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Entwicklung der stellaren Massendichte von Galaxien seit
Rotverschiebung 1.0

Im Unterschied zu anderen Methoden der Massenbestimmung von Galaxien können stellare
Massen auch bei höheren Rotverschiebungen und der sich damit ergebenden eingeschränkten
Winkelauflösung bei Beobachtung mit bodengebundenen Instrumenten abgeschätzt werden. Für
eine Stichprobe von 25000 Galaxien aus der COMBO-17 Durchmusterung werden stellare Massen
abgeschätzt. Hierzu wird eine Methode verwendet, die auf der COMBO-17 Multifarbenklassifika-
tion basiert. Es wird eine für diesen Zweck geeignete Bibliothek von Galaxienvorlagen entwickelt.
Die Klassifikation mithilfe dieser Bibliothek liefert eine Abschätzung der Rotverschiebung und
der spektralen Energieverteilung. Die für alle Typen spektraler Energieverteilung aus der Biblio-
thek bekannten stellaren Masse-Leuchtkraft-Verhältnisse dienen zusammen mit der Flußmessung
in einem der COMBO-17 Filter im optischen Bereich zur Abschätzung der stellaren Masse für
die Galaxien aus der Stichprobe.

Die so bestimmten stellaren Massen dienen dazu, die stellare Massenfunktion und die integrierte
stellare Massendichte im Rotverschiebungsbereich 0 ≤ z ≤ 1 zu bestimmen. Als Ergebnis läßt
sich ein Anstieg der stellaren Massendichte um den Faktor 1.6 seit Rotverschiebung 1 feststellen.
Dieses Resultat ist in guter Übereinstimmung mit den Vorhersagen semianalytischer Modelle
der Galaxienentwicklung und -entstehung. Der Vergleich mit einer Integration der Sternentste-
hungsrate aus dem Madau-Plot über die Rückschauzeit zeigt eine gute Übereinstimmung dieses
relativen Massenzuwachses, aber die absoluten Werte sind verglichen mit den in dieser Arbeit
bestimmten stellaren Massendichten um den Faktor 4-5 höher.

Evolution of the Stellar Mass Density of Galaxies Since
Redshift 1.0

At variance to other methods of mass estimation of galaxies, stellar masses can be estimated
also at higher redshifts and therefore with reduced angular resolutions, when observing with
ground based instruments. For a sample of 25000 galaxies drawn from the COMBO-17 survey
stellar masses are estimated. For this purpose a method is used that is based on the COMBO-17
multi-color classification. A library suitable for this purpose is developed, and the classification
with this library delivers an estimation of the redshift and the spectral energy distribution. The
stellar mass-to-light ratio, that is known from the library for all types of spectral energy dis-
tribution, together with the flux measurement in one of the COMBO-17 filters in the optical
regime delivers an estimation of the stellar mass for the galaxies in the survey.

The stellar masses estimated in this way are used for an estimation of the stellar mass function
and of the integrated stellar mass density in the redshift regime 0 ≤ z ≤ 1. Resulting from
this an increase of the stellar mass density by a factor of 1.6 since redshift 1 is determined.
This result is in good agreement to predictions of semianalytic models of galaxy formation and
evolution. The comparison to an integration of the star formation rate from the Madau plot
over the lookback time shows a good agreement to this relative mass increase but the absolute
values are 4-5 times higher than the mass density determined in this work.
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Chapter 1

Introduction

1.1 Galaxy evolution

In the current cosmological picture the universe expanded and cooled after the Big Bang. It
was first radiation dominated, until the electrons combined with the protons to form hydrogen
and radiation decoupled from the matter. Before the epoch of combination acoustic waves in
the radiation dominated plasma were damped (Silk-damping). The Silk-damping refers to bary-
onic matter, which interacts with radiation. Whereas in dark matter there is no Silk-damping,
the free streaming of neutrinos would damp out small-scale density perturbations. The growth
of the density fluctuations in the dark matter is not influenced, if the velocity of dark matter
particles is small compared to the velocity of light. In this case it is called cold dark matter.
Already at the time of combination the density fluctuations were formed, which can be verified
as temperature differences of the order of 10−5 of the mean temperature observed in the cosmic
microwave background with the WMAP satellite.

Galaxies were formed from the growth of primordial density fluctuations of dark matter.
These density fluctuations decoupled from the general expansion of the universe and collapsed
as soon as the local density was above the critical density. Models of galaxy formation and
evolution assume that galaxies were formed firstly as small objects by these density fluctuations
mentioned above. They grew into larger and larger objects by merger events. This is the so-
called hierarchical picture.

The baryonic matter follows the gravitational potential which is given by the distribution of
the dark matter. The dark matter and the baryonic matter interact only by gravitation. The
processes when baryonic matter falls into the gravitational potentials of the dark matter are
complicated. Here is a short description of them:

Cooling of gas: The baryonic gas will be shock heated when it falls into the dark matter halos.
The pressure prevents further contraction. Radiation cooling is the dominating effect that
causes finally a Kelvin-Helmholtz contraction [Rees & Ostriker 1977].

Star formation: The cooled gas settles in a disk due to the conservation of angular momentum
and forms stars.

Supernova Feedback: After the formation of the first massive stars supernova events bring
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Figure 1.1: The tuning fork diagram from E. Hubble. Taken from Kormendy & Bender 1996

energy into the gas and heat it again. Depending on the depth of the potential well the
total gas of a galaxy may be expelled [Dekel & Silk 1986].

Mergers: Two approaching galaxies may merge with each other due to the gravitational inter-
action. Such merger events can be demonstrated in computer simulations, for example the
antennae galaxy NGC 4038/4039 by [Toomre & Toomre 1972].

Models of galaxy formation and evolution have to take into account the growth of density
fluctuations, their mergers with each other and the processes due to the gravitational interaction
between baryonic and dark matter. Examples for such models are the so-called semianalytic
models [Somerville & Primack 1999, Cole et al. 2000]. In these models Monte Carlo simulations
of different merging histories (so-called merger trees) are investigated. The processes due to the
interaction effects of the dark matter with the baryonic matter as mentioned above are taken
into account as additional assumptions [Somerville & Primack 1999].

1.2 Galaxy types

Different galaxy types vary in their morphology and their color. The morphological types are
summarized in the tuning fork diagram following to Hubble (see figure 1.1). Among these there
are elliptical and lenticular galaxies. They consist of very old stars (some 109 years) and have
barely gas and dust and are therefore not able to build new stars. Furthermore there are disk
galaxies which consist of a bulge and a disk component. There are old stars in the bulge, whereas
the disk harbours young stars. The disk contains gas which can be converted into new stars.
Disk galaxies possess a bluer color due to their younger stellar population. Elliptical and lentic-
ular galaxies are called early types whereas spiral galaxies are called late types. Other galaxy
types are starburst galaxies. Their colors are dominated by luminous young stars, therefore they
are blue. Morphologically they often have a irregular shape.

The morphological classification only makes sense if the galaxies can be spatially resolved, for
example in the case of nearby galaxies at low redshifts. At higher redshifts this is hardly possible
with ground based telescopes due to the seeing limited resolution. Only integral properties such
as the color or the spectrum of the galaxy can be measured. In those cases a classification into
different types of spectral energy distribution (SED) is useful, which is also used in this work.
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1.3 Luminosity function

Large and deep samples of galaxies enable statistical investigations of the properties of the pop-
ulation of galaxies with redshift and therefore with lookback time. One important property of
galaxies is their absolute luminosity. The luminosity function describes the frequency distribu-
tion of galaxies as a function of their luminosity. Figure 1.2 shows the local luminosity function
of galaxies of different Hubble types. The elliptical galaxies are most luminous and the irregulars
are the faintest.

Galaxies are not uniformly distributed but form groups, clusters and superclusters which are
found in filaments and wall-like structure in the universe. This large scale structure also contains
large voids containing almost no galaxies. Galaxies which are not part of a cluster are called
field galaxies. Field galaxies are investigated in this work. In figure 1.2 the luminosity function
of field galaxies is compared to those in the Virgo cluster. Noticeable the cluster galaxies show
a different distribution to the galaxies in the field, because the evolution depends on properties
of the environment (e.g. galaxy density, density of the intergalactic gas).

1.4 Surveys

The evolution of the luminosity function was and is investigated with different surveys. It is
important to have a sample of galaxies as big as possible because of two reasons:

• The sample should be divided in various subgroups, which distinguish different features
of each other. For example it is useful to distinguish different redshift intervals, different
luminosity intervals or different galaxy types.

• Each of these subgroups of different features should contain a sufficient number of objects
in order to keep the error of the Poisson-statistics small.

Because of the large scale structure mentioned above it is also important to investigate a repre-
sentative volume. This can be achieved by involving a large area on the sky which covers typical
length scales of large scale structure features or taking many independent fields into account.

The Canada-France Redshift Survey (CFRS) [Lilly et al. 1995] investigated 591 I-band se-
lected galaxies (I < 22.0) in the redshift regime 0.05 < z < 1. The Calar Alto Deep Imaging
Survey (CADIS) [Fried et al. 2001] examined a sample of 2779 galaxies with I815 < 23.0 in the
regime 0.3 < z < 1.0. As a follow-up project of CADIS the COMBO-17 survey (Classifying
Objects by Medium Band Observations in 17 filters) investigated the luminosity function for a
sample of 25000 galaxies with R < 24 in the regime 0.2 < z < 1.2 [Wolf et al. 2003].

The COMBO-17 survey is also used as the groundwork of this thesis. It is a multi-color
survey, which has been taken in 5 broad band and 12 medium band filters. It was taken with
the Wide Field Imager at the 2.2m telescope on La Silla. Currently there are 3 fields completely
analysed available, which cover together an area of 0.8 square degree on the sky. Two further
fields, which will extend the COMBO-17 survey to 6 fields in total corresponding to an area of
1.5 square degree, are in preparation. A multi-color classification delivers both an estimation of
the redshift and the SED type. This is described in detail in section 2.1.
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Figure 1.2: The luminosity function of different galaxy types in the field and in the Virgo
cluster. (Figure 1 from [Binggeli et al. 1988]). The luminosity function ϕ(M) is plotted against
the absolute B-band luminosity.
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With the aid of the GEMS survey (Galaxy Evolution with Morphologies and SED’s,
[Rix et al. 2004]) also the morphological information is available. In this project one COMBO-
17 field is observed with the Advanced Camera for Surveys of the Hubble Space Telescope.
Compared to ground based imaging a considerably higher resolution is achieved. Therefore for
more distant objects morphological information such as the effective radius, spiral structure or
occurring merger events can be determined.

1.5 Mass estimation

The mass of a galaxy can be determined by its dynamical properties. The dynamical properties
differ for various galaxy types:

• Disk galaxies show a rotation along their symmetry axis.

• Elliptical galaxies show no or only slow rotation. The orbits of their stars have mostly a
statistical distribution and can be distributed by a velocity dispersion.

For disk galaxies rotation curves can be determined by measuring rotational velocities in
dependence of the distance to the galactic center, for example by measuring the Doppler shift
of spectral lines. Assuming a Kepler rotation the mass of the galaxy can be estimated. For slow
or non-rotators such as elliptical galaxies this is not possible. Their masses can be estimated by
using the virial theorem. It can be applied to systems which are in dynamical equilibrium due
to the influence of gravitation. In such systems the kinetic energy is half of the potential energy
and can be estimated by using the velocity dispersion.

Both methods deliver the total masses including the dark matter within the investigated
radius. The stellar mass of a galaxy can also be estimated by using its stellar mass-to-light
ratio. The integrated luminosity is a measure for the stellar mass, because the light that comes
from a galaxy is dominated by its stellar component. This method is thus applicable even for
very distant objects which cannot be resolved.

