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Struktur und D y n a m i k wechselwirkender Ga lax i en 
Die "Merger Hypothese" sieht den Ursprung von elliptischen Galaxien in Verschmelzun-
gen '.-.in Spiralgalaxien. Um diese Hypothese zu testen, wurden stoBlreie Simulationen von 
wrschinctocudcii Scheibengalaxien mit unterschiedlichen Massenwrhaltnissen und rclatiwn 
Orientierungen durchgefiihrt. Alle Vcrschinclzungsprodiikte wurden botuglich ihrer photo-
metrischen und kinematischen Eigenschaften untersucht. Bs wurden Untersuchungsmethoden 
entwickelt, die einen direkten Vergleich mit bcobachteten elliptischen Galaxien erlauben. 
Simulierte Verschmelzungen von Galaxiengleicher Masse resultieren in triaxiaJen Endproduk-
ten mit eiuem r'''* Flachendichteprofil. Sie rotieren langsam, sind dispersionsgestutzt, zeigen 
signiBkante Rotation entlang der kleinen llalbachse und haben mnichmlirh kastenformige 
(boxy) Isophoten. Endprodukte von Verschmelzungen mit Massenverhaltnissen von 3:1 und 
4:1 sind hauplsaehlich oblat, rotieren schnell mit wenig Rotation entlang der kleinen HahY 
acbse und haben scheibenformige (disky) Isophoten. Alle Eigenschaften stimmen sehr gut mit 
den Qeobachtungen von inassiwu eUiptischen Galaxien iiberdn. Prajcktionseffekte fuhren stu 
einer groBeu Streuung der Ergebnisse, in Pberri nstimmung mit den Beobachtungen, ohne die 
fundamental en Unterschicdc zwischen 1:1 und .1:1 Verschmdzungen au&uhebeu. Der EinflutS 
der Bahngeometrie auf die resultierenden Ergebnisse wird diskutiert. Die Geschwiudigkeits-
verleilungen entlang der Sichtlinic fur die simuherleu Galaxien stimmt im allgemeinen nicht 
mit den Beobachtungen uberein. Eine zusatzlichc, kunstlich dngefiigte, ausgedehnte Stel
la IT Scheibenkomponente mit mindestens 15% der gesamten stellar en Masse kann eine Ober-
einstimmung mit den Beobachtungen herstdlen. Daher muss eine Gaskomponente mit einer 
signiBkanten Masse in den Vorgangergalaxien vorhanden gewesen sdn , um die Enlstehung 
von elhptischen Galaxien (lurch Verschmelzungen von Spiralgalaxien zu erklaren. 

S tructure a n d D y n a m i c s of Interacting Galax ies 
According to the "merger hypothesis-, elliptical galaxies form by mergers of spiral galax
ies, ' lb test this hypothesis, simulations of collisionless mergers between disk galaxies with 
different mass ratios and orbital geometries were performed. Every merger remnant was in
vestigated with respect to its photometric and kinematic properties. The methods used to 
determine the characteristic properties were developed to resemble the methods used by ob
servational astronomers. Therefore a self-consistent comparison between simulated data and 
observations was possible. 1:1 merger remnants are triaxial, rotate slowly, are supported by 
anisotropic velocity dispersions, haw significant minor-axis rotation and show predominantly 
boxy iosphotes in good agreement with observations of bright, boxy, giant elliptical galaxies. 
.1:1 and 4:1 remnants are oblate isoptropic, last rotators, show a small amount of minor-axis 
rotation and haw disky isopholes in perfect agreement with observations of faint, disky, giant 
elliptical galaxies. 2:1 remnants show intermediate properties. Projection effects lead to a 
large spread in the data in good agreement with observations. They do not change the funda
mental differences between 1:1 and 3:1 merger remnants. The effect of the merger geometry 
on the properties of the remnants is discussed. 'Ihe shape of the L O S V D of the simulated 
remnants does in general not agree with observations. An additional stellar disk component 
with 15% of the total stellar mass and a scale length o f the order of the effective radius, 
artificially added to the merger remnants, can solve this problem. The results lead to the 
conclusion that collisionless merging of disk galaxies cannot explain the formation of observed 
elliptical galaxies. The progenitor galaxies must haw contained a significant amount of gas. 
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Chapter 1 

I n t r o d u c t i o n 

Toomrc k Toomrc (1972) invented the idea that dynamically hot elliptical galaxies could ori
ginate from mergers of dynamically cola* disk galaxies. Th is "merger hypothesis" has become 
one of the most popular formation scenarios for elliptical galaxies. Therefore the study of 
nearby interacting systems - if they evolve into elliptical galaxies a t all will help to illumin
ate the important mechanisms responsible for the observed properties of elliptical galaxies in 
general. In the local universe there are several candidates for merging gas rich disk galax
ies using which the hypothesis can be tested. The "Antennae - galaxies (NGC HKW/IW) are 
the classic example of a nearby system composed of two overlapping late-type spiral galaxies 
in an early phase of a merger. The long extended tails most likely haw a tidal origin and 
are characteristic for gravitationally interacting spiral galaxies. The merger of the Antennae 
galaxies is accompanied by several bursts of star formation in the two nuclei and the sur
rounding spiral arms. T h e most intense burst, however, takes place in an off-nucleus region 
where the two galaxy disks overlap (Figure 1.1; Mirabel e t al., 1998). Here the most massive 
star clusters in the Antennae form. They are not visible at optical wavelengths since this 
region is heavily obscured by dust. However, most of the energy from this region is emitted 
by dust which is heated by an intense starburst within giant molecular clouds. This emission 
can only be measured at infrared wavelengths. In addition, exploding supernovae in starburst 
regions heat the surrounding gas very effectively. These hot gas bubbles are emitting a t X-ray 
wavelengths (see Figure 1.1). 

