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Kurzfassung

Anhand der Daten des COMBO-17 Projekts werden stellare Massen von Galaxien frühen und

späten Typs im Rotverschiebungsbereich 0 < z < 2.1 bestimmt. Hierarchische Strukturentste-

hung sagt voraus dass sich elliptische Galaxien etwa bei z ≈ 1 bilden, d.h. den Bereich der ”blue

cloud” verlassen. Der Übergang von ”blue cloud” zu ”red sequence” ist noch nicht vollständig

verstanden. Wir untersuchen einen Entstehungsmechanismus, der möglicherweise erklären kann,

wie sich Galaxien späten Typs in elliptische Galaxien geringer Masse durch sogenanntes ”ha-

rassment” umwandeln. Wir führen N-Körpersimulationen durch, in denen eine dreikomponentige

Galaxie (Scheibe + Bulge + Halo) auf einer exzentrischen Bahn in einen Galaxienhaufen ein-

dringt. Während die Galaxie in den Haufen stürzt, wird sie durch Gezeitenkräfte von nahen

Vorbeiflügen an anderen Haufengalaxien auseinandergerissen. Solche Kräfte sind stark genug, um

eine morphologische Umwandlung der Galaxie in eine elliptische Zwerggalaxie zu bewirken. Im

Rahmen eines kombinierten N-Körper- und Sternpopulations-Ansatzes ordnen wir der simulierten

Galaxie unterschiedliche Sternpopulationen zu und verfolgen deren Entwicklung. Dies erlaubt

es uns, beobachtbare Größen, insbesondere integrierte Farben, zu extrahieren, um die Simula-

tionsergebnisse mit beobachteten elliptischen Zwerggalaxien aus dem Virgohaufen zu vergleichen.

Dies bildet die Grundlage der Diskussion, ob durch harassment typische elliptische Zwerggalaxien

gebildet werden können.

Abstract

The COMBO-17 survey data is used to measure stellar masses of late and early-type galaxies in

the redshift range 0 < z < 2.1. Hierachical galaxy formation predicts that early-type galaxies

leave the blue cloud and assemble at z1. The transit from blue cloud to red sequence is yet not

fully understood. We explore one formation mechanism that might explain how late-type galaxies

can transform in low-mass early type galaxies via galaxy harassment. We aim to understand

the formation of early-type dwarf galaxies through the so-called galaxy harassment scenario. We

perform N-body simulations in which a three-component galaxy (disk + bulge + halo) enters a

galaxy cluster in an eccentric orbit. While the galaxy is falling, it gets tidally disrupted by close

encounters with other galaxies that populate the cluster. Such encounters are sufficiently vigorous

to morphologically transform the galaxy into an early-type dwarf.

Through a combined N-body and stellar population approach, we assign multiple stellar generations

to the simulated galaxy and trace their evolution. This allows us to extract observable quantities, in

particular integrated colours, in order to compare the simulation results to observed Virgo cluster

early-type dwarfs. Based on this analysis we discuss whether harassment is able to form typical

early-type dwarf galaxies.
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Chapter 1

Introduction

To understand how galaxy evolution takes place in the Universe, it has been
necessary to build extragalactic surveys with several filters that can allow to
perform studies in order to test and confirm the galaxy evolution theories.

In the frame of hierarchical galaxy evolution where more massive galax-
ies form from smaller ones by interacting between each other and merging
there are several predictions that can be confirmed by sampling the galaxies
contained in the surveyed fields locally and at z ≥ 1.

One of the main predictions of this galaxy evolution theory is that early-
type galaxies begin to assemble at ≈ z = 1 leaving the blue cloud and
beginning to establish the red sequence approximately at this redshift. As
a consequence, the stellar mass density of the early-type galaxy population
increases since z ≈ 1 (Kauffmann & Charlot 1998). Also, it has been proved
that the cosmic SFR has declined by an order of magnitude since z ≈ 1
(Madau et al. 1998).

Thus, it would be interesting to have a galaxy sample suitable to trace
the evolution of galaxies up to higher redshifts in order to test and study the
galaxy evolution theory predictions. For this, is necessary to carry out deep
observations with different filters that can provide with information about
the properties of galaxies in terms of its stellar populations, age, stellar mass,
etc.

One of the main aims of this work, is to extend the observed wavelength
range coverage of the COMBO-17 multicolor classification extragalactic sur-
vey to the infrared wavelength regime. This survey already has a filter set
consisting of five broad band filters and twelve narrow band covering the
optical range from 365nm to the beginning of the near infrared regime at
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917nm. This filter set allows to perform object classification and estimate
their photometric redshifts in the five survey fields up to redshift z = 1.1.

One of the limitations of this survey is that as galaxies contain a sig-
nificant population of old stars that at higher redshifts become too faint to
be observed with optical filters, it is necessary to expand the survey to the
infrared wavelength regime in order to be able to measure the contribution
of the old stellar populations constituting the galaxies what is reflected by
the raise of the flux of the galaxies in the infrared wavelength range.

The COMBO-17 field S11 was the first survey field to include two infrared
filters (J and H) to begin with the extension of the survey towards near in-
frared wavelengths. In this work, the Chandra Deep Field South (CDFS)
was chosen to be the second survey field to continue the survey extension to
the near infrared bands. Although there was no near infrared data available
to cover the CDFS in its totality, it became possible to cover a part of the
field (GOODS-CDFS sub field) using the public available data provided by
the ESO/EIS ISAAC GOODS-CDFS for the filters J, H and Ks.

The way the COMBO-17 survey performs object classification is based in
the colors measured by its filter set. We say that it is a color based survey in
the sense that one fits an artificial galaxy template to the observed spectral
energy distribution (SED) of the observed galaxies in the field and compares
the observed colors measured by its filter set with the colors of the artificial
galaxy spectral template that fits best the observed galaxy SED giving as
result together with the object classification the photometric redshift of the
galaxy.

Another aim of the work presented here is to generate an artificial galaxy
template set suitable to perform the multicolour classification mentioned
above. So far the COMBO-17 survey has delivered galaxy classification and
redshift estimation with a set of templates that were built empirically in or-
der to match the photometric SEDs of the objects in the CDFS (Wolf, et al.
2003) using a non-realistic single star forming burst as star formation rate.
As a result, this library delivers accurate redshift estimation but it is not suit-
able to derive important quantities that allow to carry out galaxy evolution
studies (e.g.stellar masses of galaxies). That is why it is necessary to develop
a different set of artificial templates that can provide with a more realistic
approach of how galaxies are constituted in terms of their stellar populations.
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A new set of artificial galaxy templates is developed in order to match
the SEDs of galaxies with a spectra that is composed of a mix of young
and old stellar populations. This is achieved by giving a more realistic star
forming scenario consisting of two star forming bursts where the first one
is followed by a second one that varies the amount of its young blue newly
formed stars once the stars created in the first burst are red and some of
them have already begun to die. This two burst model matches successfully
the galaxy spectra and delivers accurate and improved photometric redshifts.

The results of the extension of the COMBO-17 optical filter set to the
infrared wavelength range are shown in this work. New multicolor object
classification was performed and new photometric redshifts were estimated.
A galaxy sample was selected and used to test from the technical point of
view the quality of the newly estimated redshifts. Later on, it was used to
analyse the establishment of the red sequence galaxies at z ≈ 1. Stellar
masses were obtained for this galaxy sample using to already existing stellar
mass methods (Bell et al. 2004, Borch et al. 2006). It turns out that even
though the selected sample is limited in size, it has been proved that this
is a successful way to derive galaxy properties that allow to study galaxy
evolution up to redshift z = 2.2.
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Chapter 2

Data and Photometry

The inclusion of a new dataset covering the near infrared wavelength range
brings the opportunity to the COMBO-17 extragalactic survey to extend its
filter set coverage to perform multicolour classification to higher redshifts in
its five fields. The near infrared data from the ESO/EIS ISAAC GOODS-
CDFS will allow the survey to improve the template fitting of the objects
contained in its fields and thus, provide more accurate redshifts as well as
to improve multicolor object classification for the galaxies and at the same
time put some constrains concerning the dust reddening in galaxies. The
main aim of this inclusion is to extend the redshift range of the survey from
z = 0 − 1.1 up to z ≈ 2.2. Thus, stellar masses of galaxies can be estimated
as it is possible to see the mass contribution of the old stellar populations
that dominate the total stellar mass of the galaxies.

2.1 The COMBO-17 Optical data

The COMBO-17 optical data was observed with the Wide Filed Imager
(WFI) at the 2.2m MPG/ESO telescope in La Silla,Chile. The WFI cov-
ers a field of view of 34’× 33’ on a CCD mosaic consisting of eight 2k × 4k
CCD’s with a scale of 0.238”.This multicolor survey has successfully com-
pleted 1 squared degree of observations in its five different fields with its
5 broad-band and 12 narrow-band filters covering the entire optical range
from 400nm to 930nm (see tables2.1,2.1). In this work, we have focused
mainly in the Chandra Deep Field South (CDFS) centered in the coordi-
nates α2000 = 03h32m25s and δ2000 = −27◦48

′

50
′′

(Fig. 2.1). Observations
were made in four different observing runs between October 1999 and Febru-
ary 2001. The total exposure time is ≈ 195ks using ≈ 35ks for deep R-band
imaging.
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Figure 2.1: COMBO-17 survey deep R-band image of the Chandra Deep Field South
α2000 = 03h32m25s and δ2000 = −27◦48

′

50
′′

. The detection limit of the survey is R ≤ 26.
The total exposure time of the COMBO-17 deep R-band image is of 35ks.

The source extraction software SExtractor (Bertin & Arnouts 1996) was
used for object detection. The default parameter file was modified in order
to first search for the deepest objects and get rid of the ones that have a
S/N higher than 3 (≈ 0.3 error in magnitude). The resulting catalogue has
63,501 objects reaching a 5σ point source limit of R ≈ 26.

2.2 The ESO/EIS GOODS-ISAAC JHK bands

data

The infrared data used in this work, is the Version 1.5 of the ESO-EIS
GOODS-ISAAC data release. It covers 159.1 and 159.7 arcmin of the GOODS-
CDFS region. This data was taken in three infrared bands J,H,Ks (see table
2.3) where J,Ks bands cover the whole field (24 sub fields) while H band
covers 126.7 arcmin (19 sub fields) (Fig. 2.2). Data was fully reduced by the
Advanced Data Products group in the Virtual Observatory Systems.

Mosaic images for the three bands are also available, but they were not
used as the PSF varies from tile to tile within each mosaic. This data set has
no aperture corrections nor PSF matching what would lead to the obtention
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Filter (nm) Name Exposure time (sec) 5 − σ limit Mag (Vega)
365/40 U 20000 24.3 24.7
455/100 B 14000 25.7 25.9
540/90 V 6000 25.2 25.3
650/165 R 20000 26.0 26.2
850/150 I 7500 23.8 23.2

Table 2.1: Broad band filter set of the COMBO-17 survey

Filter/width (nm) Exposure (sec) time 5 − σ limit Mag (Vega)
420/30 8000 24.4 24.7
465/15 10000 24.3 24.9
486/30 5000 24.2 24.3
518/16 6000 24.1 24.3
571/24 4000 24.0 24.2
605/21 5000 23.9 24.2
646/27 4500 23.8 23.2
696/23 6000 23.6 23.9
752/20 8000 23.5 23.2
816/24 20000 23.4 23.6
856/14 15000 23.3 22.8
914/27 15000 23.2 22.6

Table 2.2: Narrow band filter set of the COMBO-17 survey

of non precise object catalogues.

The ISAAC/GOODS-CDFS data was already reduced with the ESO/MVM
data reduction pipeline. The resulting science images are co-added sky sub-
tracted frames. Calibration was performed by using a pre-existing catalogue
of the field. It was then compared with already calibrated Hubble Space
Telescope (HST) data. The RMS scatter in the astrometry is 0.1

′′

in the
whole field. The science images were first PSF-matched and convolved with
a Gaussian. The zero points were determined using approximately 3 to 12
sources in each of the frames. Its aperture magnitude was measured and
used after to determine the zero points. The RMS scattering in the zero
points are: 0.1 − 0.06magAB in J-band, 0.01 − 0.08magAB in Ks-band and
up to 0.17magAB in H-band. The exposure times are given normalized to
unity, so that the magnitudes can be obtained using mAB = −2.5 ∗Log(F )+
zero point. In order to make this images suitable for the COMBO-17 pho-
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Figure 2.2: Mosaic of ISAAC tiles, overlayed on the HST/ACS GOODS z-band mosaic:
21 tiles in the J and Ks bands (cyan thick), 5 additional tiles in the J and Ks bands (cyan,
thin). Each ISAAC field is 2.5 arcmin ESO-EIS GOODS/ISAAC Data Release: Version
1.5

tometry, they had to be rescaled, as the COMBO-17 images have a pixel
scale of 0.38

′′

, while the ISAAC/GOODS images have a pixel scale of 0.15
′′

.
Also, COMBO-17 works in Vega magnitudes while ISAAC/IMAGES are in
the AB system, for this was necessary to use the AB zero point corrections
given by the GOODS team: JAB = JV ega + 0.90, HAB = HV ega + 1.38,
and KsAB = KsV ega + 1.86.

2.3 J,H,Ks Photometry

The photometry was carried out using the astronomical software package
MPIAPHOT (Meisenheimer, Roeser (1991), Meisenheimer (2004)) devel-
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Filter/width(µm) Name
1.25/0.29 J
1.65/0.30 H
2.16/0.27 Ks

Table 2.3: ESO/EIS ISAAC filter set

oped at the Max Planck Institute for Astronomy. MPIAPHOT measures
the central surface brightness of the objects after convolving their appear-
ance outside the atmosphere to an effective point spread function (PSF) of
1.5

′′

diameter. The command routines had to be modified in order to be
suitable for photometry analysis in the infrared wavelength regime.

To begin the photometry, it was necessary to obtain a catalogue contain-
ing all the sources detected in all the different science images for the three
different infrared bands and project its coordinates into the reference frames
of each single exposure using the command ISAAC/PROJECT. For this sci-
ence images it was not necessary to correct for frame translation and rotation
but in principle this command also performs these corrections. This was ver-
ified by checking that the RMS values of the errors in the position were less
than 0.13 in order to avoid mis-matching that can lead to an error in the
photometry. Then the stellar PSF is measured by selecting between 50 to
500 bright stars in each of the frames, the program chooses the most suitable
Gaussian smoothing for reaching the common effective PSF of 1.5

′′

. After
this step, all flux measurements are averaged into a single final flux where its
error is obtained from the scatter between the frames. The final step is then
to normalize the flux of the objects in each of the frames. The COMBO-17
CDFS field just has one standard star, the number 60783 in the COMBO-17
survey catalogue, located at α = 03h32m02s.360 and δ = −27◦34

′

22
′′

.1 with
an R-band magnitude of 15.5, unfortunately, it falls out of the GOODS-
CDFS field, hence, we had to incorporate it into each of the three flux-band
catalogues to be normalized.

Afterwards, the count rates were converted into physical fluxes by cali-
brating the counts with the standard star and the filter transmission curves
using the MPIAPHOT command ISAAC/INTEG. The flux calibration is
then carried out by using the ISAAC/FLUX command that convolves the
spectra of the standard star with the total system efficiency in all the filters.
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Chapter 3

The new galaxy spectral
template library

To perform the multicolor classification based in the color of the survey
objects, it is necessary to fit an artificial galaxy template to the observed
spectral energy distribution (SED) of the galaxies in the field and compare
the color indices obtained from the colors measured by the surveys filter set
with the color indices created out of the artificial galaxy spectral template
that fits best the observed galaxy SED.

A set of spectral galaxy templates has to be produced to match the SED’s
of the galaxies. This set is called a galaxy library and the way it is created
will be discussed in this chapter.

The idea of developing a new galaxy library to perform multicolor classifi-
cation in the COMBO-17 survey, comes from the aim of reproducing the star
formation histories of different types of galaxies more accurately than the
current galaxy library used. The new galaxy library will replace the former
one as it provides a better match to real galaxy spectra, as well as would
deliver more reliable stellar masses of galaxies than the current one, which
has a star formation rate formed by a single-burst history.

The previous spectral library for galaxy classification was created in order
to match empirically the data but the histories of the objects are not reliable
because of the way this library was designed. This has a star forming scenario
that has one star forming burst with an initial interstellar medium metallicity
of 0.10Z⊙. The COMBO-17 galaxy survey has used this library in order to
perform multicolor classification in three of its five fields including the CDFS.
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Figure 3.1: The brightest HII region in the galaxy Tol 35 located at a distance of 30.3
Mpc. The regions of poor atmospheric transmission have been replaced by straight lines.
Source: L.Vanzi, et al. 2002.

Observations in the Chandra Deep Field South (CDFS) provided an use-
ful set of data in the optical (COMBO-17), near-infrared (GOODS-JHK),
wavelength regimes to test and improve a new spectral galaxy template li-
brary, designed to operate between the rest-frame wavelength range 0.1µ and
∼ 3µ. In this range the stellar continuum and emission lines from HII re-
gions dominate the Spectral Energy Distribution (SED) of galaxies like in
the example shown in Fig.3.1. The new filter inclusion plus the new galaxy
library were necessary if the aim is to improve the accuracy of the photo-
metric redshifts as well as derive more realistic galaxy properties in terms of
stellar population components and its intrinsic extinction.

The new spectral library is built by using a population synthesis code PE-
GASE 2.0 (Fioc, Rocca-Volmerange 1997) assuming a Kroupa (2003) initial
mass function. An old burst of exponentially decaying star formation with
an initial metallicity of 0.1Z⊙ is followed by a second burst that varies in
strength in order to reproduce the spectra of very blue galaxies. In addition,
the templates include dust extinction of various strengths. For the multicolor
classification, the spectral library is redshifted between z = 0 and z = 2.5
and converted into the colors observed by COMBO-17 plus its near-infrared
extension provided by the public ESO-EIS GOODS/ISAAC data. It is im-
portant to note that the multicolor classification of the survey is based on
the comparison between the measured color indexes of the objects and the
color indexes derived from the spectral templates derived from the population
synthesis code PEGASE 2.0.
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3.1 Library build-up

The spectral galaxy template library is a 2-dimensional ’strength-extinction’
library designed to operate between z = 0 − 2.2. Strength-extinction means
that the library is in one dimension based in the strength of the second star
forming burst relative to the strength of the first star forming one. The
second dimension is the one that accounts for the extinction or reddening of
the galaxies, it provides the galaxy library with different extinction levels that
applicable to the spectral galaxy templates resulting from the first library
dimension. Extinction is taken into account according to the SMC extinction
law (Pei 1992) explained in section 3.1.2.

