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Ursprung und Eigenshaften elliptisher Galaxien im hierarhishen Universum

In dieser Arbeit wurde die Entstehung elliptisher Galaxien durh die Vershmelzung von Galaxien

von drei vershiedenen Standpunkten aus untersuht. Zum einen wurde gezeigt, dass die beobahtete

H�au�gkeit von Galaxienvershmelzung im Einklang mit theoretishen Vorhersagen des Standard-Cold-

Dark-Matter-Modells ist. Zum anderen wurden die in numerishen Simulation verwendeten Anfangs-

bedingungen f�ur die Vershmelzung zweier Galaxien �uberpr�uft. Es zeigt sih, dass die Anfangsbe-

dingungen welhe aus kosmologishen Simulationen extrahiert werden im Einklang mit den �ubliher-

weise verwendeten stehen, aber nur einen kleinen Teil des m�oglihen Parameterraumes abdeken.

Lediglih der Perihelabstand wird in Vershmelzungssimulationen systematish kleiner gew�ahlt als es

kosmologishe Simulationen vorhersagen. Die Morphologie der Vershmelzungspartner, modelliert mit

semi-analytishen Methoden, korelliert mit der Leuhtkraft der entstehenden elliptishen Galaxie. El-

liptishe Galaxien mit M

B

. �21 sind haupts�ahlih durh die Vershmelzung zweier Galaxien mit

dominanter sph�aroidaler Komponente entstanden, wohingegen elliptishe Galaxien mit M

B

� �20

ihren Ursprung in der Vershmelzung einer sph�aroidal-dominierten und einer sheiben-dominierten

Galaxie haben. Lediglih leuhtshwahe Ellipsen mit M

B

& �18 werden haupts�ahlih durh die

Vershmelzung zweier sheiben-dominierter Galaxien erzeugt. Dieses Resultat ist im Widerspruh

zum Standardmodell nah dem alle Ellipsen durh die Vershmelzung von Spiralen entstehen. Weit-

erhin benutzen wir Resultate detaillierter numerisher Simulationen in einem semi-anlytishen Modell

f�ur die Entstehung von Galaxien und testen, ob modellierte Vorhersagen in

�

Ubereinstimmung mit

beobahteten sind. Unter der Annahme, dass die Isophotenform elliptisher Galaxien lediglih von

dem Massenverh�altnis der vershmelzenden Galaxien abh�angt, wie es dissipationslose numerishe Sim-

ulation vershmelzender Galaxien andeuten, kann die beobahtete Korrelation zwishen Leuhtkraft

und Isophotenform elliptisher Galaxien niht reproduziert werden. Lediglih die Annahme, dass

die Vershmelzung zweier sph�aroidaldominierter Galaxien zu einer elliptishen Galaxie mit "boxy"

Isophoten f�uhrt erm�ogliht es den beobahteten Trend zu reproduzieren. Ber�uksihtigung des Ein-

usses zweier vershmelzender shwarzer L�oher auf die stellare Dihteverteilung im Zentrum einer

Galaxie, wie es numerishe Simulationen vorhersagen, f�uhrt dazu, dass die beobahtete Korrelation

zwishen Massende�zit und shwarzer Lohmasse reproduziert werden kann.

Origin and Properties of Elliptial Galaxies in a Hierarhial Universe

The formation of elliptial galaxies by merging galaxies has been investigated adopting three di�erent

paths. First, we on�rm that the frequeny of major merger events predited by hierarhial models is

in fair agreement with observations. Seond, the generally assumed initial onditions used in numerial

simulations of merging galaxies were tested. Orbital parameters of the merging galaxies are derived

self-onsistently from large sale N-body simulations, showing that the ommonly used parameters

are in agreement, but resemble just a small fration of the possible parameter spae. Most of the

mergers are taking plae on paraboli orbits with perienter distanes larger than generally assumed

in simulations. Using semi-analytial modeling tehniques, the morphology of progenitors is found

to be dependent on the luminosity of the present-day elliptial. One an distinguish three di�erent

regions: elliptials with M

B

. �21 are mainly formed by a merger of two bulge-dominated galaxies,

while elliptials with M

B

� �20 are mainly the result of a disk-dominated galaxy merging with

a bulge-dominated galaxy. Only low luminous elliptials with M

B

& �18 are the produt of disk

galaxies merging, as usually assumed in merger simulations. The third path is to implement results of

detailed numerial simulations into a semi-analyti models of galaxy formation model and to ompare

global preditions for elliptials with observations. The dependene of the isophotal shape of an

elliptial on the mass ratio of the last major merger, as suggested by dissipationless simulations, fails

in reproduing the observed orrelation between isophotal shape and mass of an elliptial. Only the

assumption that all major mergers between elliptial galaxies lead to boxy elliptials allows to reover

the observed trend. Inluding the e�ets of binary blak hole merging in the enters of the remnants,

it is possible to reover the observed ore mass de�it-blak hole mass relation.
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Myself when young did eagerly frequent

Dotor and Saint, and heard great argument

About it and about: but evermore

Came out by the same door as in I went

translation by E. Fitzgerald

Cosmology and the study of galaxy evolution entered a new era in this deade. The om-

pletion of the 2 degree Field survey (2dF) (e.g. Folkes et al., 1999) and the beginning of the

Sloan Digital Sky Survey (SDSS)(e.g. Norberg et al., 2002) just mark two surveys whih har-

aterize this new era. Homogenous samples with more than ten thousands of galaxies allow

us to address issues in galaxy evolution and osmology. Complementary to these studies are

detailed observations of entral properties of galaxies with the Hubble Spae Telesope (HST)

or the Spetrosopi Areal Unit for Researh on Optial Nebulae (SAURON) (e.g. de Zeeuw

et al., 2002). These observations reveal distint kinematial and photometri properties whih

are relis of the formation of these galaxies (Davies et al., 2001). A self-onsistent theory de-

sribing the formation of elliptial galaxies must provide both, a natural way of reproduing

the evolution seen in large surveys and the struture observed in the enters. There is grow-

ing evidene that these ore properties orrelate with super massive blak holes (SMBHs) at

the enters of the galaxies (e.g. Gebhardt et al., 2000; Ferrarese & Merritt, 2000), whih is

one motivation to understand the formation of SMBHs within the ontext of galaxy formation.

Early attempts to ategorize galaxies into an evolutionary sequene, the Hubble-sequene,

were done by Hubble (1936). Later on it beame lear that the so-alled Hubble-sequene

is not an evolutionary sequene. More detailed observation of galaxies even led to a revised

version of the Hubble-sequene as e.g. proposed by Kormendy & Bender (1996) (�g. 1.1).

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: The revised Hubble-sequene as proposed by Kormendy & Bender (1996)

For a long time elliptial galaxies, or early-type galaxies as they are alled in the Hubble-

sequene, were believed to be old, dynamially relaxed stellar systems whih formed in a

monolithi ollapse at high redshift. Toomre & Toomre (1972) presented an alternative se-

nario for the origin of elliptial galaxies. They proposed that the merger of two dynamially

old disk galaxies leads to the formation of a dynamially hot elliptial galaxy. Interations

between galaxies is a harateristi feature predited by the hierarhial paradigm of stru-

ture formation whih makes the "merger hypothesis" very attrative in these kind of models.

Interating galaxies in the nearby universe like e.g. the "Antennae" galaxies (NGC 4038/39)

(�g. 1.2) serve as a useful test of the "merger hypothesis", as they an be ompared to nu-

merial studies of interating galaxies (e.g. Toomre & Toomre, 1972; Barnes, 1988).

The Antennae galaxies, as a ase study, show several sites of intense star formation in the

nulear region and the tidal arms. The most intense star formation takes plae in an o�-

nuleus region where the two disks overlap (Mirabel et al., 1998). This starburst region is

heavily obsured by dust and an therefore not be observed at optial wavelengths but at

infrared wavelengths (5 � 500�m). Additionally, X-rays are emitted from hot gas bubbles

whih were heated by supernovae in starburst regions. The infrared luminosity of the An-

tennae L

ir

� 10

11

L

�

is �ve times its optial luminosity. These kind of objets are lassi�ed

as luminous infrared galaxies (LIRGs). At luminosities L

bol

� 10

11

, LIRGs are the domi-

nant population of galaxies in the loal universe (Sanders & Mirabel, 1996). At even higher

luminosities, L

ir

� 10

12

L

�

, the galaxies show signs of being very gas and dust-rih interat-

ing systems. At these luminosities the systems are labeled ultra-luminous infrared galaxies

(ULIRGs). About 7% of ULIRGs show no signs of interation and are fully relaxed, while

� 22% already ompleted their merger ,and � 50% are in the proess of merging sine both

nulei an be identi�ed (Rigopoulou et al., 1999). The question whether ULIRGs are ellipti-

als in formation is still subjet to disussion, beause the average stellar population of these

galaxies will be younger than 5� 10 Gyrs, whih is the average age of present-day elliptials.

However, ULIRGs are the best analogues to disturbed galaxies at high redshifts regarding

their morphology and star formation rate (Hibbard & Vaa, 1997). Furthermore the entral

veloity dispersion of ULIRGs is omparable to those of elliptial galaxies (Genzel et al., 2001).

In this thesis we follow three di�erent paths to investigate the merger senario for the for-
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mation of elliptial galaxies. First of all we investigate whether merging is ourring at the

same frequeny in models and the real universe. As a seond step we hek if the merging

onditions assumed in numerial simulations are in agreement with the hierarhial merging

paradigm. The third step will be to use the results of numerial simulation and try to repro-

due observations in the ontext of a semi-analyti galaxy formation sheme.

We strutured the thesis as follows: hapter 2 gives a short general introdution on properties

of elliptial galaxies, followed by an introdution to the semi-analyti modeling tehniques

applied (hapter 3). We investigate the merger fration of galaxies in hapter 4 and derive

self-onsistent initial onditions for the orbital parameters of mergers in hapter 5 and the

morphology of progenitors in hapter 6. In the hapters 7 and 8 we apply results from

simulations and try to model observed isophotal and ore properties of elliptial galaxies.

Finally hapters 9 & 10 present the disussion of the results obtained in this thesis and an

outlook.



4 CHAPTER 1. INTRODUCTION

Figure 1.2: The Antennae seen in di�erent bands. Upper panel: Antennae in the optial. The

upper right shows the extended tidal tails, typial for interating galaxies. The entral region

as seen by the HST exhibits bright spots of newly born stars and the two distint nulei.

The infrared emission measured by the Infrared Spae Observatory (ISO) is indiated by the

ontour lines. The strongest emission omes from an obsured interation region onneting

the two nulei (Mirabel et al., 1998). Lower panel: The X-ray view of the Antennae galaxies

measured by Chandra (Fabiano et al., 2000, Astronomy Piture of the Day (APOD), August

18). Single point soures (blak hole andidates and neutron stars) are surrounded by X-ray

emitting gas heated by supernova explosions.



Chapter 2

Elliptial galaxies

In this hapter we review briey some of the general observational properties of elliptial

galaxies. More detailed properties, like the isophotal shape and the ore properties are dis-

ussed in hapters 7 & 8.

Observations of elliptial galaxies reveal that they seem to follow a universal surfae brightness

distribution (de Vauouleurs, 1948)

I(r) = I

eff

10

�3:33[(r=r

eff

)

1=4

�1℄

(2.1)

= I

eff

exp(�7:67[(r=r

eff

)

1=4

� 1℄) (2.2)

with the sale length r

eff

being the e�etive radius and the fator of 3.33 in 2.2 is hosen suh

that half of the light of the galaxy is emitted inside r

eff

, assuming spherial symmetry for

the galaxy image. I

eff

is the surfae brightness at r = r

eff

(Binney & Merri�eld, 1998). For

a long time the only parameter used to lassify elliptial galaxies was their elliptiity. The

type of elliptials are denoted by En with n depending on the ratio of major to minor axis,

a=b, by

n = 10�

�

1�

a

b

�

: (2.3)

Types range from nearly round E0 to elongated E6 elliptials. No elliptial galaxy more

elongated than E7 is found.

Dressler (1980) found a remarkable relation between the density of an environment and the

fration of elliptials and S0 galaxies in it. With inreasing density the fration of elliptials

and S0s inreases (see also Whitmore & Gilmore, 1991). It was argued by some authors that

the fundamental relationship is not a density-morphology relation, but a distane from the

luster enter-morphology relation (Melnik & Sargent, 1977; Whitmore et al., 1993). Latter

relationship got support from a study by Sanroma & Salvador-Sole (1990), who showed that

the radial variations in luster properties are preserved if one smooths out the substruture

of a luster.

Elliptial galaxies are found to follow the Fundamental Plane (FP), a two-dimensional mani-

fold in the three dimensional parameter spae of the global e�etive radius r

eff

, mean e�e-

tive surfae brightness h�i

eff

, and entral veloity dispersion �

0

(Djorgovski & Davis, 1987;

5



6 CHAPTER 2. ELLIPTICAL GALAXIES

Dressler et al., 1987; Kelson et al., 1997) . The fundamental plane an be represented by

following oordinate system (Bender et al., 1992):

�

1

� (log �

2

0

+ log r

eff

)=

p

2; (2.4)

�

2

� (log �

2

0

+ 2 log �

eff

� log r

eff

)=

p

3 (2.5)

�

3

� (log �

2

0

� log �

eff

� log r

eff

)=

p

6: (2.6)

If one de�nes the luminosity L and the massM of an observed galaxy by L = 

1

�

eff

r

2

eff

and

M = 

2

�

2

0

r

eff

with 

1

and 

2

being struture onstants, the e�etive radius an be written

as r

eff

= (

1

=

2

)(M=L)

�1

�

2

0

�

�1

eff

, whih leads to

�

1

/ log(M) (2.7)

�

2

/ log(M=L)�

3

eff

(2.8)

�

3

/ log(M=L): (2.9)

As a onsequene it is possible to represent the FP edge-on, plotting �

3

vs �

1

whih is M=L

vs M . The fundamental plane in the visible and in the infrared is shown in �g. 2.1. The

fundamental plane is found to be independent of environment (Jorgensen et al., 1996) and

has a slightly di�erent slope in the infrared ompared to the optial (Figure 2.1; Mobasher

et al., 1999). The biparametri nature of elliptial galaxies is most probably a onsequene

of the virial theorem and the fat that elliptials have an almost homologous struture with

a small and ontinuous variation of the mass-to-light ratios at a given luminosity (Bender

et al., 1992; Pahre et al., 1998)

Figure 2.1: Left: The fundamental Plane at visible wavelengths for Virgo and Coma elliptials

(Bender et al., 1992). Right: Tilt of the optial (M=L)

V

/M

0:23

and near-infrared (M=L)

K

/

M

0:18

FP for Coma elliptials (Mobasher et al., 1999).



Chapter 3

Semi-analytial modeling of galaxy

formation

Our understanding of galaxy formation and evolution is based on our knowledge of physial

proesses and their interplay during the formation and evolution of galaxies. One ombined

in a self-onsistent manner, it is possible to test models by detailed omparisons with ob-

servations. One very suessful approah has been semi-analytial modeling, pioneered by

White & Rees (1978),Cole (1991), Laey & Silk (1991) and White & Frenk (1991, WF91);

and developed further by Kau�mann et al. (e.g. 1999, K99), Somerville & Primak (1999,

SP99), Cole et al. (2000) and Springel et al. (2001).

In what follows, the main ingredients of the semi-analyti model we apply and their inter-

play are desribed (see �g. 3.1): the osmologial bakground model, the evolution of the

dark matter omponent, ooling of gas, star formation, feedbak by supernovae, photometri

properties of the stars, and galaxy mergers.

Galaxy Properties

cosmology
§3.1

dark matter
merging trees

§3.2

gas cooling
§3.3

SN feedback 
§3.6

star formation
§3.4

stellar population 
§3.5

dynamical friction
§3.7

Figure 3.1: Flow hart inluding the model ingredients needed to make galaxies.
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8 CHAPTER 3. SEMI-ANALYTICAL MODELING OF GALAXY FORMATION

3.1 Cosmologial bakground model

A thorough omparison between observed and modeled galaxies requires an implementation

of a galaxy formation sheme into a osmologial model. Many observational quantities, like

e.g. the redshift-lookbak time onnetion, or the distane modulus depend on the spei�

hoie of osmologial model. Another quantity highly osmology-dependent is the evolution

of struture. Therefore it is important to �rst onsider a osmologial model and try to adjust

the free parameters of this model, the so-alled osmologial parameters, to math observa-

tions.

After the epoh of ination in the very early stages of the universe the dominant fore on

large sales was and still is gravitation. The most suessful theory of gravitation to date is

the theory of general relativity (GR; Einstein, 1916). As a onsequene, any model desribing

the evolution of the universe as a whole should be embedded in GR. The starting point of a

derivation of a osmologial model is the Einstein �eld equation, with two additional ondi-

tions regarding the distribution and behavior of matter oupying the universe (e.g. Misner

et al., 1973). The �rst is the osmologial priniple, stating the universe is homogeneous

and isotropi leading to the Robertson-Walker line element. This symmetry ondition on the

matter distribution reets the belief that our loal neighborhood is a rather typial region

of the universe. Observations indeed suggest the universe to be homogeneous on large sales

(e.g. SDSS; 2DF) and justify this assumption regarding the large sale behavior of the uni-

verse. The seond ondition is Weyl's postulate, whih states that the world lines of partiles

in spae-time only ross at a singular point, like the Big Bang or the Big Crunh. This as-

sumption allows one to treat the partiles like a perfet uid. When talking about partiles

in this ontext, one has to think of a uid omposed of partiles suh as galaxies or even

bigger strutures. To �rst order the peuliar veloities of galaxies are smaller than the overall

expansion of the universe justifying the assumption. Another simpli�ation, needed to derive

the osmologial model, is to neglet pressure ontributed from matter. In this ase, the

model is alled a dust model of the universe. Taking into aount an additional omponent

of relativisti partiles, i.e. radiation and massless neutrinos, the Friedmann equation for the

evolution of the universe an be derived:

H

2

(t) =

8

3

�G

�

�

0

a

3

(t)

+

�

R;0

a

4

(t)

�

+

�

3

+

K

a

2

(t)

; (3.1)

where the sale fator a(t) makes the onnetion between omoving sale r and physial sale

x by r(t) = a(t)x and is an inreasing funtion of time with a(t

0

) � 1. Here, and in what

follows, the present-day values of quantities have indies 0. The sale fator a is related to

the redshift z by a = 1=(1+ z). The di�erential equation eq. 3.1 shows the dependene of the

Hubble parameterH(t) = _a(t)=a(t), whih is the rate of expansion the universe is experiening

at a given sale fator, on the energy densities of matter �

m

(t) = �

0

a

�3

(t), relativisti partiles

�

R

(t) = �

R;0

a

�4

(t), dark energy �

�

= (8�G)

�1

� and the spatial geometry of the universe

expressed in terms of the onstant K. Sometimes it is more useful to express energy densities

� in terms of the ritial density �

rit

(t) = (8�G)=(3H

2

(t)), whih is the density of a spatially

at (K = 0) universe with no ontribution from dark energy (� = 0). If one de�nes the

density parameter as


 �

�

�

rit

; (3.2)



3.1. COSMOLOGICAL BACKGROUND MODEL 9

eq. 3.1 beomes very ompat:

1 = 


m

+


R

+


�

+


K

: (3.3)

From eq. 3.3 it is lear that all needed to pin down the osmologial model are the density

parameters 
 of the di�erent omponents.

Independent measurements of these density parameters are a major hallenge of observational

osmology.

- 


K

:

One of the most powerful tools of modern observational osmology is the osmi mi-

rowave bakground (CMB). This reli radiation was emitted at the epoh of atomi

reombination, when the universe beame optially thin. From the observed power

spetrum of temperature anisotropies in the CMB, it is possible to draw several onlu-

sions regarding the osmologial parameters. Espeially important is the angular sale

at whih the �rst aousti peak appears. Potential wells aused by density utuations

in dark matter drag the hot gas onsisting of baryons and photons until they rebound

due to the pressure of the gas. A series of suh aousti osillations takes plae before

the epoh of reombination when they stop. The largest density utuation at reom-

bination is found on the sale whih had time to proeed to maximum ollapse, but not

to rebound. This sale is alled the sound horizon, the largest sale sound waves ould

travel from the beginning of the universe till the epoh of reombination. The physial

sale of the sound horizon at reombination only weakly depends on the osmologial

model, and therefore observed deviations from the theoretial predited size must be

due to the urvature of spae. Balloon-based experiments measured the position of the

�rst aousti peak, �nding that it is around a multipole moment of l � 200 (Lee et al.,

2001; Netter�eld et al., 2002), orresponding to angular size at the sky of � � �=l = 0:9

radians. This is about the position expeted for a spatially at universe with 


K

= 0.

For 


K

= 0 eq. 3.3 states that 


m

+ 


R

+ 


�

is onstant for all times, meaning one only

needs to evaluate the present-day values of the density parameters to determine the state of

the universe at any arbitrary time.

- H

0

:

The ritial density �

rit;0

is sensitive to the loal Hubble parameter H

0

, measured using

objets with known variable or periodi light urves, like Cepheids or supernovae type

Ia. These studies �nd H

0

= 65�10 km se

�1

Mp

�1

(Freedman et al., 1999; Tammann,

1999) or more reently H

0

= 72 � 10 km se

�1

Mp

�1

(Freedman et al., 2001). It is

ustomary to de�ne the parameter h = H

0

=(100 km se

�1

Mp

�1

) and to present values

of density parameters 
 with an expliit dependene on h

�2

.

- 


R;0

:

The energy density of photons in the universe is dominated by photons in the CMB. The

preise measurement of the CMB temperature oupled with the fat that the energy of

the photons follows a Plank-distribution allows one to determine the energy density

of photons today 


;0

= 2:58 � 10

�5

h

�2

. In addition to photons massless neutrinos
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ontribute to the energy density of relativisti partiles. Unfortunately suessful mea-

surements on neutrinos are still rare and not yet onlusive. Therfore one must rely

on preditions made by partile physis. In the ase of 3 massless neutrino speies the

energy density of relativisti partiles beomes 


R;0

= 4:17 � 10

�5

h

�2

.

- 


m;0

:

Several methods have been applied in the past to measure the matter density in the

universe. One is the baryon fration method, whih assumes that the fration of baryoni

to total mass in lusters is the universal average. Detailed nuleosynthesis alulations

based on the osmi abundane of helium and deuterium �nd 


b;0

= 0:045 � 0:0025

(Walker et al., 1991; Burles & Tytler, 1998; Shramm & Turner, 1998). In ombination

with the fration of baryoni to total mass found in lusters 


b;0

=


m;0

� 0:15 (White

et al., 1993; White & Fabian, 1995) the matter density beomes 


m;0

� 


0

= 0:3� 0:1.

This result illustrates niely that the dominant omponent in the universe is dark and

non-baryoni.

- 


�;0

:

In priniple the missing omponent 


�

an now be alulated using the estimates for

the other 
s and eq. 3.3. Nevertheless it is better to rely on a independent method, e.g.,

the measure of osmi de/aeleration using distant type Ia supernovae. Indeed these

observation on�rm the presene of an aeleration of the universe with 


�

= 0:75�0:1

(Riess et al., 1998; Perlmutter et al., 1999).

However, the nature of the dark energy omponent is still not understood ompletely. In eq.