The Antennae galaxies, at a distance of 20 Mpc, haw a total infrared luminosity of as 
10" L. which is about fi w times its luminosity a t optical wawleugths. Therefore the An
tennae galaxies belong to the class of luminous infrared galaxies (LIRGs). A t luminosities 
£boi > 10" , L IRGs become the dominant population of galaxies in the local uniwrse (see 
Sanders k Mirabel, 1996). They emit more energy in the infrared (5 — 500/im) than at all 
other wavelengths combined. A t luminosities of LIR > 10 Lq (ultra luminous infrared galax
ies = ULIRGs) all sources are wry gas and dust-rich interacting systems. A small percentage 
(as 7%) of ULIRGs can be considered to be fully relaxed systems with no signs of interaction, 
as 22% already completed the merger process and show no second nucleus, and as 91% of 
I LIRGs .uv still int'.'i.uMii.!. sin<v l.tih nurlri ''.in !.«• identified on the images i Rigopoulou 
et al., 1999). Clearly, the ULIRGs in the local neighlxirhocxl can not explain the formation of 
elliptical galaxies with an age of 5 — 10 Gyrsor more. However, Hibl»ard k Vacca (1997) haw 
shown that U L I R G s are the best local analogues of disturljed high rcdshift galaxies observed 

1 
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Figure 1.1: Different views of the Antennae galaxies. Lefi: The visible image in the upper 
right shows the extended tidal tails, typical for interacting galaxies. 'Ihe central region as 
seen by l iST (Hubble Space Telescope) exhibits bright spots of newly born stars and the 
two distinct nuclei. The infrared emission measured by ISO (Infrared Space Observatory) 
is indicated by the contour lines. The strongest emission comes from an obscured interarm 
region connecting the two nuclei (Mirabel et al., 1998). Right: The X-ray view of the Antennae 
galaxies measured by Chandra (Pabbianoet al.. 20()0, Astronomy Picture of the Day (APOD) , 
August 18). Single point sources (black hole candidates And neutron stars) are surrounded 
by X-ray emitting gas heated by supernova explosions. 

in the HDF or other deep fields with respect to their morphology, star formation rate, and 
spectral energy distribution. ULIRGs are therefore good candidates to represent a primary 
state in the formation of elliptical galaxy cores. 

The question whether gas rich mergers evolve into systems that resemble present day elliptical 
galaxies is still not fully explored. The **lbomre Sequence" (Toomre. 1977; see also Toomre 
& Toomre. 1972) of the 11 foremost examples of ongoing mergers of late-type spiral galaxies 
selected from the New General Catalouge (NGC) provides considerable insight into the mer
ger process. T h e optically selected sequence represents the proposed stages of merging disk 
galaxies. Early-stage mergers have well separated but distorted disk components (Antennae, 
Arp N G C 1676, and others). Intermediate-stage mergers exhibit distinct nuclei in a 
common envelope of luminous material with clear signs o f interaction as extended tidal tails 
(e.g. NGC 1)20). Late-stage mergers consist of a dynamically relaxed central part with tidal 
appendages emanating from a single nucleus (e.g. N G C J921, N G C Tl'il. A rp 221); Figure 
1.2: see Hibbard & ran Gorkom. 1996). 

A recent study of It late-stage mergers has shown that the luminosity profile in the case of 
N G C :(92l and NGC 7252 (see Figure 1.2) will evolve to an r " 4 law, which is typical for 



Figure 1.2: Latc-stage mergers in the local universe. Left: Arp 211), the most luminous galaxy 
in the local universe (Thompson et al.. iyy7. A P O D . June. 17). Rigid: N G C 7252. 

elliptical galaxies. However, A rp 224) (Figure 1.2), which is the most luminous galaxy in the 
local universe and belongs to the class of ULIRGs, shows an excess of light in the central 
part. This excess of light is not a common feature among elliptical galaxies. It is found only 
in some cores of ellipticals. However, different processes like powerful expanding super-winds 
or massive starbursls with an IMF that is biased towards massive stars can lead to reduced 
central stellar densities when Arp 224) evolves with time Observed physical processes taking 
place in interacting galaxies in the local universe are dominated by gas dynamics and star 
formation. The role of stellar dynamics, however, is difficult to estimate. 

Dynamical modeling has demonstrated that large scale interactions are efficient means of 
driving central inflows of gas and therefore can trigger nuclear starbursts or A G N s as energy 
sources for the enormous infrared emission seen in U L I R G s (see e.g. Dames & Hernquist. 
1996). However, the detailed processes leading to a starburst are not well understood. Up 
to now, numerical simulations which include stellar dynamics, gas dynamics, star formation 
and its feedback were not able to reproduce all the observed features (Mihos k. Hernquist. 
1996: Barnes & Hernquist, 1996; see Hibbard & Yun, 1999). In particular, there are several 
questions that have to be addressed in detail. How much gas in total is needed to get the high 
densities observed in centers of elliptical galaxies? What is the influence of gas on the global 
dynamics of merger remnants? When, where, and how does the gas transform into stars? 
Where does the hot X-ray emitting gas, observed in massive giant elliptical galaxies, come 
from? Does gas accrete onto a central black hole? How does the existence of a black hole 
influence the dynamics of the remnant? What is the influence of magnetic Adds? However, 
all these questions involve complicated physical processes that are either poorly understood 
theoretically such as star formation in molecular clouds or involve complicated physics and 
are very difficult to implement numerically, like magnetic fields or relativistic hydrodynamics. 
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_ 11- i- exists a lot of detailed information about central and glottal photometry, glottal kiu-
ematical properties and spatially resolved local kinematics of giant elliptical galaxies. This 
data can be compared with dynamical models of interacting galaxies. It is remarkable that 
even collisionless dynamical models which only involve gravitation have only been investig
ated to a small extent. In particular, it is not clear in how far collisionless mergers succeed 
or fail to explai n the formation of elliptical galaxies by collisionless mergers of disk galaxies. 

In this thesis we focus on the properties of purely collisionless merger models and compare 
them self-consist en tly with most of the available data o f giant elliptical galaxies. We can 
thus test whether the merger scenario for collisionless mergers is successful. The investiga
tions provide fundamental insights into the dominant processes controlling the structure and 
kinematics of interacting galaxies. Addressing several topics (like line-of sight velocity dis
persions) in detail and focusing on the related Itasic questions, we build a fundamental basis 
for future inves tigations in the field of interacting galaxies. 

The thesis is structured as follows. We review the most important observations of elliptical 
galaxies in general and the observational methods relevant for the investigations here in detail. 
This is accompanied by an overview of the numerical work published up until the time of the 
beginning of our investigations (Chapter 2.1). In Chapter 3 we discuss the numerical models, 
the simulation methods, and our merger survey. The results concerning the global structure 
of simulated remnants are given in Chapter A. the results of our detailed investigation of the 
line-of-sight velocity distributions are given in Chapter 5 together with a dynamical model 
to explain the discrepancies in relation to oInnervations. In Chapter 6 and 7 we conclude and 
give an outlook on future work. 



Chapter 2 

Elliptical galaxies 

la this chapter wo give an overview of the status regarding ol>servations of elliptical galaxies 
and the numerical work done so far to understand their formation by merging of disk galaxies. 
We describe in great detail observational and numerical methods and results that are relevant 
for the investigations in this thesis. For aspects which are briefly discussed, we refer to a Ust 
of literature. 