A main problem of the use of luminosities for stellar mass estimation is the fact that young
stars are brighter than average at shorter wavelength. The reason is that young stellar pop-
ulations contain massive stars which have a comparatively short lifetime and a high surface
temperature. The luminosity of stars is proportional to T 4, so hot stars are very bright and
dominate the spectrum although they are rare objects. Due to the Wien’s displacement law this
is in particular important in the short wavelength regime. Luminosities at wavelengths below
the 4000 Å break can therefore cause errors in the stellar mass estimation. The stellar masses
are mostly dominated by old stars, which have negligible luminosities compared to the young
stars. In order to avoid such problems, infrared luminosities such as the K band luminosity are
proposed as a proxy for the stellar mass [Broadhurst et al. 1992, Kauffmann & Charlot 1998].
The K-band luminosities measure predominantly low mass stars, which are more frequently.

A first approach to determine the stellar mass, the luminosities of galaxies are therefore
measured in the infrared regime. Some surveys measure the K-band luminosity function. Ex-
amples are the MUNICS survey [Drory et al. 2003], the K20 survey [Pozzenti et al. 2003], and
the 2MASS survey [Kochanek et al. 2001]. Whereas Kochanek et al. assume a unique M/L
ratio for all galaxy types in order to transform the K-band luminosities into stellar masses, the
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objects in the MUNICS survey are classified with a multi-color classification. For this purpose
a template library on the basis of stellar population synthesis models is used, similar to the
method presented in this work. Whereas in the infrared regime the K-corrections are similar for
different galaxy types, they cover a larger range in the optical regime [Lilly et al. 1995]. The
K-corrections are in order to “correct” the apparent magnitudes of distant galaxies for the effects
of redshifting their spectra which are observed through filters with a fixed central wavelength.

A different method of estimating the stellar M/L ratios is done by Kauffmann et al. [2003].
They use the strength of the 4000Å break (measured as D4000 parameter) together with the
equivalent width of the Balmer absorption line Hδ in order to draw a direct correlation of the
(D4000,Hδ) parameter space to the M/L ratios. This relation is applied to 105 galaxies in the
Sloan Digital Sky Survey (SDSS).

The K-band luminosities have some uncertainties which are caused by stars at the asymptotic
giant branch (AGB). Although these stars are very rare they may dominate the near infrared
luminosities. In the age regime between 100 Myr and about 3 Gyr the thermal-pulsating AGB
stars alter the K-band mass-to-light ratio by a factor of up to 0.3 dex [Mouhcine & Lançon 2003].
As described in section 2.3, these stars are difficult to model.

In the method described in this work the stellar masses are estimated by using optical
luminosities and therefore the disadvantages of the K-band luminosities are avoided. The same
is the case for the aforementioned method of Kauffmannn et al. [2003] who use the luminosities
in the z-band.

1.6 Science objectives

In section 1.1 the semianalytic models of galaxy formation in the context of the contemporary
standard model are mentioned. In order to test these models they are compared to observational
results of surveys. In the past the luminosity function was available for this. For this purpose
the primary model predictions of galaxy masses have to be transformed into luminosities.

A more direct test of such models would be the integrated stellar mass density in galaxies
and its evolution with redshift. The method of mass estimation presented in this work enables
to estimate the integrated stellar mass density in the redshift regime 0.1 < z < 1.0 by using a
sample of 25000 galaxies drawn from the COMBO-17 survey. This is compared to predictions
of semianalytic models. The method of stellar mass estimation is presented in chapter 3. It is
based on a library of galaxy spectra, which is introduced in chapter 2. The comparison to the
semianalytic models is shown in chapter 3.4, where the results are presented.

Furthermore it is interesting to compare the integrated stellar mass density to a integration
of the Madau plot [Madau et al. 1996]. The Madau plot (figure 1.3) shows the integrated star
formation rate in dependence of the redshift. If the star formation rate is integrated over the
lookback time, one should expect the integrated stellar mass density in galaxies. This can be
compared to the result of this work. The comparison is done in chapter 5. Since the SFR in the
Madau plot measures rather the massive stars, such an investigation allows to compare a star
formation rate which is dominated by high mass stars to a star formation rate of typical solar



1.6. SCIENCE OBJECTIVES 9

Figure 1.3: The integrated star formation rate in galaxies (Figure 12 from
[Hippelein et al. 2003]). The y-axis shows the star formation rate per comoving volume
as a function of redshift. At the x-axis the redshifts are translated to lookback times by using
the standard cosmology. The dashed line is a “by hand” fit to the data [Hippelein et al. 2003].
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mass stars. Discrepancies between the Madau plot and the stellar mass result since redshift 1.0
would imply important consequences, which are discussed in chapter 5.



Chapter 2

The galaxy template library

2.1 Multi-color-classification of galaxies in COMBO-17

COMBO-17 is a multi-color survey. It covers four different fields with a total area of one square
degree on the sky. Currently three fields are available for the analysis: A field around the Chan-
dra Deep Field South (CDFS), a field containing the Abell 901 cluster (A901) and an equatorial
field (S11). The observations are taken in 5 broad band filters and 12 medium band filters
(Figure 2.1). The filter set is tailored for covering the whole optical wavelength range.

The object classification in COMBO-17 relies only on the colors determined from this filter-
set. No additional morphological information is used. The colors of the objects in the surveyed
sample are compared to color libraries of different object classes. First, it is distinguished be-
tween 4 different classes of objects:

• main sequence stars

• white dwarfs

• galaxies

• quasars

Each library is designed in such a way that the colors of all the library members are represen-
tative for the considered object class. This enables us to assign 99.7 % of all survey objects to
one of these four classes.
The objects are not only associated with different classes but also distinguished between differ-
ent types among each class. The different types in each class are called SED (spectral energy
distribution) types. This leads to an estimation of the SED parameter for each class and in
addition, for the galaxy and quasar class the redshift has to be taken into account.

The classification process works as follows: The colors of each survey object and their errors
are compared to the color distribution of each library object. A probability for the affiliation of
a survey object to a certain library object is calculated. For each object class the probability
of belonging to it is calculated as the sum over the probabilities of all library members of this
class. The object is assigned to the class with the highest probability in cases where the relative
probability is greater than 0.75 times the sum of the probabilities in all classes. Otherwise the
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Figure 2.1: The filterset of COMBO-17. The quantum efficiency (qef) of all filters is shown as a
function of wavelength. The thick lines are the five broadband filters and the thin lines are the
12 medium band filters.

object is called unclassifiable and cannot be assigned to any class.
The libraries are designed such that they cover the whole color space in the regime of consid-
eration. This allows to define a distance of the considered survey object to the nearest library
object. If this distance exceeds a value of 3σ, where σ is the gaussian variance, the object is
called peculiar [Wolf, PhD thesis, Wolf et al. 2004].

The multi-color classification is described in more detail in [Wolf et al. 2001b, Wolf et al. 2004].

The stellar library has been built from the Pickles atlas and the white dwarfs from the syn-
thetic library of Koester (see [Wolf et al. 2004] and references therein). The quasar library is
built from SDSS QSO template spectra [Wolf et al. 2003b]. For the galaxy class there are three
different libraries available. The first library is the Kinney et al. library [Kinney et al. 1996]
which has been used in COMBO-17 [Wolf et al. 2001b]. It is used for the classification in
[Wolf et al. 2003], who investigated the evolution of the galaxy luminosity function in COMBO-
17. Another library is developed in this thesis. A third library is developed by C. Wolf
[Wolf et al. 2004] which is currently used in COMBO-17. These three libraries can be used
alternatively. The differences between them will be discussed later.

The Kinney et al. library is based on averaged UV-optical spectra of nearby galaxies of Kin-
ney et al. [1996] which cover the wavelength range between 120 nm and 1000 nm. These spectra
are obtained with an aperture of 200 square arcseconds in order to match the ground based opti-
cal spectra to the aperture of the UV spectra obtained with the IUE satellite [Kinney et al. 1996].
Hence, these spectra sample only the inner region of the galaxies. This property is good for our



2.2. THE AIMS OF A NEW LIBRARY 13

purpose since the outer regions of the galaxies are often too faint to be observed, in particular
for high-redshift galaxies. The Kinney-spectra contain 10 different morphologically classified
Hubble types. There are the four galaxy types elliptical, lenticular, Sa, and Sb. In addition
there are six types of starburst galaxies SB6 to SB1. In order to create a color library for
COMBO-17 these 10 galaxy types are interpolated to 100 SED types in color space. These
100 SED’s are shifted to different redshifts, again in color space. As a result a library of 47000
objects is obtained, consisting of 100 SED types times 470 redshifts in the range between 0.0
and 1.5. The spacing between the redshifts is equidistant on a log(1+z) scale. The redshift
range is chosen greater than the highest measurable redshift where 2 filters bracketing the 4000
Å break (z=1.2 for the currently used filterset) in order to avoid boundary effects.

2.2 The aims of a new library

The Kinney et al. library described in the last section has been used for classification at the time
when I started this work. The classification with this library was still used for the investigation
of the luminosity function [Wolf et al. 2003]. The main disadvantage of this library is that the
estimation of the SED parameter is hard to interprete in terms of astrophysical meaning, be-
cause there is no other information than the colors available.

This work aims at estimating the stellar masses of galaxies. For this purpose one needs to
transform the luminosities to stellar masses by using a stellar mass-to-light ratio. In order to
determine the stellar mass-to-light ratio by using the SED estimation, it is necessary to assign a
stellar mass-to-light ratio to each SED type. Stellar mass-to-light ratios can be determined for
a given star formation history by using stellar population synthesis codes. One of these codes
is described in the next section. In order to link a star formation history to a given SED type a
new library that contains this information is necessary.

This library needs to be suitable for multi-color classification in COMBO-17 and needs to
deliver reliable SED and redshift estimation. Going in the direction towards a new library two
steps are done: Firstly, synthetic spectra of the stellar population synthesis are matched to the
spectra of the Kinney et al. library, because this library is proven to be suitable for multi-color
classification. This step is shown in section 2.4. In a second step these fits in order to create a
new library for classification in COMBO-17, as shown in section 2.5.

The new library has to be proven to deliver SED and redshift estimation as reliable as the
Kinney et al. library or better, when using it for multi-color classification in COMBO-17. The
comparison of the libraries is shown in section 2.6. The former Kinney et al. library is replaced
by this new library in the multi-color classification process. As mentioned above, this new library
should be better suited for the stellar mass estimation.

2.3 The stellar population synthesis code PEGASE

Stellar population synthesis models are based on the assumption that the spectrum of a galaxy
is assembled by the spectra of many stars in this galaxy. For nearby galaxies contemporary
instruments allow high-quality imaging, so that these galaxies can be studied in detail. In the
case of high-redshift-galaxies only the average spectrum built of the whole galaxy is available. In
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order to understand such averaged spectra one needs some kind of modeling, where the assembly
of all the stars is reconstructed. The averaged spectrum is subsequently built by summing-up
the stellar spectra.

For that purpose during the last few decades several so-called stellar population synthe-
sis codes were developed. It started historically with the galaxy evolution program of B.M.
Tinsley [Tinsley 1972], who modeled the evolution of stars followed from the main sequence to
the beginning of the AGB phase by using semi-empirical tracks and calculated galaxy prop-
erties like colors and M/L ratios in timesteps of 1 Gyr. In the following time other stel-
lar population models were published. Examples are the “model of spectroscopic evolution”
[Guiderdoni & Rocca-Volmerange 1987], the “isochrone synthesis” [Bruzual & Charlot 1993] and
the “Projet d’Etude des GAlaxies par Synthese Evolutive” (PEGASE) [Fioc & Rocca-Volmerange 1997].