3.1 dark energy has been assumed to be a osmologial onstant, a vauum energy, whih has

negative pressure, is onstant, and is spatially homogenous. A more general approah to dark

energy are quintessene models (e.g. Wetterih, 1995; Caldwell et al., 1998). These models

try to explain in a self-onsistent way, why the dark energy omponent in the universe is

today of the order of the matter density. In the ase of a osmologial onstant this requires

"�ne tuning". In ontrast the dark energy in quintessene models is desribed by a salar

�eld �, whose origin lies in high energy physis and is still speulative. The energy density

and pressure of the quintessene omponent are given by the salar �eld � as

�

Q

=

1

2

_

�

2

+ V (�) and p

Q

=

1

2

_

�

2

� V (�): (3.4)

In the literature di�erent hoies for the potential V (�), ranging from exponential to power

law behaviors, have been studied (Ferreira & Joye, 1998, and referene therein) . A partiular

straight forward hoie are models in whih a onstant equation of state (Caldwell et al., 1998)

is de�ned via:

! =

p

Q

�

Q

: (3.5)

The dark energy sales now as:

�

Q

= �

Q;0

a

�3(!+1)

: (3.6)



3.1. COSMOLOGICAL BACKGROUND MODEL 11

0

0.2

0.4

0.6

0.8

1

Ω
Ωm
ΩQ

Ω
γ

0

0.2

0.4

0.6

0.8

Ω

-8 -6 -4 -2 0
log(a)

0

0.2

0.4

0.6

0.8

Ω

Λ-model                   ω=-1

const. Q-essence model

non const. Q-essence model

ω=-2/3

ω(t)

Figure 3.2: The evolution of the density parameters 
 with sale fator a for three di�erent

dark energy models whih are in agreement with observations.

For the ase of a osmologial onstant the equation of state parameter ! = �1. Observational

onstraints are in agreement with models using �1 � ! � �1=3 (Wang & Steinhardt, 1998).

Nevertheless a major problem faing observations trying to determine the equation of state

is the degeneray between the equation of state and the dependene on other osmologial

parameters. Therefore, a �nal veri�ation of ! is still missing. In the more general models

were ! is time dependent (e.g. Doran et al., 2001) a given density an be related to more

than one pressure whih makes the equation of state of the dark energy omponent somewhat

ambiguous. To get the appropriate Friedmann equation for a quintessene model only 


�

in

eq. 3.3 must be replaed by 


Q

. In �g. 3.2 we show three osmologial models for di�erent

behavior of dark energy, whih are all in onordane with observations. The lassial �CDM

model with ! = �1, a QCDM model with ! = �2=3 and a QCDM model with time dependent

!(t) as proposed by Wetterih (2002). The nie feature of this model is that it needs "�ne

tuning" only on a perent level, and that it shows a late time evolution similar to a model

with osmologial onstant. As an be seen the di�erenes between these models are marginal

and are therefore not suited to distinguish between them.

A ompilation of osmi parameters we adopt throughout this work are shown in table 3.1.

Very reently, in fat during the writing of this thesis, the �rst results from the Wilkinson

Mirowave Anisotropy Probe (WMAP) satellite mission were published (Spergel et al., 2003).

The osmi parameters estimated from the WMAP data are also shown in table 3.1. The

di�erenes in most of the osmologial parameters do not have any signi�ant impat on the

results presented in this work. The inuene of the baryon fration on the results will be

disussed in x2.3.
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used parameter WMAP

h 0:65 0:71




tot

1 1:02




0

0:3 0:27




b;0

=


0

0:1 0:16




�

0:7 0:75

! �1 < �0:78

Table 3.1: Cosmi parameters used in the model alulations ompared to reent WMAP

estimates (Spergel et al., 2003).

3.2 Evolution of dark matter perturbations

As seen in the last setion, dark matter is the dominant form of matter in the universe.

A partiular feature of dark matter is that it only interats through gravitation with the

baryons and photons in the universe. The impliation for struture formation is that dark

matter utuations an grow, in ontrast to baryoni utuations, already long before the

epoh of reombination. Thus later on, the baryons are dragged into the potential wells

reated by the dark matter. Therefore, it is very essential for galaxy formation to follow

the gravitational lustering of dark matter. There are several approahes to do so,e.g., using

tree-odes (e.g. Barnes & Hut, 1986), partile-mesh odes (e.g. Knebe et al., 2001) or speial-

purpose hardware devies as GRAPE boards (Makino, 2002). In this work we follow an

alternative approah �rst introdued by Press & Shehter (1974, PS74). The advantage of

this method is that the omputational ost is muh less than that needed for other numerial

methods . The agreement between the so-alled Press-Shehter (PS) like approahes to the

N-body simulations has been tested extensively and found to be in good agreement (e.g.

Somerville & Kolatt, 1999). Of ourse there is a prie to pay: in the PS approah, there is no

dynamial information regarding the dark matter partiles. In the following the ingredients

of the PS approah and the extended Press-Shehter (EPS) approah will be presented.

3.2.1 Power spetrum of density utuations

Struture evolves from small density utuations whih were produed on quantum sales

and boosted to large sales during the period of ination. The density �eld an be desribed

in terms of the density ontrast:

Æ(x) =

�(x) � �

�

(3.7)

where � is the average density of the bakground. Smoothing the periodi density �eld with

a spherial symmetri �lter funtion W

V

and applying a Fourier transformation leads to:

Æ

V

(x) =

1

(2�)

3

Z

^

Æ(k)

^

W

V

(k) exp({kx)d

3

k: (3.8)

Fourier transformed variables are denoted with hat. The theory of ination predits Gaussian

perturbations whih are haraterized by modes

^

Æ(k) with no orrelation, meaning random
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phases �

k

:

^

Æ(k) = j

^

Æ(k)j exp({�

k

): (3.9)

Additionally, Gaussian �elds have the property of being isotropi with:

^

Æ(k) =

^

Æ(k): (3.10)

The mean-square utuation, the variane, per unit volume of the smoothed �eld an be

readily alulated from eq. 3.8 and above onditions on Gaussian �elds:

�

2

(V ) = hÆ

2

V

(x)i =

1

2�

2

Z

^

W

2

V

(k)P (k)k

2

dk; (3.11)

with:

P (k) = j

^

Æ(k)j; (3.12)

as the power spetrum. Eq. 3.11 illustrates a very nie feature of Gaussian random �elds. All

needed to haraterize them is the power spetrum P (k). Fig. 3.3 illustrate the meaning of a

Gaussian �eld. The partiles shown are a 2-dimensional projetion of the real 3-dimensional

partile realization of a Gaussian random �eld in a ube using the publily available ode

GRAPHICS by Bertshinger (2001). Imagine throwing spheres of volume V randomly into the

ube and averaging the density inside the sphere. This will result in a density distribution:

p(Æ)dÆ =

1

p

2��(V )

exp(�

Æ

2

2�

2

(V )

)dÆ; (3.13)

whih is Gaussian. Again the dependene on the power spetrum through the variane is

obvious. Averaging the density in the sphere orresponds to a top hat window funtion in

real spae:

W

V

= �(R� r)(4�R

3

=3)

�1

; (3.14)

where � is the Heaviside step funtion, and in k-spae:

^

W

V

=

3[sin(kR)� kR os(kr)℄

(kR)

3

: (3.15)

Ination produes a sale free spetrum of utuations of Harrison-Zeldovi form:

P

inf

(k) / k

n

with n = 1: (3.16)

The power spetrum does not stay sale free, but will hange its form due to di�erent growth

of utuations on di�erent sales. Usually a transfer funtion T (k) is de�ned whih relates

the initial power spetrum to the �nal spetrum by:

P (k) = P

inf

(k)T

2

(k): (3.17)

The shape of the proessed power spetrum an be qualitatively understood onsidering

the growth of utuation on di�erent sales. During the epoh of radiation dominane,

utuations on sales larger than the partile horizon (the distane light would have traveled
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V

Figure 3.3: Realization of a Gaussian random �eld in a periodi box using GRAPHICS

(Bertshinger, 2001). The �gure illustrates throwing a sphere of volume V randomly into

the �eld.

sine the Big Bang), grow aording to linear theory with � a

2

and stay nearly onstant

when they are inside the horizon. Therefore the amplitude of modes entering the horizon

later is bigger. From the epoh of radiation domination onwards, super-horizon modes grow

similarly to sub-horizon modes in the linear regime, and the power spetrum beomes more or

less at. The exat alulations of the transfer funtion involve Boltzmann equations for all

the di�erent partile speies available and the Einstein equation. This set of equations an be

solved numerially as, e.g., done in the publi ode CMBFAST by Seljak & Zaldarriaga (1996).

In �g. 3.4 we present the variane �

2

alulated using eq. 3.11 and the appropriate old dark

matter power spetrum. The shape of the power spetrum an be derived numerially, but

the normalization has to be tuned to observations like the temperature anisotropies measured

on very large sales by the Cosmi Bakground Explorer (COBE) satellite, or �

8

, whih is

the variane in a sphere of radius r = 8h

�1

Mp. We normalize to �

8

= 0:9. Table 3.2 lists

the model parameters used and the latest values from WMAP (Spergel et al., 2003).

used parameter WMAP

n 1 0.99

�

8

0.9 0.84

Table 3.2: Power spetrum parameters used and measured by WMAP (Spergel et al., 2003)
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Figure 3.4: The variane alulated using eq. 3.11 and the power spetrum of old dark

matter utuations.

3.2.2 Linear theory

The most self onsistent way to follow the evolution of the density utuations presented in

the last setion is to use numerial N-body methods. However, it is possible to aess this

problem also from an analyti perspetive based on the linear theory of perturbation growth.

A perturbation in the beginning of its evolution has a growing density ontrast Æ beause it

is expanding more slowly than the surrounding bakground. As long as Æ � 1 the evolution

an be desribed by:

�

Æ + 2

_a

a

_

Æ = 4�G�

m

Æ: (3.18)

This is the linear perturbation equation for the evolution of small perturbations. The dark

energy density does not play a role in lustering on sales of less than 100 Mp and only e�ets

the evolution of the sale fator a with time, why it is not ontributing in eq. 3.18 (Wang &

Steinhardt, 1998). In general, eq. 3.18 predits both a growing and a dereasing amplitude.

Following Heath (1977) and Carroll et al. (1992) an expliit solution for the growing mode is:

g(a) � �(a) =

5


m

2a

da

dt

Z

a

0

�

da

0

dt

�

�3

da

0

: (3.19)

This expression is normalized to give �(a) = a for the ase of an EdS universe. To get the real

density ontrast of a perturbation one needs to apply the growth fator g(a) in the following

way:

Æ(a

2

) =

g(a

2

)

g(a

1

)

Æ(a

1

) (3.20)
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Figure 3.5: Evolution of density perturbations whih will be Æ = 1 at z = 0 in models




m

= 0:3,


D

= 0:7, h = 0:65 and dark energy equation of state parameter ! = �1 and �2=3.

In �gure 3.5, the evolution of perturbations with Æ(1) = 1 in two dark energy models are

shown. Perturbations in the model with ! = �2=3 grow more slowly than in the model

with ! = �1, and must therefore have been larger at the same redshift. One method to

investigate osmologial parameters is by the ount of lusters (e.g. De Propris et al., 2002).

In models where struture grows slower one expets to �nd more lusters at high redshifts

than in models with strong growth.

3.2.3 Spherial ollapse model

In the simplest ase of a spherially symmetri uniformly overdense region, analyti expres-

sions an be derived for a ollapse to a bound dark matter halo. Birkho�'s theorem states

that the evolution of the spherial overdense region an be treated as if it were an isolated

universe of its own desribed by eq. 3.1. The sale fator in eq. 3.1 orresponds to the

radius of the sphere, and it is possible to alulate the point of maximum radius r

ta

before

the sphere starts ollapsing to a singularity. From symmetry arguments, the time to ollapse

orresponds to twie the time taken for the perturbation to reah the turn-around point. To

make the onnetion with the bakground model in whih the overdensity is embedded, one

needs to synhronize the radius of the sphere to the sale fator of the bakground model (e.g.

SP99). A perturbation does not really ollapse to a singularity, but instead gets virialized

beause shell rossing ours and stops the ollapse when the virial radius r

vir

is reahed.

The virial radius an be alulated using the virial theorem with an additional term for the

potential energy due to dark energy. At the turn-around point the kineti energy vanishes
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and the potential energy is maximal:

E

tot

= U

G;ta

+ U

DE;ta

(3.21)

with the gravitational potential

U

G;ta

= �

3

5

GM

2

r

ta

(3.22)

and the dark energy potential

U

DE;ta

=

1

10

�

DE

(a

ta

)8�GMr

2

ta

: (3.23)

In the ase of a osmologial onstant, �

D

(a

ta

)8�G = �. Beause dark energy does not luster

on sales less than 100 Mp the dark energy density remains the same inside and outside the

perturbation. The virial theorem for potentials of the form U / r

n

Landau & Lifshitz (1969)

is:

T =

n

2

U (3.24)

hene the virial theorem states:

T = �

1

2

U

G;vir

+ U

DE;vir

: (3.25)

Sine energy is onserved one gets:

E

tot

= T + U

G;vir

+ U

DE;vir

= U

G;ta

+ U

DE;ta

; (3.26)

whih an be used to �nd the relation between virial radius and turn-around radius. One the

virial radius and the mass inside of it are known, the virial density �

vir

an be alulated and

various �tting formulas have been presented for the virial density in di�erent osmologial

models (e.g. Bryan & Norman, 1998; Wang & Steinhardt, 1998). The virial density of ollapsed

objets depends in general on the redshift at whih the ollapse ours. For illustration, the

ratio of virial to bakground density of two dark energy models is shown in �g. 3.6. At high

redshifts the virial densities in di�erent models approah the value expeted in a ritial EdS

(


D

= 0, 


m

= 1) universe. An important quantity needed for the PS approah later is the

ritial density ontrast Æ



, whih is the �tious density ontrast a perturbation would have

if one would interpolate with linear theory until virialization. Detailed alulations �nd this

quantity to be Æ



� 1:68 with a weak dependeny on osmologial model and redshift (Eke

et al., 1996).

3.2.4 Press-Shehter formalism

The original idea of this approah, presented by PS74, is to smooth an initial density �eld

with a spherially symmetri �lter and than evolve the density ontrast linearly forward in

time. Whenever a perturbation reahes a ritial limit for ollapse, de�ned by Æ



, assume a

bound objet of mass given by M � �(4=3�r

3

)

�1

. This allows to estimate at any redshift a

mass funtion of ollapsed objets. One drawbak of this method is that an arti�ial fator

of two must be multiplied to the mass funtion to make sure that all mass in the universe is
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Figure 3.6: Ratio of virial to bakground density in models with 


m

= 0:3, 


D

= 0:7, h = 0:65

and dark energy equation of state parameter ! = �1 and �2=3.

in ollapsed objets. Despite the rude assumption and the simpli�ation of negleting any

non-linear gravitational lustering the omparison of PS-mass funtions to mass funtions of

N-body simulations show good agreement (Somerville & Kolatt, 1999).

Bond et al. (1991, BCEK91) and Laey & Cole (1993, LC93) approahed the question of the

PS-mass funtion from a more general perspetive using the exursion set approah. The

basi idea is to smooth the density �eld around a partile with spherial window funtions of

variable radius. The smoothed density ontrast at the partile's position beomes a funtion

of smoothing sale and is alled a trajetory. For the following disussion it is easier to express

trajetories as funtions of the variane S � �

2

, whih is related to the smoothing sale by eq.

3.11. The only ondition that � must ful�ll is to be a dereasing funtion of M , respetively

the smoothing sale V , whih is the ase for the CDM power spetrum. BCEK91 showed

that in the ase of a top-hat �lter in k-spae the trajetory will be a Brownian random-

walk. By inreasing S eah inrement to the trajetory Æ(S) omes from a Fourier mode in a

thin spherial shell in k-spae whih is due to eq. 3.9 not orrelated with any of the previous

modes added. Fig. 3.7 shows an example of suh a trajetory. Instead of alulating statistial

properties of trajetories by averaging over spatial loations of partiles it is possible to apply

the ergodi theorem to average over di�erent realizations of the density �eld at one loation.

A trajetory an be onneted to a mass sale of a ollapsed objet by identifying the variane

S at whih the trajetory makes its �rst uprossing trough Æ



, the density ontrast de�ning

ollapse. This ensures that the ollapsed objet is not inluded in a larger ollapsed region

(loud-in-loud problem; see Bardeen et al., 1986; Peaok & Heavens, 1990; Jedamzik, 1995).

To get the fration of total mass assoiated with ollapsed halos of mass M , M + dM one
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Figure 3.7: A trajetory Æ(S) whih makes its �rst uprossing through Æ



at mass M .

needs to alulate the fration of trajetories making their �rst uprossing through Æ



at sale

S(M), S(M) + dS(M) (e.g. LC93)

f(S; !)dS =

1

p

2�

!

S

3=2

exp

�

�

!

2

2S

�

dS: (3.27)

The variane S must be alulated using eq. 3.11 with the power spetrum linear extrapolated

to today. The variable ! (not to be onfused with the equation of state parameter) is related

to the ritial density Æ



by

!(z) � Æ



g(0)

g(z)

; (3.28)

!(z

1

) gives the value a perturbation, that ollapsed at redshift z

1

would have aording to

linear theory at z = 0. The omoving number density of halos of massM ,M+dM at redshift

z is given by

dn

dM

(M; z)dM =

�

0

M

f(S; !)

�

�

�

�

dS

dM

�

�

�

�

dM

(3.29)

=

�

2

�

�

1=2

�

0

M

2

!(z)

�(M)

�

�

�

�

d ln�

d lnM

�

�

�

�

exp

�

�

!(z)

2

2�

2

(M)

�

dM:

This expression is the same found by PS74 with the heuristi arguments presented above. A

detailed omparison to N-body simulations has been preformed and found that the results an

deviate up to a fator of 2 (e.g. Somerville & Kolatt, 1999; Somerville et al., 2000) and that
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the halo mass funtion seems to evolve more strongly in the PS approah. Speially, at small

masses, the PS-mass funtion overpredits the abundane of halos. To ure these problems

modi�ations of eq. 3.29 have been suggested (Sheth & Tormen, 1999; Jenkins et al., 2001)

to make the agreement with simulations better.

3.2.5 Extended Press-Shehter formalism

The exursion set formalism presented above does not only provide the mass funtion of

dark matter halos but also provides informations regarding the progenitors of a halo (e.g.

LC93). One an ask, what the probability will be to have a trajetory making its �rst

uprossing through !(z

1

) = !

1

at S(M

1

) = S

1

and than ontinue to make a uprossing

through !(z

2

) = !

2

at S(M

2

) = S

2

with z

1

< z

2

and M

1

> M

2

(see �g. 3.8). This is the

probability of having a partile being part of a halo of mass M

1

ollapsing at z

1

and being

previously part of a halo of mass M

2

whih ollapsed at z

2

. Replaing S with (S

2

� S

1

) and

! with (!

2

� !

1

) in eq. 3.27 leads to the expression for the fration of trajetories or mass

satisfying aboves ondition (LC93)

f(S

2

; !

2

jS

1

; !

1

)dS

2

=

1

p

2�

(!

2

� !

1

)

(S

2

� S

1

)

3=2

exp

�

�

(!

2

� !

1

)

2

2(S

2

� S

1

)

2

�

dS

2

: (3.30)

The onditional mass funtion, the probability that a halo of mass M

1

had a progenitor in

the mass range M

2

, M

2

+ dM

2

is gained by multipliation with M

1

=M

2

dP

dM

2

(M

2

; z

2

jM

1

; z

1

)dM

2

=

M

1

M

2

f(S

2

; !

2

jS

1

; !

1

)

�

�

�

�

dS

2

dM

2

�

�

�

�

dM

2

(3.31)

Using Bayes theorem the onditional probability that a halo of mass M

2

will end up in a halo

in the mass range M

1

, M

1

+ dM

1

reads

f(S

1

; !

1

jS

2

; !

2

)dS

1

=

f(S

2

; !

2

jS

1

; !

1

)dS

2

f(S

1

; !

1

)dS

1

f(S

2

; !

2

)dS

2

: (3.32)

3.2.6 Merger trees

Knowing the onditional probability of having a progenitor in a given mass range at a given

redshift allows to use Monte-Carlo tehniques to generate the merging history of a dark matter

halo (e.g. Kau�mann & White, 1993; Somerville & Kolatt, 1999). The idea is to draw random

progenitors following the distribution given by eq. 3.30. Writing down eq. 3.30 again in a

modi�ed way

P (�S;�!)d�S =

1

p

2�

�!

�S

3=2

exp

�

�

�!

2

2�S

2

�

d�S: (3.33)

shows that with the variable transformation x � �!=

p

�S eq. 3.33 beomes a Gaussian

distribution in x with zero mean and unit variane. One the redshift of the progenitor is

hosen, one an get the mass of it by drawing a random x from a Gaussian distribution and

translating it into a step in variane �S. The progenitor at time z(!

0

+�!) will have mass

M(S

0

+ ÆS), where indies 0 denote a halo whose progenitor one wants to know. A straight
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Figure 3.8: Trajetory whih makes its �rst uprossing through !

1

at mass M

1

and makes it

�rst uprossing through !

2

at mass M

2

. This is equivalent to stating the partile is inside a

halo of mass M

2

at z

2

and later at z

1

part of a halo of mass M

1

.

forward algorithm an now be onstruted (Somerville & Kolatt, 1999) as shown in the ow

hart �g. 3.9.

The onstrution of a halo's merger history starts by hoosing a time step �! = !

1

� !

0

and progenitors as desribed above. For numerial reasons it is important to impose a lower

mass limit M

min

for progenitors. Progenitors below this mass limit will be labeled aretion

event and not followed further in the merger tree, in ontrast to those above the mass limit.

One a progenitor with mass M

1

has been hosen the next progenitor drawn must have mass

M

2

� M

0

�M

1

. Progenitors drawn with mass M

2

� M

0

�M

1

are rejeted beause of mass

onservation. One needs to ontinue until M

0

�M

1

: : : �M

i

falls below M

min

. The next

step is to hoose another redshift step by �! = !

2

� !

1

in the history of the halos and now

to go through all the progenitors M

1

; : : : M

i

and draw progenitors for them the same way as

desribed above. This proedure needs to be repeated until all progenitors drop below the

mass limitM

min

or one reahes a prede�ned redshift at whih the history is not followed any

more. This Monte-Carlo approah has some unavoidable short omings, as e.g. the arti�ially

imposed mass onservation whih results in the rejetion of progenitors and therefore in a

modi�ation of the distribution sampled. Another problem is that the probability of drawing

two progenitors of mass M

1

and M

2

is not independent of the sequene in whih they were

hosen in the algorithm. Despite all of its short omings, this approah ontinues in the

tradition of PS-approahes and shows good agreement with merger histories found in N-body

simulations (Somerville et al., 2000).



22 CHAPTER 3. SEMI-ANALYTICAL MODELING OF GALAXY FORMATION

M0M  < i Σ−
j=1, i−1

M j

M0

...M M iM1 2

under the conditions:

>  Mmin
−M0 Σ M i

i

∆ω

∆ω∆ω∆ω

timerepeated picking of (M  | M  )
i 0

Figure 3.9: Flow hart illustrating the algorithm to generate merger trees.

3.3 Cooling of gas

Luminous matter in the universe onsists of baryons, whih unlike dark also interats in ways

other than gravitation. This is the reason why it is more diÆult to model the behavior of

baryons during galaxy formation. As shown in the previous setions, dark matter perturba-

tions an grow long before baryoni perturbations start growing signi�antly. This means that

at the time when baryoni utuations start growing, dark matter potential wells are already

around and drag the baryons into the potential wells. We fous on adiabati utuations,

meaning that the baryoni utuations follow the dark matter utuations.

