution of galaxies does not change with redshift
in the magnitude—size plane, which would imply differential evolution, one would mea-
sure the same relative differences. The same line of reasoning of course also holds for
log M"™ = 10.

The only way to circumvent this problem would be to move from measuring evolution
in the surface brightness to a new variable p, which matches the observed slope of the low
redshift population'’. Fitting the slope in our lowest redshift bin, one reads off approxi-
mately log p oc M + 2.5 x 3log R, with magnitude M and radius R. This quantity has the
physical dimensions of a volume density instead of a surface density, being proportional
to the radius cubed.

"n fact, it should match the slope at all redshifts. However, we have found that usually at higher redshift
the dynamic range in absolute magnitude is too small to reasonably constrain the slope.
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Chapter 6
Skywalking GEMS and UDF!3

Recently large high resolution space based imaging surveys for galaxies have been con-
ducted with the Hubble Space Telescope and its Advanced Camera for Surveys (ACS).
Very prominent are the Hubble Ultra Deep Field (UDF, Beckwith 2004), the observations
in the GOODS field (Giavalisco et al. 2004) and our own GEMS survey (‘Galaxy Evolu-
tion from Morphologies and SEDs’, Rix et al. 2004), ordered by increasing sky coverage.
While the UDF covers one ACS pointing or about 200” x 200", GEMS covers 70 times
as much, nearly 28" x 28'. With the observed size and depth of the observations — the
UDF is 1-1.5 mag deeper than the Hubble Deep Field — these images are very rich in
galaxies of all sizes, shapes, and — all mentioned surveys obtained multi-band images —
also colours. The UDF contains almost 10 000 galaxies, GEMS about 40 000.

Both the UDF and GEMS teams created “true colour” images from their data, largely
for outreach activity. HST plus its ACS camera have a number of advantages over other
instruments, with one combination making it fully unique: the large field-of-view and
a 0705 spatial sampling. While this is wonderful for science it poses one problem for
outreach applications: How to view these images? The UDF in a computer screen sized
resolution shows a number of coloured dots and hides most of the beauty of the very deep
space, the GEMS colour mosaic viewed at a resolution of 1000 pixel in width is largely
black. We think that the GEMS colour mosaic would be best viewed in a printout about
10 meters on a side (still ~6 pixel per mm!), at 50 cm distance to see all details, which
might be difficult to realise for a widespread audience. While the underlying amount
of image data in JPEG compression is comparably small compared to the science grade
images, it is still 10 Mb for UDF and 175 Mb in case of GEMS thus not very friendly for
download without access to institute quality internet.

To nevertheless allow people to enjoy the colour mosaics, we put together a JavaScript
web application, that allows to pan around in the 1:1 UDF and 2:1 binned GEMS images
via the WWW, without downloading all of the images at once, but only the part viewed.
In this way access even with analog modems is possible. We dubbed these applications
“GEMS Skywalker” and “UDF Skywalker” (names not sponsored by Lucasfilm). They
are available online for free use at

http://www.aip.de/groups/galaxies/sw/gems/ (GEMS Skywalker)
http://www.aip.de/groups/galaxies/sw/udf/ (UDF Skywalker).

8This chapter has been published as Jahnke et al. (2004a).
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They should work with most Netscape, Internet Explorer and Opera Versions.

For the realisation of the Skywalkers, we would like to thank both the UDF and GEMS
teams for their work that generated these images. Also a big Thank You goes to the
developers of the DynAPI JavaScript library (Steinman 2004) that made programming

easy.



Chapter 7
Conclusions & Outlook

7.1 This Work in the Scientific Context of GEMS-
Results

GEMS is the largest HST/ACS color survey in existence. The combination of its high
spatial resolution (to be able to study galaxy morphologies at high redshifts), its big field
of view and redshifts from COMBO-17 provides large samples of galaxies needed to
examine the evolution of even rare objects. This gives an excellent opportunity to study
several important aspects of galaxy evolution out to a redshift of z ~ 1. In this thesis,
I have concentrated on two of these aspects: The evolution of blue spheroidal galaxies
and their role in the picture of hierarchical galaxy assembly through mergers (see § 4),
and the size evolution of disk galaxies (§ 5). Before I conclude with the results found for
these galaxies, I would like to put my work in the big picture of other results on galaxy
evolution.