In principle stellar population models follow a given law of the star formation history and
produce new stars by obeying this law with a mass distribution given by an initial mass function
(IMF). Usually such models consist of two different parts. One part contains evolutionary tracks
describing how stars evolve in the Hertzsprung-Russel diagram. Models of stellar evolution are
used to determine the tracks in the Hertzsprung-Russel-diagram for a grid of stars with different
masses and metallicities. The second part contains stellar libraries describing how stars on a
given position in the Hertzsprung-Russel-diagram look like. Models of stellar atmospheres are
used to determine for a grid of stars with different temperatures, metallicities and surface grav-
ities the spectra of these stars. Since modeling spectra of stellar atmospheres with a sufficient
resolution is difficult and expensive in computational time, often measured stellar libraries are
used. However, some regions in parameter space (e.g. very low metallicities) are hard to observe
and therefore synthetic stellar libraries are needed. Both parts are linked together by stellar
population synthesis codes. The stars follow the evolutionary tracks and populate the galaxy
respective to their evolutionary velocity along the tracks. The spectra of all stars belonging to
the population are summed up to a integrated spectrum.

Whereas the code of Bruzual and Charlot [Bruzual & Charlot 1993] and the PEGASE code
agree in the visible, PEGASE aims in particular at an extension to the near infrared regime and
link it continuously to the visible, so that the entire wavelength range between 22 nm and 5µm
is covered. The near infrared regime is particularly interesting for studies of galaxy evolution,
because it is less dominated by young stars, when comparing to the UV-optical regime. Hence
it allows investigations of the underlying old stellar population. Keeping in mind the future
extension of COMBO-17 to the infrared by the OMEGA 2000 instrument this was the reason
for the choice of the PEGASE code.
The spectral region around 1µm is difficult to model, because of the poor knowledge of the atmo-
spheres of cold stars, and also because of rapid evolutions of red supergiants and AGB stars. The
PEGASE code with its matching of measured infrared colors seemed to be the best approach
at the time when I started this work. However, in 2003 Bruzual and Charlot made a version of
their code available [Bruzual & Charlot 2003] that includes spectra of C-type thermal pulsat-
ing AGB (TP-AGB) stars and TP-AGB evolutionary tracks, which are expected to be better
suited to predict the near infrared fluxes. Nevertheless, because the galaxy template library de-
scribed in the next two sections was already developed at that time I stick to the PEGASE code.

The code allows to tune a considerable number of parameters. The star formation rate can
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be chosen as desired. In the next section I will concentrate on an exponential decaying star
formation rate which follows the law

SFR(t) = SFR(0)
exp(−t/τ)

τ
(2.1)

and on a constant star formation rate which follows the law

SFR(t) = SFR(0) if t ≤ τ

= 0 if t ≥ τ
(2.2)

The metallicity evolution can be chosen as a constant metallicity or as a consistent metallicity
evolution, where the initial metallicity can be selected arbitrary in a wide range. However, the
metallicity evolution takes a single gas component into account only. It does not distinguish
between different gas phases such as cold gas clouds or the hot intercloud medium. If infall
and galactic winds are neglected, the consistent metallicity evolution is practically a closed box
model. Hence, there occur issues known for the closed box model such as the “G-dwarf problem”
[Pagel 1997].

The extinction is calculated by using the hydrogen column density where the metallicity of
the interstellar medium is taken into account. Hence the geometry of the stellar population
influences the extinction. For the extinction the code allows several choices, for example no ex-
tinction, extinction for a spheroidal geometry and extinction for a disk geometry with different
inclination angles.

The output quantities are normalized to Mtot = 1M⊙. The output ASCII file of the PEGASE
code spectra is given in a format where the continuum fluxes and the line energies are given
separately. For the following analysis I transform these into spectra that contain both the
continuum and the emission lines.

2.4 Fitting of the spectra of nearby galaxies

As mentioned in section 2.2 the stellar population synthesis code described in the last section is
used to produce synthetic template spectra of galaxies which fit the Kinney et al. [1996] spectra
described in section 2.1. The PEGASE spectra produced in this way are used in section 2.5
to construct a new library, which is also tailored for multi-color classification. The modeling
described in this section aims at an astrophysical parametrization of the galaxy spectra that is
kept as simple as possible. For the multi-color classification purpose only a few parameters may
be constrained by the classification. Therefore, the simplest approaches which deliver suitable
template spectra are best suited for this purpose. However, some assumptions are included that
are not really constrained by the spectra but rather astrophysically motivated. Since in stellar
population models the parameter space is degenerated, at least some assumptions are necessary.

For the star formation history a three-component model is assumed. It is shown in figure
2.2. The first component (B) simulates an initial burst that happened several Gyr ago. It is
modeled as an exponential decaying star formation rate, as described in equation (2.1) with a
time constant of τ = 1 Gyr. This time constant aims at compromizing the rapid formation
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period motivated by the [α/Fe] ratios of elliptical galaxies [Matteucci 2003] and a delayed star
formation due to gas infall or feedback. As a second component (A) a constant star formation
rate since the initial burst is assumed. This simulates ongoing star formation processes in disk
galaxies and also mimics smaller starbursts occurring during the lifetime of the galaxy. The
galaxy types (E-Sb) consist only of these two components. For the starburst galaxies a third
component (C) is assumed, that simulates a second burst in the recent past (about 60 Myr ago).

A consistent metallicity evolution is assumed for the B- and the C-component. In order to
keep the modeling as simple as possible no gas infall is taken into account. The star formation
rate for the B-component is tuned in such a way that after 8 Gyr the initial gas is practically
exhausted. An example of its evolution is shown in table 2.1.

The initial metallicity in the B-component is considered as a free parameter. For the A-
component the metallicity is fixed constant and no extinction is assumed due to its minor
contribution to the stellar population. For the extinction of the B-component a spherically sym-
metry is assumed in order to simulate something like a bulge or the inner region of an elliptical.
For the extinction of the C-component there is a disk geometry assumed, which is averaged over
all inclination angles, because in COMBO-17 the inclination angle of the objects is unknown.
The IMF is taken from Kroupa et al. [1993].

Hence, there are 5 free parameters: The initial metallicity of the B-component, the age of
the old stellar populations, the a/b ratio, the c/b ratio and the d parameter. The parameters a,
b and c are used for the linear combination of the star formation history (see figure 2.2). The d
parameter describes the time since the second burst. The a/b ratio simulates the constant star
formation rate compared to the height of the initial burst and the c/b ratio simulates the height
of the second burst compared to the height of the initial burst.

This model is suitable to deliver a reasonable fit to the Kinney et al. spectra as described
below. It has never been tested that this solution is the best one in the sense that it minimizes
the degrees of freedom which are unconstrained by the multi-color classification. In principle
there are other possibilities. For example, for the B component it is possible to vary the time
constant of the exponential function instead of the age of the stellar population. It may also be
possible to find solutions without the A component. For the C component one can also think
about a rectangle function instead of an exponential function. For the dust extinction other
assumptions may be possible. In the following I aim at keeping the metalliticy fixed and only
varying the age parameter. Alternatively, one may think about fixing the age parameter and
varying the metallicity parameter.

In order to obtain the parameters for the PEGASE-spectra by matching them to the Kinney
et al. spectra the minima of the χ2-Plots are considered. Usually the χ2 function is defined as:

χ2 =
1

N − 1

∑

i

(Xi − Yi)
2

σ2
i

For comparing the PEGASE spectra to the Kinney spectra the errors σi are not taken into
account because the flux errors of the averaged Kinney et al. spectra are unknown. Instead of
the values Xi and Yi I rather use logarithms because in the classification algorithm colors are
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Figure 2.2: The assumed model for the star formation history. The star formation rate is plotted
as a function of time. It is composed by three different components which are linear combined
by using the factors a, b and c of the respective component.

Table 2.1: Evolution of the gas content and the metallicity of an exponential decaying star
formation rate with a time constant of 1 Gyr and an initial value of 1.35 M⊙/Myr. Mgas is the
mass fraction in the gas component, ZISM the metallicity of the interstellar medium, and Zstars

the mean metallicity of stars.

t/Myr Mgas/M⊙ ZISM Zstars

200 0.778 0.007 0.005
400 0.609 0.011 0.007
600 0.476 0.015 0.009
800 0.370 0.018 0.010
1000 0.286 0.022 0.011
2000 0.073 0.039 0.017
3000 0.016 0.051 0.019
4000 0.007 0.049 0.020
5000 0.012 0.046 0.020
10000 0.050 0.036 0.020
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used, which are defined as differences of magnitudes, which are defined on a logarithmic scale.
Another reason is that they are more sensitive to the lower flux values at the blue end of the
spectra. Keeping the purpose of multi-color-classification in mind, we are particularly interested
in the blue end of the spectrum, because for example at redshifts about 1, most of the spectrum
above the 4000 Å break is shifted outside of the wavelength window. Therefore I use a function
that compares the logarithms of the fluxes of the Kinney et al. spectra Fν,Kinney with the fluxes
of the PEGASE spectra Fν,PEGASE. My “χ2” function is calculated in the following form:

χ2 =
1

N

∑

i

(log Fν,Kinney,i − log(k · Fν,PEGASE,i))
2 (2.3)

The term N − 1 is replaced by N which causes negligible differences for large numbers
(N ≥ 1000). A scaling factor k is included for the following reason:
Since I am only interested in the colors of the spectra, I consider only relative fluxes without
any absolute calibration. But for the calculation of the χ2 function the considered PEGASE
spectrum has to be matched to the Kinney spectrum.

This k factor is chosen in such a way, that the derivative

dχ2

dk
=

−2

k · N

∑

i

(log Fν,Kinney,i − log(k · Fν,PEGASE,i)) (2.4)

vanishes. At this point there is

N · log k =
∑

i

(log Fν,PEGASE,i − log Fν,Kinney,i) (2.5)

and hence
k = 10

1
N

∑

i
(log Fν,Kinney,i−log ·Fν,PEGASE,i) (2.6)

After calculating the scaling factor the χ2 function is determined. This is done for a grid of two
different parameters for the PEGASE spectra. The χ2 function is not available in the form of
an analytic function of the parameters and has therefore to be calculated numerically for each
grid point.

Figure 2.3 shows the χ2 plots of the parameters age and metallicity for the galaxy types
(E-Sb). For the elliptical and lenticular galaxies there are two different minima in the χ2 plot,
a fact that is known in the literature as age-metallicity-degeneracy. Concentrating on solutions
with initial metallicities around Z = 0.001 (corresponding to about 5% solar metallicity) the
ages show a wide distribution between 8 Gyr for Sa galaxies and at least 20 Gyr for E and S0
galaxies. Hence, the ages of elliptical and lenticular galaxies are inconsistent with the age of the
universe by using the contemporaryly assumed value of the Hubble constant (H0 ≈ 65 km/s
Mpc). This might reflect a problem of the consistent metallicity evolution in the PEGASE code,
which is in this case practically a closed-box model, as mentioned in the last section. However, in
this thesis I cannot address these issues but will concentrate on an “empirical” parametrization
of the template spectra.

In Figure 2.4 the χ2 plot of the parameters a/b ratio and metallicity is shown for the Sb and
Sa galaxies. Following the results of figure 2.3 the ages are chosen as 10 Gyr for a Sa galaxy
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Figure 2.3: χ2 minima in the plane age vs. metallicity for the galaxy types (E-Sb). The plotted
contour levels are 1%, 10% and 20% above the minimal χ2 value. The colors show the different
galaxy types: E in black, S0 in red, Sa in blue and Sb in green. The yellow line shows the
metallicity that is chosen for the library described in section 2.9 and the yellow numbers are the
SED types.
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Figure 2.4: χ2 minima in the plane a/b ratio vs. metallicity for the galaxy types Sa and Sb. The
plotted contour levels are 1%, 10% and 20% above the minimal χ2 value. The colors show the
different galaxy types: Sa in blue and Sb in green. The yellow line shows the metallicity that is
chosen for the library described in section 2.9 and the yellow numbers are the SED types.

and 8 Gyr for a Sb galaxy. The fits of the initial metallicities are similar to the results from
figure 2.4. Therefore, it should be accurate enough to fix the initial metallicity parameter for
all (E-Sb) type galaxies to a value of Z = 0.001. The a/b ratio delivers best fits at 0.05 for a Sa
galaxy and 0.16 for an Sb galaxy.