One the hot baryoni gas falls into the dark matter potential wells it will be shok heated,

settling down in a pressure supported state and will stay there in the absene of a mehanism

to lose energy. The thermal energy of the gas will then be omparable to the potential energy.

Knowing this, the temperature of the gas an be estimated using some approximations. First,

following White & Frenk (1991) we assume the gas follows the dark matter distribution. Dark

matter halos are modeled by singular isothermal spheres trunated at the virial radius r

vir

�(r) =

�

2

2�Gr

2

r � r

vir

; (3.34)

with � as the veloity dispersion and G Newton's onstant. The irular veloity

V

2



=

GM

vir

r

vir

(3.35)
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is related to the veloity dispersion by V

2



= 2�

2

. Then the starting point is the equation of

hydrostati equilibrium of an isothermal gas (Binney & Tremaine, 1987)

dP

dr

=

kT

�m

P

d�(r)

dr

= ��(r)

GM

gas

(< r)

r

2

(3.36)

with M(< r) being the mass interior of r, k the Boltzmann onstant, � the average mass per

partile in the gas in units of proton mass m

P

(mean moleular weight), P the pressure and

T the temperature of the gas whih we set to be the virial temperature T

vir

. Multiplying eq.

3.36 by (r

2

�m

P

=�(r)k

B

T ) and di�erentiating with respet to r one obtains

d

dr

�

r

2

d ln �(r)

dr

�

= �

G�m

P

kT

vir

4�r

2

�(r): (3.37)

Assuming an appropriate distribution funtion for the dark matter, integrating over all ve-

loities and entering the result for the density into Poisson's equation the result is

d

dr

�

r

2

d ln �(r)

dr

�

= �

G

�

2

4�r

2

�(r): (3.38)

We assume the gas to be distributed at all times like the dark matter (�

gas

= �

DM

), leading

to the ondition of eq. 3.37 and eq. 3.38 being idential whih is satis�ed for

�

2

=

kT

vir

�m

P

: (3.39)

The following expression for the virial temperature is now obtained

T

vir

=

1

2

�m

P

k

V

2



= 35:9

�

V



kms

�1

�

2

K; (3.40)

The gas falling into the dark matter potential wells will be of primordial omposition beause

it had not experiened any star formation and metal enrihment by supernovae. We assume

a helium fration by mass of Y = 0:25 giving a mean moleular weight of � ' 0:59. In �g.

3.10 the dependene of the virial temperature on mass of the dark halo and redshift is shown.

At temperature of> 10

5

K, hydrogen and heliumwill be fully ionized and the gas is assumed to

be in ollisional ionization equilibrium and optially thin. At this point radiative ooling will

be the main ooling e�et; this proess runs away until the gas settles down in a rotationally-

supported disk. The time sale for this to happen is the ooling time t

ool

, de�ned as the

time it takes the gas to get rid of its internal energy by radiative ooling. In the ommon

notation it is de�ned as the ratio of internal energy density E to ooling rate per unit volume

n

e

n

i

�(Z; T

vir

)

t

ool

(r) �

E

j

_

Ej

=

3

2

NkT

n

e

n

i

�(Z; T )

=

3

2

�

gas

(r)kT

�(Z; T )m

P

n

e

n

i

�(Z; T )

: (3.41)

The temperature and metalliity dependene of the mean moleular weight an be under-

stood in terms of eletrons beoming unbound. With inreasing temperature more eletrons

will beome unbound until the plasma is fully ionized whih happens at log(T ) � 5:15 for

primordial gas and at log(T ) � 5:6 for gas of solar metalliity (Sutherland & Dopita, 1993),
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Figure 3.10: The redshift dependene of the virial temperature for di�erent halo masses in a




�

= 0:7; 


0

= 0:3, h = 0:65 osmology. The numbers at eah of the urves orrespond to

the dark matter halo mass in units of M

�

.

whih explains the metalliity and temperature dependene. In the following, the expliit

dependene of � on Z and T will be omitted. The number density of partiles N is related

to the number densities of eletrons n

e

and ions n

i

in the gas by

N = n

e

+

X

i

n

i

: (3.42)

For a hydrogen rih plasma, like primordial gas, n

e

� n

i

in eq. 3.41 an be replaed by n

e

� n

e

.

Eq. 3.41 then takes the following form

t

ool

(r) =

6�m

P

kT

�

gas

(r)�(Z; T )

: (3.43)

Sine the hot baryoni gas of mass M

hot

is assumed to follow the dark matter distribution at

all times, the gas density pro�le is isothermal and given by

�

gas

(r) =

M

hot

4�R

vir

r

2

: (3.44)

The ooling funtion �(Z; T ) inludes all the relevant radiative proesses and is a funtion

of metalliity Z and temperature T . In �g. 3.11 we show two ooling funtions numerially

alulated by Sutherland & Dopita (1993). The main proesses responsible for ooling at

T < 10

6

K are free-bound transitions from eletrons whih get aptured by nulei and emit

photons whih arry away their binding energy and bound-bound transitions of eletrons

hanging the orbitals. The �rst peak at around 10

4

K is due to an inreased reombination

of hydrogen and the seond peak at around 10

5

K is due to reombination of helium. Above

10

6

K thermal bremsstrahlung from eletrons is the dominant soure of ooling with energy

loss / N

2

T

1=2

.
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Figure 3.11: Cooling funtion � for solar and primordial metalliity (from Sutherland &

Dopita, 1993)

Eq. 3.43 shows that in the high density ase ooling beomes more eÆient, leading to a

smaller ooling times. This has some important e�ets on gas ooling in halos whih form

at di�erent epohs. Fig. 3.6 shows that the virial density of halos inreases with redshift.

Therefore going to higher redshifts, the irular veloity sales for onstant mass M

vir

/ r

�1

vir

(eq. 3.35). The densities in eq. 3.41 sale / r

3

vir

and the ooling time t

ool

/ r

2

vir

. Halos

at higher redshift ool more eÆiently than halos of the same mass that form at later times,

whih has inuene on the star formation rate. The ooling funtion is inreasing strongly

with metalliity and the metalliity of gas in big halos is found to be larger than in small

halos indiating stronger ooling in high mass halos.

We follow Springel et al. (2001) and de�ne a ooling radius r

ool

by the ondition that the

ooling time is equal to the dynamial time of the halo t

dyn

= R

vir

=V



. In this ase the halo

is thought to have been ooling 'quasi-statially'. We de�ne the hot gas fration, assuming it

was the universal M

hot

=M

vir




b

=


0

before ooling started, by

f

hot

�

M

hot

�M

old

M

vir

(3.45)

with M

old

being the mass whih ooled from the hot gas phase into the disk. Solving eq.

3.41 for r

ool

assuming N = 2n

e

and using eq. 3.45 leads to

r

ool

=

�

f

hot

2706:8Gk

�(Z; T )

�m

P

t

dyn

�

1=2

(3.46)
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For halos where the ooling radius is larger than the virial radius, the gas radiates its energy

away so quikly that it will never reah hydrostati equilibrium and the ooling of the gas into

a disk will be basially limited by the dynamial time of the halo (its free-fall time). If the

ooling radius lies inside the virial radius the hot gas at a radius r

ool

will ool. The amount

of gas that ools per time step an be estimated by alulating the mass of gas present in a

spherial shell at r

ool

dM

ool

dt

= 4��

gas

(r

ool

)r

2

ool

dr

ool

dt

: (3.47)

Using eq. 3.46 and taking f

hot

as �xed one gets

dM

ool

dt

=

f

hot

M

vir

R

vir

r

ool

2t

ool

: (3.48)

By keeping f

hot

and the density pro�le �

gas

�xed we allow the gas to be able to ool down

linearly and not to fall into an asymptoti behavior whih would be the ase by solving eq.

3.47 with f

hot

(t). This approah is hosen when talking about an isolated, non evolving halo

and is applied between two time steps in a merger tree. Eq. 3.47 tells how muh longer than

the dynamial time it will take the gas to ool down, thinking of the dynamial time as the

shortest time available for ooling. How the ooling rate will be alulated in an evolving

halo will be explained in detail in setion 3.8.2. In the ase that the ooling radius turns out

to be larger than r

vir

the ooling rate is approximated by

dM

ool

dt

=

f

hot

M

vir

2t

ool

(3.49)

whih orresponds to r

ool

= R

vir

in eq. 3.48. In pratie the atual ooling rate will be

hosen by

dM

ool

dt

= min

�

f

hot

M

vir

R

vir

r

ool

2t

ool

;

f

hot

M

vir

2t

ool

�

: (3.50)

The approximations made above seem to be very simpli�ed at �rst look, but detailed ompar-

isons to N-body+SPH simulation show that the agreement is atually good (Yoshida et al.,

2002).

As mentioned in setion 3.1, the value we hose for the baryon fration is a bit lower than that

found by WMAP. A larger value of the universal baryon fration mainly a�ets the ooling

rate in beoming more eÆient and hene having more old gas available to form stars. By

adjusting the free parameters of the model we are able to normalize our model to the referene

observations (see setion 3.8.4) and therefore laim this di�erene to be not severe.

3.4 Star formation

Cold gas settling down into a galati disk will, at some point, start forming stars. One

of the major problems of modern astrophysis is to produe a self-onsistent model for star

formation. One moleular louds start ollapsing under self-gravity in simulations, star form

very fast. In fat too fast, whih requires mehanisms for preventing the ollapse like e.g.

turbulene. Unfortunately there is no satisfying model yet available. Therefore, we will model
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star formation with a phenomenologial approah. The star formation rate must depend on

the amount of old gas available to form stars. The time sale for old gas being transformed

into stars is hosen to be the dynamial time of the galaxy whih is approximated by

t

dyn;gal

= 0:1t

dyn

: (3.51)

The fator 0.1 is motivated from the ontration gas experienes when it ollapses in an

isothermal halo to a entrifugally supported state while onserving angular momentum. The

ontration fator is � 2�, whih is the spin fator of the gas under the assumption that it is

the same as the one of the dark halos K99. N-body simulations indiate an average value of

� = 0:05 (e.g. Lemson & Kau�mann, 1999).

The star formation law reads

dM

�

dt

= �

M

old

t

dyn;gal

; (3.52)

introduing a free model parameter � whih allows for adjusting the star formation rate to

observations. This spei� hoie of the star formation law predits onstant star formation

in halos of all sizes and is only redshift dependent. This behavior mimis a star formation

rate inreasing with redshift (see �g. 3.12), whih is indiated by observations (e.g. Hippelein

et al., 2003; Glazebrook et al., 2003) .

Clusters show ooling ows of several hundreds of solar masses (e.g. Fabian et al., 1991; Allen

& Fabian, 1997), but star formation rates muh less than these values. We follow K99 and

trunate star formation in halos with V



> 350 km/s. This proedure also ensures that the

modeled entral luster galaxies will be not too bright.
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Figure 3.12: The star formation rate eÆieny vs redshift in the �CDM model.
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3.5 Stellar populations

Comparisons between modeled and observed galaxies make it neessary to onstrut photo-

metri properties of model galaxies. The model predits the amount of stars formed at every

redshift, all needed now is to onvert the mass into photometri properties. This is done by

using the Bruzual & Charlot 2000 stellar population synthesis models (BC00). These models

assume an initial mass funtion (IMF) for the distribution of stars formed per mass. Fig. 3.13

shows three di�erent IMFs. All IMFs have in ommon that the number of low mass stars is

muh larger than that of high mass stars reeting the diÆulty of forming high mass stars.

The question if a universal IMF exists is still a matter of debate (see for a review Kroupa,

2002). In this work the Salo-IMF will be used (Salo, 1986).
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Figure 3.13: Di�erent ommon IMFs. The normalization is hosen arbitrary.

The stars of di�erent mass are assumed to have been formed in a short burst and are then

evolved on theoretial stellar evolution traks to ompute the spetra and olors (Bruzual A.

& Charlot, 1993). These alulations predit the spetral energy distribution (SED) s

�

(t) of a

single age population of stars with hosen IMF. The SED of a galaxy S

�

(t) an be omputed

by

S

�

(t) =

Z

t

0

s

�

(t� t

0

)

_

M

�

(t

0

)dt

0

: (3.53)

To get olors and luminosities the SED must be onvolved with the �lter response urves F

�;x

of interest

M

x

= �2:5 log

Z

1

0

F

�;x

S

�

d� �A0

norm

; (3.54)

negleting instrument sensitivity urves or dust extintion. Usually magnitudes are normal-

ized to Vega, meaning that the Vega ux sets the zero point of the magnitude sale. We will

use the standard Johnson set of �lters. Filter response urves for the most important �lters

and magnitudes in these bands and olors are shown in �g. 3.14
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Figure 3.14: Magnitudes and �lter response funtions for the U , B and V�band. Also shown

are olors and the A0V SED in units proportional to the physial ux. Data are taken from

the Bruzual and Charlot 2000 models using the Salo-IMF (Salo, 1986) and solar metalliity.

3.6 Supernova feedbak

Fig. 3.12 shows that independent of halo mass the eÆieny of stars being formed from

the old gas phase inreases with redshift. This is a onsiderable drawbak of these models,

beause in the hierarhial framework, small strutures form �rst, whih will transform most

of their gas into stars already at high redshifts. Many of these objets do not merge and

will survive until the present-day and ause a very steep inrease in the luminosity funtion
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of galaxies at the low luminosity end, whih is muh stronger than that observed. As a

mehanism to ure this problem it has been proposed to inlude the energy feedbak due

to supernovae (White & Rees, 1978; Dekel & Silk, 1986). The basi idea is to alulate the

energy input from supernovae into the gas phase and estimate the amount of old gas being

able to be reheated to the virial temperature of the halo. This proess will naturally be more

eÆient in smaller halos, beause of their smaller potential wells and therefore smaller virial

temperatures. The feedbak energy from supernovae depends on the IMF and on the amount

of stars formed by

E

fb

= �

SN

E

SN

�M

�

; (3.55)

where �

SN

is the number of expeted supernovae per formed stellar mass and E

SN

is the

energy released by eah supernova. We adopt E

SN

= 10

51

erg and �

SN

= 5:0 � 10

�3

M

�1

�

based on the Salo IMF (Salo, 1986). Using the standard virial theorem (e�ets of dark

energy negleted) E

tot

= 3E

kin

the spei� energy of the gas beomes

E

sp;gas

=

3

4

V

2



(3.56)

with � = V



=2. The ratio of energy ejeted by supernovae eq. 3.55 to spei� energy of the

gas eq. 3.56 gives the maximum amount of gas getting reheated and reads

�M

reheat

=

4

3

�

�

SN

E

SN

V

2



�M

�

: (3.57)

The free parameter � desribes the eÆieny with whih energy is used to heat up the gas,

and must be adjusted to �t observations. Fig. 3.15 shows the feedbak eÆieny for di�erent

halo masses vs redshift. Additionally to small halos having higher eÆieny low redshift halos

have also higher feedbak eÆieny than high redshift ones.
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Figure 3.15: The eÆieny of supernova feedbak in halos of di�erent mass in the �CDM

model. Halo masses are indiated in units of M

�

at the urves.
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3.7 Galaxy mergers

During the evolution of halos in the universe it happens that two halos merge. When suh an

event takes plae, the galaxies in the halo are subjet to fores whih ause them to merge

also. During their move through a bakground of dark matter they are subjet to tidal fores

and dynamial frition ausing them to lose angular momentum and �nally merge. The a-

tual dynamis of a merger is very omplex and to understand it entirely one needs to rely

on N-body simulations (see Barnes & Hernquist, 1992; Burkert & Naab, 2003, for a review).

However it is possible to derive some onlusions from a simpli�ed piture.

We follow K99 and assume that when two halos merge, the galaxy inside the more massive

halo will be at the enter of the new halo and that the galaxy from the smaller halo orbits

within R

vir

of the primary halo. Chandrasekhar (1943) alulated the fritional fore on a

point mass moving with veloity v through a homogenous in�nite sea of partiles. Following

Binney & Tremaine (1987) this fore in the ase of an isothermal density pro�le (v = �

p

2) is

F

fr

= �

4� ln�G

2

M

2

sat

�(r)

v

3

�

erf(1) �

2

p

�

e

�1

�

v

(3.58)

= �0:428 ln �

GM

2

sat

r

2

v

v

:

The Coulomb logarithm ln� (not to be onfused with dark energy omponent in osmology)

is approximated by (Springel et al., 2001)

ln� = ln

�

1 +

M

vir

M

sat

�

: (3.59)

Di�erent hoies of Coulomb logarithm are used in the literature as e.g. ln� = ln(1 +

(M

vir

=M

sat

)

2

) (SP99) or ln� = ln(M

vir

=M

sat

) (K99). Fig 3.16 shows the inuene that

di�erent hoies have on the merger timesale. Our hoie is motivated by N-body simulations

whih show that equal mass mergers our muh faster than unequal mass mergers. The

satellite veloity v is assumed to be V

C

and M

sat

is taken to be the baryoni mass of the

satellite plus the mass of its dark halo when it was the last time a entral galaxy. The meaning

of entral galaxy will be desribed in detail later in setion 3.8.2. Simulations by Navarro

et al. (1995) show that this assumption improves the onordane between simulations and

the analyti dynamial frition formula. The di�erential equation for the hange of the radial

distane from the enter r is (Binney & Tremaine, 1987)

r _r = �0:428f(�)

GM

sat

V

C

ln�: (3.60)

The irularity � (not to be onfused with the feed bak eÆieny) is de�ned by the ratio of

the orbital angular momentum to the angular momentum of a irular orbit with the same

energy

� �

J

J

C

; (3.61)
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Figure 3.16: The ratio of merging time to dynamial time of the primary halo as a funtion

of M

vir

=M

sat

for di�erent hoies of Coulomb logarithm. The onstant onst is depending on

the spei� hoie of orbit.

being 0 for a radial orbit and 1 for a irular orbit. The funtion f(�) was found to be well

�tted in the range 10

�2

� � � 1 by (LC93)

f(�) = �

0:78

: (3.62)

Following Kau�mann et al. (1999) we hose � from a random distribution. In �g. 3.17 the

hange of a Keplerian orbit due to dynamial frition by numerially integrating eq. 3.60 is

shown. The time it takes the satellite, initially on radius R

vir

of the primary halo, to merge

is given by integrating eq. 3.60 in the limits r = 0; R

vir

and beomes

T

fr

=

1:17f(�)V

C

R

2

vir

GM

sat

ln�

: (3.63)

Eq. 3.63 allows now to alulate the time it will take a satellite to merge with its entral

galaxy. Whenever two halos merge, the orbit of the satellite will be identi�ed by hoosing

a random irularity in the range 10

�2

� � � 1 (K99). One the orbit and the masses are

known the merging timesale an be estimated.

Detailed N-body simulations investigating mergers of galaxies �nd that during major mergers

of galaxies with M

1

=M

2

� 3:5 and M

1

� M

2

the disk of the merger partners get destroyed

and the remnant galaxy will be a spheroidal galaxy, usually identi�ed as an elliptial galaxy

(Barnes & Hernquist, 1992; Burkert & Naab, 2003, and referene therein). Therefore we

assume that whenever a major merger takes plae, the remnant will be an elliptial without

any disk omponent. Fig. 3.18 shows an example of an N-body simulation of two disk galaxies

whih approah eah other on paraboli orbits and �nally merge.
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Figure 3.17: The blak line shows a lassi Keplerian orbit with e � 0:7. The red line shows

the new orbit when applying the dynamial frition estimate.

Figure 3.18: Simulation of merging disk galaxies. Time sequene is from left to right and

from up to down. The total time from the �rst snap shot to the last is 1.2 Gyr. The galaxies

approah eah other initially on paraboli orbits. Kindly made available by Thorsten Naab.
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3.8 Model implementation

3.8.1 Isolated halo

We start by implementing the model desriptions from the last setions into a dark matter

halo whih is not evolving, i.e. not areting new material or merging. This kind of imple-

mentation orresponds to the behavior between two time steps in a merger tree desribed

later, and gives insight into the behavior of the di�erent baryoni omponents. As explained

in setion 3.3, the gas is assumed to settle into the halo with with a temperature equal to

the halos virial temperature T

vir

and has a mass of f

hot

M

vir

. Using eq. 3.50 the ooling

rate is determined, and kept �xed throughout the life time of the isolated halo. The ooling

transfers gas from the hot phase to the old phase. One the old gas phase starts existing,

star formation may take plae in the disk. The bulge omponent of a galaxy an only grow

or be generated by major mergers as desribed in setion 3.7. The star formation rate is

alulated using eq. 3.52 and will take plae as long old gas exists. Conneted to the star

formation is the supernova feedbak, whih reheats some fration of the old gas into the hot

gas phase. The evolution of the di�erent omponents is desribed by following set of oupled

di�erential equations:

For the old gas omponent

_

M

old

=

_

M

ool

� (

_

M

�

+

_

M

reheat

); (3.64)

the hot gas omponent

_

M

hot

=

_

M

reheat

�

_

M

ool

(3.65)

and the mass in stars

_

M

�

= �

M

old

t

dyn;gal

(3.66)

whih an be solved analytially. At all time mass onservation is assumed

f

b

M

vir

=M

old

(t) +M

hot

(t) +M

�

(t): (3.67)

Introduing onstants

C

1

= min

�

f

hot

M

vir

R

vir

r

ool

2t

dyn

;

f

hot

M

vir

2t

dyn

�

C

2

=

�

t

dyn;gal

C

3

=

4

3

�

�

SN

E

SN

V

2



C

2

C

4

= C

2

+ C

3

the di�erential equations 3.64, 3.65 and 3.66 beome

_

M

old

= �C

4

M

old

(t) + C

1

(3.68)

_

M

hot

= C

3

M

old

(t)� C

1

(3.69)
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Figure 3.19: Behavior of the solution of the di�erential equations 3.64, 3.65 and 3.68 in the

�CDM universe.

_

M

�

= C

2

M

old

: (3.70)

The straight forward solution to eq. 3.68 is

M

old

(t) = A

old

exp[�tC

4

℄ +

C

1

C

4

(3.71)

With eq. 3.71 the solutions to eq. 3.69 and 3.70 beome

M

hot

(t) = �

C

3

C

4

A

old

exp[�tC

4

℄ +

�

C

1

C

3

C

4

� C

1

�

t+A

hot

(3.72)

and

M

�

(t) = �

C

2

C

4

A

old

exp[�tC

4

℄ +

C

1

C

2

C

4

t+A

�

: (3.73)

The normalization onstant are determined by the initial onditions

M

old

(t

ini

) = M

old;ini

! A

old

M

hot

(t

ini

) = M

hot;ini

! A

hot

M

�

(t

ini

) = M

�;ini

! A

�

The presented solutions are only valid in the range of M

hot

> 0. Due to the onstant ooling

rate C

1

the solution beomes unphysial at this point. In �g. 3.19 we show the solutions for

the di�erent omponents M

hot

, M

old

and M

�

in a regime where M

hot

> 0. The units are

arbitrary sine we are only interested in the general evolution of the di�erent omponents.

We have introdued two free parameters � and � for the star formation and supernova feedbak

eÆieny, respetively. Fig. 3.20 illustrates the inuene of the parameters on the model

galaxy in the M

old

�M

hot

and M

�

�M

hot

plane. We plot the mass frations in in the same
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arbitrary units. Inreasing the feedbak eÆieny � auses more transformation from the old

gas phase into the hot gas phase and therefore leads to larger mass fration in hot gas and a

smaller mass fration of old gas. The e�et of � on the stellar mass fration is smaller than

on the old gas fration; this allows us to use � to adjust the old gas ontent of galaxies.