In GEMS we can draw a consistent picture of galaxy evolution at redshifts z < 1. We
examine disk galaxies in detail and from different viewing angles. Wolf et al. (2005) and
Bell et al. (2005) show that disk galaxies host the majority of the star formation at all
redshifts out to z ~ 1. During their mass assembly, scaling relations do not change sig-
nificantly, galaxy disks grow in size as they grow in mass (see § 5, also see Barden et al.
2005), consistent with a inside-out growth of disk galaxies. We quantitatively examine
their transformation into dynamically spheroidal galaxies (see § 4) through galaxy merg-
ers (Bell et al. 2006). These newly-formed BSGs (at least the high-density BSGs) are then
able to passively evolve into typical red spheroidal galaxies and end up on the red galaxy
scaling relations (MclIntosh et al. 2005), that do not significantly change since z ~ 1.
AGN host galaxies in this context can be blue spheroid-dominated galaxies (Sanchez
et al. 2004), well in agreement to the picture that AGN can play a role in the final stages of
merging and could be associated with blue spheroids. They might indeed be triggered by
galaxy mergers that also induce some star formation and, through feedback, might remove
gas from these galaxies, turning them into dead, non-star-forming systems of spheroidal
galaxies. This transformation of galaxies from the ‘blue cloud’ to the ‘red sequence’ is
well observed today (Borch et al. 2006, see also § 4); a 50-100% increase in the number
of spheroids from z ~ 1 to present day is observed through multiple approaches.
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7.2 Conclusions

In order to quantitatively measure galaxy evolution since z ~ 1, it was necessary to
measure structural galaxy parameters reliably. Especially galaxy sizes and Sérsic indices
were needed for this kind of analysis. In order to make sure that the properties measured
reflect the true properties of the galaxies examined, we intensively tested two different
software packages, namely GALFIT and GIM2D.

We found that the initial setup of both fitting codes seriously influences the outcome
and the reliability of the parameters returned. Proper usage and intensive testing are
essential for every work based on these codes. At least when using GEMS-like data,
the GIM2D setup recommended by the author, especially using ‘dobkg’="‘yes’ and
‘initparams’="‘yes’, was unable to recover the input parameters from our simula-
tions of n = 4 galaxies that were fainter than the sky surface brightness. We strongly
discourage users from using these setups, but instead fix the background at a local value
as e.g. , returned by SEXTRACTOR, and to input very wide model parameter limits. This
turned out to return much more reliable results. GALFIT returned the best results when
the sky was fixed at an ‘isophotal’ value given by GALAPAGOS instead of using the SEX-
TRACTOR value.

Both GALFIT and GIM2D were able to recover the input values of n = 1 galaxies with
only little bias, but suffered from much more serious bias and scatter when fitting n = 4
galaxies. The treatment of neighboring galaxies seemed to be essential during this process
and turned out to be the main reason why GIM2D, being unable to simultaneously fit
neighboring galaxies, returned significantly worse results than GALFIT. We recommend
GALFIT in combination with GALAPAGOS for single Sérsic profile fitting in medium-
depth HST/ACS data, as this combination of codes returned the best results, both being
more reliable in the mean and showing lower scatter and less sensitivity to contamination
by neighbors.

The nominal errors returned by each code did underestimate the true uncertainty of the
fit by a large factor. Instead we showed a statistical approach to derive fitting uncertainties
for individual galaxies and we recommend to carry out a similar analysis when using any
of these codes.

From testing both codes on consistency when fitting the same galaxies on images of
different depth, we have shown that real galaxies can be reasonably well described by
general Sérsic light profiles.

Using stellar population models, we were able to estimate galaxy restframe images
on a pixel-to-pixel basis from one-color (two-band) HST/ACS data from GEMS. These
images, although clearly showing low-level artefacts because of the unavoidable effects
of smoothing (required to measure accurate colors), are well-understood and were found
to be reliable at the ~ 10 — 20% level. We intensively tested these images on multi-
wavelength HST GOODS data.