For starburst galaxies there is an old stellar population together with a second burst, as
seen in figure 2.2. In order to keep the modeling as simple as possible the old stellar population
is always chosen as the same Sb galaxy with the parameters as mentioned above. The choice
of an Sb galaxy for this purpose is taken in order to create a library that is continuous in the
parameters, as described in the next section. The fits of the c and d parameters for different
Kinney types of starburst galaxies are shown in figure 2.5.

As a summary the parameters derived with this method are shown in table 2.2. The results
of the fitted spectra are shown in figure 2.6 for the (E-Sb) type galaxies and in figure 2.7 for
the starburst galaxies. Beside the internal extinction of the PEGASE code there is no other
(foreground) dust extinction taken into account.
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Figure 2.5: χ2 minima in the plane c/b ratio (y-axis) vs. the time since the second burst d (x-
axis) for starburst galaxies. The plotted contour levels are 1%, 10% and 20% above the minimal
χ2 value. The colors show the different galaxy types: SB6 in black, SB5 in red, SB4 in green,
SB3 in blue, SB2 in purple and SB1 in light blue. The yellow line shows the metallicity that is
chosen for the library described in section 2.9 and the orange numbers are the SED types.

Table 2.2: The parameters for the PEGASE spectra. The parameters are shown in figure 2.2.
The age is given for the old stellar population. The a/b is the fraction between the constant
star formation rate and the height of the initial burst. c/b is the fraction between the height
the second burst and the height of the initial burst.

Type Age [Gyr] a/b c/b d [Myr]

E 20.0 0.0 0.0 –
S0 20.0 0.0 0.0 –
Sa 11.8 0.0019 0.0 –
Sb 8.6 0.0059 0.0 –

SB6 8.0 0.0059 1.48 60
SB5 8.0 0.0059 1.78 60
SB4 8.0 0.0059 2.96 65
SB3 8.0 0.0059 3.70 50
SB2 8.0 0.0059 16.3 70
SB1 8.0 0.0059 22.2 30
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E S0

Sa Sb

Figure 2.6: The galaxy types (E-Sb). The black curves represent the Kinney et al. spectra
[Kinney et al. 1996]. The green curves are the best fits of the PEGASE spectra to the Kinney
et al spectra. The fluxes are measured in Fν , where the absolute flux calibration is chosen
arbitrary. Since for the classification only the colors are needed, the flux calibration is not
necessary.
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SB 6 SB 5

SB 4 SB 3

SB 2 SB 1

Figure 2.7: The starburst galaxies. The black curves represent the Kinney et al. spectra
[Kinney et al. 1996]. The green curves are the old stellar population (it is always the Sb spec-
trum shown in figure 2.6). The blue curves are the starburst components. The red curves show
the sum of the blue and green curves and are the best fits to the Kinney et al. spectra. The
fluxes are measured in Fν , where the absolute flux calibration is chosen arbitrary. Since for the
classification only the colors are needed, the flux calibration is not necessary.
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Figure 2.8: A scheme how the new library is constructed. SED 40 is the borderline between the
galaxy types (E-Sb) and the starburst galaxies. The parameters are shown in figure 2.2. For
the (E-Sb) galaxies the age decreases logarithmically, and the a/b ratio increases exponentially.
These parameters are changed along the yellow line in the figure 2.3 and 2.4. For the starburst
regime the c/b ratio increases exponentially (yellow line in figure 2.5).

2.5 The galaxy template library for classification

Based on the parameters derived in the last section I created a template library that is tailored
for the purpose of multi-color classification. For this the library has to be continuous in color
space. This means, that at a given redshift most of the colors have to be a monotonic function
with the SED parameter in order to avoid wrong redshift estimations. If the color distribution
is a non-monotonic function there may exist regions in the (SED,z) plane where the template
colors fit to the object colors by accident better than at the right redshift. This may cause a
redshift scattering towards entirely different values.
A second demand on the new library is that the astrophysical parameters should be a continuous
and monotonic function of the SED parameter, because in this case it is possible to transform
the error bars of the SED type into error bars of the considered parameter. These parameters
are input parameters for the PEGASE-code. In the last section I presented the parameters
derived from fitting the PEGASE spectra to the Kinney et al. spectra. The high suitability
for multi-color classification of the Kinney et al. spectra has been already shown, so when this
parameter set is used to create a new library one would expect similarly good results for the
quality of redshift and SED information.
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The library itself is constructed as shown in figure 2.8. The limit separating the (E-Sb) type
galaxies and the starburst galaxies is chosen to be SED 40. The reason for that choice is to link
them as close as possible to the Kinney et al. library given in [Wolf et al. 2001b]. Between SED
1 and SED 39 the age of the galaxies decreases logarithmically from 20 Gyr at SED 1 to 8 Gyr
at SED 39. Over this SED range the law

age

Gyr
=

7.0 − ln(0.019 · SED)

0.31
(2.7)

is applied. The a/b ratio increases from zero at SED 1 to 0.16 at SED 39, and follows the law

a

b
= exp

(

SED

13.3
− 4.7089

)

− 0.009 (2.8)

In terms of star formation rate this corresponds to an a/b ratio of 0.0059 at SED 39. The SED
types are distributed along the yellow lines as shown in the figures 2.3 for the ages and 2.4 for
the a/b ratios. In these figures examples of the SED types are shown as yellow numbers. SED 1
corresponds to an elliptical and lenticular galaxy, whereas SED 39 is an Sb galaxy. The Sa galaxy
is located at about SED 25. In the starburst regime the c parameter increases exponentially
from zero at SED 40 to 0.5 at SED 95, whereas the d parameter is fixed to 60 Myr. From SED
40 on the law

c =
exp (SED · 0.058)

493
− 0.021 (2.9)

is applied. Transformed to the SFR this corresponds to a maximum c/b ratio of 7.4. This is lower
than the c/b range in figure 2.5, because this choice is better tailored to the COMBO-17 dataset
in the sense that the SED range represents the measured colors. Again, the yellow line and the
yellow numbers in figure 2.5 show how the SED types are distributed along the c parameter axis.

The spectra of the new template library are shown in figure 2.9. These spectra changes
monotonously in almost any color between 200nm and 700 nm.

2.6 Comparison of the libraries

The new library described in the last section has to be proven to be as suitable for classification
in COMBO-17 as the formerly used galaxy template library based on the Kinney et al. spectra.
If this was the case one would be able to replace the Kinney et al. library by this new PEGASE
library in the COMBO-17 multi-color classification process. The SED parameter determined in
this way would contain the astrophysical information I described in the last section. Despite
these parameters are ambiguous due to degeneracies, “robust” estimates such as the stellar M/L
ratio [Bell & de Jong 2001] are possible.

First of all, a Monte Carlo simulation to check the redshift estimation for different magni-
tudes is carried out. The comparison of the redshift and SED classifications with both libraries
should show differences and similarities.

The result of the Monte Carlo simulation is shown in figure 2.10 for three different R-band
magnitudes. This means that a certain R-band magnitude is assumed and the magnitudes in
the other filters are calculated by using the color library. This is done by taking the color library
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Figure 2.9: The galaxy template library based on the PEGASE spectra. In order to avoid
overcrowding, instead of all SED types only the SED’s 1,5,10,15,. . . are shown.

of the Kinney spectra and adding random errors to each color corresponding to the chosen mag-
nitude. In a second step the so created “flux table” is classified by using the PEGASE library.
It shows that for all magnitudes the redshifts are almost good reproduced with a certain scatter.
There are also some artefacts, where some objects are scattered to higher redshifts.

Figure 2.11 shows the comparison of the redshift estimations for the real data in COMBO-17
in the classifications with both libraries. It seems that both libraries deliver within some scatter
almost similar redshifts.

However, still a problem at redshifts above 1.0 remains, and it appears another problem
at redshifts between 0.3 and 0.4. The comparison of the SED estimations is shown in figure
2.12. Above SED 40 both classifications behave similar, but below this borderline there is some
scatter, and below SED 20 the Kinney SED’s don’t seem to match the observed SED’s anymore.

The Abell 901 galaxy cluster, which is observed in one of the COMBO-17 fields, can be used
for a first test of the quality of the redshift estimation. The cluster is located at redshift of about
0.16 so that a peak in a redshift histogram should appear there. This is shown in Figure 2.14.
It shows a slight shift of the peak of about ∆z ∼ 0.1 in the sense that the classification with
the PEGASE spectra delivers lower redshifts than the classification with the Kinney library.
Furthermore the redshift distribution appears broader for the PEGASE classification.

Starting from the PEGASE library two different libraries were developed in order to improve
the redshifts. These are:
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Figure 2.10: Monte Carlo simulation of the classification with the new library. The Kinney et
al. spectra with given redshifts (x-axis) are Monte Carlo simulated and reclassified with the
PEGASE library. The result of the redshift estimation is shown at the y axis. The colors show
different R-band magnitudes: R = 23 in blue, R = 22 in purple and R = 21 in light blue.
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Figure 2.11: Comparison of the redshift estimation in both libraries. The x-axis are the redshifts
in the classification with the Kinney library and the y-axis are the redshifts in the classification
with the PEGASE library. The colors are the different fields: A901 in black, CDFS in red and
S11 in green.
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Figure 2.12: Comparison of the SED estimation in both libraries. The x-axis are the SED’s in
the classification with the Kinney library and the y-axis are the SED’s in the classification with
the PEGASE library. The colors represent the different fields: A901 in black, CDFS in red and
S11 in green.
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Figure 2.13: Conversion factor for converting the PEGASE library as described in section 2.9
into the F2003 library. Below 400 nm the factor corresponds to a magnitude difference of
∆m = 0.005 · (400 − λ/nm) and above 400 nm the factor is 1.0.

• The F2003 library, which is tailored for the purpose of stellar mass estimation.

• The J2003 library, which is tailored for the purpose of redshift estimation.

The F2003 library differs from the PEGASE library described in section 2.5 by the magni-
tude difference ∆m = 0.005 · (400 − λ/nm) at wavelengths below 400 nm. The corresponding
conversion factor is shown in figure 2.13. This ad hoc correction is mainly empirically motivated.
A comparison of the colors of the galaxies in the Abell 901 cluster with redhifts around 0.17 to
those of higher redshifts (such as z = 0.7) shows that the colors of the PEGASE library do not
fit to the measured colors both in the optical regime and in the UV regime at the same time.
Therefore the correction of these spectra in the UV regime is necessary, as described above.
One possible reason for this mismatch to the measured colors is that already the Kinney et
al. spectra might have problems in the UV regime. Since the Kinney et al. spectra are IUE
spectra glued to optical spectra there may be mismatches of the absolute flux calibration. The
correction below 400 nm aims at matching the templates better to the observed COMBO-17
colors.

Figure 2.14 also shows the redshift distribution of the F2003 library. As shown in this figure
it improves the redshift estimation dramatically in the sense that more objects are concentrated
at values around the cluster redshift.