2.1 Observations of elliptical galaxies 
In the traditional view, galaxies have been classified by their appearance on images. The 
most widely used classification scheme is the one invented by Hubble in the year 1WHS in his 
book The Realm of the Nebulae (Hubble. ltMti't. 

Figure 2.1: Classification of galaxies after E. P. Hubble 

His tuning-fork diagram (Figure 2.1) suggested that galaxies evolve from the right hand side 
- the so called latc-lypc galaxies which are spiral galaxies to the left hand side, the 

region of elliptical galaxies. Elliptical galaxies have long been thought to be spheroidal dy
namically relaxed stellar systems. 'Ihey were believed to follow a universal surface brightness 
distribution (de Vaucouleurs, 1!M8), the so called de Vaucouleurs r '''-law 

I(r) = I^M^Y'"-*} (2.1) 

5 



6 CHAPTER 2. ELLIPTICAL GALAXIES 

= i « « p ( - 7 . 6 7 | ( r / r - r ) , ' 4 - l ) ) . (2.2) 

The scale length rat is the ctlective radius and the lac lor 3.33 in equation (2.1) is chosen 
such that half of the total light of the galaxy is emitted inside r^g assuming spherical sym
metry for the galaxy image. It is the surface brightness at r = rat (see Binney k Mcrrificld, 
1998). The only parameter used for the classification of elliptical galaxies was their elliptic ty. 
They can appear nearly round or haw a rather elongated shape. The type of the elliptical 
is denoted by En where ft is the ratio of the major and minor axis of the galaxy, a/6, by 
n = (14) x (1 — (6/a)). The types range from nearly round Et) galaxies to elongated E6 el
lipticals. No observed elliptical galaxy appears to be more- elongated than E7. The flattening 
was believed to be caused by simple rotation. 

It had also been recognized relatively early that most elliptical galaxies and SOs are found in 
galaxy dusters (eg. Hubble k Humason, 1931). This suggests that the galaxy environment 
plays an important role for the morphological evolution of galaxies. Indeed Oemler (1974) 
found that regularly shaped and probably dynamically relaxed clusters contain more ellipt
icals (up to 40%) than unrelaxed clusters with a disturbed morphology (around l.r>%). Later 
on. Melnick k Sargent (1977) found a relation between the morphological type of individual 
galaxies and the distance from the cluster center: a morphology-radius relation. Nearly all 
elliptical and lenticular galaxies in regular dusters are concentrated in the cores of clusters 
while most of the spirals Ue a t larger distances from the d uster center. Detailed observations 
by Dressier (1980) suggest a well-defined relationship between the local density in clusters and 
the galaxy type, the morphology-density relation (see also Whitmore k Gilmore. 1991). Here 
the number of ellipticals increases with increasing local galaxy density whereas the number 
of spirals decreases. Postman k Geller (1984) extended the study of the morphology-density 
relation to poorer groups of galaxies and defined a single morphology-density rdation which 
is valid over s ix orders of magnitude in density. It is still a matter of debate whether the 
morphology-radius relationship results from the morphology-density relation or vice versa. 
Whitmore et al . (1993) argue on the basis of Dressier's data that the distance of a galaxy 
from the cluster center is the more fundamental factor in determining the morphology of a 
galaxy. This is supported by the study of Sanroma k Salvador-Sole (1990) who showed that 
the radial variations in cluster properties are preserved if one smoothes out the substructure 
of a cluster. From all these investigations it is not clear whether the complex processes that 
dictate the morphology of early (ypc galaxies are related to the properties of their immediate 
surroundings (local density) or thdr broader environment. 

Starting with the advent of modern C C D cameras, detailed isopholal analysis of massive el
liptical galaxies has become possible It has been shown by several authors that the isophotes 
of elliptical galaxies deviate from perfect elliptical shapes and that their deviations correl
ate with fundamental physical parameters of the galaxies (Section 2.2). Furthermore, HST 
observations (see Faber et al.. 1997) opened a window to the centers of ellipticals, revealing 
core properties that also correlate with isophotal deviations and other glottal parameters. It 
actually turned out that the deviation from isophotal shape could be a more fundamental 
parameter for the classification of ellipticals than thdr apparent ellipticity (Kormeudy k 
Bender, 1996). 

In the follow! IIK two sections we review results from kinematical and photometric measure-
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ments of giant elliptical galaxies. The cited literature contains relevant information related to 
this topic but i t does not provide a complete overview of the properties of elliptical galaxies. 
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Figure 2.2: Left The Fundamental Plane at visible wavelengths for Virgo and Coma ellipt
icals (Bender ct a i , 1992). Right Ti lt of the optical {M/L))v <x M°'a and near-infrared 
(M/X) ) k <x JW°18 F P for Coma ellipticals (Mobasher et al., 1999). 

For example, elliptical galaxies follow the Fundamental Plane (FP), a two-dimensional man
ifold in the three dimensional parameter space of the glottal parameters which are effective 
radius r ^ , mean effective surface brightness < £ >^i, and central velocity dispersion <TQ 
(Djorgovski fr Davis, 1987; Dressier e ta l . , 1987; Kelson ct al., 1997). Bender ct al. (1992) 
used the following coordinate system to represent the Fundamental Plane: 

K . s t l Q g o g + l o g r t f V A (2-3) 
K7 = ( logoj + 2 log S e n - l o g r r f J / v S , (2.4) 

K3 = (logog - log Erf - log r ^ J / V S . (2.5) 

If we define the luminosity L and the mass M of a galaxy as L = ci£ ( .p ^ and AY — 
"*'LI'.-(T and "'] and <•_, are structure constants, the effective radius can be written as r^i — 
(CI/C2)(M/X)~s*7Q£^I. Then KI is proportional to log(JVf), 03 is proportional to log(M/X), 
and K-i is proportional to log(M/X)£^|. Therefore a possible way to represent the F P edge 
on is plotting tt3 versus M which is M/L versus M. The tilt of the F P in visible wavelengths 
is 41.23 (see Figure 2.2). The F P seems to be independent of the environment (Jorgensen 
et al., 1996) and does in general also exist for SOs and dwarf ellipticals (Nieto et al., 1990; 
Bender et al.. 1992; Saglia et al., 19911a). In addition to the optical, a F P can also be found 
in the infrared, however with a slightly different slope (Figure 2.2: Mobasher et al., 1999). 
and probably in the X-ray (Fukugila k. Peebles, 1999). The biparametric nature of elliptical 
galaxies most proltahly is a consequence of the virial theorem and the fact that ellipticals haw 
an almost homologous structure with a small and continuous variation of the mass-to-bght 
ratios a t a given luminosity (Bender et al., 1992; Pahre e t al., 1998). 
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2.2 Correlations with isophotal shapes of elliptical galaxies 
At the end of the 1980s it was shown that a large fraction of ellipticals exhibit small deviations 
from purely elliptical isophotes (Lauer, 1985; Carter. 1987; Jedrzejewski, 1987; .Icdrzejewski 
et al., 1987; Bender et al.. 1987; Bender, 1988b; Nieto c t al., 1991b; Poulain et al., 1992; 
Nieto et al.. 1991; see Kormendy k. Djorgovski, 1989 for a review). T h e deviations can be 
measured by expanding the radial deviations A r , = r((,( — rg(f , ) between the radius of an 
isophote r(t,) and the best fitting dUptical isophote rn{t,) in a Fourier series. Here the (, 
are the equidistant polar angles from the origin to JY isophote points. With A r , — Ar(t,) , 
r , = r(f ,) and r ( ig = rg{tt) the expansion becomes 