Variation of the star formation eÆieny � shows that an inrease in eÆieny leads to a

larger stellar mass fration. The hot gas fration inreases also, sine more stars means more

supernova feedbak.
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Figure 3.20: Inuene of the free model parameters � and � on the mass frations of the

di�erent omponents in arbitrary units, but with same saling in the graphs. The solution of

equations 3.71, 3.72 and 3.73 at the same referene time are shown.

3.8.2 Halos in merger trees

We now turn to a halo whih is evolving in the ontext of a CDM universe. We start by

generating merger trees of dark matter halos as desribed in setion 3.2.5. We adopt a

minimum mass in the merger tree of M

min

= 10

10

M

�

. Halos of this size are assumed to

be not able to form galaxies beause their gas is photoionized and annot ool (Weinberg

et al., 1997). Additionally, typial timesteps of �z = 0:02 are used. One the merger tree is

generated we start from its root, i.e. when the �rst progenitor with mass aboveM

min

appears.

We alulate the baryoni omponents as desribed above in the isolated halo model. At the

next time step we hek how muh mass has been areted: this is mass oming from dark

matter omponents with M < M

min

. This mass is added assuming isothermal growth of

the halo and the gas omponent is assumed to be shok heated to virial temperature when



3.8. MODEL IMPLEMENTATION 37

entering the halo, and is added to the hot gas omponent. After the mass has been added

we alulate a new ooling rate with the new V

C

and f

b

M

vir

using eq. 3.50 and keep it

�xed during the timestep �z and proeed as in the ase of the isolated halo. At some point

the halo may merge with another halo with M > M

min

. In that ase, the galaxy sitting

in the more massive halo will be alled the entral galaxy and assumed to be sitting in the

enter of the newly formed halo. The galaxy of the smaller halo will be alled satellite galaxy

and all of its hot gas omponent is stripped o� and heated to the new virial temperature of

the new halo. Hot gas is no longer allowed to ool onto the disk of the satellite. Only the

entral galaxy will ontinue to arete old gas. The supernova feedbak from the satellite

stars heats up its old gas whih beomes part of the hot gas phase of the entral galaxy.

The dynamial properties like V



, of the satellite will be identi�ed with those when it was a

entral galaxy for the last time. The satellite is assumed to be orbiting in the newly formed

halo aording to the desriptions of setion 3.7. The merging time of the satellite with the

entral galaxy will be alulated using the dynamial frition desription from eq. 3.63. We

keep trak of this time and and when it is over we merge the satellite with the entral galaxy.

Following the disussion in setion 3.7 we assume an elliptial galaxy forms when the mass

ratio between entral and satellite galaxy is � 3:5. All old gas of satellite and entral galaxy

will be instantaneously transformed into stars, with no supernova feedbak. The stars will

all be added to the bulge omponent of the merger remnant. In the ase of a minor merger

with mass ratio > 3:5 the stars of the satellite are added to the bulge omponent of the

entral galaxy and the old gas of the satellite is added to the disk omponent. When two

halos inhabited by more than one galaxy merge, the entral galaxy of the more massive halo

beomes the new entral galaxy and all galaxies from the smaller halo will beome satellites,

with the evolution of the satellites followed as desribed above. Satellites of the former entral

galaxy are given new orbits and timesales for the mergers with the new entral galaxy. If

this time sale is muh larger than the remaining time to merge for an old entral-satellite

system we allow the old system to merge and all it a satellite-satellite merger with the same

e�ets as for the other mergers. The proedure desribed above is repeated until the redshift

at whih the galaxy population should be modeled. The following di�erential equations must

be solved during one time step �z

_

M

old;en

=

_

M

ool;en

� (

_

M

�;en

+

_

M

reheat;en

) (3.74)

and

_

M

hot;en

=

X

i

_

M

reheat;i

�

_

M

ool;en

: (3.75)

for the entral galaxy, where the summation is over all galaxies present in the halo and

_

M

old;sat

= �(

_

M

�;sat

+

_

M

reheat;sat

) (3.76)

for eah satellite galaxy. To have a exible ode whih an also handle di�erential equations

whih are not easy to solve analytially we have implemented alternatively a numerial inte-

gration of the di�erential equations. This is typially done by resolving every step �z into 50

equally spaed time steps �t with �xed ooling rate during �z. In ases where an analyti

solution is available we used it.
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3.8.3 Morphologial lassi�ation of modeled galaxies

One the ux oming from the bulge and disk omponent of galaxy is known one an assign

morphologies to the galaxies. This is done by using the orrelation between B-band bulge-to-

disk ratio and Hubble-type T found by Simien & de Vauouleurs (1986) De�ning a magnitude

di�erene by

�M �M

bulge

�M

total

(3.77)

they �nd a relation of the form

h�Mi = 0:324(T + 5)� 0:054(T + 5)

2

+ 0:0047(T + 5)

3

: (3.78)

Following Simien & de Vauouleurs (1986) and K99 we lassify three di�erent types of galaxy

be following uts in T�spae:

elliptials) T � �2:5 ! h�Mi � 0:55

lentiulars) �2:5 < T � 0:92 ! 0:55 < h�Mi � 1:0

spirals) T > 0:92 ! 1:0 < h�Mi

Galaxies having no bulge omponent beome a Hubble-type T = 9. In �g. 3.21 the orre-

sponding mass bulge-to-disk mass ratios for solar metalliity stellar populations of present-day

galaxies shown. The applied morphology uts produe a fair representation of the observed

ones. However, there are problems onerning the fration of S0 galaxies in lusters. To

reprodue their fration (e.g. Fasano et al., 2000) it is neessary to hange the morphology

uts, i.e. inrease the upper limit on T (Springel et al., 2001). We do not apply this hange

beause of several reasons. The formation and evolution of S0 galaxies is still a riddle not

solved. It is not lear whether they form mainly beause of stripping during the infall in a

high density environment, or if they result from suessive minor merger interations. Sine

this work fouses on elliptial galaxies, the e�et of a di�erent S0 ut does not e�et results

presented here.

3.8.4 Model normalization

In normalizing the free model parameters � and � we follow K99 and SP00 whih apply the

'Tully-Fisher' normalization in ontrast to the 'luminosity funtion' by (Cole et al., 2000).

The following requirements need to be ful�lled

- Tully-Fisher relation:

The main normalization riteria is to reprodue the spiral I�band Tully-Fisher relation ob-

served by Giovanelli et al. (1997). They �nd a relation of the form

M

I

� 5 log h = �21:00 � 7:68(logW � 2:5) (3.79)

where we adopt W = 2V



as the HI line-width, whih has to be taken with are beause Mo

et al. (1998) showed that the atual relation between the line width and the halos irular

veloity is depending on the halos density pro�le. They found that disk galaxies embedded in

a NFW dark matter density pro�le (Navarro et al., 1997) have irular veloities � 15% larger

than V

C

. Additionally it is required that a entral galaxy, being a spiral, of a V

C

= 220 kms

�1
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Figure 3.21: Correspondene between morphologial lassi�ation and bulge mass to total

mass ratio used in the model. REsults shown for the �CDM model with solar metalliity

stellar population model.

halo has an I�band magnitude in the range M

I

� 5 log h � �21:6 to �22:1. Varying � the

tilt of the Tully-Fisher relation an be hanged, beause of the dependene of the supernova

feedbak on halo irular veloity (eq. 3.57). In �gures 3.22 & 3.23 the modeled Tully-Fisher

relation for two di�erent baryon frations is show. The agreement with observations is good.

- Gas and star fration:

The dependene of the Tully-Fisher relation on � is rather weak whih makes it neessary

put up another requirement on entral galaxy of V

C

= 220 kms

�1

halo. We require them to

have � 10

11

M

�

of stars and � 10

9

M

�

of old gas.

As mentioned earlier some of the results in this thesis were derived using a baryon fration of




b

=


0

= 0:1, while the latest WMAP results indiate 


b

=


0

= 0:15. As is shown in �gures

3.22 & 3.23 the models agree well one the free parameters � and � are tuned properly, we

therefore onlude that our results presented here are only weakly dependent on the baryon

density. Table 3.3 shows the neessary hoie of the free parameters.




b

=


0

= 0:1 


b

=


0

= 0:15

� 0:05 0:1

� 0:05 0:2

Table 3.3: Di�erent hoie of the free model parameters � and � in models with di�erent

baryon density.
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Figure 3.22: Top: Tully-Fisher relation for spiral galaxies. Red line is the observed relation by

Giovanelli et al. (1997). Bottom: Cluster luminosity funtion. The points with error bars are

the omposite luminosity funtion of Trentham (1998). Results for the model with 


�

= 0:7,




0

= 0:3, h = 0:65 and 


b

=


0

= 0:1.
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Figure 3.23: Top: Tully-Fisher relation for spiral galaxies. Red line is the observed relation

by Giovanelli et al. (1997). Right: Cluster luminosity funtion. The points with error bars

are the omposite luminosity funtion observed by Trentham (1998). Results for the model

with 


�

= 0:7, 


0

= 0:3, h = 0:65 and 


b

=


0

= 0:15.
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Chapter 4

Merger rates of galaxies

Estimating the frequeny of mergers in the universe is a hallenging task. Besides the prob-

lems of de�ning a merger in ontrast to an aretion event and �nding suh events, there

is also the problem of the dependene on the environment, and the estimate of the merger

timesales. For example, van Dokkum et al. (1999) �nd that the merger rate evolves as

R

mg

/ (1 + z)

m

with m = 6 � 2 in rih luster, whereas the merger rate of �eld galaxies is

found to evolve less strongly. In a reent study Le F�evre et al. (2000) �nd m = 3:4 � 0:6

using visually lassi�ed mergers and m = 2:7 � 0:6 using lose galaxy pairs in a population

of �eld galaxies. Previous studies found m = 3:4 � 1 (Carlberg, Prithet, & Infante 1994),

m = 4 � 1:5 (Yee & Ellingson, 1995), m = 2:8 � 0:9 (Patton et al., 1997), m = 2:01 � 0:52

(Rohe & Eales, 1999) and m = 2:1 � 0:5 (Conselie, 2001). This spread in the values of

the merger index m is partly due to di�erent methods used in deduing the merger rates

(see e.g. Patton et al., 1997; Abraham, 1999). Correting for seletion e�ets in lose pair

studies, Patton et al. (2000) estimate that approximately 1:1% of all nearby galaxies with

�21 �M

B

� �18 are undergoing mergers.

On the theoretial side, Gottl�ober, Klypin, & Kravtsov (2001) used N-body simulations and

merger trees based on the Press-Shehter formalism, to derive the merger rate. They found

m = 3 for dark matter halos. In earlier studies of merger rates in N-body simulations Kolatt

et al. (1999) found m = 3 and Governato et al. (1999) found m = 3:1 � 0:2 in a ritial

universe and m = 2:5� 0:4 in an open universe.

In a previous semi-analytial approah Laey & Cole (1993) alulated the aretion rate of

baryoni ores. They assumed that eah halo has only one baryoni ore, negleting the e�et

of multiple ores in a halo.

In this hapter we investigate in detail the galaxy merger fration and rate. In the following

setion the redshift dependene of the merger fration and its dependene on the osmologial

models, on the environment represented by the �nal dark halo mass, on the merger timesale,

on the minimummass of observed objets that would be identi�ed as merger omponents, and

on the de�nition of major mergers are investigated. Besides allowing a better understanding

of how the merger rates of di�erent observed samples are related, these estimates will test

osmologial models.
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4.1 The model

We study spatially at CDM osmologies with 


m

= 0:3, 


�

= 0:7 and H

0

= 65 km

s

�1

Mp

�1

. We also study a quintessene model with 


Q

= 0:7 and an equation-of-state

w = p=�

Q

= �2=3 (e.g. Caldwell et al., 1998). Merger trees of dark matter halos were gen-

erated using the method desribed in setion 3.2.5. The power spetrum is obtained from

the �tting formula of Bardeen et al. (1986) and normalized by �

8

. We use the expressions

derived by Wang & Steinhardt (1998) for the value of �

8

and the linear growth fator. The

history of a dark matter halo is followed bak in time until the masses of all its progenitors

fall below a minimum mass of M

min

= 10

10

M

�

. A progenitor with mass below M

min

is

assumed to inhabit a small galaxy whih has 1=10 the mass of the surrounding dark matter

halo. Whenever two halos merge the galaxies inside of them merge on a dynamial frition

timesale as desribed in setion 3.7.

4.2 Merger frations and rates

From the observational point of view one an either estimate the fration of visually on�rmed

mergers (Le F�evre et al., 2000) or the fration of galaxies in lose pairs (e.g Patton et al.,

2000, and referenes therein) To dedue the merger fration it is neessary to orret the

observed lose pair fration for bakground/foreground ontaminations and to estimate how

many of these physial lose pairs are likely to merge (e.g. Yee & Ellingson, 1995; Le F�evre

et al., 2000). Usually one refers to the merger rate. The onnetion between the merger rate

R

mg

(z) and the merger fration is

R

mg

(z) =

F

mg

(z)

t

merg

; (4.1)

where F

mg

(z) denotes the fration of galaxies at redshift z in lose pairs whih will merge on a

timesale shorter than t

merg

. Sine t

merg

depends on the separation of pairs, speifying t

merg

also determines the lose pairs. In general, observers measure the separation between galaxies

in pairs and use the dynamial frition estimate to dedue a merger timesale. We alulate

the merger fration by ounting the number of galaxies at eah redshift whih are experiening

a merger on a timesale less then t

merg

and normalizing them to the total number of galaxies

at this redshift. The merger fration of galaxies at redshifts z � 1 is usually approximated

by a power law of the form:

F

mg

= F

mg

(0)(1 + z)

m

; (4.2)

where F

mg

(0) is the normalization to the loal merger fration (e.g. Le F�evre et al., 2000).

For our analysis we onsider only binary major mergers, whih we de�ne as mergers with

mass ratio between R

major

and 1. Fig 4.1 shows the result of a representative simulation

for a halo of mass M

0

= 5 � 10

12

M

�

at z = 0, adopting M

min

= 10

10

M

�

, R

major

= 4,

and a merger timesale of 1 Gyr for the �CDM model. We �nd in all investigated ases

that the merger rate and the merger fration as a funtion of redshift an be approximated

by a power law at redshifts z � 1, in agreement with the observations. At higher redshifts

the merger rate attens, whih was also found by Conselie (2001) and Gottl�ober et al. (2001).
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Figure 4.1: Power law �t to the merger fration for M

0

= 5� 10

12

M

�

, R

major

= 4, M

min

=

10

10

M

�

, and t

merg

= 1 Gyr in the �CDM model. The solid line represents the data and the

long dashed line the power law �t for z � 1.

In general, a range of �nal halo masses will ontribute to the merger events seen in observa-

tional surveys. To take this into aount and to estimate environmental e�ets we hoose six

di�erent halo masses M

0

at redshift z = 0 (M

0

= 10

11

; 5�10

11

; 10

12

; 2:5�10

12

; 5�10

12

; 10

13

;

in units of M

�

). Fig. 4.2 shows the dependene of F

mg

(0) and m on M

0

and t

merg

. For in-

reasing M

0

, F

mg

(0) dereases and m inreases systematially. This trend is onsistent with

the �ndings of van Dokkum et al. (1999). Varying t

merg

orresponds to di�erent de�nitions

of lose pairs. The three urves in �g. 4.2 are exponential laws of the form

F

mg

(0) = 

1

exp(

2

m); (4.3)

�tted to the merger frations for di�erent t

merg

. The parameters used to �t the data points

are 

1

= 0:058 and 

2

= �1:23, 

1

= 0:107 and 

2

= �1:34, and 

1

= 0:137 and 

2

= �1:42

for t

merg

equal to 0.5 Gyr, 1 Gyr and 1.5 Gyr, respetively. In the same environment, that is

the same �nal halo mass M

0

, F

mg

(0) inreases with inreasing merger timesale as binaries

with larger separations are inluded. The merger index m shows only weak variation.

For omputational reasons mergers are only resolved above a minimum mass M

min

. Mergers

below this mass are negleted. This orresponds to observations with a magnitude limited

sample of galaxies. The graphs in �g. 4.3a show the dependene of the merger index m on

q

M

= M

0

=M

min

. The �lled irles are the results of merger trees with onstant M

min

=

10

10

M

�

and varying M

0

. We ompare these results with simulations for onstant M

0

=

10

11

M

�

and varying M

min

, represented by open irles. The value of m depends only on the

ratio q

M

by

m = 0:69 ln(q

M

)� 1:77: (4.4)
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Figure 4.2: Showing the merger fration F

mg

at z = 0 versus the power-law slope m for

major merger events with mass ratios less than R

major

= 4. The data points orrespond to

di�erent values of the merger timesale t

merg

and �nal halo mass M

0

. In the upper part of

the �gure the �nal halo masses in units of M

�

are indiated. Halos of the same mass M

0

have roughly the same value of m. The urves show exponential laws, �tted to the data for

t

merg

= 0:5 Gyr, 1 Gyr and 1.5 Gyr respetively. The shaded region represents the Press-

Shehter weighted average merger fration of galaxies in dark halos for the same range of

t

merg

as mentioned above. The star indiates F

mg

(0) and m as estimated by Le F�evre et al.

(2000). The triangle is the result from the ombined CFGRS and CNOC2 data (R. Carlberg,

private ommuniation).

Another important question is the inuene of the de�nition of major mergers on the merger

rate. The graphs in �g. 4.3b show the dependene of F

mg

(0) on di�erent values of R

major

.

An event is alled major merger if the mass ratio of the merging galaxies is below R

major

and

larger than 1. As R

major

inreases, F

mg

(0) inreases. We also �nd that the merger index m

stays roughly onstant for low R

major

and dereases at larger R

major

. A derease in m with

larger R

major

has also been reported by Gottl�ober et al. (2001). It is a result of the adopted

minimum mass for merger events. The detetable amount of major mergers with large mass

ratios dereases faster with redshift than for equal mass mergers, sine the small masses drop

faster below the minimum mass. In observed samples of lose pairs Rohe & Eales (1999) and

Patton et al. (2000) found that F

mg

(0) inreased when they allow for larger R

major

, whih

agrees with our preditions.

How do the theoretial models ompare to the observations? The star in �g. 4.2 is the mea-

sured merger fration for �eld galaxies by Le F�evre et al. (2000), who used R

major

= 4 and

the loal merger fration of Patton et al. (1997). They identi�ed lose pairs as those whih

merge on a timesale less then t

merg

= 1 Gyr. To ompare this merger fration with our
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Figure 4.3: Panel (a) shows the dependene of the merger index m on the mass ratio q

M

for R

major

= 4. The points are �tted by m = 

4

ln(M

r

) + 

5

with 

4

= 0:69 � 0:09 and



5

= �1:77 � 0:47. Panel (b) of this �gure shows the loal merger fration for ases with

M

0

= 10

11

m

�

, M

min

= 10

10

m

�

, and varying R

major

(R

major

= 3; 4; 6). Larger values of

R

major

show larger values of F

mg

(0). The graphs in (a) and (b) refer to the �CDM model

and t

merg

= 1 Gyr.

estimates one needs to take into aount that the dark halos of �eld galaxies an vary over

a range of masses and that the merger timesale is subjet to large unertainties. We ther-

fore weighted the di�erent merger frations of our sample of �eld galaxies with halo masses

M

0

between 5� 10

11

M

�

and 5� 10

12

M

�

aording to the Press-Shehter preditions. The

merger index m and the loal merger fration F

mg

(0) for di�erent M

0

were alulated using

the �tting formulae as shown by the graphs in �g. 4.2 and �g. 4.3a. We varied the the range

of halo masses ontributing to the sample by hanging the lower bound of halo masses from

5�10

11

M

�

to 2:5�10

12

M

�

and hanged t

merg

within the range of 0.5 - 1.5 Gyr. The results

of this reasonable parameter range lie inside the shaded region in �g. 4.2. Results for larger

t

merg

orrespond to the upper part of the region and those for larger halo masses lie in the

right part of the region. A omparison of our results with the observations shows, that the

predited merger index m and the normalization F

mg

(0) are a fator 2 smaller than observed.

As a possible solution to this problem we have studied a quintessene model with w = �2=3.

The QCDM model shows a shallower inrease in the omoving number density of mergers

with redshift than the �CDM model. There is however not a signi�ant di�erene in the

merger frations (see �g. 4.4). This results from the fat that the di�erene in the omoving
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number density is ompensated by the length of the redshift range ontributing to the merger

frations. The QCDM universe with an age of � 1:36�10

10

years is younger than the adopted

�CDM universe with an age of � 1:45 � 10

10

years, whih is the reason why the same t

merg

refers to a larger redshift range in the QCDM universe. This result also emphasizes, that it

will not be possible to break the degeneray of these models by measuring merger rates.
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Figure 4.4: Same as �g 4.2 but now showing additionally as squares results for a quintessene

model with ! = �2=3.

Comparing Le F�evre et al. (2000) results with those obtained from the ombined Calteh Faint

Galaxy Redshift Survey (CFGRS) and Canadian Network for Observational Cosmology �eld

galaxy survey (CNOC2) (R. Carlberg, private ommuniation), whih inludes also minor

majors, reveals that inluding minor mergers leads to a smaller merger index m whih is

onsistent with the preditions of our simulations. It is therefore not surprising that these

two observed merger indies di�er.

4.3 Disussion and onlusions

Using semi-analytial modeling we reover a power law for the evolution of the merger rates

and frations at z � 1, as has been reported in earlier work. Varying the �nal mass M

0

,

the loal merger fration F

mg

(0) shows an exponential dependene on the merger index m

of the form F

mg

= 

1

exp(

2

m). The atual values of the parameters 

i

depend mainly on

the merging timesale and on the de�nition of major mergers. Our preditions that m will

inrease and F

mg

(0) will dereases in more massive environments is in qualitative agreement

with observations. The merger index m depends on the environment through the mass ratio

q

M

. The logarithmi funtionm = 

4

ln(q

M

)+

5

�ts the data well. We �nd a similar behavior
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as Patton et al. (2000), whih have shown that if they extend their galaxy sample to fainter

magnitudes the loal merger fration rises. In addition, we also �nd that the merger index

dereases with higher mass ratios. This is also being found by omparing the results of the

ombined CFGRS and CNOC2 sample with those of Le F�evre et al. (2000). The adopted

QCDM model does not show any signi�ant di�erene to the �CDM model. Therefore it is

not possible to distinguish between these two models by measuring the merger rate of galaxies.

Our model predits values for F

mg

(0) and m whih are too small by a fator of 2 ompared

with the preditions by Le F�evre et al. (2000) who used the loal merger fration estimate

of Patton et al. (1997) whih was derived with a di�erent de�nition of major mergers than

theirs. As we have shown, the de�nition of a major merger is ruial for the expeted merger

fration. Our results indiate that the loal merger fration F

mg

(0) for the galaxy sample

of Le F�evre et al. (2000) who used R

major

= 4 must be less than the value measured by

Patton et al. (1997) who used a larger R

major

. A smaller value of F

mg

(0) would lead to an

even larger disrepany in m ompared to our results. Another issue might be observational

errors, like projetion e�ets or unertainties in the merger timesale estimates. Our results

strongly emphasize that the omparison of merger frations dedued from di�erent samples

and with alternative tehniques is questionable if the adopted mass range and the de�nitions

of lose pairs and major mergers are not the same.
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Chapter 5

Orbital parameters of merging halos

To investigate the evolution of a merging pair of galaxies in a numerial simulation it is not

only important to alulate the physial proesses properly but it is also very important to

start from the appropriate initial onditions. These initial onditions onsist of a galaxy em-

bedded in a dark matter halo having the right properties and the orbital parameters for the

enounter of the two progenitor systems. In this setion we will disuss the orbital parame-

ters of merging dark matter halos. The geometry of a merger event between two dark matter

halos and their galaxies will be basially dominated by the dark matter halo. In general the

lak of knowledge of the appropriate initial onditions fores simulators to over parameter

spae by setting up mergers with di�erent orbital on�gurations. This approah however, has

several drawbaks as e.g. it is not lear how relevant a given parameter ombination is. In

this hapter we will analyze a large sale osmologial N-body simulation arried out by the

VIRGO-Consortium and derive self-onsistent orbital parameters of merging dark matter halos.