In figure 2.15 the SED classification with both libraries is shown for the respective redshifts
around the A901 cluster. The PEGASE library classifies more elliptical and S0 galaxies (SED
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Figure 2.14: Histogram of the redshift distributions around the Abell 901 cluster. The red
histogram shows the redshifts classified with the Kinney library and the green histogram shows
the redshifts classified with the PEGASE library. The blue histogram is the redshift classification
with the F2003 library.
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Figure 2.15: Histogram of the SED distributions around the Abell 901 cluster. The respective
redshifts are selected to be in the range 0.15 ≤ z ≤ 0.2. The red histogram shows the SED type
classified with the Kinney library and the green histogram shows the SED classified with the
PEGASE library. The blue histogram is the SED classification with the F2003 library.

below 20) than the Kinney library. Clusters contain in particular these types of galaxies and it
seems, that the Kinney classification delivers a too low a number of them. However, the F2003
library delivers less galaxies than the PEGASE library at SED’s below 20.

Figure 2.16 shows a comparison of spectroscopic and photometric redshifts for a classifica-
tion with all three libraries. In the Abell 901 cluster the PEGASE redshifts are better, and in
the S11 cluster they are worse. The PEGASE library produces a larger scatter towards lower
redshifts. For example, in the Abell 901 cluster the PEGASE classification show some more
outliers, whereas the F2003 library shows less outliers.
For Seyfert galaxies, as shown in figure 2.17, there is even a stronger trend to scatter towards
lower redshifts. The F2003 library seems to heal this effect. For those objects of course both
libraries deliver bad redshifts, because these kind of objects is not taken into account in the li-
brary which contains only galaxies without AGN’s. Therefore for such objects a reliable redshift
estimation cannot be expected.

In order to improve the photometric redshifts Christian Wolf developed another library that
is called J2003 [Wolf et al. 2004]. This library is entirely different from the library described in
section 2. It relies no longer on the original Kinney et al. library but is designed empirically
in order to match the colors of measured COMBO-17 galaxies. Whereas the F2003 library is a
one-dimensional sequence of spectra, the J2003 library is two dimensional: In one dimension it
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Figure 2.16: Comparison of photometric and spectroscopic redshifts for different classifications.
In red the photometric redshifts for the classification with the Kinney et al. library is shown,
whereas the photometric redshifts for the classification with the PEGASE library are shown in
green. The F2003 classification is shown in blue in the right plot.
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Figure 2.17: Comparison of photometric and spectroscopic redshifts for different classifications
for Seyfert galaxies in the CDFS field. Objects which are classified as “Galaxies” with R-
band magnitudes below 24.0 are taken into account. In red the photometric redshifts for the
classification with the Kinney et al. library is shown, whereas the photometric redshifts for the
classification with the PEGASE library are shown in green. The F2003 classification is shown
in blue in the right plot.
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Figure 2.18: Histogram of the redshift distributions around the Abell 901 cluster with the F2003
library (red) and the J2003 library (green).

represents a sequence of different ages in the regime 50 Myr to 15 Gyr, and the other dimension
takes a variation of the dust extinction into account by applying a law derived for the Small
Magellanic Cloud. Figure 2.18 compares the F2003 and J2003 redshifts in the A901 cluster,
which is the same test as in figure 2.14. Figure 2.19 shows the comparison of the J2003 and the
F2003 libraries to the spectroscopic redshifts. As one can see, the J2003 library delivers a better
redshift estimation.

In summary, the F2003 library is a considerable improvement compared to the Kinney et
al. library that was originally used for classification in COMBO-17. The F2003 library delivers
better redshifts than the PEGASE library, but worse redshifts than the J2003 library. Hence,
the J2003 library yields the best redshifts and is therefore used for the redshift estimation by
the COMBO-17 team and the GEMS team.

Unfortunately, the J2003 library is not suited for stellar mass estimation, because it is purely
driven by matching colors by any kind of spectra but not by using an astrophysical reasonable
assumption about star formation histories. For the purpose of stellar mass estimation a good
assumption for the underlying old stellar population of starburst galaxies is needed. The colors
of these galaxies may be dominated by hot stars of the young stellar population, but an old
stellar population usually dominates the stellar masses. The F2003 library does assume an old
stellar population for starburst galaxies. This assumption may be a better approach than a
single young stellar population that is assumed for the J2003 library. For this reason I use the
F2003 library for the stellar mass estimation as described in the next Chapter. This method
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Figure 2.19: Comparison of photometric and spectroscopic redshifts for classifications with
F2003 (red) and J2003 ( green).

is self consistent in the sense that the F2003 library is applied for the multi-color classification.
In order to link this method to the J2003 redshifts which became standard in COMBO-17, I
developed the “piggyback” method, which is described in chapter 4.
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Chapter 3

The stellar masses of galaxies

In this chapter the method of stellar mass estimation is described. In principle, the fluxes of
one COMBO-17 filter are transformed to stellar masses by using a stellar M/L ratio, which is
determined by the SED parameter. For this purpose the F2003 library described in the last
chapter is used both for the multi-color classification and for the estimation of the stellar masses
as described here. In section 3.1 a formula is derived that calculates the stellar masses from the
three components of the star formation rate (Figure 2.2). Section 3.2 will test the robustness of
the stellar masses estimated in this way. In section 3.3 the results are presented.

3.1 Estimation of the stellar mass

3.1.1 The method of stellar mass estimation

The method of measuring the stellar mass is based on the fact that reliable redshift and SED es-
timations are available for the COMBO-17 galaxy sample. The expected accuracy of the redshift
estimation is shown in Wolf et al. [Wolf et al. 2001b]. The SED errors and their dependence on
the redshift errors is discussed in the next section.
The flux measurement in the COMBO-17 filter with the longest central wavelength is used (see
figure 2.1). Since in the 915 nm filter the S/N ratio is low, the filter with a central wavelength of
816 nm and a width of 24 nm is chosen. As a comparison, the 5σ-limits of the Vega magnitudes
in the 915 nm filter range from 22.6 to 23.0 in three different COMBO-17 fields, whereas the
816 nm filter has a limiting magnitude of 23.6 in all fields. The central wavelength defines the
maximum redshift where the stellar mass can be measured reliably. The stellar mass has to
be estimated at every redshift from a flux point at a restframe wavelengths longer than the
4000Å break. Therefore the investigation of this work is limited to redshifts below 1.0.
The flux, which is given in the unit γm−2s−1nm−1 [Wolf, PhD thesis] is derived from the pho-
tometry package MPIAPHOT. It measures the flux in a fixed aperture by convolving the flux to
an effective PSF of 1.5 arcseconds. In the R-band filter in addition the SExtractor MAG-BEST
magnitudes are available. They are used to calculate correction factors ∆Ftot which correct
the fixed aperture measurement to an isophotal shape. Applying the ∆Ftot factor is strictly
speaking only in the R-band a good correction, but it is also applied to the 816 nm filter in
order to correct approximately for aperture effects.
The main idea of the stellar mass estimation is to compare the measured flux in the 816 nm
filter with the flux predicted by the PEGASE code in this filter at the redshift of consideration.
In the following the formula which calculates the stellar mass from the 816-flux Fphot, the redshift

37
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z and the luminosity distance DL as input parameters is derived. It takes the SED parameter in
the form of its translation to the parameters a, b and c as presented in section 2.4 into account.
First, the theoretically expected apparent flux Fλ,object is calculated from the flux delivered from
the PEGASE code, which is normalized in such a way that the stellar population has a mass
of 1 M⊙. In the following equation the sum of the sum of the three components in figure 2.2 is
considered as Fλ, its assembly will be described below.

∫

Fλ · Sλ dλ · 1
m

M
M⊙

∫

Sλ dλ
·

1

4πD2
L(1 + z)

= Fλ,object (3.1)

The integral limits in this formula are 0 to ∞. The filter function Sλ gives the transmission
of the 816 filter, which is a non-vanishing function in the regime around 816 nm, because the
filter has a fixed central wavelength. The flux of the object may be redshifted and hence the
wavelength scale of the flux Fλ,spectrum is shifted by the factor (1+ z). The normalization factor
m will be declared later. The flux Fλ is given here in the unit erg m−2 s−1 Å−1 and can be
transformed with the formula:

Fphot · ∆Ftot =
λ

hc
Fλ (3.2)

With (3.2) formula (3.1) transforms to

∫

Fλ · Sλ dλ · 1
m

M
M⊙

∫

Sλ dλ
·

1

4πD2
L(1 + z)

=
hc

λ
Fphot∆Ftot (3.3)

Solving this formula for the mass leads to:

1

m

M

M⊙

=
Fphot (1 + z)∆Ftot · 4πD2

L · hc
λ

∫

Sλ,spectrum dλ
∫

Fλ,spectrum · Sλ,spectrum dλ
(3.4)

In order to normalize the mass, the total stellar mass in the simulated stellar population has
to be calculated. Therefore the model for the star formation history as shown in figure 2.9 is
taken into account. The total stellar mass results from a linear combination of the individual
components with the parameters a, b and c.

m = a · A + b · B + c · C (3.5)

Here A, B and C are the stellar masses of the respective components. A similar linear combi-
nation has to be made for the spectral fluxes as well. The integral in (3.4) is calculated in the
following way:

∫

Fλ · Sλ dλ = a ·

∫

Fλ,a · Sλ dλ

+ b ·

∫

Fλ,b · Sλ dλ + c ·

∫

Fλ,c · Sλ dλ
(3.6)

When (3.5) and (3.6) are inserted in equation (3.4), the final result will be:

M

M⊙

=
Fphot (1 + z)∆Ftot · 4πD2

Lh−2
70 · hc

λ

a
A
·

∫

Fλ,a·Sλ dλ
∫

Sλ dλ
+ b

B

∫

Fλ,b·Sλ dλ
∫

Sλ dλ
+ c

C

∫

Fλ,c·Sλ dλ
∫

Sλ dλ

(3.7)
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The Hubble constant is chosen as H0 = 70 ·h70 km/(s Mpc) following the convention of Rich,
where h70 = 1 for a H0 = 70km/(sMpc) universe. Since the fluxes of the PEGASE spectra are
normalized to 1 M⊙, they are divided by the stellar masses A, B and C in each component.
Hence, equation (3.7) delivers the stellar mass estimates for a given flux, a given redshift and a
given SED = SED(a,b,c).

3.1.2 Error analysis

The errors of the stellar masses depend on the errors of the redshift σz and of the SED parameter
σSED. These two parameters are not independent of each other. Figure 3.1 shows an example of
the mutual dependence of these parameters. In order to take into account the mutual dependence
the covariance matrix is calculated for each of the measured galaxies. For this purpose the
redshift is used, which is obtained from the multi-color classification. This particular redshift is
assumed to be appropriate for the object of consideration. Next, the SED parameter is classified
again, but in this case the redshift is fixed and the SED parameter is the only degree of freedom.
This is done for the particular value where the redshift was estimated at the first time, and
also for a certain region around it. The result for a certain object is shown in figure 3.1. the
covariance matrix

C =







P 2
i (zi − zi)

2 P 2
i (sedi − sedi)(zi − zi)

P 2
i (zi − zi)(sedi − sedi) P 2

i (sedi − sedi)
2






(3.8)

is calculated by using all the points (zi, sedi) shown in figure 3.1. These points are weighted by
the probabilities

Pi = exp

[

−
1

2

(

zi − zorig

σz

)2
]

(3.9)

where zorig is the redshift of the original classification and σz is the redshift error. This matrix
has to be diagonalized to obtain independent new parameters P and Q. The error estimation is
done by using a gaussian error propagation in these new parameters:

σM =

√

(

∂M

∂P
σP

)2

+

(

∂M

∂Q
σQ

)2

+

(

∂M

∂F
σF

)2

, (3.10)

where the last term is the flux error σF which is considered to be in good approximation
independent of the errors σP and σQ.