One of the aims of this new galaxy template library is to extend the
current redshift range z = 0 − 1.1 to the range z = 0 − 2.2. For this, it is
necessary to include the ESO-EIS GOODS/ISAAC infrared bands that cover
the GOODS sub field located inside the Chandra Deep Field South (CDFS).
In this section, the procedure to generate the spectral galaxy library will be
explained.

Figure 3.2: Star formation scenario of the 2-dimensional ’strength-extinction’ galaxy
library. At the beginning one single burst is forming stars. When the age of its old stellar
population is older than 3Gyr a second burst begins to create stars.

To create the spectral galaxy template library, it was necessary to gener-
ate artificial galaxy templates using in this case the stellar population synthe-
sis program PEGASE 2.0. An input file including the essential parameters
that characterize a stellar population such as the initial mass function and its
lower and upper limits and the type of supernovae ejecta is given as starting
point. Then the star forming scenario is also provided, i.e.the metallicity
of the interstellar medium (ISM) and the star formation rate (SFR). The
program has stellar libraries with evolutionary stellar tracks for different
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metallicities that allow to calculate the position of the stars that populate
the artificial galaxy in the Hertzprung-Russell diagram according to the given
ISM initial metallicity and the mass of the stars infered from the given IMF.
The program then, calculates the metallicity of ISM gas and stars together
with the star formation rate for all the times steps required. In order to
produce continuum spectra and emission-line fluxes for all SFHs defined in
one scenario file, PEGASE 2.0 delivers an output file containing the spectral
data for a given grid of time steps running from 0 to 20 Gyr after the first
burst of star formation.

As we wanted a more precise time grid than the default PEGASE 2.0,
more time steps were included in the grid using linear interpolation because
areas with low grid density reduce the quality of the generated spectra. Later
on, additional time steps were again included as the idea was to follow closely
the beginning of the second star forming burst. Afterwards, the spectral
template library was finally created.

The second dimension of the spectral galaxy library is generated by ap-
plying the extinction law of Pei (1992). There is a pre-existing routine
created by C. Wolf that applies Pei’s extinction law to the template li-
brary relative to the B-band absorption in AB magnitude. Currently, both
galaxy libraries (Wolf, et al 2003 and this new one) contain six different
absorption values applicable to the spectral galaxy templates as explained
above. This values are AB = 0.00, 0.42, 0.84, 1.26, 1.68, 2.10 for a given
E(B−V ) = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and following AB = 4.2 × EB−V .

3.1.1 The star formation scenario

The star formation scenario that was chosen in order to create this new spec-
tral template galaxy library is formed by one first exponentially decaying star
forming burst whose interstellar gas has an initial metallicity of 0.1Z⊙. As
mentioned before, several authors take this initial metallicity value as models
of galaxy formation predict that when stars begin to form, the metallicity
of interstellar medium has this initial value approximately. The gas begins
to form stars with an e-folding time of τ1 = 1 Gyr. The formation of stars
out of the interstellar gas is represented by the Initial Mass Function (IMF).
For this scenario, the Kroupa(2003) IMF was chosen due to its behaviour
in the low-mass end, meaning that the different slopes that shape the IMF
seem to give a better description of the behaviour of the masses of the stars
that compose the stellar populations than other initial mass functions, e.g.
Salpeter (1955).

The first star forming burst is followed by a second short-duration expo-
nentially decaying burst that has an e-folding time of τ2 = 0.1 Gyr whose
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Figure 3.3: Library SED binning for each of the 39 SED’s that were created using the
star formation history described in Section 2.2.1. Each SED step was calculated for each
of the burst strengths. The library was re-binned as it was found that there was a peak
in the distribution of galaxies that belong to the blue cloud.

strength varies relative to the strength of the first burst ranging between
1/100 to 15 times the strength of the first star forming burst. This allowed
us to reach the spectra of blue galaxies due to the amount of newly formed
young stars that will make the synthetic spectra look bluer. This has to be
done because even if the amount of massive stars that were formed during
the first burst is smaller compared with the amount of low and intermediate
mass stars formed the integrated light still depends strongly on the massive
stars.Also the fact that their lifetime is shorter than for the low and inter-
mediate mass stars makes the spectra look redder when we look at the star
formation just right after the second burst.

The star formation rate φ(t) is then given by the following equation:

φ(t) = P1e
−(t/τ1) if t ≥ told (3.1)

φ(t) = P1e
t + P2e

−(t−3000)/τ2) if t ≤ told (3.2)

where P1 and P2 are the strengths of each of the star forming bursts.
The amount of stars created during the second burst, that is given by the
parameter P2 varies in intensity relative to the amount of stars that were
created during the first star forming burst that is represented by parameter
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P1, told is the age of the old stellar population when the second star forming
burst begins to form stars; in this model, told is 3 Gyr.

There were several versions of this galaxy spectral library. The results
presented in this work are the ones obtained from the last version. It is
important to notice that the galaxy template library used to perform the
multicolor classification in the way described showed a peak in the early-
type galaxy distribution (blue cloud) according to their SED distribution.
In order to correct for this problem, the galaxy spectral library had to be
re-binned in the first 39 SED’s that are the ones that contain the artificial
spectra for the blue galaxies (Fig. 3.3). The rest of the SED’s are taken from
the galaxy spectral library created by C. Wolf (2003) as there is no change
for the reddest SED’s, this is due to the fact that in this part of the library
the second star forming burst is negligible.

3.1.2 The extinction law of Pei 1992

Pei 1992 derived an extinction law based on the empirical extinction curves
of the Large and Small Magellanic Clouds (LMC and SMC respectively) by
adjusting the relative abundances of graphite and silicate grains and leaving
all other properties fixed to those appropiate to the Galactic extinction curve.
Properties such as absorption and scattering optical depths, mass-density
ratio of the interstellar dust to the neutral hydrogen. He presented a fitting
function for the extinction curves of the three galaxies valid over the full
wavelength range.

The first step of this law derivation considers the empirical extinction
curve defined as:

ξ(λ) = Aλ/AB (3.3)

where Aλ is the extinction in magnitudes at a wavelength λ and AB is
the extinction in the B-band.

Using the relation for the color excess Eλ−V = Aλ − AV and dividing by
EB−V he obtained the following expression:

ξ(λ) = [(Eλ−V /EB−V ]) + RV ] + (1 + RV ) (3.4)

where RV = AV /EB−V , being AV the extinction in the visual V-band.

The second step is to include a dimensionless dust-to-gas ratio, k:

k = 1021(τB/NHI
) (3.5)
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Figure 3.4: Example of the five different extinction levels applied to the galaxy spectral
library for a burst strength of ∼ 15% following Pei 1992. The extinction levels in AB used
for the library build-up are AB = 0.00, 0.42, 0.84, 1.26, 1.68, 2.10

where τB is the extinction of the optical depth in the B-band relative to
the neutral hydrogen column density. Writing it in terms of the color excess,
is obtained:

k = 9.21 × 1020(1 + RV )(EB−V /NHI
) (3.6)

Extinction is generally measured from two reddened and two unreddened
stars that have almost identical spectra. For the Milky Way, the O and B
main-sequence stars are useful for measuring extinction as they have well
defined spectral lines besides they are luminous enough to be seen at large
distances inside the Galaxy. For the LMC and SMC, OB supergiants are used
to measure extinction due to its high brightness in the ultra-violet regime.

To use the equations written above, an average value of RV is needed.
For this is necessary to extrapolate after the mid-infrared range to infinite
wavelength.

This method gives more accurate values of RV than other existing meth-
ods used to obtain AV (Aannestad & Purcell 1973). At the end, the final
result is the following equation,

Eλ−V /EB−V = [c(1 + RV )/1 + (λ/λB)2] − RV for λ ≥ λV (3.7)
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Afterwards, this equation is fitted to a set of different values for λ−1,
Eλ−V /EB−V for the three galaxies that were compiled from several authors.
Pluging this in equation (3.4) a general form for the extinction curve is
derived.

3.1.3 The galaxy color library

The COMBO-17 extragalactic survey performs multicolor classification based
on the color indices of its filter set, the spectral template galaxy library needs
to be converted into a color library by calculating the color indices resulting
from the set of SED’s contained in the galaxy library. This artificial color
indices are compared with the observed colors of the objects in the field and
based on this approach the best fitting galaxy template for each of the objects
is obtained.

The COMBO-17 survey has a pipeline that carries out the survey mul-
ticolor classification. It translates the color library into a four dimensional
array where each of the dimensions are the necessary parameters required to
perform the multicolor object classification. The first dimension in the array
accounts for the redshift step. The redshift grid is equidistant on a log(1+z)
axis. The step size on this logarithmic axis is equal to the step size on a
linear grid at z = 0 that is the redshift starting value of the color galaxy
library .The location of the remaining parameters is free in the sense that it
doesn’t modify the classification process. In this particular case, the second
dimension is for the extinction levels (6 in total), the third field is for the
number of SED’s composing the spectral library and the fourth dimension
accounts for the fitting iterations.

As final result a color galaxy library containing the color indices calculated
from the SED’s coming from the galaxy library is obtained. This is the
starting point of the COMBO-17 multicolor classification process. In the
next section, this classification process will be described in detail.

3.2 Object multicolor classification and red-

shift estimation

The general picture of the multicolor classification process is the following,
the objects contained in the survey catalogue are classified into four different
classes: stars, galaxies, quasars and white dwarves by using the maximum
likelihood statistical estimate (ML). After objects are classified, their red-
shifts can also be estimated based on a statistical approach that will be
explained in the next subsection.
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In detail, the multicolor classification carried out by COMBO-17 is done
in the following way:

Following Wolf et al. 2000 and 2004, the COMBO-17 survey multicolor
classification scheme computes the integrated probabilities of the different
object classes cj and normalizes them to 100% what means that these are
the only possible classes of a survey object to fall in. Then the decision
estimator has to choose from the four existing object classes ci = stars,
galaxies, quasars and white dwarves. Each object is assumed to belong to
one of this classes using the maximum likelihood decision estimator (ML)
that is basically the probability of an object to belong to one of the classes
mentioned, so the highest likelihood. When the probability of an object to
belong to a certain class is higher than 75% then the object is classified, if
not, the object remains unclassified.

In addition to the class itself, other physical properties of objects can be
derived from the photometric spectra such as stellar population components
(model dependent), the age of the object and its star formation rate.

Equation (3.8) is the maximum likelihood probability for the objects to
belong to the classes mentioned previously.

P (object|cj) =
object

cstar + cgalaxy + cquasar + cwhitedwarf
(3.8)

As mentioned before, the COMBO-17 survey measures the fluxes of the
objects in its 17 optical bands plus the 3 ISAAC-NIR bands inside the CDFS
and uses the color indices as input of the classification rather than the fluxes
themselves with the aim of getting rid of the problem of flux normalization.

The color index (c.i.) is the difference in magnitude of two of the COMBO-
17 survey filters and is given by:

c.i.i−j = mi − mj = −2.5log(Fi/Fj) (3.9)

The errors of the magnitudes measured are then:

σmi
= −2.5log(1 ± σFi

/Fi) (3.10)

For smaller values of σ, the last equation can be approximated by:

σmi
≈ σFi

/Fi (3.11)

So that the color index error is:

σi−j = (σ2
mi

+ σ2
mj

)1/2 ≈ (σF i/Fi)
2 + (σFj/Fj)

2)1/2 (3.12)
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This color-based approach is somehow equivalent to the flux-based one
with some constraints and assumes that there is a particular base filter (the
one with the longest exposure time) free of flux errors that in the case of the
COMBO-17 survey is the deeply exposed R-band filter (35ks of total expo-
sure time). The calibration of the filter was based on the spectrophotometric
standard stars that lie inside the fields. Their spectra were reduced and com-
pared with the estimated absolute spectrophotometric accuracy comparing
several spectra of an external calibrator (HD 49798) obtained during the en-
tire observing run of the CDFS. All color indices are then compared with
this free flux error ensuring optimum errors for the colors.

Wolf et al. 2000 show the equivalence between the flux-based and color
based classification, obtaining that:

ξ ≈ ∆Fk/σk (3.13)

Where ξ is Fk,obs − Fk,model/σFk
.

The maximum likelihood estimations determined for the classification
depend strongly on the color indices and their errors (σk); both values have
to be correctly calibrated. The multicolor classification would fail if the errors
are underestimated, for this, errors in the calibration are taken into account
by assuming a minimum error for each color index of 0.05 mag what would
avoid a wrong maximum likelihood estimate.

Redshift estimation

The redshift estimation is carried out in two different ways, The first is based
on the minimum error variance estimator (MEV) that calculates the mean
and the variance of the redshift probability distribution and the second is the
maximum likelihood (ML). Redshifts are calculated in these two ways simul-
taneously, because even if MEV provides the best redshift estimation, there
are some objects in the survey where no MEV value can be estimated. When
objects have an uni modal behaviour, the MEV estimates are almost identi-
cal to ML, the problem raises when some survey objects have ambiguities in
their color space. This means that instead of having a very well defined non-
broad distribution, it happens that the distribution is bimodal or too flat. In
this cases there is a flag that is added to the survey catalogue to make notice
that the object then will be calculated using another probabilistic estimator,
in this case ML. ML will provide a less accurate redshift estimation based on
the probability integral under the two peaks of a bimodal distribution and
decide then which one is the most likely alternative. When objects have flat
distributions objects are usually recognized by the classifier as unclassified
and no redshift or a wrong redshift can be provided.
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Figure 3.5: Examples of the fitting of spectral energy distributions(SED’s) obtained by
using the new galaxy template library to the photometry. In the top, a galaxy classified as
early-type galaxy. In the top, a galaxy classified as starburst galaxy. Below, the spectra
of a galaxy with a strong star forming second burst.

The redshift errors are estimated based on the a-priori knowledge of the
Monte Carlo simulations performed by Wolf and Meisenheimer where the
performance of the object classification and redshift estimation is tested,
depending on the S/N of the photometry which determines both, the clas-
sification performance and the completeness of the redshifts of the objects
in the catalogue. All this depends of aperture photometry used to establish
the spectral shape of the objects (see Section 2.3). The input redshifts are
then compared with the recovered estimates. Problems arise when objects
are faint as their spectral features are weak and contaminated by the noise.

There are two main error sources, one is when redshift is changing and
the second is the magnitude. When redshift is changing the filter set trans-
lates into an error that scales as (1+z). That is why all the errors of the
COMBO-17 objects are expressed in terms of δz/(1 + z). When magnitude
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is changing noise is changing too, then the S/N ratio across all the filter
fluxes variates what affects the measured SED. Moreover, photometric errors
increase inversely proportional to a decreasing flux, the redshift mean errors
scale as σz/(1 + z) ∝ 1/F being F the mean flux of an object.
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Chapter 4

Restframe properties of
galaxies in the GOODS-CDFS

In this chapter the galaxy sample and some of its properties such as the
redshift distribution and the SED distribution will be shown, as well as the
selection criteria used in order to select this galaxy sample.

As next step, the two libraries will be compared in order to find differences
in the multicolor classification when the former library is replaced by the two-
burst model one.

The two galaxy libraries are two dimensional in the sense that multicolor
classification will depend on two independent parameters. The former one
is an age-extinction library while the newly developed is a burst strength-
extinction one. Both libraries are applied into the optical plus infrared exten-
sion dataset into the GOODS-CDFS in order to be consistently compared.
Some galaxies show different redshift estimates when the two libraries are ap-
plied independently. There are some trends concerning the template fitting
that will be discussed.

The inclusion of the NIR data in the COMBO-17 filter set will be dis-
cussed too. However, note that no comparison can be made as the analysis
would not be consistent because the multicolour classification for the optical
data set is only available when the Wolf galaxy library is used to perform
classification. The ideal would be to have a classification of the galaxy sam-
ple with the new galaxy library in order to compare only the influence of the
inclusion of the near infrared filters when combined with the COMBO-17
optical data.

Different properties can be derived from this galaxy sample, such as the
restframe luminosities for the galaxies together with their newly estimated
redshifts. Red sequence evolution of galaxies can be traced up to z = 2.2
and stellar masses of galaxies can be derived.
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4.1 The galaxy sample

4.1.1 Sample Criteria

In order to have a complete sample of galaxies where its restframe properties
can be derived, selection criteria in order to obtain the most suitable sample
of galaxies for analysis was necessary to establish. The first selection criterion
in order to have a complete sample of galaxies, was to select those ones
with flux measurements both in the optical range and in the three infrared
bands (J,H,Ks). It is important to recall that J-band filter measurements do
not cover the whole GOODS-CDFS field. As second selection criterion, we
selected only the galaxies that are classified just as ’Galaxy’ in the multicolour
survey catalogue. This, was to get rid of those objects where the classifier
cannot provide a clear decision due to difficulties on interpreting the object
colors as discussed in section (3.2).

In particular, there are three cases where this can occur according to
Wolf’s 2003 column catalogue explanation:

• Galaxy (Star?). Where most likely it would be a galaxy at z ≤ 0.2.
It has star colour, but extended shape and z ≤ 0.2 :Overlap in colour
space.

• QSO (Gal?). Colour of QSO’s, extended shape, low-L AGN or contam-
inating galaxy.

• Galaxy (Uncl¡). Colour undecided. Statistically almost always a galaxy.

The last selection criterion was to double-select the sample based in its
Ks-band magnitude Ks-band < 23 and selecting simultaneously at R < 25
as the aim was to cross-match the K-detected sources with the pre-existing
COMBO-17 R-band selected catalogue.

Finally, a sample of ≈ 4300 galaxies in the GOODS-CDFS was obtained.
Histograms (4.1,4.2,4.3,4.4) show the distibution of the galaxy sample in
terms of SED’s and photometric redshift estimated values together with the
distribution of its errors.