The simulation was arried out in a box of size 141.3 Mp h

�1

with 512

3

partiles eah having

a mass of 1:4 � 10

10

M

�

h

�1

and osmologial parameters 


�

= 0:7, 


0

= 0:3, �

8

= 0:9 and

h = 0:7. The positions and veloities of the partiles have been saved at 44 di�erent redshifts.

For illustration we show the redshifts and orresponding times in �g. 5.1. Additionally at

eah redshift a list of halo properties is available.

When two halos approah eah other their orbit is going to hange due to the transfer of

orbital angular momentum to the halo's internal angular momentum whih in the following

is alled spin and should not be onfused with the spin parameter de�ned e.g. in Peebles

(1993). The question of orbital initial onditions therefore beomes a question of the 'right

timing'. We try to identify the orbital parameters at a time when the interation between the

halos is weak and one an assume a Keplerian two body situation, using the positions of the

most bound partiles of eah individual halo. At eah redshift we go through the list of halos

identi�ed by using the friends-of-friends (FOF) algorithm and identify the positions of the

most bound partiles. If at one redshift a halo has disappeared through merging with another

halo, we look up the position of its most bound partile at the previous redshift and hek

whether the distane to the most bound partile of the other halo, with whih it is going to

merge, is larger than the sum of both virial radii. If so, we derive the orbital informations

using the data from this redshift, otherwise we go bak another redshift step, hek again and

take the data from that redshift if the ondition is ful�lled. To make sure that the merger

51



52 CHAPTER 5. ORBITAL PARAMETERS OF MERGING HALOS

012345678910111213
z

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

t [
G

yr
]

Figure 5.1: Output times of the simulation in Gyr and redshift.

is not just a yby of a halo whih will not be bound we hek at a redshift later than the

redshift at whih the atual merger happens if the separation of the most bound partiles has

dereased.

5.1 The redued two-body problem

Following the pioneering work of Toomre & Toomre (1972) (TT72), we will de�ne the orbital

parameters to set up the self-onsistent initial onditions. We simplify the problem by redu-

ing the two halo-system to a two-body system with eah body sitting at the position of the

most bound partile of the orresponding halo. The most bound partile sits in the potential

minimum of its halo and is supposed to be the most 'stable' partile, allowing to follow the

evolution of the progenitor halos during the early stages of the merger when a lear de�nition

of the enter of mass of the progenitor halos is not possible anymore. In fat, the position of

the most bound partile is not muh di�erent from the enter of mass of eah halo when the

halos are well separated. The two body problem onsisting of the most bound partiles of the

progenitor halos an now be redued to a single body problem with the following standard

approah:

F

h

=M

h

�r

h

; F

s

=M

s

�r

s

= �F

h

; (5.1)

where F

h

is the fore exerted on the more massive partner, alled halo, and F

s

the fore

exerted on the less massive partner, alled satellite. The positions of the halo and the satellites

arer

h

and r

s

, respetively. Here and in the following we will index variables orresponding

to the halo with h and and to the satellite with s. Introduing the relative separation vetor
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between both partiles as r = r

s

� r

h

the gravitational fore ating on the partiles reads

M

h

�r

h

= G

M

h

M

s

r

2

r

r

(5.2)

M

s

�r

s

= �G

M

h

M

s

r

2

r

r

: (5.3)

De�ning the redued mass by

� �

M

h

M

s

M

h

+M

s

(5.4)

the equivalent one-body problem is

��r = �G

M

h

M

s

r

2

r

r

: (5.5)

This equation desribes the behavior of a �titious partile of mass � in a gravitational

potential generated by mass M

h

M

s

. Sine the interpartile fore is ating along the vetor

r onneting the partiles, the angular momentum L of the redued partile is onserved

_

L = �r � �r = 0 and the redued partile will be moving in a plane perpendiular to the

angular momentum vetor. This allows the use of polar oordinates

x(t) = r(t) os (t) (5.6)

y(t) = r(t) sin (t) (5.7)

to simplify the problem even more. In these oordinates the omponents of the angular

momentum vetor beome

L

x

= L

y

= 0 (5.8)

L

z

= �r

2

_

 � L = onst: (5.9)

The equation for the total energy of the system in the rest frame of the enter of mass is

E =

1

2

�( _r

2

+ r

2

_

 

2

) + U(r) =

1

2

�( _r

2

+ r

2

_

 

2

)�G

M

h

M

s

r

= onst (5.10)

and an be manipulated to give the following di�erential equation

1

r

2

dr

d 

=

r

2�(E � U(r))

L

2

�

1

r

2

(5.11)

whih has the solution

r( ) =

a

sm

(1� e

2

)

1 + e os( �  

0

)

(5.12)

with the semi-major axis of the orbit

a

sm

=

L

2

(1� e

2

)�GM

h

M

s

(5.13)
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and the eentriity

e =

s

1 +

2EL

2

�(GM

h

M

s

)

2

: (5.14)

One distinguishes four di�erent lasses of orbits:

E > 0 ! e > 1 hyperboli orbit

E = 0 ! e = 1 paraboli orbit

E < 0 ! e < 1 ellipti orbit

E = �

�(GM

h

M

s

)

2

2L

2

! e = 1 irular orbit:

To speify an orbit one needs to determine e.g. the total energy E and the angular momentum

L or alternatively the eentriity e and the distane of losest approah , the perienter

distane r

peri

, whih is given by

r

per

= a

sm

(1� e) =

L

2

(1 + e)�GM

h

M

s

: (5.15)

5.2 Orbital parameters r

peri

& e

We start by analyzing the dependenies and orrelations of the perienter distane r

peri

and

the eentriity e of merging halos extrated from the simulation data. Sine the main moti-

vation is to derive self-onsistent initial onditions for major mergers whih eventually lead to

the formation of elliptial galaxies we �rst investigate the dependene on the minimum mass

of the progenitors and the de�nition of major mergers.

In �gure 5.2 the eentriity e of merging halos depending on the minimum mass of the pro-

genitor halos is shown. The orbits are mostly found to be paraboli or very lose to paraboli.

We �nd � 70% of the orbits in the range e = 1� 0:1. This result is independent of the min-

imum mass ut applied. N-body simulations of merging galaxies assume galaxies embedded

in halos approahing eah other on paraboli orbits (e.g. Barnes, 1988), whih our results

indiate to be a valid assumption. One might ask how a nonbound orbit (E � 0) leads to a

merger. During the enounter of the halos orbital angular momentum gets transferred to spin

of the halos. Equation 5.14 states that in this ase the orbit must beome more eentri and

hene more bound. Simulations of merging galaxies have shown that mergers with a mass

ratio up to 4 an produe elliptial galaxies (Barnes & Hernquist, 1992; Burkert & Naab,

2003, and referene therein). We therefore, de�ne major mergers as mergers with a mass

ratio M

h

=M

s

� 4. In �g. 5.3 we show the dependene of our results on the de�nition of

major mergers. We �nd no dependene with mass ratio, whih indiates a self-similarity of

the formation proess of strutures not only on the mass sales of interest but also on ertain

kinds of merger events, namely major merger events.
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Figure 5.2: Left panel: Fration of merging halos with mass larger than N

part

�2�10

10

M

�

on

initial orbits with eentriity e. N

part

is the number of dark matter partiles. Right panel:

Corresponding umulative fration of eentriities.
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Figure 5.3: Left panel: Fration of merging halos with mass larger than 4 � 10

12

M

�

and

di�erent mass rations M

h

=M

s

, on initial orbits with eentriity e. N

part

is the number of

dark matter partiles. Right panel: Corresponding umulative fration of eentriities.
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Figure 5.4: Left panel: Fration of merging halos with mass larger than N

part

�2�10

10

M

�

on

orbits with di�erent perienter distanes in units of more massive progenitor's virial radius

R

vir;h

. N

part

is the number of dark matter partiles. Right panel: Corresponding umulative

fration of perienter distanes.
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Figure 5.5: Left panel: Fration of merging halos with mass larger than 4 � 10

12

M

�

and

di�erent mass ratiosM

h

=M

s

, on orbits with di�erent perienter distanes in units of the more

massive progenitor's virial radius R

vir;h

. Right panel: Corresponding umulative fration of

perienter distanes.
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The distribution of the perienter distane in units of the virial radius of the more massive

progenitor halo and its dependene on minimum mass is shown in �g. 5.4. The distribution

shows only a very weak dependene on the minimum mass. Small perienters are more

frequent than larger ones. This is atually what one would expet, beause halos whih are

on orbits leading to a very lose enounter are more likely to merge than those whih pass

eah other from very far. More than 70 % of the mergers had perienter distanes whih were

smaller than 0:4r

vir

. We also present the results for if we vary the de�nition of major mergers

(see �g. 5.5). Again the results show only a very weak dependeny. Merger simulations

usually set up initial onditions using smaller values for perienter distanes leading to fast

merger. This an have some impat on the remnant galaxy. Aording to eq. 5.15 r

peri

/ L

2

,

whih means that the orbital angular momentum in merger simulation is less than that for

merging halos in self-onsistent osmologial simulations. The angular momentum transfered

during the merger proess will therefore be less and the struture of the remnant will be

di�erent. In �g. 5.6 we hek if the perienter distane is orrelated to the virial radius r

h

and �nd no signi�ant orrelation. The larger satter is just due to the spread in halo masses

and inreases / r

peri

=r

vir;h

.
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Figure 5.6: Perienter distane in units of Mp against perienter distane in units of r

vir;h

.

The values at eah line indiate the ompleteness limit, meaning the fration of mergers

with r

peri

=r

vir;h

< 0:1; : : : 0:3. Results are shown for progenitor halos of mass larger than

4� 10

12

M

�

and mergers with mass ration M

h

=M

s

� 4.

Sine we have found no dependene on the minimummass and on the major merger de�nition

we ontinue our investigations using as a standard assumption M

min

= 4 � 10

12

M

�

whih

orresponds to the typial halo size of massive galaxies and M

h

=M

s

� 4 as our de�nition for

major mergers. Not every random orbit is going to lead to a merger and it is important to see

if a preferred orbit on�guration exists leading to mergers. In �g. 5.7 the orrelation of r

peri
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and e for mergers identi�ed in the simulation is illustrated. Mergers with r

peri

� 0:1r

vir;h

are

almost all on paraboli orbits with e � 1. Orbits with r

peri

> 0:1r

vir;h

have a satter whih

inreases with perienter distane. The same behaviour is found looking at the orelation

between eentriities and perienter distanes in units of Mp.

0.0001 0.001 0.01 0.1 1
rperi / rvir,h

0

0.5

1

1.5

2

e

Figure 5.7: Correlation between the eentriity and perienter distane of merging ha-

los found in the simulation. Results are shown for progenitor halos of mass larger than

4� 10

12

M

�

and mergers with mass ration M

h

=M

s

� 4.

The expetation from eq. 5.15 is that the spei� angular momentum L

sp

� L=� is propor-

tional to r

1=2

peri

with a satter beause of di�erent eentriities of the orbits. In �g. 5.8 we

show the orrelations found between these two quantities. The line in the left and right panel

of �g. 5.8 is a power law �t to the data with

L

sp

= 1:17

�

r

peri

r

vir;h

�

0:51

Mp

2

yr

(5.16)

for the perienter distane in units of r

vir;h

and

L

sp

= 2:54 (r

peri

)

0:55

Mp

yr

(5.17)

for the perienter in units of Mp. The �ts show that the data is following the trend of

L

sp

/ r

1=2

peri

. The larger satter in the orrelation with r

peri

in units of r

vir

is due to the

spread of halo masses.
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Figure 5.8: Corelation between the spei� angular momentum L

sp

of the orbit and its

perienter distane in units of r

vir

(left panel) and Mp (right panel). Lines represent power

law �ts to the data. Results are shown for progenitor halos of mass larger than 4� 10

12

M

�

and mergers with mass ration M

h

=M

s

� 4.

Depending on the energy of the orbit sometimes spei� parameters are used to haraterize

them. Hyperboli enounters get haraterized by the so-alled impat parameter b. In �g. 5.9

the de�nition of b is illustrated. The impat parameter is de�ned by the vetor perpendiular

to the initial veloity V(t = �1). The initial veloity is alulated using

t

ini

= �1; r(�1) =1;

_

 

�1

= 0 (5.18)

in eq. 5.10, leading to

V

�1

=

s

2E

�

(5.19)

Beause of the onservation of the orbital angular momentum the impat parameter beomes

b =

L

�V

�1

=

L

�

p

2E=�

: (5.20)

The probability distribution of impat parameters (�g. 5.10) an be �tted by

dP

db

db =

1

a

2

a

0

a

1

�

b

a

1

�

a

0

�1

exp

�

�

b

a

1

�

a

0

db (5.21)
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b

Figure 5.9: The de�nition of the impat parameter b.

and

a

0

= 2:94; a

1

= 0:39; a

2

= 0:29: (5.22)

In the upper graph of �g. 5.11 we show the orrelation between the impat parameter and

the perienter distane. The line is a power-law �t to the data with

r

peri

= 0:17b

0:87

: (5.23)

The lower graph of �g. 5.11 displays the orelation between eentriity and impat param-

eter of the enounter. Again it beomes evident that the majority of the orbits is lose to be

paraboli and that only a small fration is signi�ant di�erent from paraboli. Enounters

having e > 1 merge very slowly if at all. That is why only those with small impat parameters,

meaning lose yby, lead to signi�ant fast mergers seen in the simulations. Those mergers

with large impat parameter are mostly on nearly paraboli orbits whih made the merger

fast enough to atually happen.

Another parameter ommonly used to desribe bound orbits E < 0 is the irularity � whih

was introdued in setion 3.7 as the ratio of the orbital angular momentum to the angular

momentum of a irular orbit with the same energy. The irularity of an bound orbit an

be derived applying the virial theorem U = �2T giving

r

ir

=

Gm

h

m

s

2E

(5.24)

V

ir

=

s

�2E

�

(5.25)

(5.26)

and the angular momentum as

L

ir

= r

ir

�V

ir

: (5.27)
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Hene the irularity beomes

� =

L

L

ir

=

L

r

ir

�V

ir

: (5.28)

From eq. 5.25 one sees that the irularity an only be de�ned sensefully for orbits with

E < 0. Manipulating equations 5.14 and 5.28 gives following relation for the irularity and

eentriity of an orbit:

� =

p

1� e

2

: (5.29)

The upper graph of �g. 5.12 presents the distribution of irularities found. They are dis-

tributed aording to following funtion:

dP

d�

d� =

1

a

2

a

0

a

1

�

�

a

1

�

a

0

�1

exp

�

�

�

a

1

�

a

0

d� (5.30)

and

a

0

= 2:98; a

1

= 0:36; a

2

= 0:11 (5.31)

This result di�ers from that by Tormen (1997) who found the irularities to be distributed

with a peak around � � 0:5. However the di�erent result might not be surprising sine they

onsider only minor mergers M

h

=M

h

� 4 in a luster environment, where the gravitational

�eld might lead to a hanging of the irularity distribution, whih needs further investiga-

tions using high resolution simulations. An important onsequene for semi-analyti modeling

presented in hapter 3 is that the irularity � for major mergers must not be drawn from

a uniform distribution but from the distribution found here. The onsequene will be faster

mergers on average.

The upper graph of �g 5.13 shows that the irularity is niely orrelated with the perienter

distane, whih is not very surprising sine it is not very likely to have an almost irular

orbit already at the beginning of an enounter where both most bound partiles are very lose

to eah other. We �nd that the data an be �tted well be following power-law

r

peri

= 0:28�

1:65

(5.32)

The lower graph of the same �gure shows the relation between e and �, whih is as expeted

following eq. 5.29.
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Figure 5.10: Upper graph: Probability density of hyperboli orbits with di�erent impat

parameter b. Lower graph: To the upper graph orresponding umulative fration. Results

are shown for progenitor halos of mass larger than 4� 10

12

M

�

and mergers with mass ration

M

h

=M

s

� 4.
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Figure 5.11: Upper graph: Correlation between perienter distane and impat parameter

of hyperboli orbits leading to mergers. Lower graph: Correlation between the eentriity

and impat parameter orresponding to the orbits in the upper graph. Results are shown for

progenitor halos of mass larger than 4� 10

12

M

�

and mergers with mass rationM

h

=M

s

� 4.
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Figure 5.12: Upper graph: Probability density of bound orbits with di�erent irularity.

Lower graph: To the upper graph orresponding umulative fration. Results are shown for

progenitor halos of mass larger than 4� 10
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and mergers with mass rationM
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� 4.
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Figure 5.13: Upper graph: Correlation between perienter distane and irularity of bound

orbits leading to mergers. Lower graph: Correlation between the eentriity and irularity

orresponding to the orbits in the upper graph. Results are shown for progenitor halos of

mass larger than 4� 10

12

M

�

and mergers with mass ration M

h

=M

s

� 4.
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5.3 Parameters ! & i

If halos spin, the orbital parameters of the last setion are not enough to fully desribe the

geometry of the enounter. Additional onstraints on the position of the spin vetors S are

required. In �g. 5.14 the de�nition of the two neessary angles is shown. The angle i is

de�ned in the rest frame of the halo as the angle between the spin plane of the halo and the

orbital plane and in the rest frame of the satellite as the angle between the spin plane of the

satellite and the orbital plane. These two angles i

h

and i

s

are independent and by de�nition

jij � 180

Æ

, where i = 0

Æ

is a prograde and i = 180

Æ

a retrograde enounter. Additionally,

the perientri argument !, is de�ned as the angle between the line of nodes and separation

vetor at perienter, and has values ranging from ! = �90

Æ

to ! = 90

Æ

. It is not de�ned for

i = 0

Æ

or i = 180

Æ

.

Figure 5.14: De�nition of of the angles i and ! following TT72.

To begin with, the orrelation between the angles i and ! with the minimum mass of pro-

genitor halos and the de�nition of major mergers is examined. Figures 5.15 - 5.18 show the

results. The angles i

h

and i

s

are distributed following a sinus, independent of the minimum

mass for major merger de�nitions of M

h

=M

s

� 4. The �t gets naturally poorer at high mini-

mum masses beause of the smaller number of halos merging in that mass range. The solid

lines in �gure 5.15 and 5.16 are �ts of the form / jsin(x)j. If the angle between two vetors is

sinus-distributed, the two vetors have no orrelation. This an be understood from looking

at the probability of drawing a random vetor pointing from the enter of a sphere to its

surfae. If every point on the surfae is equally likely to be pointed at, the probability of

�nding an angle i for example between the x-axis and a random vetor will be proportional

to sin(i). We therefore onlude that the spin plane and the orbital angular momentum plane

have no orrelation. By inspeting �gures 5.17 and 5.18 one �nds the same results for the

angle !.
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Figure 5.15: Left olumn: Angle between halo spin plan and orbital plane for di�erent hoies

of minimum progenitor mass and a major merger de�nition of M

h

=M

s

� 4. Right olumn:

Same as left olumn but now for the angle between the spin plane of the satellite and orbital

plane.
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Figure 5.16: Left olumn: Angle between halo spin plan and orbital plane for di�erent hoies

of major merger de�nition and �xed minimum progenitor mass of 4�10

12

M

�

. Right olumn:

Same as left olumn but now for the angle between the spin plane of the satellite and orbital

plane.
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Figure 5.17: Left olumn: Angle between perienter vetor and node line in the rest frame of

the halo for di�erent hoies of minimum progenitor mass and a major merger de�nition of

M

h

=M

s

� 4. Right olumn: Same as left olumn but now for perienter vetor and the node

line in the satellite rest frame.
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Figure 5.18: Left olumn: Angle between perienter vetor and node line in the rest frame

of the halo for di�erent hoies of major merger de�nition and a �xed minimum progenitor

mass of 4 � 10

12

M

�

Right olumn: Same as left olumn but now for perienter vetor and

the node line in the satellite rest frame.
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De�ning the angle � between the spin planes, one would expet from the results presented

above that the spin vetors are not orrelated with eah other, and that � should be sinus

distributed. The distribution of � is shown in �g 5.19 and is indeed sinus like.
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Figure 5.19: The distribution of angles � between the two spin planes. Results are shown for

progenitor halos of mass larger than 4� 10

12

M

�

and mergers with mass rationM

h

=M

s

� 4.

It is important to investigate the additionally orrelations between the orbital parameters

R

peri

and e with the angles introdued above. Fig. 5.20 illustrates the orrelation between

the angle i

s

and the orbital parameters. The orbital parameters seem to be not orrelated

with i

s

. The same results are found for i

h

. The perientri argument ! shows in ontrast

to i an interesting orrelation with the orbital parameters (�g. 5.21). It appears that for

j!

s

j � 45

Æ

the enounters are in the majority all nearly paraboli and that for j!

s

j < 45

Æ

the enounter orbits start having larger deviations from paraboli. This suggest that halos

approahing on non-paraboli orbits are more likely to merge if the vetor at perienter lies

lose to the spin plane of the partner. A very lear orrelation between the perienter distane

r

peri

and the perientri argument ! is found. For inreasing perienter distane ! dereases,

indiating that distant passages only lead to mergers if the perienter vetor is lose to the

partner's spin plane. Again this result is valid for both !

s

and !

h

.

Semi-analyti models desribing the aquisition of spin by halos (Maller et al., 2002; Vitvitska

et al., 2002) assume that during mergers the orbital angular momentum gets transformed into

spin of the remnant halo. These models and models in whih angular momentum is aquired

by tidal torques (e.g. Poriani et al., 2002) reprodue the spin distribution of halos found in

N-body simulations. However the merger piture for the build up of halo spins uses some

assumptions whih still need
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Figure 5.20: Upper graph: Correlation between i

s

of the satellite and the eentriities of

orbits leading to mergers. Lower graph: Correlation between the r
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and i

s

orresponding

to the orbits in the upper graph. Results are shown for progenitor halos of mass larger than
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and mergers with mass ratio M

h

=M

s

� 4.

0

1

2

e

-90 -45 0 45 90
ωs

10
-3

10
-2

10
-1

r pe
ri
 [

M
pc

]

Figure 5.21: Upper graph: Correlation between !

s

and e for orbits leading to mergers. Lower

graph: Correlation between r
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, orresponding to the orbits in the upper graph.