3.2 Robustness of the mass estimation

To what extent one can trust the stellar mass estimation depends first of all on the robustness
of the M/L ratio delivered by the stellar population synthesis code itself. In this context one
has to be careful about the astrophysical parameters put into the code and their degeneracies.
Different star formation histories with different M/L ratios may lead to the same multi-color or
even spectral properties. But even when the star formation histories are well constrained, there
remains the issue of how to trace stellar mass from light at different wavelengths.
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Figure 3.1: The mutual dependence of the parameters z and SED for a particular survey object:
I firstly classify the object by using the COMBO-17 multi-color classification code. This leads to
the redshift given at the dashed line. In a second step, I keep the redshift fixed at this particular
redshift and apply again the multi-color classification routine. This time the SED type is the
only degree of freedom. On the y-axis the reclassified SED parameter is plotted. I do it not
alone for this particular redshift, but also for a certain regime around this redshift. The errorbar
shows typical errors of the z and SED parameters for an object with m816 = 22.5.
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Figure 3.2: B-Band mass to light ratio vs. (B-R) color of measured COMBO-17 objects. As a
comparison the line shows the Bell & de Jong [2001] result. The green points are SED types
below 40 and the red points are SED types above 40.

3.2.1 Constraining the star formation histories

In figure 2.2 the assumed model of the star formation history (SFH) is shown. The multi-color
classification constrains the galaxies to belong to a certain SED type, for which the parameters
of the SFH are fixed. Nevertheless, it is not possible to break the parameter degeneracies occur-
ring in stellar population models. In the case of the age-metallicity-dust degeneracy the increase
of each of these parameters causes the galaxies to be redder. The effect can be compensated by
decreasing another parameter. Despite the fact that the parameters describing a certain SED
type simply represent one single point in parameter space, one should always be aware that due
to these degeneracies the SED type actually represents certain regions in the parameter space
that have the same properties in the 16 colors.

Bell & de Jong [2001] argue that the M/L ratio depends to the first order only on an optical
color. The effect of dust extinction is both that it makes the galaxy fainter and it makes the
galaxy redder. Whereas the first effect increases the mass-to-light ratio, the second effect causes
a redder optical color and therefore a lower mass-to-light ratio produce the same optical color
as in the case without extinction. When summing up these two effects the M/L ratio is little
affected by dust extinction on the first order.
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Figure 3.3: B-band mass to light ratio vs. (B-R) color derived with the colors.f code. The
red dots show (E-Sb) type galaxies and the dark blue dots show starburst galaxies for combined

stellar populations . The result for single stellar populations is shown as the green points for the
initial burst component and in blue points for the constant star formation rate and the purple
square shows the young stellar population. As a comparison the line shows the Bell & de Jong
[2001] result.
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3.2.2 The calibration of the stellar masses

In order to investigate the absolute calibration of the stellar mass estimations are compared both
to the M/L ratios of Bell & de Jong [2001] and to the stellar mass fraction of the local universe
of Kauffmann et al. [2003]. Bell & de Jong found a correlation between the M/L ratio and for
example the (B-R) color. In figure 3.2 the B-band M/L ratio in dependence of the (B-R) color is
plotted for all galaxies with stellar masses above 109M⊙ and for redshifts below z = 0.307. This
is the highest redshift with well defined restframe (B-R) color. The comparison to the Bell &
de Jong result shows that most of the galaxies match within about 0.1 dex. The linear behavior
proposed by Bell & de Jong [2001] is reproduced to first order, whereas higher order effects lead
to deviations in particular at the red and blue end. This is mainly explained by the fact that in
this work I deal with mixed stellar populations while Bell & de Jong investigated simple stellar
populations. The assumption of mixed stellar populations is a more realistic approach at least
for starburst galaxies. Note that the B-band M/L ratios are not simply derived by the PEGASE
code, but compare two independent measurements, namely the stellar mass of the galaxies and
the restframe B-band luminosity. In order to ensure that not only the absolute calibration but
also the shape of the measured M/L vs (B-R) dependence is measured correctly, it is compared
to a somewhat independent way of deriving the M/L ratio by using the colors.f code from
the PEGASE package to derive the color and the B-band luminosity for each SED type. Figure
3.3 shows the thus obtained results for the M/L ratio in dependence of the color. The results of
figure 3.2 and figure 3.3 show a good agreement, in particular the shape of the curve is similar
to that of the measured data. Therefore the measured M/L ratio in the B-band reproduces the
prediction of the PEGASE package.

Another test of the absolute mass calibration is the comparison of the fraction of the total
stellar mass in galaxies estimated from the COMBO-17 data in the lowest redshift bin and from
105 SDSS galaxies by [Kauffmann et al. 2003]. To cover only field galaxies the cluster galaxies
in the COMBO-17 field with the A901 cluster have to be taken out by cutting out the galaxies
at redshifts between 0.15 and 0.2 in the A901 field. Figure 3.4 shows the resulting mass fractions
in a histogram. The mismatch of the absolute calibration of the stellar mass estimations of this
work and the [Kauffmann et al. 2003] results is of the order of 0.1 dex.

However, the two tests described above compare only mass estimations by using one stellar
population synthesis model with mass estimations by using another stellar population synthesis
model. Therefore they should rather be considered as self-tests in order to rule out obvious
errors in our method. In order to get an independent test of the stellar mass estimation, the
measured M/L ratio is compared to the value of our galaxy. In [Binney & Merrifield 1998] the
value M/L ≈ 2.3M⊙L−1

⊙ is given in the B-band, derived with a surface density of the ocal disk
of Σd = 48± 9M⊙pc−2 [Kuijken & Gilmore 1991]. Since I am only interested in the stellar com-
ponent, I use rather the value Σ⋆ = 24 ± 3M⊙pc−2 for main sequence stars [Méra et al. 1998].
Hence, this leads to a value of M/L ≈ 1.15M⊙L−1

⊙ . One should keep in mind that this is only
the disk value and neglects the bulge contribution. This value can be compared to the M/L
estimation in this work. Since the Galaxy is a Sbc type [Binney & Merrifield 1998] and since
the local value may be more representative for pure disks I expect the SED type to be classified
between 50 and 70. Figure 3.5 shows the M/L estimation for nearby galaxies in this regime.
The typical value is about M/L ≈ 1.0 . . . 2.0M⊙L−1

⊙ . The expected value of M/L ≈ 1.15 lies
close to the center of the considered SED interval.
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Figure 3.4: The fraction of total stellar mass in galaxies in the redshift regime 0.1 <
z < 0.3 estimated with the COMBO-17 data (solid histogram). As a comparison the
[Kauffmann et al. 2003] result for SDSS galaxies is shown in the dashed histogram.
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Figure 3.5: The B band M/L ratio versus SED for galaxies with redshifts of 0.1 < z < 0.2 and
SED types of 50 < SED < 70. The dotted line shows the value I expect for the galaxy.

In summary, there is a mismatch of 0.1 dex between the stellar masses in this work and the
predictions of Bell & de Jong, there is again a mismatch of 0.1 dex when comparing it to the
Kauffmann et al. result, and also the result in figure 3.5 might be better when shifting by 0.1
dex. Thus, the stellar masses derived with the method of this work seems to be 0.1 dex or 25 %
higher than the mass estimates from other methods.

3.3 Results

In this section the results of the stellar mass estimates are presented. I start with the results
from the infrared data in order to test the quality of the mass estimations in the optical regime.
For this purpose the stellar mass estimation in the infrared regime is compared to the estimation
in the optical regime. This is possible for a subsample of about 400 galaxies. Thereafter I present
the results of the mass estimations in the optical regime for the whole sample of galaxies.

3.3.1 Mass estimation from infrared data

As a part of the ESO Imaging Survey EIS [Hatziminaglou et al 2002] there are ISAAC data in
the Chandra Deep Field South (CDFS) is publicly available. The limiting 5σ Vega magnitudes
are J< 24.8, H< 23.4, and Ks < 22.2. So far, 8 pointings of ISAAC fields are reduced and
publicly available, this leads to a field of view of 50 square arcminutes. Hence, only a small
part of one COMBO field of view (32’×32’) is available. Nevertheless, for a small subsample of
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about 400 COMBO-17 galaxies I can compare the mass estimates directly derived from infrared
photometry with those obtained in the optical regime.
Since the EIS data are already reduced and flux calibrated, these data are fed directly in the
COMBO-17 pipeline and adjust the flux by using main sequence stars in this field. The field
distortions of the ISAAC camera are corrected radially symmetric by using bright objects from
a SExtractor table obtained from our R-band images of the CDFS.
In total the stellar masses of 400 galaxies in the eight ISAAC fields can be reliably estimated

both in the 815 nm filter and also in the J , H and Ks ISAAC filters. The stellar mass estimation
works as follows: The SED and redshift parameter is estimated by using the COMBO-17 multi-
color classification with the 16 optical colors available in COMBO-17. The SED type delivers
the stellar M/L ratio in the filters 815 nm, J , H and Ks. Together with the fluxes in these
filters the stellar mass estimation is done in each of these filters. Hence, the SED and redshift
estimations are the same for the stellar mass estimations in the optical and in the infrared. Both
mass estimations differ only in the wavelength regime where the stellar M/L ratio is applied to
the measured fluxes. This approach has the advantage, that it looks only for bandshifting effects
when comparing both stellar mass estimations. The comparison between both mass estimations
is shown in figure 3.6. It shows the difference between them as a function of SED type. The
agreement is on average better than 0.1 dex for SED types below 70. For SED > 70 there is
an offset of about 0.15 dex. The origin of the scatter for individual objects is partly due to the
errors of the mass estimation. Figure 3.7 shows the difference divided by the mass error σM

derived from section 3.1.2. The average difference hardly exceeds 1σ for the J and H band and
increases to 2σ for the K band.
This leads to the conclusion that our PEGASE templates are a well-suited description to the
entire observed wavelength range 0.8 < λobs < 2.1µm.

3.3.2 Mass estimation from optical data

The results of the stellar mass estimation of the COMBO-17 galaxies with a limiting magnitude
of 23.0 in the 815 nm filter (S/N > 8.7) as a function of redshift is shown in figure 3.8. The
location of the Abell 901 cluster is clearly seen as a stripe at a redshift of about 0.17. The sharp
cut-off at the lower mass end occur because of the magnitude limit of the survey. For redshifts
around 0.2 stellar masses above 108M⊙ are measurable whereas at redshift 1 only objects with
stellar masses above 3 × 109M⊙ are included in the sample. The fuzzy boundary at the high
mass end shows that at all redshifts objects exceeding 3 × 1011M⊙ are rare.
The error distribution of these objects as derived in section 3.1.2 is shown in figure 3.9. 71% of
the galaxies have relative errors below σM/M = 0.5. The median error is about σM/M = 0.29.
Figure 3.9 shows the error distribution at different mass cuts. It shows the trend that the higher
the stellar masses of the objects (i.e. their luminosities) the lower are the relative errors.

I use the estimated stellar masses at redshifts up to z = 1.0 to derive the evolution of the
stellar mass function. For this purpose the number counts are divided by the comoving volume,
which is given by
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Figure 3.6: Difference between the stellar mass estimation in the infrared and the stellar mass
estimation at the 815 nm filter as a function of SED type. The three filters J, H and K are
shown. The lower right plot shows the mean values for all three filters: solid: J, dashed: H,
dotted: K. The crosses with the errorbars show the mean values and the variance in bins of 10
SED types.
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Table 3.1: The parameters of the fits to the integrated stellar mass density as shown in figure
3.11. The fitted function is ρ(z) = a · z + b. The table shows the parameters a and b for the fits
including the SDSS value and without the SDSS value. The table also shows the mass increase
factor F = b/(a + b).