A n = r. - r , f i = g a} c * . 4 b, sin ( ^ ) . ,2.6) 

Cocffirienls with j < 2 characterize the position of the fitted ellipse relative to the 
ured isophote: a<s and ai are the deviations from the long and short axis, a\ and 6i are the 
zero-point-offsets of the axes. The angle between the semi-major axis of the fitted ellipse 
with respect to the long axis of the isophotes is measured by bi. All these coefficients are 
minimized by iteratively determining the best fitting ellipse. Coefficients with j > 3 describe 
deviations from the dUptical shape In nearly all elliptical galaxies with significant deviations 
from perfectly elliptical isophotes, the fourth-order cosine coefficient 04 dominates the Fourier 
spectrum. Figure 2. 'A shows the effect of a non-zero (^-coefficient. A positive value of 04 cor
responds to an elongated, pointed or disk-like shape (hereafter called disky) while a negative 
value of 04 corresponds to an isophote with a box-like shape (hereafter called boxy). To get 
a scale free parameter for the isophotal shape it is convenient to measure isophote shapes by 
o i = 04/0 where a is the semi-major axis length of the best fitting elliptical isophote. 

Figure 2.3: Illustration of a boxy (a4 x 1011 = -0.1) and a disky (oi x 1011 - -0 .1) isophotal 
shape compared to the corresponding dUpse (dashed), a and 6 is the long and short axis, 
respectively. 

The first systematic investigation of a magnitude limited, sample (brighter than By = 12.4 
mag) of Northern bright elliptical galaxies was carried out l y Bender et al. (1988) and Bender 
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et al. (1989). In coder to assign a typical value oi^ to every elliptical galaxy indicating the 
characteristic iaophotal shape around its half-light radius reg, the a^/a values were averaged 
between r, (seeing radius) and 1.5r^| and multiplied by UK). They found that 1/3 of all 
ellipticals show boxy isophotes, a 1/3 disky isophotes, and ^ 1 /3 irregular isophotes where 
no characteristic a'l-codficicnt can be derived (Bender eta.1., 1989). Reasons for irregular iso
photes can be a. radial change from disky to boxy isophotes inside rot. This indicates a com
plicated internal structure, like tidal extensions (Nieto & Bender. 1989), non-axisynunetric, 
irregular deviat ions dominated by odd Fourier-coefficients or large-scale dust lanes (Moelleu-
hoff et al., 1992) that prevent a reliable measurement. 

'lb correlate the isophotal shapes of elliptical galaxies with other characteristic properties, 
Bender et al. (1988) defined a characteristic ellipticity which is the maximum along the 
major axis or. in case of a continuous increase in ellipticity, the value a t r^t • The rotational 
support of a galaxy can be measured by the ratio of major-axis rotation Dmaj a t one effective 
radius and the central velocity dispersion <TQ, defined as the mean velocity dispersion between 
the center and 4).5rdt- Theoretical predictions for an oblate, isotropic body that is flattened 
by rotation lead to 

( t W o ) * ~ = (2.7) 

This formula is an approximation to the original formula derived by Binney (1978). Following 
Kormendy (1982) and Davieset al. (1983) one can then parametrize the amount of anisotropic 
velocity dispersions in elliptical galaxies by the anisotropy parameter (wm*j/*>©)*? defined as 
the ratio of the observed values for ("nuj /fo)ob» a " d the theoretical expectation derived from 
the measured ellipticity adopting equation (2.7): 

An edge on, rotationally flattened stellar system with constant ellipticity will have a value of 
("m /"ol* = An inclination of the equatorial plane of the galaxy will cause (Vm/<To)' > ' 
(Binney et al., 1982). Since observed eUipticals do not show constant ellipticity along the 
major axis it can be assumed that (Vm/<To)' — " -7 indicates anisotropics in the velocity dis
persions (Bender, 1988b). In addition to rotation along the major-axis, the amount of rotation 
along the minor axis can be parametrized by / i = (umw/^/ t^j + f^jn) (Binney, 1985). Minor-
axis rotation, in addition to isophotal twist, would then serve as a test for the triaxiality of 
the stellar body. Bender et al. (1988) investigated isophotal twist for elliptical galaxies and 
found that apparently round eUipticals show significantly larger twists than elongated galaxies 
(Figure 2.4). Xieto et al. (1992) conclude that a large number of ellipticals are intrinsically 
triaxial and contain bar-like structures in their centers. 

Figure 2.5 shows the correlations between the isophotal shapes of elliptical galaxies and the 
discussed kinematical parameters. Along the major axis, the mean fractional radial depar
tures from ellipses O'ldt typically lie in the range of —2 < O'L-ir < '1. Galaxies with higher 
values are generally classified as SOs. The distribution of O'lai versus f^g shows a character
istic V-shaped figure. Round eUipticals have smaller deviations from pure ellipses than more 
flattened eUipticals (Bender et al.. 1989. Figure 2.5). Elongated eUipticals with < O I U are 
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Figure 2.4: Left: Isophotal twists between the innermost isophote not affected by seeing 
and 1.5 rctt as a function of eUipticity. Right Elliptieities as a function of the eUipticity 
class according to RSA (A Revised Shapley-Ames Catalouge of Bright Galaxies. Sandage k. 
Tainuian (1981)). The discrepancy is due to the fact that the eUipticity classes were derived 
at larger radii than the elliptieities. ' ihe plots are reproduced from Bender et al. (1988). 

either boxy or disky. while those with t > 0.4 are mostly disky. 