From fitting these images, we were able to derive a sample of high-Sérsic-index galax-
ies, which were visually classified to remove contamination of disk galaxies with central
light-cusps, that severely bias the sample of ‘early-type’ galaxies when automated classi-
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fication is used. Visual classification returns a sample of 216 spheroidal galaxies out to
z = 1, out of which 47 (22%) turn out to have blue colors. This is, to best of our knowl-
edge, by far the biggest sample of blue spheroidal galaxies examined so far, enabling us
to separate this sample of galaxies into high-mass-density and low-mass-density galaxies.
We find fundamental differences between these two classes of galaxies.

e High-density blue spheroids have the same mass—size distribution as typical red
sequence galaxies; that is, they have colors and magnitudes at a given size which
allow passive fading and reddening onto the red sequence.

e The low-density blue spheroids are more in agreement with disk galaxies in their
mass—size distribution. As we have shown, they are not able to passively evolve
into early-type galaxies; in fact, most of them would have to brighten at a given
size to fall on local early-type galaxy scaling relations. What these galaxies are —
perhaps merger remnants reforming a galaxy disk through further gas accretion, or
disk galaxies forming bulges through minor merging — we cannot tell from this
analysis.

We measure a total BSG fraction of ~ 22% at 2 ~ 0.6, comparing reasonably well
with previously published determinations of the BSG fraction. Yet, importantly, we find
that the vast majority of BSG galaxies are low-density. Restricting our attention to high
density BSG galaxies alone, we find that some ~ 6% of spheroidal galaxies are blue.
This fraction of ~ 6% at z ~ 0.6 is a much more physically-meaningful indicator of the
growth rate of the early-type galaxy population through the addition of ‘young’ elliptical
galaxies. We estimate a ~ 0.6 Gyr BSG timescale; adopting such a timescale we find
a reasonable degree of consistency between the massive galaxy merger fraction and the
blue spheroid fraction. Such a consistency gives support to a picture of merger-driven
growth of the early-type galaxy population at z < 0.8. Finally, we estimate the growth
in the number of early-type galaxies since z = 0.8 from galaxies which pass through
the blue spheroid stage: the number of spheroid-dominated galaxies at the present-day is
predicted to be ~ 1.5 times higher than the number of such galaxies at z = 0.8. Thus,
blue spheroids represent signposts of cosmologically-significant growth of the spheroidal
galaxy population at intermediate redshifts.

Using z-band fit-results of real galaxies from the fitting pipeline tested in this work,
we were able to compile a complete and unbiased sample of ~ 5700 disk galaxies by
automatic classification of galaxies with n < 2.5 with redshifts, rest-frame absolute mag-
nitudes and stellar masses from COMBO-17. Using a large comparison sample from
SDSS we were able to examine the evolution of the magnitude—size and the mass—size
relation as a function of redshift.

We find that the average surface brightness of disk galaxies increases with redshift,
by about 1 magnitude from z ~ 1 to the present in the rest-frame V' -band Barden et al.
(2005). This is consistent with the results from Ravindranath et al. (2004) and Simard
et al. (1999), the reasons for the different conclusions of these two studies are primarily
related to the way they analyzed their data, as well as small number statistics in the lower
redshift bins.
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While the magnitude—size relation shows strong evolution with redshift, we show that
the stellar mass—size relation stays constant with time. The most naive theoretical expec-
tation is that disks of fixed mass should be about a factor of two denser at z ~ 1, in clear
contradiction with our results. As the stellar mass of galaxies increases with time, the
fact that the surface mass density does not evolve as a function of redshift implies that
on average disk galaxies form inside-out, i.e. through increasing their disk scale lengths
with time as they grow in mass.