M
M⊙

a
[

M⊙

Mpc3

]

b
[

M⊙

Mpc3

]

b
a+b

109 −1.13 ± 1.07 · 108 3.23 ± 0.42 · 108 1.54 ± 0.78
109.5 −1.12 ± 0.43 · 108 3.13 ± 0.24 · 108 1.55 ± 0.33
1010 −1.26 ± 0.30 · 108 3.05 ± 0.19 · 108 1.71 ± 0.29
1010.5 −0.83 ± 0.24 · 108 2.41 ± 0.15 · 108 1.52 ± 0.23
1011 0.05 ± 0.22 · 108 1.01 ± 0.22 · 108 0.95 ± 0.20

V =
N

4

square degree

str
·

∫ z2

z1

dV

dz′ dΩ
dz′

=
N

4
3283

c

H0

·

∫ z2

z1

1
(1+z′)2 DL(z′)2 dz′

√

ΩM (1 + z′)3 + Ωλ + (1 − ΩM − Ωλ)(1 + z′)2

(3.11)

Here N is the number of considered COMBO-17 fields (at the moment N = 3)). DL is the
luminosity distance and z the redshift. For the cosmological parameters I use ΩM = 0.3 and
Ωλ = 0.7. The redshifts z1 and z2 define a certain redshift interval that is considered. For
example, the first plot in figure 3.10 considers the redshift interval z1 = 0.1 to z2 = 0.25 for
which the volume V is calculated with this equation. The galaxies in the considered redshift bin
and the considered mass bin are summed up and divided by V . The result is shown in figure
3.10 for six different redshift bins.

Figure 3.11 shows the integrated stellar mass density in galaxies at different mass cuts as a
function of redshift. This means that only objects above the subsequent mass cut are considered.
As a comparison, the zeropoints from the SDSS and 2MASS surveys from Bell et al. [2003] as
plotted too. The offset between the SDSS value and the COMBO-17 data is due to the systematic
mismatch of about 25%, as already seen in section 3.2.2. I correct this by shifting the SDSS
value by 25%.
The parameters for a linear fit to the data is shown in table 3.1. I do not trust the last value
due to the bad statistics when applying high mass cuts, above which only low object numbers
show up.
Since the fitted function is ρ(z) = a · z + b the increasing factor of stellar mass since redshift 1
can be characterized by the value F = ρ(z = 0)/ρ(z = 1) = b/(a + b). This value as a function
of stellar mass cuts is plotted in figure 3.12. The average value for the stellar mass increase since
redshift 1 is 1.6.

The local sample of galaxies is compared to the galaxies in the Abell 901 cluster. Figure
3.13 shows the stellar mass function in the Abell 901 cluster in comparison to the mass function
in all three COMBO-17 fields at low redshifts. Above 3 × 109M⊙ the decrease is flatter in the
cluster compared to the field and below this value the galaxies are less frequent than in the field.
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Figure 3.10: Stellar mass function per comoving volume at different redshift bins. The lowest
redshift bin 0.1 < z < 0.25 is shown in all plots as the solid histogram. The left errorbars in
each bin show the statistical poisson errors and the right errorbars show the rms errors due to
the field-to-field variation in the three COMBO-17 fields.
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Figure 3.11: The integrated stellar mass density as a function of redshift with different mass
cuts. Each of these plots shows the COMBO-17 result including all galaxies above a certain
mass limit. The mass limit ranges from M ≥ 108.5M⊙ for the first plot to M ≥ 1011M⊙ for
the last plot. The histogram shows the mass density in galaxies per comoving (Mpc)3. The
zeropoints are the SDSS and 2MASS results from [Bell et al. 2003], calculated for the same mass
cut. The dashed zeropoint is the original value and the solid zeropoint is offset corrected by 25
% by virtue of the systematic mismatch discussed in section 3.2.2. The left errorbars in each
bin show the statistical Poisson errors and the right errorbars show the rms errors due to the
field-to-field variation in the three COMBO-17 fields. The solid line is a least-square fit to the
data.
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Figure 3.13: Stellar mass function per comoving volume at different redshift bins: solid: 0.1 <
z < 0.28 without the A901 galaxies, dashed: cluster galaxies at 0.15 < z < 0.2 in the A901 field.
The errorbars of the mass function without the A901 galaxies are the same as in figure 3.10.
The errorbars of the cluster mass function are only the poisson errors.
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Chapter 4

The piggyback method

As mentioned in section 2.6, the COMBO-17 team and the GEMS team use the J2003 library
for the redshift and SED estimation. The F2003 library is better tailored to the stellar mass
estimation. It is constructed making a suitable assumption for the properties of the underlying
old stellar population contained in starburst galaxies. The J2003 library does not consider this.
In order to take advantage of the improved redshifts in J2003 for the purpose of stellar mass
estimation, I developed the piggyback method. It consists of two steps:

• Firstly the objects are classified by using the J2003 library. The redshifts from this clas-
sification are fixed in the following step.

• In the second step the SED type is classified again. The classification in this step is done
by using the F2003 library.

With the aid of z from step 1 and SED from step 2 the stellar masses are estimated in the
same way as described in chapter 3.

In order to test the code that is used for this purpose, I do firstly a selftest of this method.
For that the objects are firstly classified with the F2003 library. The redshift is fixed at the
so derived value and the objects are classified again with the same library. The difference to
the method mentioned above is that also in the second step the F2003 library is used. The
masses estimated with this selftest of the piggyback method are compared with the masses es-
timated with the F2003 classification, as described in chapter 3. The result of this comparison
is shown in figure 4.1. As expected, the F2003 masses are reproduced well. The resulting mass
deviations are caused by different results in the SED classification in the first and the second
step. Figure 4.2 shows the SED deviations, this means the difference of the SED derived by the
original F2003 classification and the SED derived in the second step. These SED deviations are
caused by asymmetries in the probability distribution of the SED classification. Whereas the
first classification takes place in the two-dimensional (SED,z) space, in the second step only the
one-dimensional SED parameter is admitted as a free parameter. If the maximum of the prob-
ability distribution in the one-dimensional case is shifted with respect to the two-dimensional
maximum, it leads to a different SED type.

In figure 4.3 the piggyback method is applied to the J2003 library. Compared to figure 4.1 it
shows a stronger deviation. The comparison of the SED types is shown in figure 4.5. Here the
difference of the F2003 SED’s and the piggyback SED’s is shown. A comparison to the J2003
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SED’s makes no sense because they are defined in a different way. Compared to the original
F2003 mass estimation there is a scatter around zero, which is considerably higher than for the
selftest.

The reason for the stronger SED scattering is that the redshifts in J2003 differ from those
in F2003. The redshift difference is correlated to the SED difference. Figure 4.6 shows the SED
difference in dependence of the redshift difference for different SED types. This correlation re-
sults from the connection shown in figure 3.1: The error estimation described in section 3.1.2 is
similar to the selftest of the piggyback method described in this chapter. In the case of the error
estimation the redshift is also fixed and the SED type is classified again. If the redshift is taken
from J2003, the second classification delivers the SED type which is given by the correlation
which is shown in figure 3.5. The correlation in figure 4.6 results from this.

The masses estimated by using the piggyback method are according to figure 4.3 different
from the F2003 masses. The mass difference for the single object is caused by differences in the
redshifts in J2003 and F2003. According to figure 4.6 this redshift difference causes derivations
in the SED type, which cause derivations in the mass-to-light ratio. Since the factor (1 = z)D2

L

goes down in equation (3.8), the redshift difference also causes directly a difference of the mass.
As seen in chapter 2, the J2003 library delivers better redshift estimations. Therefore it is ex-
pected that the piggyback masses are more precise. In the statistical entirety these differences
are a scattering around the zero line. Figure 4.4 shows the histogram of the differences of both
masses. It is in the order of ±0.1 dex.

Because the piggyback masses are consistent to the J2003 redshifts, the GEMS team and
the COMBO-17 team use these masses. In the context of this work I do not use the piggyback
masses on grounds of the self-consistence of the method of mass estimation described in chapter
3.
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Figure 4.1: Comparison between the stellar masses derived with the F2003 library and the
piggyback masses derived with the F2003 library. Since in both cases the same library is used,
this is a selftest of the piggyback method.
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Figure 4.2: Comparison between the SED type derived with the F2003 library and the piggyback
SED type derived with the F2003 library. Since in both cases the same library is used, this is a
selftest of the piggyback method. Color coded are three limiting magnitudes: red: R≤24, green:
R≤23, blue: R≤22
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Figure 4.3: Comparison between the stellar masses derived with the F2003 library and the
piggyback masses derived with the J2003 library. Color coded are three limiting magnitudes:
red: R≤24, green: R≤23, blue: R≤22



62 CHAPTER 4. THE PIGGYBACK METHOD

0

200

400

600

800

1000

1200

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

fr
e
q
u
e
n
c
y

log(F2003 mass) - log(piggyback mass)

Figure 4.4: Histogram of the differences between the stellar masses derived with the F2003
library and the piggyback masses derived with the J2003 library, as seen in figure 4.3. Color
coded are three limiting magnitudes: red: R≤24, green: R≤23, blue: R≤22
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Figure 4.5: Difference between the SED type derived with the F2003 library and the piggyback
SED type derived with the J2003 library as a function of SED type. Color coded are three
limiting magnitudes: red: R≤24, green: R≤23, blue: R≤22
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Figure 4.6: Correlation between the redshift difference and the SED type difference. The x-axis
shows the difference between the redshifts derived from classifications with the J2003 library
and the F2003 library. The y-axis shows the difference between the SED classification with the
piggyback method and the SED classification with the F2003 library. Color coded are different
regimes of SED types: red:80 ≤ SED ≤ 100, green:60 ≤ SED ≤ 80, blue:40 ≤ SED ≤ 60,
purple:20 ≤ SED ≤ 40 , light blue:1 ≤ SED ≤ 20,



Chapter 5

Discussion

In this section the redshift evolution ot the integrated stellar mass density (figure 3.11) is dis-
cussed, which is the main result of this work. As seen in figure 3.12, there is an average increase
of the stellar mass density of a factor of F = 1.6. This means that at the present epoch there
is about 1.6 times more stellar mass in galaxies than at redshift 1. In more detail, the stellar
mass density is about 2 × 108M⊙/Mpc3 at redshift 1 and about 3 × 108M⊙/Mpc3 at redshift
0 for mass cuts M ≤ 1010M⊙ (see figure 3.11). In the following it is discussed how does this
result compare to the semianalytic model, to results of other surveys and to the integrated star
formation rate.

For the comparison to the semianalytic models I use a mass cut of M ≥ 1010M⊙ (see figure
3.11) in order to avoid completeness issues in the sense that at all redshifts this mass cut is
above the solid line in figure 3.8. The result for this mass cut is compared to the semianalytic
models of R. Somerville [Somerville & Primack 1999] and Cole et al. [Cole et al. 2000], which
is shown in figure 5.1. The semianalytic models are described briefly in section 1.1 in the intro-
duction. The result of the model of R. Somerville (priv. comm.) agrees both in the absolute
calibration and in the slope. For the result I obtained from C. Baugh (priv. comm.) only the
slope can be compared, whereas the absolute value is suitable normalized. The result of the F
= 1.6 increase in mass density since redshift 1 as mentioned above is in good agreement to the
semianalytic model of R. Somerville which predicts an increase of 1.75 since redshift 1. The
semianalytic model of C. Baugh et al. predicts a slightly higher factor of 1.9. Whereas these
models have already been compared to the mass increase expected from the integrated Madau
plot (R. Somerville, priv. comm.), our result is another independent test for these models.