Disky ellipticals follow the theoretical predictions for oblate isotropic rotators and almost all 
show (um»j/oo)" > 0.7 (log(umaj/tro)" > —0.15). They arc therefore assumed to be flattened 
by rotation. In addition, they show only a small amount of minor-axis rotation. T h e disky 
appearance is supposed to be caused by embedded weak stellar disks (Carter. 1987; Xieto 
etal. ,1988; Seo rea & Bender. 1995: Scorza & Bender. 199(1; Rix & White. 1990; R i x & W h i t e , 
1992: Scorza ct al., 1998) which could contribute up to :«)% to the total light in the galaxy. 
Therefore, the disk-to-bulge ratios o f disky elliptical galaxi es overlap with those of SO-galaxics 
(Rix & White, 1990; Kormendy & Bender. 1996; Bender k Saglia. 1999). 

The kinematics o f boxy ellipticals is generally more complex than that o f disky ellipticals. 
Rotation, is less important here (top right panel in Figure 2.5). Although they show a variety 
of ( " n j j / c I* values, they include all of the galaxies with negligible rotation and are flattened 
due to velocity auisotropy [v^/a)' < 0.7. They are also notable for showing significant 
minor-axis rotation (lower right panel o f Figure 2.5; Wagner et al., 1988; Franx et al.. 1989). 
This leads to the conclusion that the stellar body o f a typical Ixjxy elliptical galaxy is triaxial. 
Occasionally, massive boxy ellipticals have kinematically distinct cores (Franx fr IUingworth, 
1988; .Icdraejewski ft Schechter, 1988; Bender, 1988a: Franx et al., 1989; Forbes et al., 1991; 
Forlies et al.. 1995; Forbes et al., 1996; Koprolin ft Zollinger, 20(H)). These cores inhibit 
flattened, rapid ly rotating disk- or torus-like components dominating the light in the central 
few hundred parsecs of the galaxy (Bender, 1990a; Rix White, 1992; Mehlertet al., 1998), 
but they contribute only a few percent to the total light of the galaxy. The fact that these cores 
are metal-enhanced shows that gas must haw played an important role during the formation 
oftheceutralregions(Bender&Surma. 1992; Daviesetal . , 1993; Bender, 1996; Davies. 1996). 

As pointed out by Bender et al. (1989), the deviations from ellipses correlate with the blue 
luminosities Lb of ellipticals in the sense that galaxies with !og£j( ia^a, > 11.1 (corresponding 
to masses Hl'^JUg, see Figure 2.6 (f)) exhibit nearly elliptical or boxy isophotcs (Figure 
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Figure 2.5: Kincmatical and photometric properties of giant elliptical galaxies. The fillet I 
squares show the values for boxy ellipticals (n'l^i < 0), while the open diamonds represent 
the valuesfor disky ellipticals (all data provided by Half Braider). Top left pone t Eliipticityof 
the galaxies vs. ai^a. Top right panel: Rotational velocity over central velocity dispersion vs. 
eUipticity (upper limits are indicated by arrows). Bottom left panel: Anisotropy parameter 
(»mj]/"o)* vs. clcfl. Bottom right panel: Amount of minor-axis rotation vs. u ldt. with t>m»j 
and ifmu, being the maximum velocity along the major and the minor axes, respectively. 

2.6 (e)). A t the low luminosity end with log£rp saia, < 1U.4 ( masses < 10 M a ) , almost all 
galaxies show disky isophotes. This is consistent with the finding of Davies et al. (19811) that 
faint ellipticals [MR > —20.5) and bulges compare well with models for fast isotropic rotators 
(see also Ilbngwor th. 1 977; Davies k. IUiugworth. 19811). There are also long-known relations 
between radio activity and other properties of early-type galaxies (Bender etal.. 1989). Radio 
activity predominantly occurs in luminous ellipticals (Heckmau. 19811; Cordey, 1986). 
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Figure 2.6: Summary of the main correlations for elliptical galaxies reproduced from the 
original paperof Bender et al. (1989). (a) Radio luminosities at 1.4 GHz vs. the isophote 
shape parameter a(4)/a x 141) (this is aA^g in the notation used throughout this thesis). Error 
bars are calculated assuming a distance uncertainty of 15%. The arrow indicates that for 
Lft < 10;| W / l l z the data points are either detections or upper limits, (b) Radio luminosities 
L/t a t 1.4 GHz vs. the blue luminosities Lg. Error bars arc calculated as in (a). (c) The X-ray 
luminosities L\- in the 41.5-4.5 kev band. The errors are calculated as in (a). The straight hue 
indicates the assumed contribution of discrete X-ray sources, (d) X-ray luminosities against 
the shape parameter, (e) The isophote-shape parameter u(4)/o vs. blue luminosities La- (f) 
Masses of the galaxies vs. their blue luminosities. The error in log AlnUi is only a lower limit. 
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Radio loud dbpticalsarc less flattened than ellipticals in general. Very powerful radio sources 
seem to be associated with disturbed galaxies. Many radio galaxies are triaxial in shape and 
radio-loud ellipticals haw predominantly boxy isophotes, while disky ellipticals show no radio 
emission in general (Bender et al.. 1987: see Figure 2.6 (a)). 

Starting in the late 70s, observations using the Einstein Observatory (Giacconi et al.. 1979) 
revealed significant X-ray emission from elliptical galaxies (Forman et al., 1979). T h e emis
sion has been attributed to a hot interstellar medium (gaseous X-ray halos) because of the 
brightness of the emission as well as the softness of the spectrum (Forman et al., 1985; Can-
izares et al., 1987). For elliptical galaxies the amount of X-ray emission exceeds the emission 
from discrete stellar sources only in bright ( logi-R^ji > 10.5) ellipticals with boxy isophotes 
where the high X-ray luminosities (log£.J/|«?rg/a] > 40) are consistent with emission from 
gaseous halos (see Figure 2.6 (c) and (d); Beuing et al., 1999). In contrast, faint and last 
rotating ellipticals with disky isophotes do not show X-ray emission in excess of their discrete 
sources (Bender et al., 1989; Irwin k. Sarazin. 1998; llanlan & Bregman, 20(10). 
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Figure 2.7: Left: Maximum eUipticity t and characteristic isophotal shape ai versus Sersic-
index tt^j. In. our definition timij = l / n « r (reproduced from Caon et al., 1993). Right: 
Sersic's shape parameter ti = rt»a versus total apparent blue magnitude for early type galaxies 
(open circles: d E , open triangles: dSO, filled circles: E , filled triaugles: SO, compact \K2-type 
Es: asterisk) in Virgo. The data for Es and SOs are taken from Caon et al. (1993). The plot 
is reproduced from Binggcli & .lerjen (1998). 