Results are shown for progenitor halos of mass larger than 4� 10
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and mergers with

mass ratio M
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s

� 4.
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on�rmation by N-body simulations. As a �rst step the amount of angular momentum in the

orbit must be investigated. Fig. 5.22 shows the distribution of the fration of orbital angular

momentum to spin of the halos S

h

and spin of the satellite S

s

. The distributions are �tted

by following funtion and parameters:

dP

d(L=S

h

)

d(L=S

h

) =

1

a

2

a

0

a

1

�

L=S

h

a

1

�

a

0

�1

exp

�

�

L=S

h

a

1

�

a

0

d(L=S

h

) (5.33)

with

a

0

= 2:09; a

1

= 0:10; a

2

= 71:62 (5.34)

and

dP

d(L=S

s

)

d(L=S

s

) =

1

a

2

a

0

a

1

�

L=S

s

a

1

�

a

0

�1

exp

�

�

L=S

s

a

1

�

a

0

d(L=S

s

) (5.35)

with

a

0

= 2:17; a

1

= 0:05; a

2

= 66:40: (5.36)

Maller et al. (2002) de�ne a parameter f for mergers

f =

L

V

vir

R

vir

�

(5.37)

with V

vir

and R

vir

of the more massive progenitor. The value of this parameter is set to be

f � 0:42 for their model, in whih spin is aquired from orbital angular momentum, produe

a spin distribution as found in N-body simulations. In Fig. 5.23 the distribution of f is

displayed. Again the distribution an be �tted by

dP

df

df =

1

a

2

a

0

a

1

�

f

a

1

�

a

0

�1

exp

�

�

f

a

1

�

a

0

df (5.38)

with

a

0

= 3:02; a

1

= 0:87; a

2

= 0:215: (5.39)

The distribution peaks at � 0:6 and has its mean at � 0:75 whih disagrees with the value

required in the merger piture.
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Figure 5.22: The upper two graphs show the distribution and orresponding umulative

fration of mergers with di�erent L=S

h

. The solid line in the upper of the two graphs is the

�t using eq. 5.33. Lower two graphs show the same as the upper graphs but now for the

fration L=S

s

. Results are shown for progenitor halos of mass larger than 4� 10
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�

and

mergers with mass ration M
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Chapter 6

Dry and mixed mergers

The formation of elliptial galaxies by merging disk galaxies has been studied in numerous

simulations sine it was proposed by Toomre & Toomre (1972) (see Barnes & Hernquist (1992)

and Burkert & Naab (2003) for reviews). This merging hypothesis has proven very suessful

in explaining many of the properties of elliptials. Even though there are still questions whih

need further investigation, like the origin of peuliar ore properties of elliptials, it is now

widely believed that elliptials formed by mergers of disk galaxies. In the framework of hi-

erarhial struture formation, merging is the natural way in whih struture grows. Indeed,

the observed merger fration of galaxies is in agreement with the preditions of hierarhial

models of galaxy formation (see hapter 4). Semi-analytial models of galaxy formation, as

the one we introdued in hapter 3, suessfully reprodue many observed properties of galax-

ies, These models generally assume that star formation takes plae in a galati disk whih

formed by gas infall into dark matter halos. One these disk galaxies merge, depending on

the mass ratio of the galaxies, elliptial galaxies form. N-body simulations suggest a mass

ratio of M

1

=M

2

� 3:5, with M

1

� M

2

to generate elliptials (Naab & Burkert, 2001). We

refer to these events as major mergers and to events with M

1

=M

2

> 3:5 as minor mergers.

Elliptials an later on build up new disks by aretion of gas and beome bulges of spiral

galaxies (e.g. Steinmetz & Navarro, 2002) or merge with other galaxies. Up to now the fre-

queny of elliptial-elliptial mergers (dry mergers, e-e) or spiral-elliptial mergers (mixed

mergers, sp-e) has not been studied in detail despite observational evidene indiating their

importane. van Dokkum et al. (1999), for example, �nd mergers of red, bulge dominated

galaxies in a rih luster at intermediate redshifts.

In this hapter we investigate the liklihood of dry and mixed mergers. Our semi-analytial

model was onstruted as desribed in detail in hapter 3. The mass M

0

traes di�erent

environments. We adopt M

0

= 10

12

M

�

whih represents a �eld environment and M

0

=

10

15

M

�

whih is a galati luster environment. present-day elliptials are identi�ed by their

B-band bulge-to-dis ratio as in hapter 3 , whih orresponds to roughly more than 60% of

the stellar mass in the bulge (see �g. 3.21). We divide the progenitor morphologies into bulge

dominated labeled e and disk dominant labeled sp galaxies. In what follows our standard

model assumes that the stars of areted satellites in minor mergers ontribute to the bulge

omponent of the more massive progenitor and bulge dominated galaxies have more than 60%

of their stellar mass in the bulge. We adopt a �CDM osmology with 


m

= 0:3, 


�

= 0:7

and H

0

= 65 km s

�1

Mp

�1

.
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6.1 Morphology of progenitors

We start by analyzing the morphology of progenitors involved in major mergers adopting our

standard model. Due to ontinuous interations, the fration of bulge dominated galaxies

inreases with dereasing redshift. As a result, the probability for them to be involved in a

major merging event inreases too, whih is shown in the left panel of �g. 6.1 for a �eld (M

0

=

10

12

M

�

) and luster environment (M

0

= 10

15

M

�

). Due to more frequent interations the

inrease of the e-e and sp-sp fration is faster in more dense environments and at redshifts z �

1 the sp-e and e-e fration show lear environmental dependenies. The fration of e-e mergers

inreases faster (slower) while the fration of sp-e mergers inreases slower (faster) with time

in high density (low) regions. The most massive galaxies are mainly bulge dominated (e.g.

Binney & Merri�eld, 1998; Kohanek et al., 2001), suggesting that the fration of e-e and

sp-e is mass dependent. The right panel of �g. 6.1 illustrates the fration of present-day

elliptials at eah magnitude whih experiened last major mergers of type e-e, sp-sp or sp-e.

The fration of e-e and sp-e mergers indeed inreases towards brighter luminosities with a

tendeny to inrease faster in more dense environments, due to the higher fration of bulge

dominated galaxies. One an distinguish between three luminosity regions: for M

B

� �21

dry, at around M

B

� �20, mixed and for M

B

� �18 sp-sp mergers dominate.
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Figure 6.1: Left panel, fration of major mergers in the standard model between galaxies

of di�erent morphology at eah redshift. Right panel, the fration of present-day elliptials

whih experiened a last major merger of type sp-sp, e-e or sp-e as funtion of their B-band

magnitude. Results shown for the standard model.
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Figure 6.2: The left olumn shows the dependene of merger frations of di�erent types on

the de�nition of bulge dominated galaxies. The right olumn displays the same dependene

for the last major merger type of present-day elliptials at eah B-band magnitude. Results

are shown for a luster environment of M

0

= 10

15

M

�

and a model where all satellite stars

from minor mergers ontribute to the bulge of the more massive merger partner.

It is important to understand how our results depend on the model assumptions. We fous

on luster environments with M

0

= 10

15

M

�

, where the fration of elliptials is largest, and

investigate the dependene on our de�nition of a bulge dominated galaxy. We varied the

de�nition of a bulge dominated galaxy from more than 60% mass in the bulge omponent to

more than 80% mass in the bulge. The results are shown The tighter de�nition of a bulge

dominated galaxy redues (inreases) the fration of e-e (sp-sp) mergers at all redshifts, whih

results in a lower (higher) fration of last major mergers being between bulge (disk) domi-

nated galaxies. The right panel of �g. 6.2 reveals in whih mass range the galaxies are most

sensitive to the de�nition of a bulge dominated galaxy. At the high mass end withM

B

� �21

(e-e region) most of the e-progenitors have a very large fration of their mass in their bulge

omponent, while in the in �g. 6.2. sp-e and sp-sp region the e-progenitors do not have suh

dominant bulge omponents, whih explains why the sp-e fration inreases for M

B

� �21 if

a tighter de�nition of bulge dominated galaxies is assumed.

In our standard model we assumed the stars of a satellite in a minor merger to ontribute
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Figure 6.3: The same as �g. 6.2, assuming that galaxies with more than 60% of their mass

in the bulge are alled elliptials and adopting di�erent fates for the stars of the satellites in

minor mergers. We show models where stars ontribute to the bulge (solid line), to the disk

(dashed line) or half of the stars to the disk and half to the bulge (dotted line).

to the bulge omponent of the more massive progenitor. However the fate of the satellite's

stars is not that lear, as e.g. Walker et al. (1996) �nd that in mergers withM

1

=M

2

= 10 the

stars of the satellite get added in roughly equal parts to the disk and the bulge. We tested

three di�erent models assuming the stars of satellites in minor mergers to ontribute to the

bulge (bulge model) (e.g. Kau�mann et al., 1999), the disk (disk model) (e.g. Somerville &

Primak, 1999) or half of the stars to the bulge and the other half to the disk (disk-bulge

model) of the more massive progenitor. We �nd that the fration of sp-e merger does not

hange signi�ant while the fration of sp-sp (e-e) mergers inreases (dereases) from bulge

to disk model (�g. 6.3).

This demonstrates that minor mergers play an important role between two major merging

events of a galaxy. The stars and the gas ontributed from the satellites will a�et the mor-

phology of elliptial galaxies and make them look more like lentiular galaxies.

It is interesting to investigate the fration of present-day elliptials brighter than a given

magnitude whih experiened last major mergers of e-e, sp-e or sp-sp type. This quantity is

shown for a luster environment in �g. 6.4. Again bulge dominated galaxies are de�ned as

those with more than 60% of their mass in the bulge. Independent of the fate of the satellite
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Figure 6.4: The fration of present-day elliptials with B-band magnitude larger M

B

and

di�erent type of last major mergers in luster environments. Elliptials are de�ned as galaxies

with more than 60% of their mass in the bulge.

stars more than 50% of the elliptials brighter thanM

B

� �18 have experiened a last major

merger whih was not a merger between disk dominated galaxies.

6.2 Disussion and onlusions

We have analyzed the morphologies of progenitors of present-day elliptials based on their

stellar mass ontent in bulge and disk, �nding that in ontrast to the ommon assumption

of disk dominated progenitors, a large fration of elliptials were formed by the merging of a

bulge dominated system with a disk galaxy or another bulge dominated system. Kau�mann

& Haehnelt (2000) �nd that the fration of gas involved in the last major merger of present-

day elliptials dereases with stellar mass. We �nd the same behavior and show in addition

that the fration of dry and mixed mergers inreases with luminosity, suggesting that massive

elliptials mainly formed by nearly dissipationless mergers of elliptials (dry mergers). Our

results ombined with those of Milosavljevi� & Merritt (2001) provide an explanation for ore

properties of elliptials as observed e.g. by Gebhardt et al. (1996). Progenitors of massive

elliptials should be bulge dominated with massive blak holes and very little gas. Their

merging leads naturally to at ores in the remnant. In ontrast, progenitors of low mass

elliptials are gas rih with small bulges and low mass blak holes, resulting in dissipative
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mergers and uspy remnants. With these assumptions it is possible to reprodue the relation

between mass de�it and blak hole mass observed by Milosavljevi� et al. (2002) (Khohfar

& Burkert in preparation). It is also interesting to note that Genzel et al. (2001) and Taoni

et al. (2002) �nd that ULIRGS have e�etive radii and veloity dispersions similar to those

of intermediate mass disky elliptials with �18:5 � M

B

� �20:5 (sp-e region). QSOs on

the other hand have e�etive radii and veloity dispersions whih are similar to giant boxy

elliptials (e-e region). This suggests that ULIRGS should be formed in sp-e mergers whereas

QSOs formed almost dissipationless through e-e mergers.

We �nd that many bulge dominated progenitors experiened minor mergers in between two

major merger events. The morphology of these objets is somewhat ambiguous and may

depend on several parameters like the impat parameter of the infalling satellites. However,

it is lear that these galaxies will rather look like lentiular galaxies than lassial spirals. If

lentiulars make up a large fration of progenitors of present-day elliptials with M

B

� �21,

numerial simulations of the formation of giant elliptial galaxies should start with progeni-

tors whih were disturbed by minor mergers and should not use relaxed spiral galaxies (e.g.

Burkert & Naab, 2003).

Independent of the fate of satellite stars in minor mergers, more than 50% of present-day

elliptials brighter thanM

B

� �18 in lusters had a last major merger whih was not a merger

between two lassial spiral galaxies. Despite all the suesses of simulations of merging

spirals in explaining elliptial galaxies our results indiate that only low mass elliptials are

represented by suh simulations. More simulations of sp-e (e.g. Naab & Burkert, 2000) and

e-e mergers are required to address the question of the formation of elliptials via merging

adequately.



Chapter 7

Isophotal shape of elliptials

Numerous observational studies have measured the isophotal shape of elliptial galaxies and

found that they deviate from pure ellipti shape (Lauer, 1985; Carter, 1987; Jedrzejewski,

1987; Jedrzejewski et al., 1987; Bender et al., 1987; Bender, 1988; Nieto et al., 1991; Poulain

et al., 1992; Nieto et al., 1994; Kormendy & Djorgovski, 1989, for a review). This deviation is

haraterized by the Fourier expansion of Ær(�

i

) � r

iso

(�

i

) � r

ell

(�

i

) with r

iso

(�

i

) being the

radial distane from the enter of the isophote under the polar angle � to the atual observed

isophote, and r

ell

(�

i

) the radial distane from the enter of the isophote under the same polar

angle � to the best �tting elliptial isophote. The expansion reads:

Ær(�) =

1

X

j=0

a

j

os(j�) +

1

X

j=0

b

j

sin(j�): (7.1)

The Fourier oeÆients with j � 2 desribe the position of the �tted ellipse relative to the

observed isophote. The oeÆients a

0

and a

2

are the deviations from the long and short

axis, and the oeÆients a

1

and b

1

determine the zero-point-o�set of the axes. CoeÆient

b

2

measures the angle between the semi-major axis of the �tted ellipse with respet to the

long axis of the observed isophote. Generally these oeÆients are small and the oeÆients

with j � 3, whih desribe deviations from perfetly elliptial shape, are dominated by the

fourth-order osine oeÆient a

4

. The e�et of non-zero a

4

-oeÆient is illustrated in �g.

7.1. For positive values the isophote looks disk-like shaped (disky), and for negative values

box-like shaped (boxy). For onveniene one introdues the dimensionless parameter

a4 �

a

4

a

(7.2)

with a as the semi-major axis of the best �tting ellipse.

Bender et al. (1988) and Bender et al. (1989) were the �rst to look systematially for or-

relations between isophotal shape and other properties of elliptial galaxies. In general the

value of a4 hanges with radius and one must de�ne its value in the same way for all elliptial

galaxies to get senseful results. Bender et al. (1988) deided to hoose the value of a4, by

averaging between the seeing radius r

s

and 1.5 r

eff

, with r

eff

being the half-light radius,

and multiplying this value by 100. This quantity, in the following labeled a4

eff

, gives the

harateristi shape of the isophotes around r

eff

. Around 1=3 of the elliptials investigated

show boxy isophotes, another 1=3 show disky isophotes and the rest are irregular and allow

83
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Figure 7.1: Comparison of boxy (a4� 100 = �0:1) and disky (a4� 100 = 0:1) isophotes with

the orresponding best �tting ellipse (dashed line). The long and short axis are denoted by

a and b respetively.

no identi�ation of a harateristi isophotal shape (Bender et al., 1989). The fration of

di�erent isophotal shape is derived for a limited sample and might hange signi�antly going

to a more omplete sample.

As a �rst step (Bender et al., 1989) investigated the orrelations between the isophotal shape

haraterized by a4

eff

and other shape and kinematial parameters. These parameters giving

di�erent informations on galaxies are:

- Elliptiity �

The elliptiity of a galaxy is de�ned by

� � 1�

b

a

(7.3)

with a as the semi-major axis and b as the semi-minor axis. Sine the elliptiity hanges

along the major axis Bender et al. (1988) use the e�etive elliptiity �

eff

de�ned as the

maximum value of the elliptiity along the major axis, or in the ase of a ontinuous

inrease, the value at r

eff

.

- Rotational support

�

v

maj

�

0

�

A measure for the rotational support of a galaxy is the ratio of rotational veloity

along the major axis v

maj

at r

eff

and the entral veloity dispersion �

0

de�ned by the

average veloity dispersion inside 0:5r

eff

. If the veloity dispersion is muh larger than

the rotational veloity the shape of the galaxy is dominated by the random motion of

the stars rather than by rotation, meaning it is pressure supported. The theoretial

predition for an oblate rotator with isotropi stellar veloity distribution has been
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alulated by Binney (1978), and an be approximated by

�

v

maj

�

0

�

theo

�

r

�

1� �

: (7.4)

- Anisotropy parameter

�

v

maj

�

0

�

�

Kormendy (1982) and Davies & Illingworth (1983) suggest to parametrize the amount of

anisotropi veloity dispersion by the ratio of observed (v

maj

=�

0

)

obs

to the theoretially

predited value giving

�

v

maj

�

0

�

�

=

(v

maj

=�

0

)

obs

(v

maj

=�

0

)

theo

: (7.5)

Values around 1 indiate an isotropi rotating galaxy while values of (v

maj

=�

0

)

�

< 1

indiate an anisotropi rotator (Bender, 1988) .

- Minor-axis rotation �

Following Binney (1985) the amount of rotation along the minor-axis an be parametrized

by

� =

v

min

q

v

2

maj

+ v

2

min

: (7.6)

Large values indiate non-negligible rotation along the minor-axis. Large values of � in

ombination with isophotal twist are strong indiations for triaxiality in the rotation.

In �g. 7.2 we present a ompilation of the observed orrelations by Bender et al. (1989). The

upper left panel shows the orrelation between �

eff

and a4

eff

. Elliptials with �

eff

> 0:4 are

mostly disky, while those around 0.4 an either be disky or boxy. The deviation from pure

elliptial shape goes along with elliptiity. Galaxies whih are 'rounder' show less deviation

from pure elliptial shape.

The graph in the upper right panel displays that disky elliptials follow niely the theoretial

predited relation for an oblate isotropi rotator, indiating that they are rotationally sup-

ported systems. The diskyness is attributed to and additional stellar disk ontributing up to

30% of the total light (e.g. Rix & White, 1990). On the other hand boxy elliptials seem to

be not rotationally supported but pressure supported and have small values of (v

maj

=�

0

).

Boxy elliptials show a wide spread in (v

maj

=�

0

)

�

, but all of these galaxies have small values

of (v

maj

=�

0

) and are therefore attened by veloity anisotropy. In ontrast disky elliptials

are mainly isotrope with (v

maj

=�

0

)

�

� 1.

The signi�ant minor-axis rotation found in boxy elliptials indiates them being triaxial

(Wagner et al., 1988; Franx et al., 1989), while disky elliptials have mainly negligible minor-

axis rotation and are therefore assumed to be not triaxial.
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Figure 7.2: Kinematial and photometri properties of observed giant galaxies (�gure repro-

dued from Naab (2000)). Filled squares represent boxy elliptials (a4

eff

< 0) and open

diamonds disky elliptials (a4

eff

> 0).Top left panel: Elliptiity of the galaxies vs. a4

eff

.

Top right panel: Correlation between the ratio of rotational veloity and entral veloity dis-

persion and elliptiity. The arrows indiate upper limits. Bottom left: Anisotropy parameter

vs. isophotal shape. Bottom right panel: Minor-axis rotation vs. a4

eff

, with v

maj

and v

min

being the maximum veloity along the major and minor axes, respetively.

boxy E disky E

rotationally supported 	 �

anisotropi rotation � 	

triaxiality � 	

Table 7.1: Summary of boxy and disky elliptial properties.
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The orrelations presented above lead to the onlusion that elliptial galaxies an be divided

into two distint lasses, the boxy ones and the disky ones. The question arising immediately

is, if these two lasses of elliptials might have had di�erent formation senarios. Kormendy

& Bender (1996) and Faber et al. (1997) argued that disky elliptials are the produt of

gaseous mergers where the gas settles down into a distint inner dis and gets transformed

into stars, leading to disky isophotes. On the other hand boxy elliptials are the produt

of dissipationless stellar mergers. Numerial simulation investigating this senario in detail

found that the rapidity of gas onsumption a�ets the isophotal shape (Bekki & Shioya, 1997;

Bekki, 1998).

Barnes (1998) proposed a di�erent senario in whih rapidly rotating disky elliptials are

formed by dissipationless unequal mass mergers and boxy elliptials by dissipationless equal

mass mergers. Naab et al. (1999) tested this hypothesis in detail using numerial simulations

and deriving the shape and kinematial parameters of the remnant elliptials the same way as

Bender et al. (1988) did. Figure 7.3 presents results for a merger on�guration whih leads to

typial results seen in merger simulations. The dots are 200 random projetions of 1:1 merger

(�lled irles) and 3:1 mergers (open irles). The simulated elliptials show a very good or-

relation between their a4

eff

value and the mass ratio of the merger. Remnants of 3:1 mergers

have mostly a4

eff

> 0 and those of 1:1 mergers mostly a4

eff

< 0 supporting this senario for

the formation of disky and boxy elliptials. However, it is important to test also the other

orrelations found. Simulated disky and boxy elliptials show the same behavior in �

eff

as the

observed ones. The (v

maj

=�

0

) values of te 3:1 and 1:1 remnants are also in agreement with

them being disky and boxy elliptial, respetively, even though simulated remnants with high

(v

maj

=�

0

) are not found. This should be not too surprising and may be onneted to a missing

disk in the remnant, sine no dissipative proesses were inluded. The anisotropy parameter

(v

maj

=�

0

)

�

of the remnants shows also good agreement with the assumed senario in general.

The hosen merger geometry does not produe 1:1 merger remnants with with large values of

(v

maj

=�

0

)

�

� 1. Reently (Naab & Burkert, 2003 in preparation) investigated a large survey

of orbit geometries, �nding in some ases 1:1 remnants with values around (v

maj

=�

0

)

�

� 1.

The minor axis rotations � are in agreement with the hypothesis. In onlusion one an say

that this senario is suessful in explaining the origin and properties of most of the boxy and

disky elliptials observed.

The properties investigated above are not the only ones haraterizing disky and boxy ellip-

tials. A seond lass of independent properties based on luminosity and mass exists whih

allows to distinguish between disky and boxy elliptials. Again it was Bender et al. (1989)

who investigated the X-ray luminosity and radio power of elliptial galaxies (Figure 7.4).

They found that disky elliptials are only weak radio soures at a frequeny of 1.4 GHz

with P

1:4

< 10

21

WHz

�1

, while boxy elliptials are up to 10 000 times more powerful at 1.4

GHz. Moreover, disky elliptials in this sample have all X-ray luminosities below 3� 10

33

W,

whereas boxy elliptials have mostly X-ray luminosities above this value. The isophotal shape

of elliptials is also found to orrelate with the mass or luminosity of the elliptial galaxy.

Massive elliptials are mostly boxy while less massive are mostly disky (Figure 7.5).

One an use the above presented properties of disky and boxy elliptials to test their formation

senario. Sine the modeling of the X-ray luminosity and the radio emission is not easy to

ahieve without inorporating many vague assumptions we try to test the formation senario
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by looking at the orrelation between mass and isophotal shape. The results presented by

Naab et al. (1999) were all sale free meaning that they are independent of the remnant mass as

long as all the properties were saled in the same way. This makes it easy to inorporate their

results in semi-analyti models of galaxy formation to test whether it is possible to reprodue

the observed orrelation between mass and isophotal shape in a osmologial ontext.