The COMBO-17 result is compared to the FIRES result [Rudnick et al. 2003] and also to
the MUNICS result [Drory et al. 2004]. In [Rudnick et al. 2003] the results of different sur-
veys are summarized. Figure 5.2 shows the integrated stellar mass density for the luminos-
ity cut Lrest

V > 1.4 × 1010h−2
70 LV,⊙ which is chosen in order to be consistent to figure 8 of

[Rudnick et al. 2003]. Whereas in this work I use an IMF of Kroupa et al. [1993], Rudnick et al.
use a Salpeter IMF. In [Bell et al. 2003] a conversion factor of 0.25 dex between these two IMF’s
is given. This is used here in order to transform the results in figure 8 of [Rudnick et al. 2003] to
a Kroupa IMF. In addition, the 0.1 dex mismatch, as already seen in section 3.2.2 is taken into
account. Therefore, rather a conversion factor of 0.15 dex is used here. The other survey results
shown in figure 8 of [Rudnick et al. 2003] are repeated in figure 5.2. This comparison shows an
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Figure 5.1: Comparison to the results of the semianalytic models of R. Somerville and C. Baugh
et al.. The red histogram is the same plot as shown in figure 3.11 for a cutoff mass of 1010M⊙.
This is compared to the semianalytic models of R. Somerville (green histogram) and C. Baugh
et al. (blue line), which is suitably normalized.
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Figure 5.2: The COMBO-17 result in comparison to the results of other surveys, which are
taken from figure 8 in [Rudnick et al. 2003]. In order to be consistent to this work, a mass cut
of Lrest

V > 1.4 × 1010h−2
70 LV,⊙ is used. Color coded are shown different surveys: red: COMBO-

17, green:CFRS, bue: FIRES, purple: 2dGRS+2MASS, light blue: SDSS, black: HDF-N. The
refrerences for these survey results are given in [Rudnick et al. 2003]. The errorbars of the
COMBO-17 results are both the statistical Poisson errors (left errorbars) and the rms-errors
due to field-to-field variation (right errorbars). The black line shows the F=1.6 slope, which is
the COMBO-17 result for the stellar mass increase since redshift 1.

overall picture up to redshift 3, which is consistent to the aforementioned F = 1.6 factor for the
stellar mass increase since redshift 1, as shown as the black line in figure 5.2.
In figure 5.3 the comparison to the MUNICS result is shown. Drory et al [2004] found a stellar
mass increase by a factor of 2 since redshift 1, which is a little bit higher than the F = 1.6
value from COMBO-17. They analysed a field of 0.28 square degree, which corresponds to one
COMBO-17 field. Since they use a Salpeter IMF I apply again the 0.15 dex conversion factor
to the MUNICS result. The absolute calibration of the MUNICS result shows a systematic
mismatch compared to the COMBO-17 result.

The COMBO-17 result is compared to the integrated star formation rate [Madau et al. 1996].
In figure 12 in [Hippelein et al. 2003], which is repeated in figure 1.3 in the introduction, the
dashed line shows the power law

SFR ∝ exp

(

tlookback

2.6Gyr

)

(5.1)

for redshifts below ≈ 1.0 with a value around 0.155M⊙Mpc−3yr−1 at redshift 1.0. These values
predict a stellar mass density at redshift 1 and redshift 0 just by integrating the star formation
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Figure 5.3: Comparison to the MUNICS result [Drory et al. 2004]. The red histogram is the
same plot as shown in figure 3.11 for a cutoff mass of 1010M⊙, which is the same mass cut
as used in [Drory et al. 2004].This is compared to the MUNICS result of the integrated stellar
mass density (blue points).
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Table 5.1: The star formation rate of [Hippelein et al. 2003] integrated over the lookback time
in comparison to the COMBO-17 result of the integrated stellar mass density. The “pure
integration” neglects mass loss, whereas the integration by using the PEGASE code calculates
this mass loss intrinsically.

pure integration PEGASE COMBO-17 result

z = 1.0 9.6 · 108M⊙Mpc−3 7.9 · 108M⊙Mpc−3 2 × 108M⊙/Mpc3

z = 0.0 14.1 · 108M⊙Mpc−3 10.75 · 108M⊙Mpc−3 3 × 108M⊙/Mpc3

F 1.4 1.34 1.6

rates over the lookback time. Integrating the SFR of 0.155M⊙Mpc−3yr−1 from z = ∞ to z = 1
leads to a mass density of 9.6 · 108M⊙Mpc−3 at redshift 1. This is done under the assumption
that the SFR is a constant in this time interval. In the redshift regime 0 ≤ z ≤ 1 the integra-
tion of power law (5.1) delivers a value of 4.1 · 108M⊙Mpc−3. Hence, these two values give a
stellar mass increase of F = 1.4, which is a slightly lower value than the F = 1.6 factor of the
COMBO-17 result.

However, this integration neglects any mass loss due to supernova events which remove stellar
mass. In order to take this mass loss into account, the same star formation rates are applied
to the PEGASE code, which assumes this mass loss intrinsically. Feeding the PEGASE code
with a constant SFR of 0.155M⊙Mpc−3yr−1 and running the code over the lookback time in
the interval 1 ≤ z ≤ ∞ delivers a stellar mass density of 7.9 · 108M⊙Mpc−3 at z = 1. Applying
the star formation history (5.1) to the code and run over the interval 0 ≤ z ≤ 1.0 leads to a
value of 2.85 · 108M⊙Mpc−3. For these values the stellar mass increase factor is F = 1.34.
Compared to the value derived by simple calculation there is a mass loss of 18 % in the redshift
interval and of 30 % in the redshift interval 0 ≤ z ≤ 1.

Table 5 summarizes the results. Whereas the increasing factor F is in consideration of the
errors consistent with the COMBO-17 data, the absolute values of the integrated stellar mass
are by far too high. The z = 1 value is 5 times higher than the COMBO-17 result in the case
of pure integration and 4 times higher in the PEGASE case, where the mass loss is taken into
account. At z = 0 the pure integration value is 4.6 times higher and the PEGASE value 3.6
times higher than the COMBO-17 result.

In summary, the values delivered by the integration over the Madau plot are too high, but
the observation of the mass increase since redshift 1.0 seems to be consistent with the star
formation rate in the same redshift regime. The factor 4-5 mismatch until redshifts 1.0 may
reflect uncertainties in the initial mass function. Whereas the measurements of star formation
rates rely in particular on high mass stars, the stellar mass estimation in this work relies in
particular on stars with masses around 1M⊙ or even lower. Hence, drawing integrated stellar
mass densities in galaxies just by integrating the Madau plot may deliver a somewhat misleading
picture. At the high mass end, some initial mass functions agree, and therefore the high mass
stars are not sensitive to distinguish between different IMF’s. For example, the Kroupa IMF
and the Salpeter IMF are basically the same at the high mass end. Whereas the high mass stars
show more the “tip of the iceberg”, the mass region around 1 M⊙ is more typical for the stellar
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population. Therefore it is important to have a good assumption of the low-mass end of the
IMF. Bell & de Jong [2001] have demonstrated that different IMF assumptions cause different
calibrations in the stellar mass-to-light ratios. Even when I apply the above used conversion
factor between a Kroupa IMF and a Salpeter IMF to the integrated star formation rates, there
remains a mismatch to the COMBO-17 result. Maybe this reflects, that the Kroupa IMF, which
is used in this work is not a good assumption. One possible explanation is that the assumption
of an unique IMF that is basically measured in the Galaxy is a too simple extrapolation to
galaxies at higher redshifts.

On the other hand, [Rudnick et al. 2003] argue that their result is consistent to the inte-
gral of the SFR of Cole et al. [2001], which is for the EB−V = 0.15 case basically identical to
figure 12 in [Hippelein et al. 2003]. They apply to the stellar mass densities at their V-band
luminosity cut a factor of 2 correction to the total stellar mass by using the low-redshift stellar
mass function from 2MASS. When looking to the stellar mass functions as shown in figure 3.10
I cannot confirm this factor of 2 correction to the total stellar mass density. For z = 0 they end
up with a total stellar mass density of 6 ×108M⊙/Mpc3 and about 6 ×108M⊙/Mpc3 at z = 1.
Hence, compared to the calculation shown above there is still a factor of 2 missing, even when
one accepts the factor 2 correction.

I also investigated the galaxies in the Abell 901 cluster and compared this result with the
field galaxies. As seen in figure 3.13, the cluster galaxies contain on average more mass than the
field galaxies. This might reflect the fact that in the dense cluster environment where the mass
assembly due to mergers is more common than in the field, under the assumption that the stellar
mass would be a proxy for the total mass of a galaxy in some sense. Another (perhaps more
likely) interpretation is that in cluster galaxies the star formation started earlier and therefore
the stellar populations are older than in field galaxies. In this case there was more time to build
up stellar mass.



Chapter 6

Outlook

6.1 Evolution of the galaxy population from z=1 to today

The COMBO-17 dataset with its stellar mass estimation allows an investigation of the data
cube spanned by the parameters stellar mass, (U-B) color and redshift. The modeling of simple
stellar populations and simple approaches to the evolution of galaxies can be used to investigate
evolutionary tracks of different galaxy types in this data cube. Such an investigation is similar
to the evolutionary tracks of stars in the Hertzsprung-Russel diagram.
Monte Carlo simulations would allow to investigate the galaxy density at each point in this data
cube. Normalized to the local value of the mass distribution of galaxies obtained from SDSS
data by [Kauffmann et al. 2003] the galaxy density in the data cube is predictable for different
approaches to explain the evolution of galaxies. This can be compared to the COMBO-17 data
in order to constrain possible assumptions.

6.2 The actual star formation rate of galaxies

The philosophy of using the SED and redshift estimation from multi-color surveys like COMBO-
17 by using a galaxy template library based on stellar population synthesis modeling is an ideal
tool not only for estimating the stellar masses but also for estimating the actual star formation
rate of starburst galaxies. Whereas for the purpose of stellar mass estimations the infrared
regime is most interesting in order to trace the old stellar population, for the SFR estimations
it is the UV regime. In this wavelength region the young stars dominate the light of the galaxy.
In order to avoid uncertainties concerning the IMF the best way of estimating the SFR is to
measure the UV fluxes. At higher redshifts the UV flux is shifted more and more into the optical
and thus observable from the ground. For low redshifts the UV images have to be taken in space.
Furthermore, the galaxy template library needs to be reliable in the UV regime. Up to now,
the PEGASE library is designed such that it matches the Kinney et al. templates. However, in
the UV region their reliability remains to be further investigated. This concerns not only the
galaxy templates but also the stellar libraries in the stellar population synthesis models itself.
Both is expected to be improved in the near future due to advanced measurements in the UV
regime as well as improvements in the stellar population synthesis modeling.
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6.3 Baryonic and dark matter

Rocca-Volmerange et al. [2004] demonstrated the estimation of the baryonic mass of the initial
gas halo from which the gas flows into the central part and forms a galaxy. They derived a
maximal baryonic mass of 1012 solar masses for a sample of radio loud galaxies of De Breuck et
al. [2002], which is similar to the critical mass of a self-gravitating cloud regulated by cooling
(Rees & Ostriker 1977). This can be verified with the larger sample of COMBO-17.
The PEGASE code allows to transform the stellar mass estimations into these initial baryonic
masses. Therefore these two parameters can be linked together for a given SED type. Since the
SED type is estimated for each galaxy, this would lead to an initial baryonic mass estimation.
For this purpose the star formation histories of the template library galaxies, which are so
far modeled by the assembly of three different components have to be replaced by one single
component that describes the evolution in a more self-consistent manner.
One possible application may be the comparison of the integrated baryonic mass of the Abell
901 galaxy cluster to the total mass of this of this cluster, derived by M. Gray by using lensing
techniques. This would enable an investigation of the dark matter content.
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