Elliptical galaxies show deviations from a universal surface brightness distribution (Burkert, 
1993; Hjorth& Madsen, 1995). Sersic (1968) proposed a generalised de Vaucouleurs law that 
can be written as 

/ ( r ) = / 0 e ( - r > " " . (2.9) 

Introducing a scale radius r , it can be rewritten as 

/ ( r ) = / , e x p ( - ^ | ( r / r « ) " - - l ] J 

file:///K2-type
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where /. is the surface brightness a t r ( . b„ can be chosen in such a way that the scale radius 
r c is the radius encircling half of the total luminosity of the galaxy. For the special case of 
tiaa — J , equation (2.10) reduces to the de Vaucouleurs law, equation (2.2), with ^ = 7.6692. 
Caoneta l . (1993) and D'Onofrio et al. (1994) used the Sersic law to tit the surface brightness 
profile of a sample of elliptical galaxies and SOs. They found that it provides a perfect fit with 
a very small scatter. The exponents Ue in the range of 0.07 < n.-j < 0.6 and correlate with 
the elliptidty t^O &nd the isophotal shape a'ldi in the sense that boxy galaxies haw smaller 
n«r than disky galaxies and more elongaled galaxies haw higher values of n*r (Caon et al., 
1993). T h e exponent or profile shape parameter n „ , also correlates with glottal parameters as 
r^i or the apparent blue magnitude of the galaxy (Caon et al., 1993; QiuggeU k .lerjeu, 1998; 
see Figure 2.7). Recent observations confirmed this trend for surface density profiles (Bosclli 
et al., 2000: Gavazzi et al.. 20001. Gavazzi et al. (2000) investigated the surface brightness 
profiles of 1157 galaxies with a model combining a de Vaucouleurs bulge and an exponential 
disk. They found that less than 50% of all elliptical galaxies show pure de Vaucouleurs pro
files. T h e majority of E to Sb galaxies is best represented by a bulge + disk model. T h e 
fraction of exponential-dominated galaxies decreases with increasing luminosity and pure de 
Vaucouleurs profiles become dominant for galaxies with L > U)'°L,.j. 

Recent H S T observations have shown that early type galaxies basically show two distinct 
core properties (Crane et al., 1993; Lit- et al., 1991: Fisher et al., 1995: Lauer et al., 1995; 
Faber et al., 19)97). Galaxies with cores (weak density cusps) show broken power-law sur
face brightness profiles that change slope significantly at a break radius r*. Cores are found 
only in luminous ellipticals with Mv < —22 which can be associated with boxy, slowly ro
tating galaxies. A core galaxy is identified when the values of the inner logarithmic slope 
7 = —d(logE)/d(logr) are smaller than 0.3. Low-luminosity elliptical galaxies i[My > — 20.5; 
mostly disky ellipticals) do not show a break in the profile slope and therefore do not show 
cores. Here the* average slope is around 7 a: 0.8 (Faber e t al., 1997). At intermediate mag
nitudes (—22 < My < —20.5) core and power-law profiles coexist. 

AU these detailed observations show that elliptical galaxies can besubdi 1 idol into two groups 
with respect to their structural properties (Bender, 1988b; Bender et al., 1988; Kormendy k 
Bender, 1996: Bender k Saglia. 1999). Boxy ellipticals rotate slowly, haw anisotropic velocity 
dispersions, haw shallow cores, and show stronger than awrage radio and X-ray emission. 
Disky ellipticals rotate fast, are supposed to contain faint stellar disks, have power-law inner 
profiles and are- radio and X-ray quiet. The distinct physical properties of disky and boxy 
elliptical galaxies point to the fact that both types of ellipticals could haw different formation 
histories. It has been argued by Kormendy k Bender (1996) and Faber et al. (1997) that the 
observed stellar disks and the high density power law centers in disky ellipticals show that 
dissipation was essential for their formation. Since the angular momenta of the disks and 
bulges are parallel to each other it can be assumed that the disks were not randomly accreted 
after the elliptical has formed (Bender, 1993; Scorza k Bender. 1995). Boxy ellipticals with 
an even higher bulge to disk ratio show a stronger kinematical decoupling at their centers and 
no disk at all, indicating a merger origin that could also be responsible for irregular structures 
and X-ray emission from massive star formation. In this sense the Hubble sequence from SOs 
to massive ellipticals is a sequence of vanishing disks embedded in more prominent spheroidal 
bodies (Kormendy k Bender, 1996.1. 
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2.3 Line-of-sight velocity distributions (LOSVD) 
The complete line-of-sight velocity distribution (LOSVD) of an elliptical galaxy a t a given 
position contains all the accessible information about the kinematics of the system. The 
understanding of the dynamics of elliptical galaxies as given only by the first-order moment 
of the L O S V D the bulk motion and the second-order moment — the velocity dispersion 
(see Section 2.2) therefore remains incomplete. Theoretical models haw shown that it 
is not possible to constrain a model for an elliptical galaxy from the rotation velocity and 
the velocity dispersion alone. A large range of masses and central densities is consistent 
with a given velocity dispersion profile {Biituey k. Mamon. 1982: Dejonghe k Merritt. 1992). 
Theoretical investigations haw indicated furthermore that more detailed information about 
higher-order moments of the L O S V D can help to break the degeneracy between anisotropy 
and mass (Dejonghe. 1987; Merrifield k Kent. 1991); Gerhaitf. 1991, 1993: Dejonghe & Merritt, 
1992; Merritt. 1993; Dehuen & Gerhard, 1993. 1991; Evans. 1993. 1991; Crctton et al., 1999; 
Cretton et al., 2Q(X)b; Kronawitter et al., 24)00). It is beyond the scope of this thesis to 
discuss these theoretical approaches. We refer the interested reader to the cited papers and 
references therein. New observational techniques and analytical tools (Bender, 1990b; Rix 
k White, 1992: van der Mard k Franx, 1993; Saha k Williams, 1991) provided the basis 
for measurements of L O S V D for real elliptical galaxies. Several observations have shown 
that the simple assumption of Gaussian LOSVDs has to be rejected. Many LOSVDs show 
asymmetries or are more or less peaked than a Gaussian (Bender, 1990b; Rix k White, 1992; 
Bender et al., 1991; Fisher, 1997; Mehlert et al., 201)0; Koprolin k Zcibnger, 2000). To get 
a quantitatiw measurement for the deviations of the L O S V D from the Gaussian shape the 
wlocity profile /*(«) can \<c [tarainctrized in accordance with Gerhard (1993) and van der 
Mard k Franx (1993) by a Gaussian plus third- and fourth-order Gauss-Hermite functions 
(see Bender et al. , 1991) 

P{v) = l ^ l l + h&M+tuH^w)), (2.11) 

where w = (v — f(h)/"fli and 

« M = - L e ^ (2.12) 
V*2x 

ff3H = - i = ( 2 v ^ * - Sv^uO (2.13) 

ff*M = ^ ( 4 t i » * - 1 2 ^ + 3 ) . (2.14) 