Figure 7.3: Kinematial and photometri properties of modeled elliptials (�gure reprodued

from Naab et al. (1999)). Result are shown for a typial merger on�guration. Filled irles

represent boxy elliptials (a4 in our notation a4

eff

) and open irles disky elliptials .Top left

panel: Elliptiity of the galaxies vs. a4

eff

. Top right panel: Correlation between the ratio

of rotational veloity and entral veloity dispersion and elliptiity. Bottom left: Anisotropy

parameter vs. isophotal shape. Bottom right panel: Minor-axis rotation vs. a4

eff

, with v

maj

and v

min

being the maximum veloity along the major and minor axes, respetively.
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Figure 7.4: Left panel: Correlation between radio luminosity at 1,4 GHz and isophotal shape

a4=a � 100, whih orresponds to a4

eff

used in this work. Right panel: X-ray luminosity

L

X

in the 0.5-4.5 keV band. All error bars are alulated assuming a distane error of 15%.

(Figures are reprodued from Bender et al. (1989))
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Figure 7.5: Correlation between isophotal shape and the parameter �

1

/ log(M) and the

absolute B-band magnitude M

B

. For better visualization boxy galaxies are shown by blak

boxes and disky elliptials by red irles. (From data published in Bender et al. (1992))
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7.1 The model

We reate merging trees of dark matter halos based on the extended Press-Shehter formal-

ism as desribed in h. 3 and use the semi-analyti mahinery introdued in the same hapter.

The adopt osmologial parameters are 


0

= 0:3, 


�

= 0:7, H

0

= 65 km s

�1

Mp

�1

and




b

=


0

= 0:15.

We assume elliptials to form in major mergers, i.e. mergers with a mass ratio M

1

=M

2

� 3:5

with M

1

� M

2

(Naab, private ommuniation). The isophotal shape of the elliptial is

onstrained by the mass ratio of the last major merger. Mergers with mass ratio less than 2

result in boxy elliptials and those with mass ratios between 2 and 3.5 in disky elliptials.

7.2 Results

As motivated in the beginning of this hapter we assign isophotal shapes of elliptials by the

mass ratio of their last major merger. To math the observed orrelation between isophotal

shape and mass or luminosity of the elliptial, more massive elliptials must be formed pref-

erentially in 1:1 mergers and low mass elliptials in 3:1 mergers. In the hierarhial struture

formation senario suh a behavior is not expeted. The power spetrum of density utua-

tions on the sales of interest is sale free, meaning that struture builds up almost self-similar.

In �gures 7.6 - 7.9 we illustrate di�erent important properties in the build up of present-day el-

liptials in di�erent environments. We hose four di�erent environments with M

0

= 10

12

M

�

,

M

0

= 10

13

M

�

, M

0

= 10

14

M

�

and M

0

= 10

15

M

�

representing a galaxy, small group, group

and luster environment, respetively. The upper left graph in eah of the �gures shows the

orrelation between the stellar mass of a present day elliptial and the redshift of its last

major merger. As expeted in a senario of hierarhial build up the most massive galaxies

had their last major merger at low redshifts, whih an be seen niely in the high density

environments. Comparing the environments reveals that the build up takes plae faster in

high density environments, produing larger galaxies at higher redshifts.

The average last major merger takes plae at earlier times in high density environments om-

pared to low density environments (see middle left and lower left graphs), sine the evolution

is "boosted" and mergers are beoming rare at low redshifts due to the high veloity disper-

sion of the galaxies in the luster.

The middle right graphs demonstrate that their is no orrelation whatsoever between the

mass ratio in the last major merger and the redshift at whih it takes plae. The dashed lines

mark theM

1

=M

2

= 2 andM

1

=M

2

= 3 merger ase. Numbers at the line are the ompleteness

in terms of galaxies having had a last major merger with a mass ratio of less than 2 or 3.

The fration of last major mergers at any given redshift for the three ases M

1

=M

2

� 2

(1:1), 2 < M

1

=M

2

� 3 (2:1) and 3 < M

1

=M

2

� 3:5 (3:1) is shown in the lower left graphs.

The distribution of last major merger redshifts is similar for the 1:1 and 2:1 ase in all

environments. Only the 3:1 ase is smaller sine it overs a smaller range in mass ratios.

Again the shift toward earlier times in high density environments an be seen.
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Figure 7.6: Results are shown for a dark matter halo of M

0

= 10

12

M

�

at z = 0 whih

orresponds to a �eld environment. Upper left graph: orrelation between stellar mass of

the elliptial in units of M

�

at z = 0 and its last major merger event. Upper right graph:

orrelation between the mass ratioM

1

=M

2

withM

1

�M

2

in the last major merger event and

the stellar mass of the elliptial in units of M

�

at z = 0. Middle left graph: distribution of

last major merger redshifts of present-day elliptials. Middle right graph: orrelation between

redshift of the last major merger and the mass ratioM

1

=M

2

of it. Lower left panel: umulative

fration orresponding to the middle left graph. lower right graph: fration of elliptials

having had their last major merger at z

last

in a major merger event withM

1

=M

2

� 2 (labeled

1:1), 2 < M

1

=M

2

� 3 (labeled 2:1) and 3 < M

1

=M

2

� 3:5 (labeled 3:1).
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Figure 7.7: Results are shown for a dark matter halo ofM

0

= 10

13

M

�

at z = 0 orresponding

to a small group environment. Upper left graph: orrelation between stellar mass of the

elliptial in units of M

�

at z = 0 and its last major merger event. Upper right graph:

orrelation between the mass ratioM

1

=M

2

withM

1

�M

2

in the last major merger event and

the stellar mass of the elliptial in units of M

�

at z = 0. Middle left graph: distribution of

last major merger redshifts of present-day elliptials. Middle right graph: orrelation between

redshift of the last major merger and the mass ratioM

1

=M

2

of it. Lower left panel: umulative

fration orresponding to the middle left graph. lower right graph: fration of elliptials

having had their last major merger at z

last

in a major merger event withM

1

=M

2

� 2 (labeled
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� 3 (labeled 2:1) and 3 < M
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Figure 7.8: Results are shown for a dark matter halo ofM

0

= 10

14

M

�

at z = 0, orresponding

to a group environment. Upper left graph: orrelation between stellar mass of the elliptial

in units of M

�

at z = 0 and its last major merger event. Upper right graph: orrelation

between the mass ratio M

1

=M

2

with M

1

�M

2

in the last major merger event and the stellar

mass of the elliptial in units of M

�

at z = 0. Middle left graph: distribution of last major

merger redshifts of present-day elliptials. Middle right graph: orrelation between redshift of

the last major merger and the mass ratio M

1

=M

2

of it. Lower left panel: umulative fration

orresponding to the middle left graph. lower right graph: fration of elliptials having had

their last major merger at z

last

in a major merger event with M
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� 2 (labeled 1:1),

2 < M
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1

=M

2

� 3:5 (labeled 3:1).



94 CHAPTER 7. ISOPHOTAL SHAPE OF ELLIPTICALS

0 1 2 3
zlast

8

9

10

11

12

lo
g(

M
st

ar
)

1 2 3 4
M1 / M2

8

9

10

11

12

lo
g(

M
st

ar
)

0 1 2 3
zlast

0

0.01

0.02

0.03

0.04

fr
ac

tio
n

1 2 3 4
M1 / M2

0

1

2

z la
st

0 1 2 3
zlast

0

0.2

0.4

0.6

0.8

1

cu
m

ul
at

iv
e 

fr
ac

tio
n

0 1 2 3
zlast

0

0.01

0.02

0.03

0.04

fr
ac

tio
n

1:1
2:1
3:1

42 % 84 %

Figure 7.9: Results are shown for a dark matter halo ofM

0

= 10

15

M

�

at z = 0 orresponding

to a luster environment.Upper left graph: orrelation between stellar mass of the elliptial

in units of M

�

at z = 0 and its last major merger event. Upper right graph: orrelation

between the mass ratio M

1

=M

2

with M

1

�M

2

in the last major merger event and the stellar

mass of the elliptial in units of M

�

at z = 0. Middle left graph: distribution of last major

merger redshifts of present-day elliptials. Middle right graph: orrelation between redshift of

the last major merger and the mass ratio M

1

=M

2

of it. Lower left panel: umulative fration

orresponding to the middle left graph. lower right graph: fration of elliptials having had

their last major merger at z

last

in a major merger event with M

1
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2

� 2 (labeled 1:1),

2 < M

1
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� 3 (labeled 2:1) and 3 < M

1

=M

2

� 3:5 (labeled 3:1).
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When analyzing the orrelation between the stellar mass and the mass ratio of the last major

merger (upper right graphs), the self-similarity beomes apparent. Elliptials ,independent

of their mass and environment, did not have preferred last major mergers.

The results presented above indiate that it will not be possible to reover the mass-isophote

orrelation of elliptial galaxies. These results are independent of assumed osmology or

power spetrum. We analyze the fration of boxy to disky elliptials in a luster environment

M

0

= 10

15

M

�

sine the above results indiate no dependeny and beause the fration of

elliptials is highest in lusters. Figure 7.10 shows the results. As expeted in the top graph

the fration of boxy to disky elliptials varies only weakly and does not show an inrease with

luminosity as seen in the observational data. To ure this problem we test the assumption

that the result of a major merger between early type galaxies will always result in a boxy el-

liptial. This assumption is motivated by indiations seen in numerial simulations of merging

elliptials (Naab, private ommuniation). In hapter 6 we presented results whih showed

that massive elliptials mainly form by mergers of early-type galaxies. This and the above

assumption work in the right diretion of having more boxy galaxies at the high luminosity

end. Unfortunately the fration of boxy elliptials inreases also weakly on the low luminos-

ity end. The slope of the modeled relation is steeper than the observed on and has an o�set

(middle graph). Observations by Rix & White (1990) found that disky elliptials an have

up to 30% of their mass being ontributed from a weak stellar disk. Elliptials with suh a

disk will be lassi�ed as disky and not as boxy elliptials. We therefore apply an additional

ondition on the isophotal shape. If the stellar disk is larger than 30% the isophote will look

disky, no matter what the mass ratio of the last major merger has been. This onstraint

redues the o�set and makes the slope beome more shallow to be in fair agreement with the

observations (lower graph). In the same graph we show the results if applying that 20% of

the total mass in the disk is the transition point from boxy to disky. This hoie leads to an

even shallower slope and smaller ratio N

box

=N

disky

.

Even though it was possible to reover a relation similar to the one observed, many questions

are still open. The observed sample of elliptials is not large and therefore might have a

substantial bias towards disky or boxy elliptials. Projetion e�ets leading to a wrong las-

si�ation of isophotes are not ontrollable. Furthermore the assumption of elliptial mergers

leading to boxy elliptials has not been tested and needs on�rmation from simulations.
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Figure 7.10: The upper graph shows the fration of boxy to disky elliptials using the as-

sumption of Naab et al. (1999). The middle graph shows the fration applying the hypothesis

that elliptial major mergers lead to boxy remnants. The lower graph presents the results

with the additional onstraint that elliptials with disk mass ratios of more than 20% (solid

line plus irles) or with more than 30% (dotted line plus triangles) have disky isophotes.

Filled irles represent the observations by Bender et al. (1992).



Chapter 8

Central properties of spheroids

Detailed observations of the enters of early-type galaxies using the Hubble Spae Telesope

(HST) suggested that they an be divided into two distint groups alled ore and power-law

galaxies aording to the logarithmi slope of the inner density pro�les (Ferrarese et al., 1994;

Lauer et al., 1995; Gebhardt et al., 1996; Faber et al., 1997). Core galaxies have a break in

their surfae brightness pro�le at the break radius R

b

whih is de�ned by the minimum of

d

2

log �(R)=d(logR)

2

, with � � R

��

as the surfae brightness pro�le. Inside of this radius the

logarithmi slope slowly dereases mimiking a onstant density ore. Power-law galaxies on

the other side have almost a single power-law pro�le throughout their inner regions. Luminous

galaxies with M

V

� �21 are all ore galaxies while galaxies with M

V

� �16 always exhibit

power-laws. Galaxies of intermediate luminosity an be either ore or power-law galaxies

(Gebhardt et al., 1996). Figure 8.1 shows the power-law index of the inner spatial density

pro�le � � r

�

vs. the absolute V -band magnitude M

V

for early-type galaxies from the

Gebhardt et al. (1996) sample (�gure reprodue from Merritt, 2000). Galaxies with  � 1

(� < 0:3) are ore galaxies and those with 1 <  � 2:5 (� > 0:3) are power-law galaxies.

Reent observations of by Carollo & Stiavelli (1998); Ravindranath et al. (2001); Rest et al.

(2001) on�rmed systemati di�erenes between high luminous galaxies and low luminous

galaxies but weakened the ase for a dihotomy. The question of a dihotomy is still a matter

of debate. The growing evidene for super massive blak holes (SMBHs) in the enters of

spheroids (Gebhardt et al., 2000; Ferrarese & Merritt, 2000) suggest a onnetion of the

entral properties and SMBHs.

The question of what is the reason of a possible dihotomy or the di�erene between bright

and faint elliptials regarding their entral density properties has been addressed in several

studies. The hierarhial paradigm of struture formation predits �rst small objets to form.

In our ase this would mean the low luminous elliptials resemble the �rst generation of

elliptials. These galaxies show all steep power-laws. The reation of suh pro�les results

naturally from violent relaxation of merging disk galaxies with bulges. Growing single BHs in

preexisting ores also produe steep usps. Numerial simulations show that objets building

up hierarhial show steep entral density usps � � r

�1:5

(Navarro et al., 1996; Moore et al.,

1998).

If one aepts that the progenitors of faint elliptials had steep usps. The question arises

what happens to the usps during the merger. In mergers of two galaxies with steep usps

97
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Figure 8.1: Inner power law slope vs. absolute V -band magnitude M

V

. (�gure reprodue

from Merritt, 2000).

and no BHs the density pro�le of the remnant will preserve the shape and be a steep usp

(Barnes, 1999; Milosavljevi� & Merritt, 2001). Even if the progenitors had ores, through

suessive mergers the pro�le will beome a steep usp (Makino & Ebisuzaki, 1996). As a

possible senario to solve this problem it was suggested and studied in detail, that during

the merger of two SMBHs the binding energy of the blak holes ould be released to the

surrounding stars in the enter, expelling them from the entral region and making the usp

shallow (Begelman et al., 1980; Ebisuzaki et al., 1991; Milosavljevi� & Merritt, 2001).

In this hapter we want to investigate this senario for the ore reation in the ontext of

the standard osmology using semi-analyti modeling tehniques. We will fous on a luster

environment M

0

= 10

15

M

�

sine we have the highest fration of elliptial galaxies in these

environments.

8.1 Binary blak holes

We start by summarizing the physial proesses governing the evolution of binary BHs and

their inuene on the surrounding stars (Milosavljevi� & Merritt, 2001, and referene therein).

One an distinguish three di�erent stages in the evolution of a BH binary (Begelman et al.,

1980):

1. Merging of two host galaxies

When two host galaxies merge the BH and their surrounding stars sink to the enter of

the ommon potential well forming a BH binary.
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2. Hardening of the binary

When stars pass the binary at a distane of � a, with a being the semi-major axis of the

binary, they experiene a gravitational slingshot and are ejeted with veloities (Hills

& Fullerton, 1980)

v

ej

� V

bin

�

�

GM

12

a

�

1=2

: (8.1)

V

bin

is the relative veloity of the two BHs if their orbit would have been irular, and

M

12

=M

1

+M

2

(M

1

�M

2

) is the ombined mass of both BHs. The amount of ejeted

mass due to the deaying binary is (Quinlan, 1996)

M

ej

� JM

12

ln

�

a

h

a

gr

�

; (8.2)

with a

h

= GM

2

=4�

2

the semi-major axis when the binary beomes "hard" and a

gr

the

semi-major axis when the energy loss due to gravitational radiation equals the loss due

to stars being ejeted. The parameter J is the dimensionless mass-ejetion rate. For

equal mass binaries it is J � 0:5 (Milosavljevi� & Merritt, 2001). Milosavljevi� et al.

(2002) argue that this expression must be modi�ed to take into aount that only stars

with v � V

bin

an esape the binary and be ejeted. They �nd following expression

M

ej

�M

1

ln

�

a

h

a

gr

�

: (8.3)

Using the semi-analyti model of Merritt (2000) for the deay of a binary in a power-law

usp leads to (Milosavljevi� et al., 2002)

a

gr

a

h

� Aj lnAj

0:4

; A � 7:5

�

M

2

M

1

�

0:2

�



(8.4)

with the one-dimensional veloity dispersion of the stars being � and  as the speed of

light. The mass ejeted beomes now

M

ej

� 4:6M

1

�

1 + 0:043 ln

�

M

1

M

2

��

: (8.5)

The ratio M

ej

=M

1

varies only negligibly with M

2

=M

1

. One therefore an assume

M

ej

� 5M

1

: (8.6)

By inspeting the equations presented above one sees that for M

2

! 0 the ejeted mass

beomes in�nit. Therefore, the relation derived for the mass de�it should only be

applied in a mass range where the mass ratio M

1

=M

2

is not too large. Limits on the

range of M

1

=M

2

are presented later.

3. Emission of gravitational waves

When the binary has deade suÆiently far the dominant soure of energy loss will

beome gravitational radiation, whih will �nally lead to the oalesene of the binary.
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The above presented results a based on semi-analyti models and need veri�ation by detailed

simulations. However suh simulations have to deal with a wide range of time and length

sales. Milosavljevi� & Merritt (2001) have preformed the �rst self-onsistent simulations of

an equal mass merger between galaxies with initial density pro�le � � r

�2

hosting SMBHs.

Results of their simulation are shown in �gure 8.2. The upper panel shows the density and

the lower panel �. The dashed line shows the initial density pro�le multiplied by an arbitrary

fator. The di�erent lines in eah graph mark the time evolution of the pro�le. The results

illustrate very niely that the merger of two galaxies inhabited by SMBHs an lead to the

transformation of steep usps to ores.

Figure 8.2: Evolution of the stellar density pro�le of the remnant during the merger of two

blak holes (reprodued from Milosavljevi� & Merritt, 2001). The upper panels show the

evolution of the spatial density pro�le and lower panels the evolution of the projeted density

pro�le �. Di�erent lines orrespond to di�erent snapshots reorded from top to bottom.

Three ases with di�erent BH masses are shown.

8.2 Populating galaxies with blak holes

The results of last setion indiate that binary BH mergers are able to produe ore galaxies.

To test this predition in a osmologial ontext where galaxies inhabiting BHs merge, one

needs to populate galaxies with appropriate BHs. The formation and evolution of BHs is still

not understood ompletely and needs further investigations. There are several approahes

trying to explain the formation and feeding of SMBHs (e.g. Haehnelt et al., 1998; Kau�mann

& Haehnelt, 2000; Burkert & Silk, 2001). In this work we will use the semi-analyti model

desribed in hapter 3 with 


b

=


0

= 0:15, h = 0:65, 


0

= 0:3 and 


�

= 0:7; plus the
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approah of Kau�mann & Haehnelt (2000) for the formation and evolution of SMBHs in a

luster environment withM

0

= 10

15

M

�

. Their model assumes the formation of SMBHs being

onneted to the formation of spheroids in major mergers (M

1

=M

2

� 3:5;M

1

�M

2

). During

major mergers of galaxies preexisting SMBHs will merge and a fration of the available old

gas of the galaxies will be used to feed the remnant BH or in the ase of progenitors without

BHs to reate a BH. This is somewhat motivated by the orrelation found between the bulge-

luminosity and BH mass (e.g. Magorrian et al., 1998; Gebhardt et al., 2000; Ferrarese &

Merritt, 2000) and simulations inluding gas physis, whih show that during major mergers

gas an be driven far enough into the enter to probably fuel BHs (Negroponte & White,

1983; Barnes & Hernquist, 1991; Mihos & Hernquist, 1994) Only BHs with M

�;1

=M

�;2

�

100;M

�;1

� M

�;2

are going to merge on time-sales less than a Hubble time (van den Bosh

et al., 1999; Haehnelt & Kau�mann, 2002). We therefore only allow binary BH mergers with a

mass ratio less than 100. The fration of gas onsumed by the BH is modeled to be dependent

on the potential well of the halo in a similar manner as the super nova feedbak in hapter 3.

Kau�mann & Haehnelt (2000) adopt following saling whih gives good agreement with the

slope of the M

�

� L

bulge

relation of Magorrian et al. (1998)

M

a

=

f

bh

M

old

1 + (280km s

�1

=V



)

2

: (8.7)

The free model parameter f

bh

is determined by the best �t to the observations. The sal-

ing used in eq. 8.7 allows more gas being onsumed by BHs in halos with deep potential wells.

The observed relation between BH mass and veloity dispersion M

�

� � has been found to

have a smaller satter than the M

�

� L

bulge

relation (Ferrarese & Merritt, 2000; Gebhardt

et al., 2000). We therefore use the former to �x the free model parameter f

bh

. To do so

we must �rst hek whether we reprodue the observed Faber-Jakson relation (Forbes &

Ponman, 1999). Sine we do not have any dynamial information on the veloity dispersion

of our galaxies besides the veloity dispersion of the dark matter halo surrounding them we

allow the use of a fudge fator to onnet � with the irular veloity of the dark matter

halo when the galaxy was the last time a entral galaxy (see hapter 3). In the ase of an

isothermal sphere this relation would be V



=� =

p

2. Figure 8.3 shows our best �tting model

results whih need a slightly larger fator V



=� =

p

3.

One the veloity dispersion � of the modeled spheroids is determined we an ompare the

modeled M

�

� � relation with the observed one and determine the best �tting parameter f

bh

and see whether it is possible to populate the modeled spheroids with the right BH masses.

In �g. 8.4 we illustrate our best model �ts to the data. The lines are the �t to the data by

Gebhardt et al. (2000) and Merritt (2000). They �nd relations with slightly di�erent slopes.

Our modeled relation seems to be in very good agreement with the relation found by Ferrarese

& Merritt (2000) for f

bh

= 0:002.

In �g. 8.5 we investigate the dependene of predited M

�

� � relation on the di�erent as-

sumption inherent to this model of BH formation and evolution, namely f

bh

, the maximum

mass ratio R

feed

=M

1

=M

2

of galaxy mergers in whih we allow feeding of the BH and on the

mass ratio R

binary

=M

�;1

=M

�;2

of BH binaries we allow to merge .
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Figure 8.3: Faber-Jakson relation of modeled spheroids. The solid line is the best �t to

observations taken from Forbes & Ponman (1999). We adopted a saling of the form V



=� =

p

3 between veloity dispersion of the spheroid and irular veloity of the halo when the

galaxy was the last time a entral galaxy.

In the upper graph we show the inuene of hanging f

bh

and using R

feed

= 3:5 and

R

binary

= 100. The relation is only hanging the o�set but not the slope varying f

bh

. Larger

values of f

bh

orrespond to larger BH masses.

In the middle graph of �g. 8.5 we illustrate the dependene on the maximum mass ratio of

galaxies in mergers whih allow feeding of the BH. Only in mergers with mass ratio below

R

feed

old gas is areted onto the BH. We keep the other parameters �xed at f

bh

= 0:002

and R

binary

= 100. The inlusion of minor mergers in this sheme leads to a steepening of

the relation, whih an be explained by the larger number of minor mergers a large galaxy

experiened.

The dependene on the mass ratio of binaries whih we allow to merge an be found in the

lower graph of �g. 8.5. Only BH binaries with mass ratio � R

binary

are allowed to merge.

We keep the other parameters �xed at f

bh

= 0:002 and R

feed

= 3:5. Again the relation seems

to steepen, but this time additional an o�set ours. The steepening has the same reason

mentioned above. The o�set illustrates the importane of merging BHs on the growth of

SMBHs.
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Figure 8.4: Relation between blak hole mass and veloity dispersion � for modeled blak

holes. The lines are the observed relations by Ferrarese & Merritt (2000); Gebhardt et al.