In order to test the quality of the redshifts obtained, they were compared
with spectroscopic redshifts of hundreds of galaxies that were found in the
ESO-GOODS/CDFS master compilation catalogue. In Fig 4.6 this galaxies
are shown. The ones whose spectroscopic redshift quality is high according
to the master compilation catalogue are shown in colors. From FORS2 latest
data release, galaxies which quality flag is defined as solid redshift reliability
are shown in red. Galaxies whose spectroscopic redshift was obtained using
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Figure 4.1: SED distribution of the galaxy
sample obtained with the COMBO-17 plus
its NIR extension multicolor classification
scheme.

Figure 4.2: SED error distribution of the
galaxy sample obtained with the COMBO-
17 plus its NIR extension multicolor classifi-
cation scheme.

VIMOS with quality flags of the 100% and 95% are shown in yellow and
pink respectively. This comparison shows that our photometric redshifts are
in good agreement with the spectroscopic ones. The scatter from the 45 deg
line is ≈ 0.2 dex in the widest area around the line. This can prove that
two-burst metallicity consistent models deliver a good redshift estimate for
galaxies.

One interesting point would be to see the contribution of red light coming
from early-type galaxies to the blue light coming from the late-type ones. Fig
4.5 shows this contribution as a function of look back time (H0 = 100km/s).
The galaxy sample is composed mostly of late-type galaxies (blue gals) that
dominate by number each of the redshift bins where the galaxy sample was
divided. The old stellar populations that compose the early-type galaxies
(red gals) dominate the light in a bigger range locally meaning that has
become more abundant towards present days. Their influence and number,
decreases when going further back in time until ≈ 3Gyr where the light
coming from the old stellar populations of the early-type galaxies becomes
prominent once again decreasing for older times until ≈ 6.3Gyr where two
peaks show again the raise of an increasing amount of light coming from red
galaxies.
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Figure 4.3: Redshift distribution of the
galaxy sample obtained with the COMBO-
17 plus its NIR extension multicolor classifi-
cation scheme.

Figure 4.4: Redshift error distribution of
the sample obtained with the COMBO-17
plus its NIR extension multicolor classifica-
tion scheme.

4.1.2 Comparison between the new galaxy library and

the Wolf galaxy library

The new galaxy library was built in a way that could reproduce closely the
results delivered by the Wolf galaxy library (because of its redshift accuracy)
but this time including a star forming scenario that would be more realistic in
order to obtain galaxy properties that would allow the COMBO-17 survey to
deliver properties of galaxies such as stellar masses of galaxies. Although for
the majority of the galaxies in the sample redshifts are the same the results
delivered by both libraries show differences in redshift that deserve a closer
look in order to understand the effect of the second star forming burst.

In Fig 4.7, the comparison between both redshift estimations is shown.
The y-axis z shows the redshift estimations for the galaxy sample with the
two-burst galaxy library that I will call the new galaxy library. In the x-axis
zold, the redshift estimations with the single burst galaxy library are shown,
and I will refer to it as the Wolf galaxy library.

As mentioned before, there are considerable differences in redshift values
for a certain amount of galaxies. There are three interesting groups of galaxies
that will be discussed in detail. The first group is the one of the galaxies
with a very high increase in redshift value compared with those delivered by
the Wolf galaxy library. The second group is the one of the galaxies whose
redshift values increase but not as dramatic as the first group. The last group
is the one of the galaxies that with the new multicolor classification obtain
a lower redshift value.

It is interesting to divide the galaxy sample according to their given SED
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Figure 4.5: Fraction of red galaxies relative to the blue galaxies s a function of look
back time in Gyr The sample galaxies are selected in K < 23 and R < 25 and the redshift
range is z = 0−2.2. Blue galaxies (late-type) dominate in number each of the redshift bins
of the sample. Red galaxies (early-type) are more prominent locally and at intermediate
redshifts. At z ≥ 1 a double peak is noticeable suggesting that early type galaxies were
already in place at these redshifts.

in different SED bins (Fig 4.9). It will be possible to follow the formation of
the three subgroups mentioned above. It would be interesting to find some
features that make us understand how the multicolor classification performed
in both ways chooses the best template to fit the galaxies in the sample.

In Figure 4.9 galaxies are ordered in SED bins from late-type (starburst
galaxies) to early-type galaxies. It is found that the galaxies have the biggest
differences in redshift in the first SED bins (≈ 10% of the galaxy sample),
what is expected due to the effect of the second star forming burst that is
stronger in the first SED’s. This effect decreases when moving towards higher
SED’s as the amount of young stars formed during the second burst decreases
when SED number increases. Thus, the differences in redshift estimation
become less common for galaxies with higher (redder) SED numbers.

The spectra of some of the galaxies with noticeable difference in redshift
is shown as example in the following figures fitted by both different galaxy
libraries.

For the galaxies lying in the first SED bins with a very high difference
in redshift (z ≫ zold), the former library fits the spectra with young SED’s
and higher extinction levels in comparison with the new galaxy library that
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Figure 4.6: COMBO-17 photometric redshifts vs. Spectroscopic redshifts from VIMOS
and VVDS. Source of spectroscopic redshifts: ESO master compilation catalogue. In red,
the FORS2 spectroscopic redshifts defined as solid redshift reliability, in yellow the VIMOS
spectroscopic redshifts with a reliability quality flag of100%. In pink, VVDS spectroscopic
redshifts with a 95% reliability quality flag.

fits the spectra with a template that has a big amount of blue stars and a
lower extinction level. Although the Wolf library is based in age and the new
library is based on strength of the second burst, it is possible to compare
them in terms of blue or red galaxies. As mentioned before, this tendency
begins to be less prominent when going towards higher SED’s.

As an example, two galaxies and their SED’s are shown together with
the best fit provided by both galaxy libraries (Fig 4.10). For the galaxy
with COMBO-17 ID-number 32819, the best fitting template according to
Wolf’s galaxy library is the one of a very young galaxy with an extinction
AB slightly higher than the one given by the new galaxy library, the redshift
estimate value delivered by the Wolf galaxy library is zold = 0.0592 and the
one delivered by the new galaxy library is z = 1.671. This trend of ’redder’
SED’s given by the Wolf library compared to the given by the new galaxy
library begins to vanish when going to higher redshift. As shown in the
examples, both templates try to fit the galaxy spectra. The overall shape of
the spectra is reproduced by both templates that try to fit the 4000Å break
and then follow the behaviour of the photometric SED even though they
dont really fit the filters. It is important to remind in this point that the
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Figure 4.7: Comparison between the photometric redshifts obtained using both galaxy
libraries. It is noticeable the difference in redshift values for some of the galaxies in the
galaxy sample. There are three subgroups of galaxies that will be analysed in more detail:
Galaxies with a very high increase in redshift. Galaxies with increase in redshift and
galaxies that decrease their redshift values when compared with the redshift estimates
obtained using the Wolf galaxy library. Both estimations were carried out in the same
data set COMBO-17 optical data plus its GOODS/ISAAC-NIR extension in the GOODS-
CDFS.

survey is color based so the main aim is to reproduce the overall shape and
not to really to fit the filter set.

The second example shows a galaxy with a strong drop from the optical
to the near infrared range. Such galaxy spectra is difficult to fit for both
procedures failing on reproducing the overall shape of the galaxy.

For the galaxies whose redshift estimation is higher ,z ≥ zold, the dust
reddening of the galaxies has slight variations or remains the same. There is
a trend when going from low SED’s to higher SED’s. The new galaxy delivers
fits that are somehow redder than the ones delivered by the former library.
Figure 4.11 shows two galaxies examples of this group as an example.

This trend was found just by statistics, there is no real reason to as-
sure that this is expected just taking in account the difference in the star
forming scenarios. Spectra of several objects belonging to this group were
examined by comparing both fits and finding as a result this particular trend.
This means that the new template fitting classifies galaxies as more evolved
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Figure 4.8: In black, the distribution of galaxies according to the new galaxy library
is shown. In red, the distribution of the galaxies according to the Wolf galaxy library.
Galaxies redistribute in redshift in the two different multicolor classifications. Local max-
ima are placed in the same positions at z ≈ 0.13, z ≈ 0.7,z ≈ 1.0. The black histogram
shows a small excess of galaxies in the interval 1.1 ≤ 1.4.

galaxies than with the former galaxy library.
The last group is the one of those galaxies which redshift estimates are

lower than the ones obtained with the Wolf galaxy library. Both templates
reproduce quite well the overall shape of the galaxies in general. One of the
exceptions is shown as an example in Fig 4.12. The galaxy #41424 is better
fitted by the new galaxy library as it reproduces the increase of the galaxy
flux in the infrared wavelength range. There are some galaxy spectra that
both libraries are not capable to fit, this is the case of the galaxy #24016
fail on reproducing the increase of flux coming from the last optical narrow
band filter of the survey.

It is important to remember that even if the Wolf galaxy library delivers
very accurate redshifts, the templates delivered do not have a realistic mean-
ing because of its one burst star formation rate. One of the aims of this work
is to constrain the dust reddening dimension of the library by having a more
realistic star forming scenario plus the addition of the NIR filter set to the
survey.

The inclusion of NIR data to an optical survey provides information about
the old stellar population that is contained in the galaxies. With this inclu-
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Figure 4.9: Galaxy sample shown in different SED number bins. The effect of the second
burst is highly noticed in the first SED bins (bluer). Its effect decreases with increasing
SED number (redder).

sion, it is possible to obtain information up to the wavelength range where
the old population dominates the spectra. Another advantage of the NIR in-
clusion is to reduce the uncertainty of measurements as more filters are added
to the original filter set allowing to increase the color space and constrains
in a higher degree the properties of the galaxies, like the age-extinction (or
strength-extinction) degeneracy existent in the survey multicolor classifica-
tion.

4.2 Restframe luminosities

Restframe luminosities are calculated by using the measured photometry of
each of the objects in the survey and by calculating its distance modulus
under a cosmological model. To calculate the distance modulus in this par-
ticular case, the ΛCDM Universe is adopted, being Ωm = 0.3, Ωλ = 0.7 and
taking the Hubble constant value of H0 = 100 km/sMpc. This value for H0 is
taken by convention by the COMBO-17 survey. In this particular case, it is
simply taken to make easier further comparisons of the results obtained with
other already published which Hubble constant value is H0 = 100 km/sMpc
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Figure 4.10: Galaxies with very high difference in redshift estimation: For the galaxy
#32819, the estimated age according to the Wolf galaxy library is age = 99.33Myr and
AB = 0.318 delivering a redshift value of zold = 0.0592. According to the new galaxy
library, this galaxy has a blue young stellar population of of ≈ 5.81 times the amount of
stars formed during the first star forming burst, AB = 0.210. Delivering a redshift value
of z = 1.671. For the galaxy #28057, the estimated age according to the Wolf galaxy
library is age = 199.94Myr and AB = 1.055 delivering a redshift value of zold = 0.187.
According to the new galaxy library, this galaxy has a blue young stellar population of of
≈ 1.30 times the amount of stars formed during the first star forming burst, with a dust
reddening of AB = 0.422, the delivered redshift estimate value is z = 1.809.
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Figure 4.11: Galaxies classified with higher redshifts than before: For the galaxy
#36236, the estimated age according to the Wolf galaxy library is age = 57Myr and
AB = 0.442 with a redshift value of zold = 0.897. According to the new galaxy library, this
galaxy has a blue young stellar population of of ≈ 0.418 times the amount of stars formed
during the first star forming burst, AB = 0.148 and a redshift value of z = 1.179. For the
galaxy #22006, the estimated age according to the Wolf galaxy library is age = 50.82Myr
and AB = 0.479 with a redshift value of zold = 0.838. According to the new galaxy library,
this galaxy has a blue young stellar population of of ≈ 14.29 times the amount of stars
formed during the first star forming burst, AB = 0.42 with a redshift value of z = 1.107.
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Figure 4.12: Galaxies with lower redshift estimates: For the galaxy #41424, the esti-
mated age according to the Wolf galaxy library is age = 2.505Gyr a dust reddening value
of AB = 0.479 and a redshift estimate of zold = 1.268. According to the new galaxy library,
this galaxy has a blue young stellar population that is basically negligible (less than 0.001
times the amount of stars formed during the first star forming burst), but it is equivalent
to an age of 3.25 Gyr with an extinction value of AB = 0.546 and a redshift value of
z = 1.025. For the galaxy #24016, the estimated age according to the Wolf galaxy library
is age = 92.5Myr with a dust reddening value of AB = 1.403 and a redshift estimate of
zold = 0.589. According to the new galaxy library, this galaxy has a blue young stellar
population of of ≈ 8.44 times the amount of stars formed during the first star forming
burst, AB = 1.638 and a redshift value of z = 0.449.
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(e.g. Bell, et al.2004).

Technically, let’s recall that all spectral galaxy templates are calculated
at z = 0, thus, it is necessary to apply the K-correction in the following way:
First, restframe luminosities within the wavelength range covering from the
U-Ks band, are calculated by placing the best-fitting redshifted template
of each galaxy into the observed SED. If a restframe band is out of the
original wavelength range, luminosities are calculated by extrapolating the
SED outside the range.

In other words, the best-fitting template is placed into the observed SED
relating the measured broadband that is closer to the given redshifted rest-
frame band of interest. A K-correction table is used and basically it looks
like the colour library designed previously, the difference is that instead of
having observed-frame - observed frame color indices, now this K-correction
table has rest-frame - observed-frame colors.

The errors for the luminosities take in account two different issues, a
minimum error for absolute calibration of 0.1 mag. The error of mag-best
(that defines the total magnitude of the galaxies) is provided by SExtractor.
The second issue taken in account is the error of the nearest observed-frame
band which drives the normalisation of the template.

The errors of the restframe colours are added quadratically from the two
observed-frame bands near the two rest-frame bands combined in the colour
index and a 0.1 mag error added in again. Aperture correction is not used
as it does not affect the colour in the absence of colour gradients. (detailed
description in the COMBO-17/CDFS catalogue, Wolf, et al. 2003).

4.3 Red sequence evolution of galaxies until

z=2.2

The trace of the red sequence evolution of galaxies until z = 2.2 provides
an important proof that supports the hierarchical galaxy formation theory.
One of its predictions states that the red sequence is already well established
at z ≈ 1 when star formation in galaxies is being quenched somehow at this
redshift.

It is possible to find the evolutionary trace of our galaxies in terms of
their restframe colors and absolute magnitudes. Although the galaxy sample
is small, it is possible to try to find the establishment of the red sequence with
the help of the 24µ data from the Far Infrared Deep Extragalactic Legacy
Survey (FIDEL).
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Figure 4.13: Galaxy sample divided in redshift bins as a function of their restframe
colors U −V and its absolute magnitude Mv. In red, galaxies detected by the COMBO-17
survey plus its near infrared extension that are also detected with the 24µ data from the
FIDEL survey (Photometry made by Dr. X. Zheng). The red sequence is well established
since z ≈ 1 while is lost beyond z ≈ 1. The histograms show the distribution of the
galaxy sample as a function of their restframe colors U − V . The bimodality (peaks of
blue and red galaxies) is noticeable in the first redshift bin while it becomes diffuse and
then disappears beyond z ≈ 1.
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In Fig. 4.13 is shown the distribution of the sample galaxies in four
different redshift bins. In red, the galaxies that are detected by the COMBO-
17 survey plus its infrared extension and that at the same time are 24µ
detected. The solid line is the division between red sequence galaxies and
the ones that belong to the blue cloud (Bell 2004). The first two redshift
bins 0.6 ≤ z ≤ 0.8 and 1.0 ≤ z ≤ 1.2 show a well established red sequence of
objects being this noticeable since the 24µ detected galaxies do not belong
to the red sequence. This means that galaxies that are falling into the red
sequence are passively evolving with time. Beyond z ≥ 1 the red sequence
is not present any more, unfortunately it is not possible to confirm the lose
of the red sequence of galaxies beyond this redshift as the data sample is
limited by the few amount of galaxies found at this redshifts.

The histograms show the distribution of galaxies of the sample, the first
histogram belonging to the first redshift bin 0.6 ≤ z ≤ 0.8 shows the bimodal
distribution of the galaxies. The first peak (blue peak) contains star forming
galaxies while the second peak (red peak) contains those galaxies which star
formation process is finished or galaxies in the way to finish their star forma-
tion processes. At this point would be interesting to estimate the total SFR
of this galaxies in order to distinguish which of them have still on-going star
formation and which have already turned the process off. This calculation
was not performed as it would be part of another analysis that at the end
was not carried out.

As a further step, the evolution of the galaxy luminosity function can be
studied for this galaxy sample up to z = 2.2 as well as the total luminosity
density from the local Universe up to z = 2.2.

4.4 Stellar mass estimation

The aim of this work was to improve the the already estimated stellar masses
for the galaxies in all the COMBO-17 fields (Borch, et al. 2006). The idea
was to estimate stellar masses using the multicolor classification for this small
galaxy sample and then apply it to the entire five observed fields. In parallel,
the library developed in this work was successfully tested in the Chandra
Deep Field South as well as in the Abell-901 field.

The first attempt was to estimate the stellar masses directly from the
PEGASE 2.0 output files by taking the total mass of the objects generated
during the PEGASE2.0 run: stellar masses (M∗), masses for neutron stars
(MNS) and masses from white dwarves (MWD). Afterwards, all of them were
added up and multiplied by the star formation rate delivered by the code in
each of the time steps:
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M
′

= Σi(M ∗ +MNS + MWD) × SFR(pertimestep)dt (4.1)

getting finally,

Mstellar = cM
′

(4.2)

Where c is a normalization factor.
For some reason, when obtaining stellar masses in this particular way the

values obtained were wrong. After several checks the conclusion was that
PEGASE2.0 when used in the way it was delivers inconsistent values for
mass to light ratios. One possible reason could be that when manipulating
the SFR parameters in order to deliver such high values of gas mass for the
highest star forming bursts, the star formation history calculated for each of
the time steps might be wrong, even though the generated galaxy template
spectra is correct.