Hi and lh are the standard Hermite polynomials as defined by 

a (x ) = v5ifl>(»/V2)«(*). (2.15) 

The //, form a set of orthogonal functions, u, — exp(—ttf*/2) x //,(ti») are the Gauss-Hermite 
basis functions, and h3 and h, are their amplitudes which represent the skewness and the kur-
tosis of the w lod ty profile, respectivdy. Note that the skewness/kurtosis and / 1 3 / / 1 4 are not 
identical. The skewness and kurtosis are the normalized third- and fourth-order moments of 
the L O S V D and are more susceptible to the wings of the line profile which are ill-constrained 
by the observat ions (see van der Marel & Pranx. 1993). y is a normalization constant. Since 
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the observed L O S V D s arc not Gaussian, the tit parameters tifl( and correspond only to 
the first order t o the real first ) and second [a) moment of the velocity distribution (dif
ferences of up to 15%. see Bender et al.. 1991: Magorriau k Binney. 1991). For h$ = 0 and 
hi = 0 the resulting velocity profile is a Gaussian. For asymmetric profiles with the prograde 
(leading) wing steeper than the retrograde (trailing) one, h$ and ifu haw opposite signs. This 
corresponds to a negative hi as defined by observers (van der Marel k Franx, 199& Bender 
etal., 1994: Fisher, 1997). When Ufl( and /i$ have the same sign, the leading wing is broad and 
the trailing wing is narrow. LOSVDs with hi > 0 have a 'triangular' or peaked shape, here 
the distribution's peak is narrow with broad wings. Flat-top LOSVDs haw ht < 0 where the 
peak is broad and the wings are narrow. Figure 2.8 shows a Gaussian and the correspond
ing Gauss-Hcrmitefunctionsof third and fourth order with amplitudes of 111% of thi Gaussian. 
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Figure 2.8: (a) Shows a Gaussian (full line), the third-order Gauss-1 termite basis function 
with the amplitude h$ = 0.1 (dotted line) and the sum of the two (dashed line, see equation 
2.11). In this case the retrograde wing [v < 1%) is steeper than the prograde one. (b) 
Same as in (a) but with hs — —0.1. In this case the prograde wing is steeper than the 
retrograde wing. This is what is observed in elliptical galaxies to radii ^ r^g (Bender et al., 
1991). (c) Shows a Gaussian (full line), the fourth-order Gauss-Hcrmite basis function with 
the amplitude h, = 0.1 (dotted line) and the sum of the two (dashed line). The resulting 
shape is peaked a t the center with broad wings, (d) Same as (c) but with ht — —0.1. This 
produces a flat-top shape. 

In general there is no reason why collisionless systems should haw perfect Gaussian velocity 
distributions. There could be several origins for deviations from a perfect Gaussian shape. For 
example the superposition of a dynamically hob bulge component and a cold, last rotating disk 
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would result in an asymmetric or own hhnodal L O S V D which is characterized by a non-zero 
h, that has the opposite sign of v (Bender. 1990b: Rix fr White. 1992; Bender et al., 1991). 
Theoretical predictions for LOSVDs of oblate anisotropic models indicatea positive value for 
/14 resulting in a distribution that is more peaked than a Gaussian (Dehnen k Gerhard. 1993; 
Gerhard, 1993). 

A 

Figure 2.9: (a) The correlation between the glottal parameters < II3 > [hi^g in our notation) 
and oi/a * HK1 (u'L-n in our notation). Pilled squares represent boxy ellipticals, open squares 
are disky objects. Single sided error bars indicate upper limits, (b) The correlation between 
< II3 > and V/OQ ("m.i]/<,o m our notation). Symbols are the same as in (a). The arrow 
indicates how the addition of a cold disk component with a disk-to-bulge ratio of 0.3 would 
move a point from the mean relation (see equation (2.16) shown by the straight line (see 
Bender et al. (1994) for details). The figure is reproduced from Bender et al. (1991). 

Using a procedure similar to the definition for the isophotal parameter ol^i (Section 2.2) 
Bender et al. (1994) derived characteristic values /i3<*t and Mcfl (< Ih > and < Ih > in 
their notation) by averaging the values of A3 and h_t up to one ;( excluding the central part 
of the galaxy. These characteristic values show significant correlations with Q'Ua and »m»j/*ro. 
As shown in Figure (2.9), < J7j > correlates with I'nuiA'o m u e scasc that < II3 > becomes 
more negative with increasing Unuj/ao. The same correlation is observed between < Ih > 
and aA^. Bender et al. (1994) find that a correlation between < i f j > and »m»]/"o r a n 

described by 

/i3«i = < Ih >= -0 .12 x Um^i/oo. (2.16) 

They note that in their sample containing mostly ellipticals in low density environments 
and some cluster ellipticals, no galaxy shows significantly positive values for hi^g. Recent 
observations of cluster ellipticals show that the correlation also holds for ellipticals in the 
Coma cluster (Half Bender, private communication: Mehlert et al., 20001 and therefore seems 
to be independent of the environment. Bender et al. (1991) conclude that if rotation is 
present, the prograde tiring of the LOSVD is altvays steeper than the retrograde wing. They 
also investigated the local correlation between /13 and vfa (see also van der Marel et al., 
1991). Here they find a steeper correlation than the global one for small values of vja 
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0.Z -

Figure 2.10: Local correlation between 11$ and t>/»7 as measured l y Bender el al. (llftM). 
Typical error bars are plotted in the upper right. Open squares represent disky ellipticals, 
filled squares all other ellipticals. The lines show model predictions for two-integral mod
els (Dehneu k Gerhard. I ' I ' l l . I ' l 'U i ..it 'different flattening and inclination. This figure is 
reproduced from Bender et al. (Hit*!). 