7.3 Outlook

Large surveys with multi-wavelength coverage in distinct fields, e.g. GEMS, STAGES,
CosMo0s, GooDS and others, datasets that are currently being build up or already exist,
will help to rule out cosmic variations within this analysis, to understand the role of blue
spheroidal galaxies and to solve the question whether they are really the progenitors of
red-sequence galaxies. High-resolution data (e.g. HST) is essential in this kind of work
to be able to get reliable galaxy classifications and properties as on ground-based data
it is very hard to measure galaxy parameters like e. g. Sérsic indices and halflight-radii.
Together, these surveys provide a huge galaxy sample with a wide range in both redshift
and environment, making it indeed possible to examine the evolution of this rare class
of galaxies. In this work, only half of the galaxy sample in GEMS has been taken into
account, we will increase our number statistics significantly. Increasing the sample size
is important as blue spheroidal galaxies are not very common objects, number statistics is
the limiting factor in most current surveys.

STAGES, centered on the supercluster Abell901/902, will help to understand environ-
mental effects of galaxy evolution in general and blue spheroids in particular. Galaxies
in clusters are unlikely to merge with each other due to their high velocity difference, so
when galaxies merge, they should in principle do it in galaxy groups, where the velocity
difference is small, yet the galaxy density is high enough. If this is true, there should be
more blue spheroids in galaxy groups than anywhere else and these galaxy groups should
then fall into clusters with already existing elliptical galaxies. The GEMS data alone can-
not answer this question; the field is too small to contain sufficient numbers of clusters
and, using photometric redshifts, it is impossible to identify galaxy groups. Other large
HST mosaics like COSMOS with its substantial spectroscopic data and/or STAGES could
be able to help solve this problem.

We will use multi-wavelength data, e.g. Spitzer 24um to help to identify galaxies
with intrinsically high star-formation rates and X-ray data to investigate AGN-accretion
in galactic centers, to further improve the sample selection and characterization of blue
spheroidal galaxies. This, or similar, data exist for most of these surveys.

More clues about the nature of BSGs could be obtained by spectroscopic observations.
If it is true that massive BSGs fade and redden passively into RSGs and low-mass BSGs
form stars and evolve ‘back’ into disk dominated systems, then the massive BSGs should
contain aging stars with absorption lines while low-mass BSGs with strong ongoing SF
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should have clear emission features in their spectra. Furthermore, spectroscopy is the
key to dynamical masses, which are independent measurements from the stellar mass
estimates that we used in our work (Borch ef al. 2006). More importantly, they are not
susceptible to strong changes in the stellar M/L ratio from merger-induced SF bursts.
These changes, described by Bell & de Jong (2001), can exceed a factor of 3 in M/L,
which translates to an error of the same order in stellar mass.

An interesting analysis of the relation between galaxy mergers and blue spheroidal
galaxies would be to look at merging galaxies in the GEMS data that are morphologically
distorted (the approach of Bell et al. 2006, was based on close pairs which overestimate
the fraction of merging galaxies). An automated identification of mergers is not yet pos-
sible and only having classified galaxies with n > 2, our sample does not necessarily
identify all galaxy mergers in the data set unless one classifies all galaxies in the GEMS
field.
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Appendix A
List of Acronyms

ACS

AGN

BSG
COMBO-17

CosMos
CPU
GALAPAGOS

GALFIT
GASPHOT
GEMS
GIM2D
GooDS
Gyrs

HST

PSF

RSG

SED

SF

SDSS
SEXTRACTOR
STAGES

Advanced Camera for Surveys
Active Galactic Nuclei
blue spheroidal galaxy, in contrast to RSG

Classifying Objects by Medium-Band Observations — a
spectrophotometric 17-filter survey

The Cosmic Evolution Survey
Central Processing Unit

Galaxy Analysis over Large Areas: Parameter Assessment
by GALFITting Objects from SEXTRACTOR

Well, it’s simply GALFIT

Galaxy Automated Surface PHOTometry
Galaxy Evolution from Morphologies and SEDs
Galaxy IMage 2D

The Great Observatories Origins Deep Survey
Gigayear, 1 billion years

Hubble Space Telescope

Point Spread Function

red spheroidal galaxies, in contrast do BSGs
Spectral Energy Distribution

star formation

Sloan Digital Sky Survey

Source EXtractor

Space Telescope A901/902 Galaxy Evolution Survey
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