I decided to estimate the stellar masses with an already known method.
In particular, following Borch et al. 2006 with some modifications in order
to make the technique suitable to my work. The method in general is the
following (Borch et al. 2006):

Galaxies are classified under the COMBO-17 frame-work. A galaxy li-
brary is provided in order to get spectral galaxy templates in the same way
as described in Chap 3 Sec 3.1. In this case, a star formation rate with three
different components is used, multicolor classification and redshift estimation
are performed. Redshift estimates are less accurate than the ones obtained
when using Wolf’s one single burst library 2003.

Borch’s library 2006, uses a star forming scenario consisting on a star
formation rate with three components. To reproduce the old population, an
exponentially decaying star forming burst with e-folding time of 1 Gyr is
first started up (component a) following a constant star formation rate since
the initial burst (component b). A second star forming burst in the recent
past (60 million years ago) is included too (component c). Its exponential
decay time is kept constant, τc = 108 yrs. Bluer galaxies are generated by
increasing the relative amount of recent star formation by the ratio of its
components c/a.

In order to avoid the redshift accuracy issue mentioned before, the clas-
sification process is divided in two parts: First, objects are classified and
redshifts estimated using the Wolf galaxy library. Due to its non-realistic
one single burst history it cannot provide with real values of stellar masses.
Therefore, after classification is performed, stellar masses of all galaxies and
their uncertainties are obtained by fitting the photometric SED’s with the
set of templates provided by Borch 2006.
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Figure 4.14: Distribution of galaxy stellar masses depending on its SED derived using
the color method proposed by Borch et al. 2006.

The following is the equation that describes the mass estimation depend-
ing on the redshift and the fitted SED’s:

h2
70

M

M⊙

=
f816ηtot4πD2

L(1 + z)hc
λ

∫
Qλdλ

Σk=a,b,c
k

mk
Fλ,k

∫
Qλdλ

(4.3)

Equation 4.3 delivers the stellar mass of any galaxy with observed val-
ues f816, ηtot that is the Kron magnitude factor given by Sextractor when
building the catalogue,Fλ,k=a,b,c is the total luminosity, DL is the luminosity
distance,Qλ is the spectral response of the system, given by the transmission
curve of the 816 filter and the quantum efficiency of the CCD.

To deliver the sample stellar masses, the classification process was not
modified as in Borch et al.2006 due to the good quality of the redshifts
estimated with the new galaxy library.

The equation 4.3 was used to deliver the masses with some modifications
as the reddest filter in our case is the Ks-band. The numerical transmission
curve used in this estimation is the one for the Ks-band provided by the
ISAAC user manual.

In order to compare the stellar masses obtained by using Borch et al 2006,
stellar masses were also estimated using the existing correlation between
restframe optical colors and stellar mass-to-light ratios that is independent
of star forming history parameters such as dust content and metallicity (Bell
& de Jong 2001, Bell et al. 2004).
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Figure 4.15: Distribution of galaxy stellar masses depending on its SED derived using
the color method proposed by Bell et al. 2004.

Based on the existing color-mass to light correlation, (Bell et al. 2005)
estimate stellar masses using the rest-frame B and V band magnitudes:

log10(
M

M⊙

) = −0.4(V − 4.82) + [−0.628 + 1.305(B − V ) − 0.15] (4.4)

Where the last term −0.15dex is a conversion factor when using a Kroupa
IMF as in this case.

Calculating stellar masses in such a way provides a rather quick and easy
way to compare the stellar masses using the modified Borch technique.

In Figs (4.14,4.15) the distribution of stellar masses depending on its SED
type is shown for both methods. Most massive galaxies are located in the
reddest SED’s with the exception of some galaxies that look red but their
stellar mass is ≈ 109M/M⊙ probably dwarf galaxies.

In Figs (4.16,4.17) the stellar masses of the galaxy sample as a function
of their rest-frame color index U-V is shown for different redshift bins. The
black line indicates the separation of red sequence from blue cloud galaxies,
proposed by Bell et al.(2004), after conversion into the Mstellar − (U − V )rf

plane:

(U − V )rf ≥ 0.227log10(M⊙) − 1.16 − 0.352z (4.5)
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When using Bell, et al. 2004 color method in order to estimate stellar
masses in galaxies, it is found that at z ≈ 1, when galaxy assembly begins
(Section 3.4) the red galaxies with masses higher than 1010M⊙ are the 68% of
the total number of early-type galaxies (Fig 4.17). In contrast, using Borch
et al. 2006, it is found that these red galaxies that are passively evolving are
the 76.8% of the massive red galaxies (Fig 4.16). This means that galaxies
with masses higher than 1010M⊙ have not yet completed the build-up of the
stellar mass at this redshift.

Estimating masses with the modified Borch et al. 2006 stellar mass es-
timation technique gives a higher number of galaxies passively evolving at
≈ z = 1. Borch et al.2006, find that the 60% of the massive galaxies are
assembling at this redshift and that early-type galaxies constitute the 60%
of the total number of massive galaxies. Unfortunately our sample is quite
small and it is not possible to have a robust sample of galaxies in the CDFS.
It is restricted by the fact that the GOODS-CDFS field does not have in-
frared measurements for the three different bands as not all of its sub-fields
have H-band measurements what limits our galaxy sample even more.

One solution for the sample robustness would be to combine this galaxy
sample with the ones that will be obtained further in the rest of the COMBO-
17 fields when its infrared extension is finished in is totality. The stellar mass
function can be derived for this galaxy sample up to z = 2.2 allowing to study
the stellar mass density of galaxies up to the present days and confirming
the increase of stellar mass density at z ≈ 1
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Figure 4.16: Rest-frame U-V color as a function of the stellar mass proposed by Borch
et al. 2006 for different redshift bins. The black line divides the blue cloud galaxies from
the red sequence ones (Eq 4.5). Assembly of early-type massive galaxies begins at ≈ z = 1
as predicted by the hierarchical evolution model.
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Figure 4.17: Rest-frame U-V color as a function of stellar mass using the optical colour
method from Bell, et al. 2004 for different redshift bins. The black line divides the blue
cloud galaxies from the red sequence ones (Eq 4.5) Assembly of early-type massive galaxies
begins at ≈ z = 1 as predicted by the hierarchical evolution model.
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Chapter 5

Conclusions

In terms of the COMBO-17 survey technical improvement there are two
big improvements that were done in this work that can be mentioned, the
inclusion of three infrared bands to the survey filter set in the GOODS-
Chandra Deep Field South and the development of a new spectral galaxy
template library that allows to classify objects in the survey field with a
more realistic approach and determine redshifts in a more accurate way acting
together with the filter set extension.

The inclusion of the near infrared data to the survey filter set, provided
the opportunity of extending the survey wavelength regime up to redshift
2.2 allowing the survey to measure the light coming from the old stellar
populations of the galaxies in its fields. Being able to do this, the stellar
masses of galaxies can be estimated as the main contributors to the galaxy
mass are the old stars populating the galaxies.

The new filter set also provides a tool for better constrain the photometric
measurements performed before just with the optical filterset.

This combined together with the design of the new galaxy template li-
brary suitable to operate in the mentioned wavelength range allows the mul-
ticolor classification of the survey to improve its classification procedure pro-
viding with more accurate redshift estimates and constraining the star for-
mation histories of the galaxies in a better way than the former filter set and
the former galaxy template library.

Important properties of galaxies can be derived from this two technical
improvements. In one hand, now it is possible to trace the restframe colour
evolution of the galaxies up to a redshift where important tests concerning
galaxy evolution can be made. It was possible to confirm that galaxies be-
gin to assemble at ≈ z = 1 what it is one of the main predictions of the
hierarchical galaxy evolution theory.

It was possible to estimate stellar masses by two already existing different
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methods assessing that massive galaxies do not begin to assemble until ≈ z =
1 and that this assemble is not yet fully complete at this redshift.

As a future work, it would be interesting to develop other galaxy template
libraries that take other physical parameters into account instead of using
a closed box model to create galaxy evolution scenarios where accretion or
outflows are taken into account in order to provide with an even more realistic
multicolour classification tool.

To keep extending the filter set towards other wavelength ranges would
help to get a better picture of the stellar populations in galaxies and of its
evolution during cosmic time.
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Introduction

Galaxy clusters and their formation are fundamental for understanding the cosmol-

ogy of the Universe. Their galactic populations provide the key for understanding

their evolution, showing different properties than the galaxies that are found in

the field. Several interesting processes take place in this environment and drive a

morphological and dynamical evolution of the objects sitting within the clusters.

These environmental effects determine in a big part, the different morphologies of

the galaxies that are found on them. Also, the fact of having old or young galaxy

clusters that are still not virialized plays a role in the physics of the clusters.

Interestingly, the galactic populations of these objects are ruled by different re-

lations, as discovered by Dressler (1980) work, it was proventhat galaxies do not

seem to sit randomly in the cluster. They follow the so-called morphology-density

relation, that basically tells us that galaxies have different morphologies depending

on where are they located in the galaxy cluster.

Late-type galaxies such as spirals and irregulars are located preferentially in the

outskirts of the cluster. On the other hand, low-mass early-type galaxies seem to

cluster in the center orbiting the core or orbiting around a more massive companion.

There are several interesting ways to try to disentangle the origin and formation

of these objects. Many studies of the luminosity function (LF) have been made

to locate galaxies depending on their morphology and luminosity. The LF gives

the relative numbers of galaxies as a function of luminosity but also as a function

of its morphological type. It gives the number of galaxies per unit volume for
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Figure 1: Luminosity functions for two samples of galaxies. The top panel is based on a sample

of galaxies near the Milky Way. The bottom panel is based on a sample of galaxies located in the

Virgo cluster. The figure is taken from Binggeli et al. (1988).

a morphological type. This function is parametrized by the Schechter function

(Schechter and Peebles, 1976) :

Φ(L) = φ∗L
αexp

[−L
L∗

]

dL (1)

where α is the faint-end slope of the LF.

The faint-end of the LF is dominated by dE galaxies in clusters, while the late-type

ones such as spirals and irregulars dominate in low-density environments. Still, to

assess this definitely is hard, as errors in measurements can mislead by the fact of

taking the co-moving volume V/Vmax. This a volume measure that assumes that the

number density of objects remains constant with time but galaxies are not really

uniformly distributed in space (Binggeli et al, 1998).

These early-type galaxies are called early-type dwarf (dEs), because these galaxies
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resemble the early-type galaxies (ellipticals). By definition, these objects have an

absolute magnitude of MB > −18 and they are mostly found in galaxy cluster en-

vironments.

Previously, it was thought that these galaxies were an extension of the bright el-

liptical galaxies but fainter. They are considered to be the progenitors of brighter

systems according to the hierarchical formation scenario that as a consequence of

our current standard cosmological model ΛCDM .

With the advance of galactic surveys such as the SDSS Virgo data set, it has been

discovered that these galaxies are not as simple as it was thought and that indeed,

they have a more complex morphology and kinematics than it was expected (Lisker

et al. (2008, 2006)).

The cluster environment affects the galaxy morphology. Mechanisms such as

ram pressure, tidal stripping and galaxy harassment can play a significant role on

determining the fate of a galaxy’s shape through its time evolution.

Ram pressure stripping is the pressure generated by a moving galaxy within the

galaxy cluster. When it orbits through the intracluster medium (ICM), its gas ex-

periences a ram pressure driven by the following relation:

Pram = ρv2 (2)

where ρ is the density of the intra cluster medium (ICM) and v is the galaxy’s orbital

velocity.

According to this equation (Gunn and Gott, 1972), ram pressure stripping is ex-

pected to become more significant in a high density environment like in the center

of a galaxy cluster. This kind of mechanism is purely hydrodynamical and affects

mainly diffuse gas.

Boselli (2008) based on the work made by Vollmer et al.2001 models ram-pressure

stripping events and galaxy starvation (i.e. no more surrounding gas that can act as

supply for star formation) concluding that star-forming systems such as disk galax-
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ies that are infalling in the cluster are effectively stripped of their gas by subsequent

ram-pressure events.

The tidal field of the cluster itself has strong dynamical influence on galaxies,

in particular in their extended halos. First the dark matter halos are stripped, af-

ter few Gyrs, the gas available to provide the interstellar medium with material

to form stars, leading to a gradual decline in star formation in cluster galaxies.

This phenomenon was first invoked by Larson et al. (1980), and simulated by Bekki

and Chiba (2001). The latter assumed an accretion rate of 1 M⊙/yr for a normal

field galaxy, and show that the tidal field of the cluster efficiently removes the gas

reservoir from a galaxy, and consequently its fueling of star formation. This tidal

truncation does not depend very strongly on the orbit of the galaxy in the cluster,

and the consequent truncation of the SF is widespread through the cluster, contrary

to what is expected from ICM interactions. Once the gas reservoir is removed, disk

galaxies are slowly transformed into lenticulars (SO’s) thickening and shortening

their stellar disk.

Tidal stripping results from the interaction of a system with its environment or

with another system. It occurs when a tidal force exceeds the gravitational forces

exerted by the perturber which can be in this case either the cluster or a galaxy

(perturbers) and the reference system. Its effect is given by the following equation:

2GM

R3
r >

Gm

r2
(3)

where M is the mass of the perturber, R is the distance of the perturber, m is the

mass of the perturbed system and r is the distance from the center. Tidal inter-

actions may also have short time scales in galaxy clusters, being dominant in the

cluster outskirts. There is then, a correlation between morphology and distance to

the cluster center. Within the cluster, galaxy-galaxy tidal forces and galaxy-cluster

tidal forces are both present but the latter has its stronger interaction near the clus-

ter center.
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Galaxy harassment (Moore et al., 1998) is the effect of several fast encounters

between two or even more galaxies combined with the tidal field. The effect of these

interactions depends both in the velocity of the encounter and in the density of the

environment. What basically happens here is an energy exchange between both

galaxies giving place to an increase of its internal energy. The dark matter halo

embedding the galaxy and the stars that form it absorb energy as ∆E ≈ 1
2
∆V 2.

Where ∆V 2 is the change on relative velocity between the perturbed galaxy and the

harassing one.

All this physical processes can change the morphology of galaxies in a galaxy

cluster by stripping material and gas from them consequently resulting in a star

formation quenching. It is still matter of debate which process leads to this change

in morphology.

The galaxy harassment scenario has been recreated in numerical simulations by

several authors (Moore et al., 1998), Mastropietro et al. (2004), A. Aguerri et al.

(2010), R. Smith et al. (2010)) arriving to different conclusions. R. Smith (2010)

concludes that galaxy harassment does not strip material from the galaxy in its

first passage by the pericenter so effectively as Moore et al. (1998) or Mastropietro

et al. (2005). On the other hand A. Aguerri et al (2010) focus their work on trying

to investigate whether the different locations of the remaining dwarf galaxy of a

harassed disk galaxy in the fundamental plane compared to the location of elliptical

galaxies can be due to the morphological transformation of disks into low- mass

systems. This works also finds galaxy harassment strongly efficient to strip material

out of galaxies, losing after several encounters the 50% − 80% of its total mass and

30% − 60% of luminous matter.

As mentioned in the abstract of this work, our aim is to explore the galaxy harass-

ment scenario via N-body direct numerical simulations in the context of multi-stellar

populations by comparing the colors and other physical parameters such as surface

brightness and effective radius of the remnant of our harassed galaxy with those of

the dwarf ellipticals found in the Virgo galaxy cluster field using observations from
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the Sloan Digital Sky Survey (SDSS).

In Chapter 1, the usage and performance of the N-body6 GPU numerical sim-

ulation code used in this work in order to model a three-component disk galaxy

infalling into the Virgo galaxy cluster will be described.

Chapter 2 describes the Virgo cluster tidal field exerted by the cluster as well

as the implementation of the elliptical orbit that the simulated galaxy follows across.

Chapter 3 describes the initial conditions of our simulation, i.e. the build-up of

the galaxy model that is used to carry out the galaxy harassment simulations.

In Chapter 4 the Monte Carlo method that we used in order to model the galaxy

perturbers that cause the harassment effect is described as well as the simulation

setup within the N-body6 GPU code.The stellar population models that represent

the stars that compose the bulge and the galactic disk of our harassed galaxy using

the GALEV synthetic spectra models will be also described in this chapter.

Chapter 5 describes the results of our simulations for the tidal field, the galaxy

harassment effect and the comparison of the left-over stellar population of the rem-

nant after having suffered several encounters.

In Chapter 6, a discussion about the results is followed comparing the results

obtained by other works and the one done in this present work.



Chapter 1

The N-body6 GPU code

The usage of GPU’s (Graphic Processor Units) have become very popular since the

last few years. they tend to accelerate a broad range of applications, ranging from

purely scientific tasks such as computational physics and astrophysics, image pro-

cessing, engineering simulations until video and game applications.

Part of this development is based in the city of Beijing, in the National Astro-

nomical Observatories of China (NAOC), where since February of this year a new

GPU cluster has been installed and is currently running with 85 nodes, each with

two NVIDIA Tesla C1070 GPU cards.

The direct N-body code used in this work is the N-body6 GPU, which is the GPU

version of the already existing Nbody6 (Aarseth, 1999). This code is designed so far

to run in one single node system. For the upcoming year, it is expected to be suit-

able also for the code Nbody6++ (Spurzem, 1999), which is the parallelized version

of Nbody6.

The following is a description of the main technical aspects and procedures that

the direct code Nbody6 follows in order to perform the numerical simulations. This

chapter is based on the Nbody6++ user manual (Spurzem, 1999).
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1.0.1 The Hermite integration method

Each particle is completely specified by its mass m, position r0 and velocity v0 where

the subscript 0 denotes its initial values at time t0. The equation of motion for each

particle i is given by its momentary acceleration a0,i. This acceleration is due to

the interaction with all other particles. This acceleration and its time derivative a′,i
are given by:

a0,i = −
∑

i6=j

Gmj
r0,ij

r3
0,ij

, (1.1)

a0,i
′ = −

∑

i6=j

[

v

r3
0,ij

+
3r0,ij(v0,ij · r0,ij)

r5
0,ij

]

(1.2)

where G is the gravitational constant, r0,ij = r0,i−r0,j is the relative particle position

and v0,ij = v0,i − v0,j is the relative spatial velocity between the particle i and the

particle j. A new position and velocity is ’predicted’ for the next time step t by

performing a Taylor series expansion for the position ri(t) and the velocity vi(t) to

the third order:

rp,i(t) = r0 + v0(t− t0) + a0,i
(t− t0)

2

2
+ a′0,i

(t− t0)
3

6
(1.3)

vp,i(t) = v0 + a0(t− t0) + a′0,i

(t− t0)
2

2
. (1.4)

The computed values of rp and vp do not fulfill the requirements for an accurate high-

order integration, as mentioned in the code manual, even if one choses very small

time steps an error on predicting the particle positions and velocities may occur.