(2000).
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Figure 8.5: Dependene of the blak hole mass veloity dispersion relation on the assumed

fration of the old gas being areted onto the BH f

bh

, the maximum mass ratio of galaxies

in whih gas is areted by the entral blak hole R

feed

and the maximum mass ratio for

whih BH are assumed to merge in less than a Hubble time R

binary

. The upper panel shows

the results for onstant R

feed

= 100 and R

binary

= 100, but varying f

bh

. The middle graph

varies R

feed

while R

binary

= 100 andf

BH

= 0:002. Lower graph: Dependene of the relation

on R

binary

for onstant R

feed

= 100 and f

bh

= 0:002.
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8.3 Mass-de�it blak hole mass relation

In the last setion we suessfully populated spheroids with SMBHs. Now we an follow

the evolution of galaxies and their SMBHs in the ontext of a osmology and alulate the

amount of mass ejeted during eah merger of SMBHs using eq. 8.6. The stars ejeted will

be removed from the enter interior to the galaxies break radius r

b

de�ned as the position

where the slope  rosses  = 2 in the positive sense d=dr > 0 with  � �d log �(r)=d log(r)

(Milosavljevi� et al., 2002). We model the e�et the loss of these stars will have on the entral

density pro�le by de�ning a mass de�it M

def

Milosavljevi� et al. (2002) as the mass missing

to make the atual density pro�le a singular isothermal pro�le(see �g. 8.6).

Figure 8.6: The mass de�it M

def

is de�ned as the shaded region (�gure reprodued from

Milosavljevi� et al., 2002).

We assume the mass de�it to be a ummulative quantity getting larger with every binary

merger (Merritt, 2000; Milosavljevi� & Merritt, 2001). This assumption has some important

onsequene on the mass de�it of galaxies. Galaxies with very massive BHs will on average

have experiened more binary BH mergers than galaxies with low mass BHs and therefore

their mass de�it is expeted to be larger. In �g. 8.7 we ompare the number of binary

mergers below a ertain mass ratio, whih SMBHs of di�erent mass experiened in their past.

On average the most massive BHs have had � 20 binary mergers with mass ratios less than

100, whih is in agreement with Haehnelt & Kau�mann (2002). Another onsequene of

this sheme is that the mass de�it will depend ruially on the merger history of the �nal

blak hole. In �g. 8.8 we illustrate the evolution of two di�erent SMBHs having the same

�nal mass but di�erent merger histories leading to di�erent mass de�its. The satter in the

relation between SMBHs and the mass de�it an be quite large and it needs to be tested

and ompared to observations.
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Figure 8.7: Dependene of the number of binary blak hole mergers vs. �nal blak hole mass

on the maximum mass ratio of blak hole binaries ounted.
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Figure 8.8: Illustration of the dependene of the mass de�it on di�erent merger histories of

the SMBHs. The left and the right BH have the same �nal mass 4M today but did build it

up di�erently, and therefore aused a di�erent mass de�it to the host galaxy.
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Observationally Milosavljevi� et al. (2002) investigated the relation between the BH mass and

the mass de�it. Their results for di�erent referene density pro�les are shown in �g. 8.9.

The graph (a) shows the mass de�it between a singular isothermal pro�le � / r

�2

and the

atual pro�le inside the break radius. The middle (b) and bottom graph () show the same

relations for the mass de�it between the atual pro�le and a � / r

1:75

and � / r

1:5

pro�le,

respetively. The dashed line in (a) is a �t to the data with

M

def

=M

0:91

�

� 10

1:709

(8.8)

using theM

�

�� relation of Ferrarese & Merritt (2000). Using the relation found by Gebhardt

et al. (2000) leads to slightly steeper relation with

M

def

=M

1:16

�

� 10

�0:25

: (8.9)

In �gure 8.10 we present the results of our model using f

bh

= 0:002, R

feed

= 3:5 and

R

binary

= 100. The upper graph shows results for SMBHs in the range observed by Milosavl-

jevi� et al. (2002). We �nd good agreement with the orrelation using the Gebhardt et al.

(2000) M

�

� � relation. The agreement with the M

def

� M

�

relation obtained using the

M

�

� � relation by Ferrarese & Merritt (2000) is a bit poorer but agrees well in the region

where most of the observational data is available. At high BH masses the modeled de�its

lie above the relation and at masses M

�

< 10

8

M

�

they lie below the relation. Extending the

relation to BH masses down to M

�

� 10

5

M

�

reveals that the modeled relation is deviating

from the extrapolated relation towards smaller mass de�its. This is onneted to the average

number of binary mergers in the history of the SMBHs. In the lower graph we display all

galaxies with SMBHs. For better visualization those galaxies with no mass de�it have been

given a onstant o�set of M

def

= 10M

�

. There is a deserted region between galaxies with no

mass de�it and M

def

� 10

5

M

�

. The reason for this is that binary SMBHs are not frequent

at low masses prohibiting the reation of a mass de�it, and if a binary merger happens the

mass de�it will be at least as large as � 10

4

M

�

. This is a feature of the model for the

reation of SMBHs. In our model only SMBHs with more than � 10

4

M

�

get formed beause

the old gas fration needed to reate a SMBH is too low in small mass halos whih has its

reason in the very eÆient SN-feedbak in small halos. It is interesting to note that we even

�nd some galaxies with SMBH masses up to 10

8

M

�

whih have no mass de�it, hene never

experiened a binary blak hole merger.

Not every binary is expeted to merge in less than a Hubble time and to reate eÆiently

a mass de�it. Quinlan (1996) laim the mass de�it to be more or less independent of

the mass ratio. We test the dependene of the M

def

�M

�

relation on the ejetion riteria

R

eje

= M

�;1

=M

�;2

(M

�;1

� M

�;2

) of the binaries needed to be eÆient and fast enough to

reate a mass de�it (�g. 8.11). Reduing R

eje

results in a derease of the slope and o�set

of the M

def

�M

�

relation. The reason for the mass de�it of low mass objets being less

e�eted is again the smaller number of mergers.
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Figure 8.9: The mass de�it blak hole mass relation observed by Milosavljevi� et al. (2002)

assuming di�erent shapes of referene pro�le for whih the di�erene to the atual pro�le is

alulated for. The di�erent pro�les are (a) � / r

�2

, (b) � / r

�1:75

and () � / r

�1:5

. The

solid line is the one-to-one relation, while the dashed line is the best �tting regression to the

data (reprodued from Milosavljevi� et al., 2002).
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The question whether there is a dihotomy or whether there is a smooth transition from

power-law to ore galaxies is disussed in �g. 8.12. The fration of ore galaxies, de�ned as

galaxies with mass de�it, to all galaxies with SMBHs vs the BH mass for di�erent ejetion

riteria is presented. We �nd a transition whih is smooth and takes plae at di�erent BH

masses depending on the ejetion riteria applied. Low ejetion riteria shift the transition

towards smaller BH masses whih is expeted, beause some of the mergers in the history of

SMBHs were of minor merger type. It is interesting to note that for high ejetion riteria we

do not �nd any galaxies having experiened no binary BH merger. The question arises what

ould be a possible explanation for the missing power-law galaxies in our model. There are

several e�ets not inluded in our model whih ould have signi�ant inuene on the ratio

of ore to power-law galaxies. We have not modeled the re�lling of the ore by entral star

formation or the infall of high density satellites. We also used the simpli�ed assumption of a

umulative mass de�it whih needs on�rmation from simulations. However, the agreement

of our results with the observations for high mass BHs is promising and indiates that the

role of dissipative e�ets on the formation of spheroids with large BH masses is negligible,

whih is in agreement with the results presented in hapter 6.

Observations suggest a orrelation between entral properties and isophotal shapes of ellip-

tial galaxies (Faber et al., 1997). All Boxy elliptials seem to be ore galaxies, while disky

elliptials are mainly power-law galaxies (�g. 8.13). In hapter 7 we were able to reprodue

the right trend for the fration of boxy to disky elliptials at di�erent magnitudes. Now we

want to hek whether it is possible to reprodue the right trend in ore properties. We

use the suessful model for the assignment of isophotal shapes introdued in hapter 7 and

f

bh

= 0:002, R

feed

= 3:5 and R

ejet

= R

binary

= 100. As is illustrated in �g. 8.14 disky and

boxy elliptials seem to follow the same relation between mass de�it and luminosity and BH

mass and luminosity. Only at the bright end boxy elliptials dominate and have on average

larger mass de�its and BH masses. The atual fration of boxy and disky elliptials with a

given mass de�it is presented in �g. 8.15. Elliptials with mass de�its aboveM

def

� 10

9

M

�

are mainly boxy elliptials. We �nd that in intermediate mass range 10

6

M

�

�M

def

� 10

9

M

�

disky and boxy elliptials are roughly equally frequent. Overall the mass de�it of boxy ellipti-

als is predited to be larger on average than the mass de�it of disky elliptials. However the

observations indiated disky elliptials to be power-law galaxies, whih by de�nition should

have no mass de�it. The fration of boxy and disky elliptials having substantial mass de�it

andM

�

� 10

7

M

�

is 95% and 91% , respetively. This di�erene is not large enough to explain

the observational trend. E�ets onneted to the re�lling of the ore ould be the missing

ingredients to reprodue the observed trend. Sine the mass de�it of boxy elliptials is larger

on average we expet these elliptials to still have an substantial amount of mass de�it after

ore re�lling in ontrast to disky elliptials.

Another interesting predition is shown in �g. 8.16. We plotted the fration of boxy and disky

elliptials with di�erent BH masses. It turns out that our model predits boxy elliptials to

dominate the high mass end (M

�

� 10

8

) of the BH mass funtion while disky elliptials

dominate the low mass end (M

�

� 10

8

), whih is somehow expeted, sine the most massive

elliptials are boxy.
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Figure 8.10: Upper graph: Mass de�t blak hole relation of modeled galaxies in the range

where it has been observed (Milosavljevi� et al., 2002). The red line is the �t to the observed

relation of Milosavljevi� et al. (2002), using the isothermal density pro�le as the referene

density pro�le, and using M

�

� � relation of Merritt (2000) and the green line the relation

obtained using the Gebhardt et al. (2000) M

�

� � relation. Middle graph: Mass de�it blak

hole mass relation inluding all galaxies whih had substantial amount of mass de�it. Lower

graph: Mass de�it blak hole mass relation inluding also galaxies whih had no substantial

amount of mass de�it For better visualization these galaxies have been given a onstant mass

de�it o�set of 10M

�

.
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riteria.
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Figure 8.13: observed relation between ore properties and isophotal shape of elliptial galax-

ies (�gure reprodued from Faber et al., 1997)
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Figure 8.15: The fration of elliptials being boxy (solid line) and disky (dashed line) for

di�erent mass de�its.
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di�erent blak hole masses.
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Chapter 9

Disussion and onlusions

In this thesis we have investigated important aspets of the merger senario for the formation

of elliptial galaxies in the frame of a hierarhial universe. We investigated the initial ondi-

tions of merging galaxies and implemented results of detailed N-body simulations of merging

galaxies into a semi-analyti approah of galaxy formation. The modeled results have been

ompared to detailed observations, testing the merger piture. In the following, we summarize

the most important results.

Using semi-analyti modeling tehniques we investigated the merger fration of galaxies and

its dependene on spei� physial parameters inherent to observational surveys (hapter 4).

The results of this investigation allow us to understand better di�erenes between di�erent

surveys measuring the merger fration and to make omparisons between models and obser-

vations on a higher level. We �nd, in agreement with observations, a power-law behavior for

the merger fration of the form F

mg

(z) = F

mg

(0)(1 + z)

m

at z . 1. The power-law index m

depends on the environment and shows a strong inrease going to high density environments

like e.g. lusters. At the same time, the urrent fration of mergers F

mg

(0) dereases in high

density environments. This trend is in agreement with what is found for the merger fration

of dark matter halos in N-body simulations and the observed merger fration of galaxies in

high density environments. Generally, observations on merger frations rely on the measured

lose pair fration. Investigating the inuene of the de�nition of lose pairs, i.e. their sep-

aration, on the merger fration reveals that the merger index m remains almost unhanged,

while the present-day fration of mergers inreases with inreasing lose pair separation. As a

onsequene, surveys measuring the merger fration via the lose pair fration an take lose

pairs with large separations into aount to have larger statistis, as long as they orret for

non-merging pairs and are only interested in the merger index m. Another seletion made

by surveys is to distinguish between major and minor mergers. Usually only former mergers

are taken into aount when alulating the merger fration. When inluding minor mergers

the modeled merger index m dereases and the present-day merger fration inreases, a trend

also found in observations. This result has to be taken arefully into aount when omparing

the results of di�erent surveys and is one reason for the di�erent values of the merger index

reported by e.g. Le F�evre et al. (2000) and Patton et al. (2000). Bearing in mind the results

reported above we ompare our modeled merger fration in a range of senseful survey param-

eters with the observed merger fration of Le F�evre et al. (2000) and Carlberg (2000, private

ommuniation). Up to a fator of two di�erene in m and F

mg

is found, even though the
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results are in better agreement with those of Carlberg (2000). The merger fration has been

proposed to serve as a tool for distinguishing between �CDM and QCDM. We �nd that the

merger fration at redshifts z . 1 shows only small di�erenes and is therefore not suitable

to distinguish between these models at low redshifts.

The arbitrariness of initial onditions in simulations of merging galaxies has often been used

as an argument to doubt simulation outputs. In the hapters 5 & 6 we derived self-onsistent

orbital initial onditions and morphologies of merging galaxies, respetively. The analysis of

merging dark matter halos in a large sale osmologial N-body simulation showed, that halos

almost exlusively merge on paraboli or near paraboli orbits, an assumption usually applied

in simulations of merging galaxies. Additionally the perientri arguments ! and the angle

between the orbital plane of both halos and the spin plane of either the more massive or less

massive halo i are found to be random. The diretion of the spin vetors of merging halos are

not orrelated with eah other or with the diretion of the orbital angular momentum vetor.

These results were derived for major mergers M

1

=M

2

� 4 (M

1

� M

2

) and are independent

of the �nal halo mass or the minimum mass of the progenitor halos.

More than 50% of the merging orbits have perienter distanes & 0:2r

vir;h

, in ontrast to

the smaller values generally assumed in merger simulations. Conneted to this result is the

larger spei� angular momentum we �nd in ontrast to the generally assumed one. Those

orbits with r

peri

=r

vir;h

. 0:1 are paraboli or have very small deviations from paraboli orbits.

Non-paraboli orbits are mainly found to have r

peri

=r

vir;h

& 0:1, suggesting that the hoie of

an enounter on a paraboli orbit with small perienter distanes r

peri

=r

vir;h

. 0:01, as done

in merger simulations, is justi�ed but not a very frequent ase.

The impat parameter b follows a distribution whih peaks at around 0.3 Mp and is found

in � 50% of the ases to be & 0:4 Mp. Again, the impat parameter hosen in simulations

are generally smaller than the value found, indiating that the simulations only over a small

lass of merger on�gurations. The irularity of orbits follows a distribution whih peaks

around � � 0:25. This distribution is di�erent to the equal distribution usually assumed

in semi-analyti models of galaxy formation and has a strong impat on the merging time

sales of galaxies in these models. If one applies this distribution for irularities of major

mergers the merging time sales will be shorter on average, leading to faster, and hene more

merging. Additionally we �nd that the impat parameters and irularities show a power-law

orrelation with the perienter distane.

The perientri arguments of the main halo and of the satellite orrelate with the perienter

distane and the eentriity of the orbit. For j!j . 45

Æ

the eentriities show a large satter

around e = 1, while for j!j & 45

Æ

they show only a small satter around e � 1. In addition

the perienter distane is on average an dereasing funtion of j!j. These results suggest that

non-paraboli mergers on average take plae on orbits whose perienter distane is larger and

perientri argument is smaller than that of average paraboli orbits.

Morphologial lassi�ation of the progenitors in the last major merger event of present-day

elliptials shows that the most luminous elliptialsM

B

. �21 are formed primary in mergers

of two bulge dominated systems (dry merger), whih experiened a major merger themselves

in the past. A large fration of these bulge-dominated systems experiened several minor
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mergers before they �nally merged. Present-day elliptials with M

B

� �20 are mainly the

produt of a merger between a bulge-dominated and a disk-dominated galaxy (mixed merger),

while those with M

b

& �18 are mainly the produt of two disk-dominated systems merging

(lassi merger). These results are fairly robust to di�erent de�nitions of bulge-dominated

and disk-dominated galaxies and on the treatment of satellite stars in the model. As one

would expet, dry mergers have less gas involved during their merger and an be seen as

dissipationless mergers while mixed and lassi merger are dissipative mergers.

Observational elliptials ome in two variants. Massive elliptials are mainly boxy and less

massive elliptials disky. Dissipationless simulations of merging disk galaxies predit the

isophotal shape of the remnants to depend on the mass ratio of the merging galaxies. We

used semi-analyti modeling to test whether this simple piture for the formation of elliptials

with di�erent isophotal shapes an reprodue the observations. As a generi feature of the

hierarhial paradigm, we �nd that mergers with mass ratios leading to disky elliptials are at

all mass sales and in all environments more frequent than those leading to boxy elliptials,

whih results in a lear failure of this simple piture. Only modifying this piture by assuming

the mergers of bulge dominated systems to lead to boxy elliptials independent of the mass

ratio and that any present-day elliptial with more than 20% stellar mass will be lassi�ed as

a disky elliptial produes a modeled trend lose to the observed one.

The division of elliptials into power-law and ore galaxies depending on their entral den-

sity pro�le reveals that the most luminous galaxies M

V

. �21 are ore galaxies while those

with M

V

& �16 are power-law galaxies. Galaxies with intermediate luminosities are either

power-law or ore galaxies. Testing the hypothesis that this behavior is due to SMBH bina-

ries merging, with stars being ejeted from the enter of the remnant galaxy of order 5M

�;1

(M

�;1

� M

�;2

), we �nd that the observed relation between BH mass and mass de�it an

be reovered reasonably well. The modeled relation starts deviating in regions of BH mass

M

�

. 10

7

M

�

from the extrapolated relation using the �t to the observations. Model galaxies

with SMBHs up to 10

8

M

�

are found having no mass de�it. These are all andidates for

power-law galaxies. The mass de�it-BH mass relation depends on the maximum mass ratio

of binaries whih one allows to still be able to ejet stars. Dereasing this ratio leads to a

attening of the relation, and we �nd the best �t for a mass ratio R

eje

= M

�;1

=M

�;2

� 100.

The model predits a smooth transition depending on the BH masses between galaxies hav-

ing substantial amount of mass de�it and those with very small mass de�it, as e.g. in the

ase of R

eje

= 100 at M

�

= 10

6:5

the majority of galaxies inhabiting SMBHs begin to have

large mass de�its. Trying to reover the orelation between entral density properties and

isophotal shapes of elliptials reveals that the most massive boxy elliptials show the largest

mass de�its and are therefore ore galaxies, as observed. The reason for the largest SMBHs

to have larger mass de�its is the inreasing number of binary BH mergers in the history of

the blak hole. However, a large fration of modeled disky elliptials are found whih have

large mass de�its and are not power-law galaxies as expeted from observations. Dissipative

e�ets onneted with the re�lling of ores must play an important role in these galaxies. The

fration of galaxies with given mass de�it is dominated by boxy objets on almost all mass

sales, indiating that these galaxies an still have suÆient mass de�it to be de�ned as a

ore galaxies even after dissipative e�ets re�ll the ore in ontrast to disky elliptials.

In onlusion we an say, that the frequeny of mergers observed in the universe is in fair
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agreement with the preditions of the hierarhial paradigm in a universe onsisting of dark

matter and being dominated by dark energy today. The orbital parameters ommonly used

in simulations of merging galaxies are in agreement with what is found in large sale osmo-

logial simulations, but they only represent a very small fration of the parameter spae of

possible orbit geometries. The morphology of the progenitors depends on the luminosity of

present-day elliptials. Only low luminous elliptials form by mergers of disk galaxies. Giant

elliptials generally originate from dissipationless mergers of bulge dominated systems. The

origin of disky and boxy elliptials in dissipationless mergers of disk galaxies fails in reprodu-

ing the observed dependeny of the isophotal shape on the luminosity. Only modifying this

piture in the way desribed above reovers the observed trend. The impat of binary BH

mergers on the entral density of galaxies appears to be a promising approah in explaining

ore and usp galaxies. However, it is neessary to implement more detailed physis to reover

observations of entral properties of low luminous spheroids.

The results presented here are in favor of the merger origin of elliptial galaxies and point to-

wards shortomings in previous attempts of modeling their origin self-onsistent in numerial

simulations.



Chapter 10

Outlook

The fration of early type galaxies inreases towards high density environments. The so-alled

density-morphology relation (Dressler, 1980) is usually attributed to an inreased merger

abundane. Major merging taking plae in ompat groups is of ruial importane for the

understanding of early type galaxy formation in high density environments, sine these are

the plaes where most of the merging takes plae before the groups themselves form a lus-

ter in whih the galaxies stop merging beause of their high veloities. Previous attempts

of simulating the behavior of merging galaxies in groups (Barnes, 1989; Weil & Hernquist,

1994, 1996; Athanassoula, 2000) did not use self onsistent initial onditions for the orbital

on�gurations of the galaxies. Comparison of stellar kinematial parameters like V; �; h

3

and

h

4

of elliptial galaxies simulated in these groups with observations made by SAURON will

give deep insight in the formation of elliptial galaxies.

As already mentioned in hapter 8, the ore properties of elliptials will not only depend on

the BH binary mergers but also on dissipative e�ets. The modeling of these e�ets will be

a major task in understanding better how ore properties evolve.

ULIRGs are found to be interating gas rih galaxies (e.g. Sanders & Mirabel, 1996) whih

have high star formation rates and show in most of the ases ative galati nulei (Genzel

et al., 1998). A seond lass of objets usually onneted to mergers are quasi-stellar objets

(quasars). In this senario quasars are ativated by fueling the SMBHs with fresh gas whih

is being driven into the enter during the merger event. ULIRGs reside in not very massive

hosts while QSOs reside in more massive host and have blak hole masses ten times more mas-

sive than those of ULIRGS (Taoni et al., 2002). Taoni et al. (2002) argue that ULIRGS

are not going to evolve into optial bright QSOs. ULIRGS show a distribution in veloity

dispersions omparable to the one of disky elliptials and they populate the same region in

the fundamental plane (Genzel et al., 2001). A natural way of explaining these two lasses of

objets ould be that ULIRGS are the result of gas rih lassial mergers, whih explains the

lower mass of the host and the blak hole in a model where the formation and growth of the

blak hole is oupled to major mergers and the formation of bulges (Kau�mann & Haehnelt,

2000). QSOs on the other hand are mixed mergers. The larger blak hole mass is just due

to the fat that the elliptial progenitor already has a blak hole. These assumptions an be

readily tested alulating the luminosity funtions of QSOs and ULIRGS and their evolution

with redshift and omparing them to observations.
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Besides studying dynamial aspets also photometri aspets of elliptial galaxies give insight

in their formation and evolution. Trying to reover the olor-magnitude relation and the

hemial omposition of elliptial galaxies is still not ahieved to full satisfation. Multi-band

surveys like the COMBO-17 survey (\Classifying Objets by Medium-Band Observations in

17 Filters") (Wolf et al., 2003) an be used to test the photometri evolution of modeled

elliptials and galaxies in general whih will not only serve as a test for the formation sheme

of elliptials but also as a strong onstraint on the hierarhial paradigm.
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