Therefore, it is required to perform an Hermite interpolation that approximates the

higher accelerating terms by a Taylor series:

ai(t) = a0,i + a′0,i(t− t0) + a2
0,i

(t− t0)
2

2
+ a3

0,i

(t− t0)
3

6
, (1.5)

a′i(t) = a′0,i + a2
0,i(t− t0) + a3

0,i

(t− t0)
2

2
. (1.6)

Here the values for a0,i and a′0,i are already known, but a further derivation of

Eq.(1.2) for the two missing orders on the right hand side turns to be cumbersome.
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Instead, one has to determine the additional acceleration terms from the predicted

rp and vp. The acceleration and time derivatives according to Eqs (1.1) and (1.2)

are newly calculated obtaining the acceleration terms ap,i and its derivative a′p,i. Be-

cause these values ought to be generated by the high-order terms (which calculation

is avoided in the code), they are put into the left-hand sides of Eqs (1.5) and (1.6).

Solving then for a
(2)
0,i in Eq (1.) and then substituting it into Eq(1.5) and simplifying

the obtained expression yields to the third derivative:

a3
0,i = 12

a0,i − ap,i

(t− t0)3
+ 6

a′0,i + a′p,i

(t− t0)2
. (1.7)

Similarly, substituting in Eq(1.7) into Eq(1.5) gives the second derivative:

a2
0,i = −6

a0,i − ap,i

(t− t0)2
− 2

2a′0,i + a′p,i

(t− t0)
. (1.8)

Note that the desired higher-order accelerations are found just from the combination

of the low-order terms for r0 and rp. Although one never derived a higher order than

the first derivative, the higher orders are easily achieved through Eqs(1.1) and (1.2).

This is called the Hermite scheme.

The accuracy of the integrator is virtually the same as in the case of an explicit high-

order derivation (Makino and Hut, 1988). Finally, one extends the Taylor series for

ri(t) and vi(t) the Eqs (1.3) and (1.4), by two more orders and finds the corrected

position r1,i and velocity v1,i of the particle i at the next time t1 as:

r1,i(t) = rp,i(t) + a
(2)
0,i

(t− t0)
4

24
+ a

(3)
0,i

(t− t0)
5

120
(1.9)

v1,i(t) = vp,i(t) + a
(2)
0,i

(t− t0)
3

6
+ a

(3)
0,i

(t− t0)
4

24
. (1.10)

the integration cycle for upcoming time steps may now be repeated from the begin-

ning (Eqs (1.1) and (1.2)). The error in r and v within the two consecutive time

steps ∆t = t1 − t0 is proportional to ∆t (Makino, 1991; Makino and Aarseth, 1992).
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1.0.2 Hierarchical time steps

Stellar systems are characterized by a fair range of densities which gives rise to

different time scales of orbital parameters. In the classical picture, the closest two

bodies, which require the smallest time-step due to the strong gravitational attrac-

tion, would determine the time-step for the force calculation for the entire system.

However, for bodies in regions where the force variation is relatively small, a perma-

nent re-computing of the force terms is time consuming, so, in order to economize

the calculations, these object shall be allowed to move a longer distance before a

re-computation of the force becomes necessary. This is the idea of the method used

in the parallel Nbody 6 ++ code for assigning different time steps ∆ = t1 − t − 0,

that are quantized powers of 2, between the force computations.

First, each particle is assigned its own individual ∆ti. The block time-steps are then

synchronized by taking the next-lowest ∆ti that is a quantized power of 2 (Makino,

1991), building a set 2−i, i = 0, ...., imax where imax is the minimum integer that ful-

fills the relation for the smallest time step ∆tmin > 2imax . This creates a block of

several particles which are due to the movement at each time step, as illustrated in

Fig 1.1. In this example, the particle i has the smallest time step at the beginning,

so that its spatial coordinates are determined at each time step. The time step of

particle k is twice as large as i′s, and its coordinates are just extrapolated at the

time steps marked by odd numbers, while a full force calculation is due to multiples

of the largest ∆ti of all particles, here determined by particle m. The width of the

time step of each particle may be altered after the end of the integration cycle, as

demonstrated for the particles k and l beyond the label ’8’. The time steps have

to stay commensurable with both, each other as well as the total time, such that

a hierarchy is guaranteed.This is the so-called ’block time step scheme’ (Aarseth,

1963).

As a first estimate, the rate of change of the acceleration seems to be a reasonable

quantity for the choice of an appropriate time step : ∆ti ∝ |a1,i| |a′1,i|, but it turns

out that for special situations in a many-body systems, it provides some undesired
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numerical errors, so that nowadays, the following formula is mainly used:

∆ti =

√

√

√

√η
|a1,i||a(2)

1,i | + |a′1,i|2

|a′1,i||a
(3)
1,i | + |a(3)

1,i |

2

, (1.11)

where η is a dimensionless accuracy parameter which controls the error. In most

applications it is taken to be η ≈ 0.02 to 0.04.

In the code, the time steps are adjusted to their appropriate values fairly quick. Al-

though successive time steps normally change smoothly, it is convenient to constrain

the growth by a stability factor of 1.2 in order to exclude rapid changes in peculiar

cases and to guarantee maximum precision in the force calculation.

Figure 1.1: Block time steps exemplary for four particles. Source: Nbody6 ++ code manual.

1.0.3 The Ahmad - Cohen scheme

The computation of the full force for each particle in the system makes simulations

very time consuming for large particle numbers, therefore, it is desirable to construct

a method to speed up the calculations within the code while retaining the collisional
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approach. One way to achieve this is to employ a ’particle neighbor scheme’ (Ahmad

and Cohen, 1973).

The idea behind this scheme is the splitting of the force polynomial Eq(1.5) for a

given particle i in two parts, an irregular and a regular component:

ai = ai,irr + aireg (1.12)

The irregular acceleration ai,irr results form particles in a certain neighborhood i.

They give rise to a stronger fluctuating gravitational force, which is determine more

frequently than the regular one of the more distant particles that do not change their

relative distance to i so quickly. The full summation in Eq.(1.1) can be replaced by

a sum over the Nnb nearest particles for ai,irr and a distant contribution from all

the other. Whether a particle is a neighbor or not, is determined by its distance:

all members inside a specified sphere (the neighbor sphere) with radius rs are held

in a list, which is modified at the end of each regular time step when the total force

summation is performed. In addition, approaching particles within a surrounding

shell satisfying r0,ij·

In order to make the N-body6 GPU code suitable for the galaxy harassment simu-

lations, it has been necessary to modify already existing subroutines and implement

the code with new routines. Below I mention which changes and implementations

have been made:

• Generalization of the Oort constants with Oort functions

• Modification of external force routines

• Eccentric orbit for infalling galaxy

• Monte Carlo routines for galaxy perturber generation

• Traditional scaling to different scaling system (in particular for this simulation)

• Implementation of new stellar evolution scheme (Ralf Kotulla and Daniel

Bialas)
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1.0.5 N-body units

By convention it has been agreed to have a standard N-body unit system where the

gravitational constant G, the initial mass of the system M and the initial energy E0

for bound systems are defined:

G = 1
[Nu]

3
l

[Nu]m[Nu]2t
(1.13)

M = 1[Nu]m (1.14)

E0 = −1

4

[Nu]
2
l [Nu]m

[Nu]2t
(1.15)

Inside the N-body6 GPU code physical units are scaled into N-body units in the

following way:

All physical units are scaled using mainly three fundamental quantities: the length

scaled called RBAR, the mass scale ZMBAR and the gravitational constant which

value in this unit system is G = 1. The time scale TSTAR and the velocity scale

V STAR are computed by using these fundamental scales:

Nul
= RBAR pc (1.16)

Num
= ZMBAR M⊙ (1.17)

Nut
= TSTAR Myr (1.18)

Nuv
= V STAR km/s (1.19)

Where TSTAR and V STAR are defined as:

TSTAR =
√

RBAR3/G ∗ ZMBAR (1.20)

V STAR = 6.65 × 10−2
√

G ∗ ZMBAR/RBAR (1.21)

The scaling that has been performed in order to carry out our simulations will be

explained later on in subsection 5.1.1. The complexity of the scaling requires a

detailed explanation of how this is performed as in our case, we have three different

scales: the galaxy’s inner scale, the galaxy cluster scale and the stellar evolution

scale.





Chapter 2

The Virgo cluster tidal field

The Virgo galaxy cluster (VC) has an irregular structure, as it is still a young galaxy

cluster that is still undergoing relaxation, meaning that it is not yet completely

virialized.

This galaxy cluster is located at the equatorial coordinates α = 12h30m , δ = +12◦,

at a distance of 16.5Mpc. The active galaxy M87, is often referred to as the center

of the galaxy cluster, as it is the center of the most massive subcluster of the VC.

There are about five clearly identified substructures in the VC. The two major

components are a subclump called the ’M87 subclump’ (Cluster A) and the ’M49

subclump’ (Cluster B). The VC has about 1277 members and 574 possible members

(VCC,Binggeli et al. (1985)) meaning that there is no clear distinction for these

galaxies of whether they belong to the background or to the cluster.

Different morphological types are found in the VC, though dE galaxies are by far

the dominant by number galaxy type. Galaxies in the VC show some trends when

looking at their projected spatial distribution. Binggeli et al. (1988), found out

how the different morphological types of the VC seem to distribute over the cluster

by looking at the galaxy density as a function of location in the cluster and as a

function of its type.

E and S0 galaxies are concentrated around the galaxy M87. These galaxies seem

to be aligned with the jet of this galaxy (Arp, 1968), while the distribution of spiral

and irregular galaxies (Sp and Irr) do not seem to follow any particular trend. They
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Figure 2.1: Age distribution of Virgo galaxies (red=old)from GALEV-Gazelle. The X-ray con-

tours come from Schindler et al. 1999. Source: J. Janz O. Hielsche.

all seem to be scattered over the galaxy cluster.

On the other hand, the spatial distribution of dE’s and dS0’s is similar to that of the

E and S0 galaxies concentrating towards Cluster A. They show a wide distribution

in position and one can distinguish them between bright and faint, and between

nucleated or non-nucleated. Lisker, 2007 showed a new classification scheme for the

early-type dwarf ellipticals dE’s by estimating intrinsic axial ratios for the subtypes

shown in (Fig 2.2).

Galaxies not just display spatial trends due to their morphological type. The ve-

locity dispersion of these objects is quite different too. E, S0’s and dE’s (early-type

galaxies) have a narrower velocity distribution than Sp or Irr (late-type galaxies),

which show a much broader spread in velocities, suggesting that these galaxies are

not in the same evolutionary stage as the early-type ones. Some works have sug-

gested that these galaxies are currently infalling in the galaxy cluster core (Tully

and Shaya, 1984; Tully, 1986). dS0 galaxies are distributed in an array that coin-

cides with the axis of symmetry that spans from the Cluster A to another smaller
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subclump Cluster C.

Figure 2.2: Bright early type dwarf ellipticals scheme taken from Lisker et al. 2007: The ellipsoids

found in the bottom of each subtype are based on the median of the estimated intrinsic axial ratios

for each sub-type.

Throughout this work, we will drive our attention to early-type dwarf galaxies

in the context of their origin and formation. In particular, as mentioned in the

overview of this work, we will explore the morphological transformation of a late-

type galaxy into a dE via close encounters with massive galaxies that are already

sitting in the galaxy cluster. This process makes the galaxy lose most of its gas and

mass undergoing the morphological transformation from a ’disk-like’ galaxy into a

’spheroidal shape- like’ galaxy.

2.1 The field tidal forces

Galaxies in galaxy clusters suffer the effects of its gravitational interaction with the

galaxy cluster potential. Different forces are generated while this interaction takes

place. These forces are originated as galaxies rotate and orbit around the center of

the galaxy cluster.
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In order to see how infalling galaxies in VC are affected by the cluster’s field

potential, we model the Virgo tidal field by following a parametrization of the uni-

versal dark matter profile suggested by the work published by Navarro et al. (1996).

Cosmological simulations of structure formation in a Λ − CDM Universe, sug-

gest that dark matter halos form following a universal density profile given by the

expression:

ρdm ∝ (
r

rs

)−1(1 +
r

rs

)−2 (2.1)

where ρdm is the dark matter density and rs is the slace radius. To construct the

dark matter halo density profile of the Virgo cluster we take the values given in

McLaughlin (1999) . This work provides a parametrization of the dark matter den-

sity of the VC based in a model that describes the mass and dynamics of M87 and

the VC. Surface photometry and mass estimates coming from X-ray observations of

the hot intracluster gas are used for its computation as well as the velocity disper-

sions of early-type Virgo galaxies. The latter are used to constrain the dark matter

halo density in the range 0 < r > 2 Mpc. It is assumed that the VC is spherically

symmetric and that is centered in M87. Late -type velocity dispersions of galaxies

are excluded as they reflect some optical irregular structure that might bias the

modeling of the dark matter halo density profile. On the other hand, early- type

Virgo galaxies are used as they are spatially concentrated with a roughly Gaussian

velocity distribution.

The parameters used to construct the VC dark matter halo based on this model are

:

ρdm = K(
r

rs

)−1(1 +
r

rs

)−2 (2.2)

Mdm = 4πKr3

[

ln

(

1 +
r

rs

)

−
(

r

rs

)

/

(

1 +
r

rs

)]

(2.3)

Where K is the estimated density parameter K = (3.2+2.6
−1.3 × 10−4)M⊙pc

−3 and rs

is the scale factor rs = 560−150
+200. In this model, the virial radius of the dark matter

halo - within which its mean density is 200 times the critical density for closure

- is r200 = 1.55Mpc for H0 = 70km
s

∗ s−1Mpc−1 corresponding to a virial mass of
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Figure 2.3: Scheme of the galaxy orbiting the Virgo cluster center.

Mdm(r200) = (4.2 ± 0.5) × 1014M⊙.

2.2 Eccentric orbit

Galaxies move in eccentric orbits while infalling into a galaxy cluster. They usually

fall into it by following an almost radial orbit. We assume that the galaxy is infalling

in an eccentric orbit with e. Then, we use an orbit integration that approximates a

two-body orbit with a keplerian orbit in the following way:

First, we take the polar equation that denotes a two-body orbit:

r = p/(1 + e cos θ(t)) (2.4)

where p is the parameter of the ellipse.

For the determination of p in the polar formula, one uses the fact that angular

momentum is conserved, using the expression J2/(GM). J is the constant angu-

lar momentum per unit mass and M is the gravitating mass of the central body,

where we use the mass M(R0) determined at the galaxy’s radius R0. By using this

method, we approximate the galaxy’s orbit by a keplerian instead of using the real

orbit in the distributed mass potential. It is convenient for us to use this constant
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mass approach since it is very difficult to estimate the error if one uses a petitions

dependent mass that is variable with time M(R(t)).

To find the angle θ(t) subtended by the vector position of the galaxy and the

major axis 2R0 we use again the angular momentum conservation, where the differ-

ential of angle dθ is expressed as:

dθ = (J/r2)dt (2.5)

We make the galaxy begin at the orbit’s apocenter, so we define the angular

momentum in terms of it:

J = J0 = rapo ∗ vapo = r2
apo ∗ Ωapo = const. (2.6)

Where J is a constant which can be determined at the apocenter rapo. The process

of determining a new r from θ and then a new dθ from new r iteratively, is a kind of

low-order simple two-body integration that allows us to work with a constant mass.

Ωapo is the galaxy cluster’s angular velocity determined and interpolated at the

apocenter position.

2.2.1 Tidal radius

Another important quantity that is calculated together with the eccentric orbit,

is the tidal radius. This quantity tells us the radius of gravitational interaction

between the potential and the galaxy:

The self-gravitating force is given by:

F ≈ GMgal
δm

r2
(2.7)

The tidal force is:

Ftide ≈ GMcl
δmr

R3
tide

(2.8)

These two forces become equal when,

F ≈ Ftide (2.9)
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Figure 2.4: Galaxy’s eccentric orbit over time for an eccentric orbit with an eccentricty value of

e = 0.5

thus,

GMgal
δm

r2
≈ GMcl

δmr

R3
tide

(2.10)

Rtide = Rcl(Mcl/Mgal)
1/3 (2.11)

where Rcl is the distance from the cluster center to the galaxy. Mcl is the galaxy

cluster virial mass and Mgal is the galaxy mass.

2.2.2 Oort Functions

The Oort functions are a measure of the local circular velocity of a system mov-

ing within a potential. In this particular case, it measures the circular velocity of

the infalling galaxy embedded in the galaxy cluster potential. These equations are

the general expression of the well known Oort constants which are often used when

describing the dynamics of the Milky Way being the Oort constants in this case,

calculated by measuring the proper motions of stars within the galaxy.

We will use then the general expression in order to see how the motion of the galaxy

changes depending on its position and later on calculate the tidal forces based on
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these functions. They are given by the following expressions:

A =
1

2

[

Vcirc

R0

− dVcirc

dR

]

km/s/pc (2.12)

B =
1

2

[

Vcirc

R0

+
dVcirc

dR

]

km/s/pc (2.13)

We calculate the Vcirc and its derivative Vcirc′ using the Virgo parametrization de-

scribed at the beginning of this section.

Vcirc =
√

(GMdm/r) (2.14)

Vcirc′ = (1/(2Vcirc))[(4πGρdmr) − (GMdm/r
2)] (2.15)

In the following section, the equations of motion are shown and they will be ex-

pressed in terms of the Oort functions described above. We decided to express them

in this way as the N-body code was already suitable for working out the calculation

of the tidal forces by using the Oort constants for the solar neighborhood, so we

just generalized it by extending their computation in the radial extent of interest

for this problem creating a radial grid of values that cover the range beginning in

the galaxy cluster center to a distance further than the virial radius as we assume

that our galaxy comes from outside the galaxy cluster and afterwards falls within.

2.3 Equations of motion of the galaxy within the

clusters potential

The coordinate system of the galaxy-galaxy cluster is a rotating reference frame

where the origin is placed in the center of the galaxy cluster R0 = (x′0, y
′
0, z

′
0) and

the galaxy moves around it in an eccentric orbit in the geometric plane XY . The

x-axis points towards the radial direction, while the y-axis points towards the ro-

tation direction and the z-axis is perpendicular to the orbital plane of the galaxy’s

motion.

As a first approximation, the equations of motion are expressed in terms of the
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galaxy’s potential φg(x, y, z), the galaxy cluster’s potential Φc(x, z
′) and the forces

originated by this two-body interaction in a rotating frame.

ẍ =
dφg

dx
− dΦ2

c

dR
|R0
x+ ω2x+ 2ωẏ (2.16)

ÿ = −dφg

dy
− 2ωẋ (2.17)

z̈ = −dφg

dz
− dΦ2

c

dz′
|R0
z′ (2.18)

Following Binney and Tremaine (1987), one can relate the derivatives of the potential

with the epyciclic frequency κ and the vertical frequency ν. The equations of motion

in the three directions are given then by:

ẍ = fx − (κ2 − 4ω2)x+ 2ωẏ (2.19)

ÿ = fy − 2ωẋ (2.20)

z̈ = fz − 2ν2z (2.21)

Where fx, fy, fz = ∇φg and ω is the angular velocity.

The general equation of motion can be then expressed by:

r̈ = fg −∇φg − 2ω × ν − ω × (ω × r) (2.22)

The term ω × r is the Coriolis force originated by the galaxy’s rotation. As it is

convenient because of our simulation setup, we express these quantities in terms of

the Oort functions in the following way (Binney and Tremaine, 1987):

ω2 = (A−B)2 (2.23)

κ2 = −4B(A− B) (2.24)

κ2 − 4ω2 = −4A(A− B) (2.25)

ν2 = 4πGρg + 2(A2 − B2) (2.26)

The term 4πGρg in the last equation is zero in our case as it is the contribution of

the galactic disk. This term that is not relevant for us as we do model the tidal field
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as an external force in our simulations.

The forces that dominate the inner part of the galaxy cluster due to the gravita-

tional potential are the centrifugal force that acts radially between the center of the

cluster and the galaxy and the vertical tidal force that acts perpendicular to the

Galactic plane.

The centrifugal force

Is the radial force exerted by the potential of the cluster over the galaxy, in terms

of the Oort functions, its equation is given by:

dfR

dR
= −(A−B)2 + 4A(A− B) (2.27)

The vertical tidal force

Is the force perpendicular to the galaxy’s orbiting plane, in terms of the Oort’s con-

stants, they are given by:

dfz

dz
≈ 4πGρg + 2(A− B) (2.28)

Iterating over z:

fz =≈ [4πGρg + 2(A− B)]z (2.29)

Inside the Nbody6 GPU code they are calculated first by applying the coordinate

transformation to a rotating system. Afterwards, tidal forces are computed by the

external force calculation routines in Nbody units

The Oort functions have dimensions of 1/t:

[A] = [B] = 1/[Nu]t (2.30)
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The tidal parameters within are given by the following expresision:

TIDAL1 = 4A(A+B) (2.31)

TIDAL2 = 0 (2.32)

TIDAL3 = −2(A+B)(A− B) (2.33)

TIDAL4 = 2(A−B) (2.34)

(2.35)

We calculate them at each galaxy position relative to the cluster center by computing

a grid of values at 1kpc and afterwards the tidal forces are calculated through these

tidal parameters.





Chapter 3

Initial conditions: Galaxy Model

We decided to use the self-consistent galactic models of Kuijken and Dubinski (1995)

to model the infalling galaxy.

The software is called GalactICS and is in principle designed to create ’Milky Way

like’ N-body particle models consisting on three components, the disk, the bulge

and the halo. However, it is possible to use it for other ’galaxy types’ if one modifies

carefully some of the parameters that are used to compute the models. In our case

we modify some of the free parameters that can be manipulated in the input of the

code in order to generate an N-body galaxy model with the required characteris-

tics of our galaxy. This code works with distribution functions for the three galaxy

components and computes the mass of each component, the position of each star

(particle) that compounds the galaxy and the velocities of each of them. This are

then, the initial conditions of our N-body galaxy harassment simulation.

3.1 The halo distribution function

The halo is a flattened analogue of the King model,the so called lowered Evans

profile (Kuijken and Dubinski, 1995). The lowering process imposes a maximum

energy on the particles in the halo allowing to have a halo of finite size unlike the

usual Evans profile (Evans, 1993), meaning that this distribution function truncates
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at energy E = 0 the flattened logarithmic potential that characterizes the Evans

profile. The halo distribution function is:

fhalo(E,Lz
2) =











[(AL2
z +B)exp(−E0/σ

2
0) + C][exp(−E/σ2

0) −1] if E < 0

0 if E > 0

(3.1)

The density of this distribution function is given by the following equation:

ρhalo(R,Ψ) =
1

2
π3σ3

0(AR
2σ2

0 + 2B)erf(
√

−2Ψ/σ0)exp(−2Ψ/σ2
0)

+(2π)3/2σ3
0(C − B − AR2σ2

0)erf(
√
−Ψ/σ2

0)exp(−Ψ/σ2
0)

+π
√
−2Ψ[σ2

0(3Aσ
2
0R

2 + 2B − 4C) +
4

3
Ψ(2C − Aσ2

0R
2)]

(3.2)

the concentration q = Rtidal/Rcore is determined by the dimensionless central po-

tential ψ0/σ
2
0 . The more negative the value the greater the concentration. The

parameters Ra and v0, affect the scaling of the halo mass profile.

3.2 The bulge distribution function

The bulge distribution function follows a King profile. Its effect in the modeling

is more predictable than in the previous case. For example, decreasing the central

velocity dispersion will create a more centrally concentrated bulge and decreasing the

ψ cut-off will truncate the bulge and decrease its total mass. The bulge distribution

function is:

fbulge(E) =











ρb(2πσ
2
b )

− 3
2
exp[(Ψ0 − Ψc)/σ

2
b ] exp[−(E − Ψc)/σ

2
b ] − 1 if E < Ψ

0 if E > Ψ

(3.3)

ρbulge(Ψ) = ρb

[

e(Ψ0−Ψ)/σ2

b erf(
√

(Ψc − Ψ)/σ2
b )

− π− 1

2 e(Ψ0−Ψc)/σ2

b (2
√

(Ψc− Ψ)/σ2
b −

4

3
[(Ψc − Ψ)/σ2

b ]
3

2

] (3.4)
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3.3 The disk distribution function

The disk is parameterized directly by its mass profile so its effect on the rotation

curve is predictable over the time. The characteristic frequencies (ω, κ, etc.) in

the equatorial plane are iteratively calculated as well as the correction functions for

the disk distribution function. These functions are multiplicative corrections of the

surface density and vertical velocity dispersion which appear in the Shu distribution

function (Shu, 1969).

fd(Ep, Lz, Ez) =
Ω(Rc)

(2π3)
1

2κ(Rc)

ρd(Rc)

σ2
R(Rc)σz(Rc)

exp

[

− Ep −Ec(Rc)

σ2
R(Rc)

− Ez

σ2
z(Rc)

]

(3.5)

Where Ep = E − Ez is the energy in planar motions, Lz is the specific angular

momentum about the axis of symmetry Rc and Ec are the radius and energy of a

circular orbit with angular momentum Lz, and Ω and κ are the circular and epicyclic

frequencies at radius Rc. The density corresponding to this distribution function is

obtained by integrating over the three velocity components. The Vr and Vz integrals

are straight forward, leaving the Vφ integral:

ρd(R, z) =

∫ ∞

0

[

dvφ ≡ dRc

(

Rcκ(Rc)
2

2RΩ(Rc)

)]

2ρd(Rc)Ω(Rc)

(2π)
1

2σR(Rc)κ(Rc)
×

exp

[

− Ψ(R, 0) − Ψ(Rc, 0)

σ2
R(Rc)

−
(

R2
c

R2
− 1

)

v2
c (Rc)

2σR2(Rc)
− Ψ(R, z) − Ψ(R, 0)

σ2
z(Rc)

]

(3.6)

The combined potential of the disk and halo is constructed according to Poissons

equation, using :

∇2Ψ(R, z) = 4πG[ρh(R,Ψ) + ρd(R,Ψ,Ψz)] (3.7)

In order to create the model, there are three main steps that are performed by this

program:

First, the potential is calculated, afterwards, the disk distribution function is

generated using this given potential. Each component with a self-consistent distri-

bution of particle orbits is computed by running a succession of programs to end
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Figure 3.1: Iteration process for the calculation of the halo and disk combined potential.

up with a set of N-body particle masses, positions and velocities representing the

modeled galaxy.

The potential is determined iteratively. It starts from an initial guess of the value

of the potential, the density implied by the halo and bulge DF’s is calculated, the

disk density is added, and the potential of that mass distribution is used as starting

point for the next iteration.

Initially only the monopole (l = 0) components are calculated until the model

converges (Figs. 3.1), then one more harmonic is added per iteration up to the

maximum requested, and once all harmonics are included the iterations are contin-
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ued until the outer tidal radius of the halo is unchanged between iterations (Fig.3.2).

Figure 3.2: Iteration process for the calculation of the halo and disk combined potential.

3.4 The galaxy model

In previous publications, authors that have explored the galaxy harassment scenario

through N-body simulations often use a disk galaxy that falls into the galaxy cluster

(e. g. Mastropietro et al. (2005)). With the Kuijken and Dubinski (1995) models,

it is possible to generate a bulge component with properties resembling to those of

Sc-Sd galaxies, that even though they do not have a prominent bulge they neither

lack of it.

Our galaxy has a total mass of 5× 1010M⊙ (Fig3.5). It is formed by a disk, a bulge

and a dark matter halo generated according to the distribution functions mentioned
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in the previous section. The galactic disk has a stellar mass Md = 3 × 109M⊙. It

has a disk scale-length of Rd = 3kpc and a disk half-light radius of 5kpc extending

about 5Rd. The halo mass is about 16Mdisk and has a radial extent of 25Rd. The

halo profile has a cut-off radius that makes the extension of the halo to be of finite

length.

The rotation curve of the generated galaxy for the three galaxy components plus

the total rotation curve is shown in Fig (3.3). The maximum contribution to the

rotation curve of the galaxy from the disk is at around 2.5Rd. The bulge compo-

nent chosen for this galaxy model is less centrally concentrated compared to the

Milky Way (see Fig3.6) making the bulge circular velocity component to be less

pronounced reaching its peak velocity at larger radius.
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Figure 3.3: Galaxy model rotation curve: The three components and the total contribution are

shown in different colors. The galaxy’s typical velocity at half-mass radius is 70km/s.

We first created a sample model in order to check the program’s consistency before

the parameters were modified to generate the desired galaxy model. The parameters

used for the sample model (MW like model) and the three-component galaxy model

(Sc model) are given in the following tables:

Disks can be affected by gravitational instabilities as these can cause overdense
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Model Md Rd Rt zd out

MW 1.00 1.0 5.0 0.15 0.3

Sc 1.00 1.0 5.0 0.15 0.3

Table 3.1: Disk parameters of N-body galaxy model: disk mass, disk scale radius, disc truncation

radius, disc scale length, disc truncation width.

Model Ψc σb ρb

MW -2.0 0.50 10.0

Sc -2.0 0.50 1.0

Table 3.2: Bulge parameters of N-body galaxy model: Bulge cut-off potential, bulge velocity

dispersion, bulge central density.

regions within the disk to collapse. When modeling disks, it is important to know

how stable is the disk that is being generated in the model. The Toomre Q pa-

rameter gives the conditions for a system instability. This is given by the following

equation:

Q =
σrκ

3.36GΣ
(3.8)

Where σ is the stellar velocity dispersion, κ is the epicyclic frequency and Σ is the

surface disk density. When Q < 1, the disk is instable. The galactic disk of our

galaxy model has a Q = 1.7 at the disk half-mass radius (Fig (3.4)).
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Model Ψ0 σ0 q C Ra

MW -4.0000 1.00 0.9 0.1 0.5

Sc -4.4788 1.00 0.9 0.1 0.5

Table 3.3: Halo parameters of N-body galaxy model: Halo central potential, halo velocity dis-

persion, halo potential flattening, halo concentration C = Rc2/Rk2 , characteristic halo radius.

Model Md σR,0 Red
/Rd Mb Reb

/Rd Mh Reh
/Rd

MW 0.94 0.50 5.6 0.29 1.7 9.6 44.9

Sc 0.94 0.50 5.6 0.16 1.7 16.6 76.2

Table 3.4: Galaxy model properties: disk mass, disk central radial velocity dispersion, disk radial

extent (in disk scale lengths),bulge mass, bulge radial extent (in disk scale lengths), halo mass,

halo radial extent (in disk scale lengths).
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Figure 3.4: Toomre stability parameter Q = σrκ/3.36GΣ
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Figure 3.5: Cumulative mass for the components of the galaxy model: The three components

and the total contribution are shown in different colors. The galaxy’s total mass is 5 × 1010M⊙.
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Chapter 4

Galaxy harassment

Galaxies that are infalling in galaxy clusters suffer several encounters with other

galaxies in their way through the center of the galaxy cluster.

In these simulations, the galaxies that disturb the infalling galaxy are not modeled

themselves, i. e. they are not originated as a set of N-body model as the modeled

infalling galaxy does. The so-called Monte Carlo method was used in order to derive

the basic parameters that are required to model the galaxy’s perturbers. These

parameters are the mass of the perturber, its velocity and its position.

4.1 The Monte Carlo method

We used the Monte Carlo method in order to obtain random numbers that describe

the distribution functions of each of the perturber parameters.

In the case of the perturbers mass we take a subhalo distribution function prescribed

by Gao et al. (2004). This distribution has a radial and a mass dependence and both

are given separately. As they are linearly independent, we combine them in order

to get a general expression that is both radial and mass dependent. The cumulative

distribution function (CDF) of this expression is computed by generating a set of

random numbers in order to draw the CDF to assure that indeed the perturber

masses follow the desired distribution.
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For the perturber velocities, we assume that they follow a Maxwell-Boltzmann

distribution. It is computed by inverting the gamma function in order to get the

CDF and sampling over it with a set of random numbers.

4.1.1 Perturber mass determination

Subhalos of dark matter are identified in cosmological simulations by using different

methods, however the behavior of the subhalo populations seems to follow the same

trend. This subhalo populations can be characterized by the differential subhalo

mass function (MDF). Using the one prescribed in Gao et al. (2004) we have:

dn/dm ∝ m−α (4.1)

with α = 1.9.

This MDF gives the mass dependence of the subhalo distribution over all possible

Figure 4.1: Differential subhalo abundance functions per unit host mass for the final halos in the

GA1,GA2 and GA3n simulations, error bars assume Poisson uncertainties in the counts. Source:

Gao et al. (2004).
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mass ranges for the subhalos that embed the galaxy that will perturb the simulated

galaxy.

The subhalo populations show also a radial dependence as it is shown in Fig(4.2)

. The subhalo fraction relative to the total number of subhalos within the virial

radius r200 is given by:

dN/dr ∝ rβ (4.2)

with β = 1.1.

Integrating, we obtain the cumulative mass m ≤M inside R:

Figure 4.2: Cumulative radial distributions at z = 0 for subhalos within r200 for the GA3n halo

and 15 clusters. The lines overlying the symbols are the corresponding fits. Source: Gao et al.

(2004).

N(m ≤M) = C1
1

−α + 1
m−α+1 (4.3)

N(r ≤ R) = C2
1

β + 1
mβ+1 (4.4)
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Afterwards, we combine the above equations (i.e. we multiply them since they are

independent) and obtain the mass-radial dependent subhalo number density:

N(m ≤M, r ≤ R) = C1 ∗ C2
1

(−α + 1)(β + 1)
rβ+1M−α+1(4.5)

The constants C1 and C2 are obtained for Eqs(4.1) and(4.2) assuming the following

limits:

• Rmin = 0 to Rmax = Rvir = 1.55Mpc

• Mmin = 5 × 109M⊙ to Mmax = ∞

The total number of subhalos is estimated via observations (Ntot = 321) by using

the Lisker, 2007 VCC catalogue, in the following way:

We take the VC luminosity distance DL = 16.5 Mpc. The minimum perturber

mass that we consider is Mpert = 5.0 × 109M⊙. We take the mass-to-light in

the B-band M/L ≈ 1, so that we have L = 5.0 × 109L⊙. The absolute magni-

tude of the sun in this band is Mabs = 5.48. We calculate the apparent magni-

tude from m −M = 5log(DL) − 5 = 31.09. Then the dark mass to light ratio is

Mdark/Mlight ≈ 16.6 we estimate the magnitude taking this ratio in account and we

look at the VCC catalogue finding that the total number of subhalos is Ntot = 321

galaxies. Number that is consistent with Smith et al. (2010) and Gao et al. (2004).

In order to draw the mass distribution, a set of random numbers is generated fol-

lowing Eq (4.5), as r the galaxy’s position is known, it is fixed in the equation. The

equation then is inverted and the masses are derived.

4.1.2 Impact parameter distribution

The impact parameter describes the galaxy’s perturber hitting plane. The p vector

describes the point of passage in the galaxy’s rest-frame between the perturber and

the galaxy if the perturber is not deflected (focused) and continued its motion. It

moves in the same direction as the initial perturber velocity vector vinf .

This hitting point is the intersection of the vector vinf and the plane that is perpen-

dicular to vinf and goes through the origin of the galaxy’s rest-frame,i.e. the hitting
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Figure 4.3: Gravitational focusing deflects the orbit of the perturber, rmin is the minimum

distance between one another.

plane.

It is needed then to construct :

• The initial velocity vector vinf

• The perturber initial position vector rinf

• The rest frame of the galaxy (hitting plane) P

It is required to satisfy the condition vinf ||P i.e., vinf is the normal vector with

modulus Vrel. Its detailed calculation will be described in the following section.

For the calculation of the p vector, it is required to first find the maximum impact

parameter pmax. To determine the maximum impact parameter pmax we use the

following equation (Spurzem et al., 2009):

pmax =

√

(

1 +
Mtot

Vrel

)

(4.6)

Where Mtot = Mpert +Mgal and Vrel is the relative velocity between the galaxy and

the perturber.

The direction will be given by the angles α, β and γ, this is the transformation

between the galaxy cluster rest-frame and the galaxy’s rest-frame is given by the

following transformation matrices:
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Mrotx =











1 0 0

0 cos(β) − sin(β)

0 sin(β) cos(β)











Mroty =











cos(α) 0 sin(α)

0 1 0

− sin(α) 0 cos(α)











Mrotz =











cos(γ) − sin(γ) 0

sin(γ) cos(γ) 0

0 0 1











4.1.3 The encounter rate

The encounter rate gives us the number of encounters expected in a certain time

interval. We calculate the frequency of encounters by taking the inverse of this quan-

tity and weight it by the probability of encounters expected Pencounter = 0.1/1Gyr

:

dN

dt
= n(m, r)VrelΣ (4.7)

where n(m, r) ∝ rβ−2. We define the cross section Σ as:

Σ = πp2
max (4.8)

Gravity can affect the perturber’s motion before the impact, such effect is called

gravitational focusing. This is expressed by the term 1 + [vesc

v
]2 that is also known

as the Safronov number, it is a measure of how gravity increases the collision cross-

section as seen in the following equation:

Σ = πp2
max ×

[

1 +

[

vesc

v

]2]

(4.9)

here vesc is the perturbers escape velocity.
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Fast interactions between galaxies occur in galaxy clusters. The encounter ve-

locity is higher than the rotational velocities of galaxies. As mentioned in the intro-

duction of this work, the energy injected to the system scales as v−2 (Binney and

Tremaine, 1987). This means that the effect of a fast encounter is minor when the

encounter occurs at high velocities.

4.1.4 The perturbers velocity

To determine the relative velocity distribution it is assumed that the velocities of

galaxies follow a Maxwellian distribution, it is known from observations that galaxies

in general follow this kind of distribution. One can express the typical Maxwellian

distribution expression as a distribution function of the ’line of sight’ relative veloc-

ities between galaxy and perturber:

f(Vrel) = exp−Vrel/4σ2

(4.10)

The quantity Vrel represents the relative velocity between two galaxies. It is com-

puted by using an average velocity dispersion value for the VC of σcluster ≈ 1204

km/s (Fig 10, Conselice et al. (2001)). This velocity is calculated by using the av-

erage velocity of spiral galaxies in the cluster σsp 900km/s and for the ellipticals

sigmae 700km/s gives an average σ for the central galaxy population of σ 800km/s.

For the infalling galaxy we take a σ = 900km/s . Finally, the combined relative

velocity dispersion is σcluster = 1204km/s.

The direction of the velocity vector and its position can be constructed by apply-

ing the same transformation that was performed for the impact parameter vector

p = (p, 0, 0) to the velocity vector vinf = (0, Vrel, 0) since this vector is perpendicular

to the plane before the transformation is applied and the angles are invariant under

transformations. The initial position of the perturber is then obtained by defining

a distance at ”infinity” Rinf and then solving the following set of equations for the



94

 0

 5e-05

 0.0001

 0.00015

 0.0002

 0.00025

 0.0003

 0.00035

 0.0004

 0.00045

 0.0005

 0  1000  2000  3000  4000  5000  6000

P
D

F
(v

_d
is

p 
=

 1
20

4 
km

/s
) 

Perturber velocity (km/s)

Figure 4.4: Perturber velocities drawn out of a Maxwellian distribution with a set of random

numbers

transformed quantities:

rinf ′ = p′ + C ∗ vinf ′ (4.11)

C ∗ vinf == Rinf (4.12)

C = Rinf/vinf ′ (4.13)

C = Rinf/Vrel (4.14)

rinf ′ = p′ + Rinf

Vrel
∗ vinf (4.15)

After this transformation, the required quantities are in the galaxy rest-frame, rinf ′
and vinf ′.

4.2 Galaxy harassment simulation setup

For the simulation setup, it is necessary to transform and scale all the calculated

quantities into N-body units. We define the units for the galaxy-galaxy cluster sys-

tem as:
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1Nul
= 5kpc (4.16)

1Num
= 5 × 1010M⊙ (4.17)

(4.18)

where 1Nul
is the galaxy disk half light radius and 1Num

is the total mass of the

galaxy.

The galaxy cluster mass and length parameters are given by the values found by

McLaughlin (1999):

Mvir = 4.3 × 1014M⊙ (4.19)

Rvir = 1.55Mpc (4.20)

Which in Nbody units are expressed based on the pre-defined Nbody units defined

by the galaxy parameters being therefore:

ZMBAR = 8400 (4.21)

RBAR = 310 (4.22)

(4.23)

Not forgetting that in an N-body unit system the gravitational constant has the

value G = 1.

4.2.1 Scaling of quantities

The scaling of the quantities is performed in the following way:

In this particular galaxy simulation, we have three different scales: the ’galaxy

cluster + galaxy system scale’, the internal galaxy scaling and the stellar evolution

scale. This is necessary because the Nbody6 GPU code is originally designed for

simulating dense stellar systems, such as star clusters. Galactic systems in galaxy
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clusters require additional scaling when using this code. Moreover, if stellar evolu-

tion is required, one has the additional stellar evolution scale.

The reasons for having so many different scales are the following: First, the mass

of the galaxy cannot be represented particle by particle within the Nbody6 GPU

code. A galaxy has typical masses ranging in 108 − 1013M⊙, in particular, we aim

to model a galaxy which mass is of the order of 1010M⊙. As this is not physically

possible, it is necessary to distribute the galaxy’s mass over a number of particles

much lower than the one we would require ideally.

Another issue, is the length of the system. This is longer than in the case of a

star cluster. The scale length of star clusters is in the order of parsecs while the

scale length of the galaxy is in the order of kiloparsecs and the cluster scale is in the

order of megaparsecs.

The code converts physical quantities into N-body units by using the length scale

and the mass scale which definition is given in section 1.1.5.

One has to be very careful when using the different scaling systems. In general

words, what has to be done is to find a right conversion factor between the galaxy

cluster scale and the galaxy’s internal scaling guided buy the output values provided

by the code with its default values of RBAR and ZMBAR at first. Then one has

to find the proper conversion factor between both systems. It is necessary to leave

the mass scale factor ZMBAR unchanged as it would lead to errors if one has the

stellar evolution running. So one has to manipulate the value of the scale length

RBAR in order to achieve the desired scaling.

In our case, it has been necessary to scale the time and to scale the perturber

velocities generated by the Monte Carlo implementation for generation of galaxy

perturbers. This scaling is performed in the following way:

With the Nbody unit definition for length and mass and by using the definition of
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the time scale factor TSTAR (Eq (1.20)) one that the conversion factor in physical

units between the galaxy cluster and the galaxy system is TC = 60MyrTG, one

arrives to the relation:

RBARC = RBARG ∗ 60(−2/3) (4.24)

which gives the right conversion factor between the galaxy cluster frame and the

galaxy frame. HEre ,RBARG is the internal galaxy length scale RBAR that has

been mentioned throughout the his text until now, and RBARC that is the galaxy

cluster length scale.

4.3 Simulating the Virgo tidal field

The calculation of the tidal forces within the code is carried out by dividing them

into regular and irregular. Regular forces are those that do not present significant

changes in its behavior during a certain time scale whereas the irregular forces do

change and therefore, they have to be computed more often than the regular forces.

The code divides them in these two groups as it is less expensive in terms of com-

puting time, so, they are computed when it is required instead of doing it for each

time step interval:

FIRRy = TIDAL4 ∗ ẏ (4.25)

FIRRx = TIDAL4 ∗ ẋ (4.26)

FREGx = TIDAL1 ∗ x (4.27)

FREGz = TIDAL3 ∗ z (4.28)

˙FREGx = TIDAL1 ∗ ẋ (4.29)

˙FREGz = TIDAL3 ∗ ż (4.30)

Tidal forces use the same conversion factor as the Oort functions, just keeping in

mind that the tidal terms due to centrifugal forces have dimensions of 1/[t]2 while
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the Coriolis term TIDAL4 has also dimensions of 1/[t].

Tidal forces dominate the vicinity of the galaxy cluster center, meaning that when

galaxies pass near the pericenter of the orbit tend to get more tidally disrupted as

the tidal field is stronger. In the other hand, the Coriolis force is dominating close

to the edge of the galaxy cluster, where the tidal force effect is not strong anymore.

The tidal radius of the galaxy is calculated using the formula given in the previous

section at every orbital time step integration in order to avoid any miscalculation

of the particles that are removed from the galaxy due to the interaction with either

the tidal field or because of the galaxy harassment that will be discussed later on in

this work.

4.4 Stellar evolution models of the galaxy

We assign two stellar populations to the disk and bulge components of the simulated

galaxy by using the GALEV evolutionary synthesis models (Kotulla et al., 2009).

To create a stellar evolution model, one needs to provide the star formation history

(SFH) of the object that will be modeled, i.e . the initial mass function (IMF), the

star formation rate (SFR) and the initial metallicity Z0. It is possible also to set

the parameters of the cosmological model, which we choose to take the standard

Λ-CDM values H0 = 70km/sMpc1 Ωm = 0.3 and Ωλ = 0.7.

GALEV follows the time and redshift evolution of its spectrum, luminosities and

colors using the stellar BaSeL library of model atmospheres from Lejeune et al.

(1998) which covers the wavelength range from UV to NIR. For the purpose of this

work, we use the SDSS filter set whose filters cover the optical range and one near

infrared band. At the end, one obtains information about the model evolution in

terms of the gas content, stellar mass, gaseous, stellar abundances and SN rate.

The initial mass function (IMF) gives the number of stars newly born in a certain

mass interval [M,M + dM ]:

dN/dM ∝ cM−(1+α) (4.31)
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α is a dimensionless exponent that shapes the distribution of the function.

We choose to take the Kroupa IMF (Kroupa, 2001) to run the models for both

the disk and bulge components. This IMF provides a more realistic fit to the low-

mass end of the IMF rather than the most commonly used single-slope Salpeter IMF

(Salpeter, 1955). The values for the α parameter of the Kroupa IMF are:

α1 = +0.30.7, 0.01≤m/Modot 0.08 (4.32)

α2 = +1.30.5, 0.08≤m/Modot 0.50 (4.33)

α3 = +2.30.3, 0.50≤m/Modot 1.00 (4.34)

α4 = +2.30.7, 1.00≤m/Modot (4.35)

with mass limits Minf = 0.1M⊙ - Msup = 100M⊙

Figure 4.5: Kroupa Initial Mass Function. Source Kroupa (2005).

The star formation rate (SFR) has the form:

SFR = constant× σN
gas (4.36)



100

where σgas is the projected surface gas density and the exponent N is the slope of the

power-law relation (Schmidt law) usually determined by HI observations. The star

formation rate depends on local gas properties as the efficiency of stellar generation

is mainly determined by the amount of gas available to form stars.

4.4.1 The disk stellar population

To model the disk’s SFH, we assign a constant star formation rate, where after 8

Gyrs of star formation, it is suddenly truncated (Fig.4.6).

When truncation occurs, there is no more gas replenishing the galactic disk to form
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Figure 4.6: Star formation rate of the galactic disk of the galaxy model

stars (Fig.(4.4.1)) leading to an eventual decrease on the stellar mass of the galactic

disk component Fig.(4.8).

GALEV models are chemically consistent, meaning that they combine the chem-

ical evolution of the ISM abundances and the spectral evolution of the stellar pop-

ulation. These models use stellar evolutionary tracks, and stellar yields for a large

range of metallicities and take in account the increasing initial abundances of suc-
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Figure 4.7: Galactic disk stellar mass

 1e+09

 1.5e+09

 2e+09

 2.5e+09

 3e+09

 3.5e+09

 0  2  4  6  8  10  12  14  16

G
as

 m
as

s 
[M

su
n]

Time [Gyrs]

Figure 4.8: Galactic disk gas mass
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cessive stellar generations. Fig (4.9) shows the metallicity evolution of the galactic

disk component over time.
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Figure 4.9: Metallicity evolution of the galactic disk.

4.4.2 The bulge stellar population

The SFH assigned to the bulge component is given by a exponetial decaying shor

duration star forming burst that has the form:

SFR ∝ e(t/τ) (4.37)

with an e-folding time τ = 1×107yrs Fig.(4.10). Figs.(4.11 and 4.12) show the time

evolution of the mass and gas component. During the star forming burst the gas

mass is tranformed in stars, afterwards no more gas infall takes place leaving only

the stars formed during the short SF burst.

The metallicity of the bulge is not self-consistent as in the case of the disk. We

assing an initial metallicity Z0 which evolution over time is shown in Fig.(4.13) This

approach of assigning ’a priori’ stellar populations to the luminous components of
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Figure 4.10: Star formation rate of bulge component of the galaxy model.
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Figure 4.11: Stellar mass evolution of the bulge component. The SFR assigned follows an

exponetial decay with an e-folding time τ = 1 × 107yrs.
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Figure 4.12: Evolution of the gas mass of the bulge component over time. The SFR assigned

follows an exponential decay with an e-folding time τ = 1 × 107yrs.
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Figure 4.13: Metallicity evolution of the bulge mass component. The initial metallicity assigned

is Z0.
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the galaxy model is done through the GALEV models as it has been found in the

test runs for the galaxy model performance when run within the Nbody6 GPU code.

The disk presents instabilities which raise when using the stellar evolution scheme

as the code reassigns a new mass to the original particle masses computed by the

Salpeter (1955) models if the mean of the newly generated masses differ form the

ones given by the initial conditions of the model.

The dynamical features originated by the disk instability are a consequence of the

disk setup as the particles are generated with velocities independent of their indi-

vidual masses. This could be fixed in the near future by modifying the of Kuijken

Dubinski model generation program by generating the bulge and disk particles ac-

cording to a given mass function and by scaling of particle velocities with their

individual masses.





Chapter 5

Results

In this chapter, we will discuss the results of the simulation performed to account

for the effects of the simulated Virgo cluster tidal field. Afterwards, the results that

come out from simulating the harassment mechanism will be analyzed from the dy-

namical point of view as well as in terms of stellar evolution evolution parameters

derived for the intial model and the remnant galaxy after has suffered several en-

counters.

5.0.3 The effect of the tidal field

We set up a simulation of the Virgo cluster tidal field with the following parameters:

The eccentric orbit traced by the galaxy’s motion has an eccentricity e = 0.9. The

galaxy begins to orbit well outside the virial radius at Rapo = 3.2 Mpc entering

the galaxy cluster at Rvir = 1.55 Mpc. The galaxy moves across the galaxy cluster

reaching the pericenter of its orbit at Rperi = 165 kpc. During its motion within the

galaxy cluster, the dynamical and morphological properties of the infalling galaxy

are affected by the strength of the tidal field exerted by the cluster’s potential due

to the gravitational interaction of both systems. The strength of the tidal field has a

radial dependence as the forces exerted depend on the position of the galaxy relative

to the cluster center.

While the galaxy travels towards the pericenter of its orbit, it begins to lose angular
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Figure 5.1: Schematic representation of the relevant time scales for the stellar evolution of the

galaxy

momentum and kinetic energy while the potential energy increases preserving the

equilibrium of forces between the cluster center and the galaxy. To achieve this

equilibrium, the particles that conform the galaxy begin to get stripped away from

the initial configuration as the binding energy is not sufficient anymore to keep the

particles together.

The galaxy feels thus the combined effect of the tidal forces that act radially towards

the cluster center, as it is a rotating system, it also feels the Coriolis force that re-

sults from the product of the angular momentum and the radial position vector.

In Figs 5.2 and 5.3 it is shown the variation of the tidal field strength in terms of

the tidal energy that comprises both the centrifugal and the vertical tidal energies

together with the Coriolis energy that the galaxy feels while passing through the

galaxy cluster.

The halo particles that embed the stars that form the disk and bulge of the galaxy

are the first on feeling the effect of the tidal field as they belong to the outer com-

ponent of the galaxy. This effect gets stronger when the galaxy is approaching the

cluster center as the relative distance between the galaxy and the core of the cluster

decreases, thus feeling more intensively the gravitational attraction of the cluster

tidal field.

Throughout the simulation, the galaxy continues its motion after passing the first

pericentric passage completing three orbits. The galaxy’s orbital period is of Porbit ≈
3 Gyrs, thus, we follow its evolution in the cluster for about 9 Gyrs.

When the simulation begins, the three galaxy components are smooth and don’t

present any substructure (Fig 5.4). We run a 100,000 particle simulation where the

particles are distributed in the following way:
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Figure 5.2: Tidal energy as a function of galaxy’s position relative to the cluster center in N-body

units.

• 50,000 particles for the halo component

• 40,000 particles for the disk component

• 10,000 particles for the bulge component

Figures (5.6 and 5.7) show the time evolution of the galaxy under the effect of

the tidal field:

After few Myrs the halo particles begin to get stripped away due to the strength

of the field which becomes stronger once the galaxy enters the galaxy cluster.

The galactic disk heats up due to the heat provided by the interaction making its

disc scale height increase its value, what results on making the disk thicker than it

was at the beginning of the simulation (Fig 5.5).

The mass loss begins to be noticeable at around 1 Gyr. The halo component is
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Figure 5.3: Coriolis energy as a function of galaxy’s position relative to the cluster center in

N-body units.

mainly affected losing at the end of the simulation the 60% of its original mass in

the total time evolution 9 Gyr.

The galactic disk loses about the 13% of its original mass and the bulge compo-

nent 7%.

In Fig ??, the number distribution of the three components is shown as a function

of time. The galaxy begins to orbit outside the cluster, so that the mass loss is not

noticeble until it enters the cluster. Halo particles are removed faster and easier

than the particles that conform the disk and bulge. It is very important to see the

Figure 5.4: Projected particle positions of the three galaxy components. In red: halo; green:

disk, blue: bulge

effect of the tidal field alone before starting the harassment simulations as we can

quantify how much material is lost due to the gravitational interaction with the
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Figure 5.5: Disk thickening caused by tidal heating. Right figure: Disk at beginning of the

simulations. Left figure: Disk after one orbital period of the galaxy within the galaxy cluster has

been completed.

cluster tidal field.

5.0.4 The galaxy harassment effect

To explore the strength of the galaxy harassment effect, we choose to take an orbit

with eccentricity e = 0.55. Its apocentric distance is of Rapo = 340 kpc Rperi = 80

kpc. The galaxy orbits the galaxy cluster center for about 3 Gyrs where it encoun-

ters several galaxies trough its orbital passages.

For testing this scenario, we choose to place the galaxy well inside the galaxy

cluster as we want to quantify the effects of harassment, more over, to set an upper

limit and see what happens to the galaxy when ’extreme’ harassment occurs.

To account for the effects of this extreme but still probable scenario, we make the

galaxy encounter several perturbers by setting a probability threshold that works in

the following way:

By construction, the probability of having an encounter in the simulation is

timestep dependent. It depends also on an ’average encounter probability’ per orbit,

which we set to the value of p = 0.01 at each timestep, and the number of encounters
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Nenc we will have during these timesteps.

The probability is given by:

N !/((N −Nenc)!Nenc!)x0.99(N −Nenc)x0.01N
enc (5.1)

where N is the number of time steps.

In this way, we ’force’ the encounter random number generator to find a per-

turber more often in the same number of timesteps than we would have without this

upper encounter limit but the probability of this to happen is less likely than in the

conventional scenario.

The results of this simulation scenario are illustrated in Figs 5.8 and 5.9. Here

both, the strength of the tidal field and the harassment mechanism act along to-

gether.

The galaxy suffers five encounters in total over the 3 Gyrs that spends passing

within the galaxy cluster. According to our simulations, the tidal field is mainly

driving this transformation and just 13% of the galaxy’s mass loss is due to galaxy

encounters.

We do not find harassment so effective even when we simulate the extreme ha-

rassment scenario. Alike Smith et al. (2010), where he states in his conclusions that:

”Harassment of small late-type dwarf galaxies that have recently been accreted into

the cluster is not an effective mechanism for forming the thickened discs of dwarf

ellipticals.”

They explore the galaxy harassment scenario via close encounters for one orbital

passage of a low-mass disk galaxy that infalls in the Virgo cluster. Although they

do not evolve the model further than one orbital period, they conclude that the

orbit where the galaxy travels across the cluster determines the strength of these

mechanism. Galaxies in small eccentric orbits at small apocentric distances are more
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likely to have an encounter due as they orbit the cluster center in a smaller time

interval than a galaxy that is falling into the cluster from outside in a radial orbit.

In tests performed in order to test our numerical simulations it was found that

when having a realistic orbit as the one described at the beginning of this chapter to

test the strength of the tidal field, the chance of having an encounter with another

galaxy is highly improbable as the pericentric distance of such an orbit is too far

from the galaxy cluster center, where the density is higher and thus, encounters are

far more probable to occur.

Mastropietro et al. (2005) simulates galaxy harassment finding harassment very

effective to drive the morphological transformation from disks to dE like galaxies.

Probably this is due to the fact that the galaxy that turns to be extremely harassed

always orbit along the densest part of the cluster plus they make the galaxy travel

several orbits throughout the simulation.

5.0.5 Image photometry

We want to compare the 3-D information obtained through the numerical simula-

tions with the data provided by the SDSS survey data. For this it is necessary to

transform this information in color distributions and in structural parameters. For

this we map the 3-D data obtained into 2-D distributions as if the galaxy would

be observed from a certain position in order to make a proper comparison with the

SDSS data for the VC.

Each component of the galaxy is tagged in order to identify each particle and know

to which component it belongs. We map then the flux of each luminous component

(disk and bulge) by first calculating the apparent magnitude at Virgo distance in

the following way:
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mapd
= 5log10(DL) − 5 +Mdisk (5.2)

fd = f0 ∗ 10−0.4∗(mapd
/M∗d

) (5.3)

mapb
= 5log10(DL) − 5 +Mbulge (5.4)

fb = f0 ∗ 10−0.4∗(mapb
/M∗b

) (5.5)

ftot = fdisk + fbulge (5.6)

Once we obtain these flux maps, we make photometry over each image for each of

the SDSS bands u, g ,r ,i ,z using the photometry software AMOR (Lisker,2006).

The AMOR software has been designed for computing the morphological param-

eters of galaxies. It creates stamp images of a given source. In our case, we create

FITS images of the galaxy for the initial conditions and for the time steps after

an encounter occurs. This time steps are the ’look-up’ times we look at after the

encounter occurs what is about 100 Myrs after it happens. This time is chosen as

it is considered to be the time it takes to the galaxy to show the features originated

by the harassment mechanism.

We run first AMOR on the SDSS r-band image for the initial conditions model

and afterwards for the subsequent snapshot images after each encounter, with a

circular aperture. It recomputes the initial input parameters required to obtain the

stellar structure and outputs back the right elliptic aperture required to calculate

accurately the galaxy flux and thus, outputing finally more accurate values of the

galaxy’s structural parameters.

The parameters obtained using the AMOR software are given in the tables 5.1

and 5.2.
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Name Mr µeff reff reff(arcsec) 1rpetr

remnant 13.885 24.454 130.947 51.855 176.963

5th 13.855 24.346 126.325 50.025 177.924

4th 13.763 24.136 119.634 47.375 175.935

2nd 13.560 23.312 89.889 35.596 154.987

initial 13.393 22.320 61.643 24.340 115.974

Table 5.1: Structural parameters derived from the galaxy photometry.

Name uap gap rap iap zap g − i u− r i− z

remnant 16.484 15.037 14.306 14.005 13.734 1.032 2.178 0.271

5th 16.425 14.978 14.248 13.947 13.676 1.031 2.177 0.271

4th 16.282 14.845 14.122 13.824 13.554 1.021 2.160 0.270

2nd 15.932 14.513 13.807 13.515 13.248 0.998 2.125 0.267

initial 15.692 14.289 13.602 13.317 13.054 0.972 2.090 0.263

Table 5.2: Galaxy colors derived from the galaxy photometry.

5.0.6 Structural parameters

The galaxy encounter simulation starts right after the SF in the galactic disk has

been truncated at 9.97 Gyrs. Throughout the simulation, the galaxy experiences

several galaxy encounters with other cluster members as seen in the previous sec-

tion. The combined effect of both tidal forces and galaxy encounters, results in a

change in the galaxy morphology but it is also reflected in the evolution of its stellar

populations. We analize the stellar evolution of such populations keeping track of

them since the galaxy is placed initially in the galaxy cluster and begins to orbit

around the center. We look at the stellar properties of the harassed galaxy every

100 Myrs after an encounter has occured and we place the structural parameters

that were extracted from the photometry at each ’look-up’ time.

The preceeding plots show the relations between the structural parameters ob-
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tained while doing the photometry of the snapshot images obtained after looking

after each of the encounters that the galaxy underwent.

The stripping of luminous material caused by the tidal interactions that the

galaxy suffers, can be expressed in terms of the relation between effective surface

brightness, effective radius and subsequently, represented by the colors derived form

this structural properties.

To understand the structural parameters of the galaxy, we compare the initial

values of such parameters to the ones obtained after the galaxy loses material by a

mix of the tidal field plus encounters with other galaxies.

The effective radius of the galaxy should shrink as a consequence of the loss of

luminous mass. This affects the surface brightness of the galaxy together with a

change of its initial absolute magnitude.

One would expect that this results in a fainter object which surface brightness is

decreasing as the effective radius should be smaller every time. Though, in our sim-

ulation results, the initial galaxy expands its length over the time and the particles

that initially formed the bulge begin to spread out towards the disk component. It

can be due to an artifact of the Nbody simulations as the ’self-consistent’ approach

initially provided by the Kuijken and Dubinski (1995) models as probably, is not

suitable for galaxies that will suffer such a strong halo mass loss as the one our

galaxy experiences in our simulations. The concept of self consistency is strongly

linked to the halo that embeds the galaxy. The fact of losing the halo particles

due to the mixed effect of the tidal field together with the close encounters that

the galaxy experiences might cause the disk and bulge components to be stripped

away from their initial configuration resluting in an expansion of the disk and bulge

length relative to the initial setup.

In terms of the colors derived, the remnant galaxy is placed in the red sequence

while the initial model, i. e.,the disk galaxy to be harassed lies still in the edge of
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the blue cloud as seen in Fig (5.14).

To understand the age-metallicity relation, we plot the derived colors u − r vs

i−z that turn to be good age -metallicity tracers. The initial disk galaxy is younger

than the remnant galxy but there is no metallicity gradient as indicated in Fig.

(5.15). It would have been expected that the galaxy becomes more metal rich as it

ages but the metallicity gradient between the initial model and the remnant is not

steep meaning that there is basically no metallicity evolution in the galaxy.

We analize the effect of the harassment mechanism based in the effective radius of

the galaxy, its effective surface brightness, and the SDSS magnitudes and colors.

The galaxy has a surface brightness of when infalls in the galaxy cluster, the lumi-

nous mass loss due to the combined effect of harassment and tidal field leads to an

eventual decrease in the galaxy’s surface brightness.
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Figure 5.6: Time evolution of the galaxy embedded in the Virgo galaxy cluster field. The figure

shows the projected particle positions for the three galaxy components in N-body units (1-Nbody

length unit = 5 kpc). The left side figures show the same projection for the disk and bulge

component.
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Figure 5.7: Time evolution of the galaxy embedded in the Virgo galaxy cluster field. The figure

shows the projected particle positions for the three galaxy components in N-body units (1-Nbody

length unit = 5 kpc). The left side figures show the same projection for the disk and bulge

component.
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Figure 5.8: Time evolution of the galaxy embedded in the Virgo galaxy cluster field under the

effect of the tidal field forces and encounters with other galaxies. The figure shows the projected

particle positions for the three galaxy components in N-body units (1-Nbody length unit = 5kpc).

The left side figures show the same projection for the disk and bulge component.
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Figure 5.9: Time evolution of the galaxy embedded in the Virgo galaxy cluster field under the

effect of the tidal field forces and encounters with other galaxies. The figure shows the projected

particle positions for the three galaxy components in N-body units (1-Nbody length unit = 5kpc).

The left side figures show the same projection for the disk and bulge component.
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Figure 5.10: Galaxy remnant at the end of the simulation.
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Figure 5.11: Effective surface brightness versus effective radius. The red dots represent the

initial model and the subsequent stages after encounters have occured. The arrow points towards

the final stage (remnant galaxy). In blue: early-type galaxies. In green: late-type galaxies.
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Figure 5.12: Effective surface brightness versus SDSS-r absolute magnitude Mr. The Virgo

distance modulus is M − m = 31.09.The red dots represent the initial model and the subsequent

stages after encounters have occured. The arrow points towards the final stage (remnant galaxy).

In blue: early-type galaxies. In grren: late-type galaxies.
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Figure 5.13: Effective radius versus SDSS-r absolute magnitude Mr. The Virgo distance modulus

is M − m = 31.09. The red dots represent the initial model and the subsequent stages after

encounters have occured. The arrow points towards the final stage (remnant galaxy). In blue:

early-type galaxies. In green: late-type galaxies.
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Figure 5.14: SDDS color - magnitude diagram: g − i vs absolute magnitude Mr.The Virgo

distance modulus is M − m = 31.09. The red dots represent the initial model and the subsequent

stages after encounters have occured. The arrow points towards the final stage (remnant galaxy).

In blue: early-type galaxies. In green: late-type galaxies.



Results 127

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 0  0.1  0.2  0.3  0.4  0.5

u 
- 

r

i - z

Figure 5.15: SDDS color -color diagram: u− r vs i− z. The red dots represent the initial model

and the subsequent stages after encounters have occured. The arrow points towards the final stage

(remnant galaxy). In blue: early-type galaxies. In green: late-type galaxies





Chapter 6

Discussion

Several works have provided different clues about the origin of low-mass early-type

galaxies. It is clear that environment plays a key role on the morphological transfor-

mation of disk galaxies into early-type like. We have aimed to provide new evidence

on trying to understand how the physical mechanisms that take place in galaxy

clusters affect the morphology and the stellar structure of those galaxies that infall

into galaxy clusters. It is clear that none of these effects act independently of each

other intermixing together to cause such transformations.

As it has been mentioned, through this work, we use a direct integration Nbody

simulation code and later on we transform the output by assigning two different

stellar evolution star forming histories to the two luminous components of the simu-

lated galaxy (bulge and disk) by transforming the structural parameters that come

out from evolving the initial conditions of our simulation setup.

We have found that the the tidal field exerted by the cluster potential is the main

driver of such transformation. It is important then to compare the different ways

that several authors have used to carry out their simulations. Through this work,

some comparisons between the results obtained and the ones obtained by other au-

thors have been pointed out. Though, to enable a proper comparison in order to

distinguish their results from the ones obtained in this work, it is practical to point

out the main differences on how they have performed the simulations and the initial
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conditions of the galaxy model that later on will experience close encounters with

other galaxies.

The differences between the numerical simulations that have been carried out can

be categorized mainly by the different Nbody simulation codes used, the initial con-

ditions and the orbits that the galaxy follows within the galaxy cluster.

Probably it is easier to first look at the results obtained as starting point and

later on distinguish the differences between all the simulation setups in order to find

whether this is really an essential driver in the results.

The main question is, whether harassment really plays such a key role on driv-

ing the morphological transformation from a disk into a spheroidal shape like galaxy.

Moore et al. (1998) and Mastropietro et al. (2005) find out that galaxy harass-

ment is the main driver of such evolution as well as the work published by Aguerri

and González-Garćıa (2009). Interestingly, Smith et al. (2010) and the work carried

out in my thesis work do not find harassment as the main driver of such morpho-

logical transformation. It comes then into play, the orbital setup of all this different

works.

Moore et al. (1998), Mastropietro et al. (2005) and Smith et al. (2010) use a

tree-code SPH Nbody simulation code taking into account a gas component. We

do not have a gas component but we take into account the mass loss of the galaxy

by assuming that already lost part of its mass before falling into the cluster. We

diminish the intial mass of the galaxy by a factor of ≈ 1.5 of the initial mass taken

by Mastropietro et al. (2005).

The fact of placing the galaxy already in the galaxy cluster at small apocentric

distances from the cluster center is the most probable key to determine if harass-

ment plays or not such a big effect. The number of passages through the cluster

center and the pericentric distance are one of the determining factors that make this
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harassing effect stronger.

It is natural then to think that the closer the galaxy is and the more orbits the

galaxy completes, the stronger the harassment effect the galaxy will suffer as seen

in Mastropietro et al. (2005), who places the galaxy at small apocentric distances.

Being aware of this as referenced in their paper, Smith et al. (2010) place the galaxy

well inside the cluster and follow its evolution throu a first orbital passage. They

do not follow this evolution later on as their galaxy model is not suitable for long

evolutionaryy times as their model depends on the galaxy cluster mass which varies

through time.

Knowing the strong effect that harassment has with these setups, we explore a

similar scenario as we intend to investigate the extreme harassment effect that a

galaxy embedded in a galaxy cluster can suffer as it was already mentioned in the

results chapter.

Smith et al. (2010) describe in a very detailed way, how the eccentricity of the

orbit that the galaxy follows is essential for this evolution. The closer the galaxy is

to the pericenter and the less eccentric it is, the stronger the effect will be. This is

due to the fact that the galaxy follows an orbit where the galaxy number density is

higher and so the probability of having an encounter increases plus the fact that if

the orbit is less eccentric, it will take more time to the galaxy to leave the pericenter.

In reality, when a galaxy infalls in a galaxy cluster, it follows a radial orbit be-

ginning its passage well outside the virial radius of the cluster.

One can conclude then, that simulations that place the galaxy within the cluster

at small apocentric distances will be more harassed, also because the orbital period

is smaller making the galaxy complete several orbits accentuating the harassment

effect.

What concerns the initial conditions setup might also play a role in the results
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that come out from the simulations. While we model a three-component galaxy as

well as Aguerri and González-Garćıa (2009), the above mentioned authors have a

different initial conditions setup. They model the disk luminous component without

taking into account the effect of the bulge.

Dynamically, the bulge component contributes to the galaxy’s motion what as

first sight it is noticeable when computing the circular velocity of the galaxy. It

should be expected then, that the dynamics of the galaxy might variate somehow

even if we cannot really quantify this variation as we did never follow the time

evolution of a pure disk galaxy in our simulations. From the stellar population per-

spective, it has been shown that the stellar population of bulges do play a role in

the stellar parameters derived from the photometry analysis of a galaxy, thus, being

a more realistic approach.



Conclusions

We have found that the main driver for transforming disk galaxies into dE’s is the

tidal stripping due to the tidal field cluster potential.

This effect is able to strip the halo component and thicken the disks of in-

falling galaxies into galaxy clusters. Encounters with other galaxies make this effect

stronger though we haven’t found this mechanism to be the main driver of such

mass loss and change in morphology.

It would be necessary to perform galaxy simulations with other initial condi-

tions such as the bulge density to see whether this effect gets stronger depending

on the bulge structure of the galaxy. So far, we have performed the harassment

simulations with a bulge that is not compact as we try to reproduce an Sc like

galaxy. Still, it would be interesting to vary the bulge density in order to account

for differences in the morphological structure of the galaxy when harassment occurs.

The halo mass should be increased also to test the recent results obtained by

Moster et al. 2010 whose work concludes that galaxies are embedded in dark matter

halos that are a factor of 10 more massive than the galaxy dark matter halo used in

this simulation.

From the N-body simulation perspective, it would be necessary to increase the

number of particles in order to have a better resolution in the components of the

galaxy model. Probably increasing the number of particles by a factor of 10 would
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help to resolve better the effects in the structure of the modeled galaxy. In this

respect, it is also an advantage to have access to the GPU cluster hosted at NAOC

in Beijing, China which power would let us run in a near future simulations with

higher number of particles in the order of 106.

Moreover, it would be necessary to obtain the stellar evolution parameters di-

rectly form the Nbody6 GPU code. In the near future it is planned to modify the

pre-existing routines already enabled in the Nbody6 GPU code to be suitable for

working in these galaxy evolution framework instead of using the stellar evolution

approach that we have used in this work using stellar evolution models of GALEV.
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