including all boxy ellipticals and a flatter one for large v/c made up by disky ellipticals alone 
(see Figure2.10). Mdl hardly correlates with any of the other parameters (see Bender et al. 
(1WH) for details). 
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2.4 Numerical simulations of interacting galaxies 
In the 1970s. Toomre k Tooinre (1972) and later on Toomre (1977) proposed on the basis of 
experiments with a restricted li-body method that early type galaxies could originate from 
mergers of disk galaxies. Almost a t the same time Ostriker & Tremainc (1975) suggested 
that dynamical friction and repeated mergers and accretion of galaxies near the centers of 
galaxy clusters could be responsible for the formation of massive cD galaxies. This merger 
hypothesis has become one of the most popular models for the formation of elliptical galax
ies. The merger hypothesis has been tested in great detail by many authors. White (1978. 
1979) investigated mergers of spherical galaxies. Gerhard (1981). Rirouki k Shapiro (1982) 
and, later on, Xegroponte k. White (19811) were among the first who performed self-consistent 
merger simulations of disk galaxies. However, the resolution of these simulations was wry 
low and the number of particles representing each galaxy did not exceed 500. The situation 
changed with the advent of Treecodes in the late 1980s (Appel, 1985: Jernigan, 1985; Barnes. 
1986; Hernquist. 1987; .lernigan k Porter. 1989). T h e method allowed simulations without 
restrictions to the geometry of the problem and reduced the computational effort to simulate 
a system with N particles from C W 2 to O(jVlogjV). Using this powerful tool, the merger 
hypothesis has been investigated by numerous authors in great detail (see Barnes k Hernquist 
(1992) for a review). Using the Treecodc. the first fully self-consistent mergers of two equal 
mass, rota Lion ally supported disk galaxies embedded in dark halos were performed by Barnes 
(1988) and Hernquist (1992). They found that mergers indeed lead Lo slowly rotating, pres
sure supported anisotropic systems. T h e remnants were triaxial and showed boLh disky and 
boxy isodensiLy contours in projection (Hernquist, 1992). In addition it was found, in con
tradiction to the common belief, that mergers of equal mass galaxies lead to the formation of 
loops and shells around the remnants in good agreement with observations of shells around 
elliptical galaxies (Hernquist k Spcrgd. 1992). The surface density of the remnants simu
lated by Barnes (1988) contained a central bulge component and followed an r1 '* profile up Lo 
the central resolution limit, determined by Lhe gravitational softening Icnglh. T h e half-mass 
radius of the system was slighlly larger than the scale length of the initial disk. The pure 
disk mergers performed by Hernquist (1992) were loo diffuse at the center, leading to strong 
deviations from, the observed dc Vaucoulcurs profile- This result can be explained by limited 
phase space densities at the centers of observed disk galaxies that are in disagreement wilh 
the high phase space densities a t the centers of elliptical galaxies and bulges (Carlberg, 1986; 
Wyse, 1998). S-ubsequent investigations by Hernquist et al. (1991(b) showed that mergers of 
progenitors with massive bulge components (25% lfl)% of the disk mass) could resolve this 
problem leading to core radii and surface brightness profiles that are in excellent agreement 
with observations. This result is expected since the mergers already start with galaxies that 
contain elliptical like components and therefore dissipation may not be needed to satisfy phase 
space constraints. Hernquist (19911a) and, subsequently, Heyl et al. (1991) and Steinmetz & 
Buchner (1995) investigated departures from pure ellipses in their equal mass merger rem
nants. However, Hernquist (19911a) did not investigate the shape qualitatively. Heyl et al. 
(1991) created false C C D images of their remnants and used the [RAF implementation of 
.ledrzejwski's ellipse fitting software (Jedraejewski et al., 1987). Steinmetz k Buchner (1995) 
used MIDAS and the fitting procedure indented by Bender et al. (1988). Both found disky and 
boxy departures from pure ellipses that haw the same magnitudes as in observed elliptical 
galaxies, depending on the viewing angle. Steinmetz & Buchner (1995) found predominantly 
boxy projections for their remnants but did not include a bulge component in their progenitor 
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galaxies. These results seem to be in contradiction with the oljserrations. Since disky and 
boxy eUipticals haw different radio and X-ray properties (see Chapter 2.2) that should not de
pend on their viewing angle, their isophotes should not change as a result of projection effects. 

However, in agreement with observations of boxy eUipticals Barnes (1992) and Heyl et al. 
(1996) also found misalignments between the spin and the minor axis in major merger rem
nants that seemed to be larger than observed (Fraux et al., 1991). Heyl et al. (1996) also 
investigated moments of the L O S V D inside 41.5 r.-n of their remnants. They found a signific
ant amount of skewness but did not investigate the sign or the correlation with radius. 

It has been argued by Kormendy k Bender (1996), Paber et al. (1997) and Rix et al. (1999) 
that gaseous mergers lead to distinct inner gaseous disks in the merger remnants which sub
sequently turn into stars, generating disky isophotes and strong rotational support in the 
outer regions. In contrast, boxy eUipticals would form from purely dissipation!ess mergers. 
This idea has theoreticaUy l>ccu addressed in detail by Bekki k Shioya (1997) and Bekki 
(1998) and recently by Springe! (201)0). Bekki k Shioya (1997) simulated mergers including 
gaseous dissipation and star formation. They found that the rapidity of gas consumption 
affects the isophotal shapes. Secular star formation however leads to final density profiles 
which deviate significantly from the observed r1-''-profiles in radial regimes where aU eUiptic
als show almost perfect de Vaucouleurs laws (Burkert, 1993). These calculations and models 
of Mihos k. Hernquist (1996) demonstrate that the effect of gas and star formation changes 
the structure of merger remnants as such a dissipative component would most Ukely lead to 
strong deviations from the r'''-profiles which seems to be a result of dissipationless, violent 
relaxation processes. Nevertheless the observations of meUd enhanced, decoupled and rapidly 
spinning disk-like cores (see Chapter 2.1; Bender k Surma, 1992; Davies et al., 1993; Bender 
k Davies. 1996) show that even in boxy ellipticals gas must have been present. Numerical 
simulations show that these features would result naturaUy from gas infaU during the merger 
process (Barnes k Hernquist. 1996; Mihos k Hernquist, 1996). T h e influence of gas on the 
glottal structure of elliptical galaxies is not weU understood as it is sensitive to uncertain 
details about the star formation process (Barnes k Hernquist, 1996). 

Recently, Barnes (1998) presented a set of 1:1 and 3:1 merger simulations. He proposed a 
scenario for the origin of rapidly rotating elliptical galaxies that does not require dissipation 
and showed that such systems could result from a merger of a large disk galaxy with a smaller 
companion. In addition, the edge-on view shows a disky morphology. However, he did not 
investigate projection effects or own quantify the isophotal deviations in detail. According 
to this model, boxy and disky eUiptical galaxies should result from equal- and unequal-mass 
mergers, respectively (Naab et al., 1999). Beiido k Barnes (20(10) took the sample of Barnes 
(1998) and investigated rotational support and the Une-of-sight velocity distributions along 
the major axis of the remnant and parametrized it with Gauss-Hermite polynomials. They 
found only zero or positive values for /13 but again they did not take projection effects into 
account. In addition, they compared the rotational support of the remnants with the observa
tions of Rix et al . (1999) and found good agreement (see Section 4.1 for our view of this topic). 



Chapter 3 

Simulations of galaxy interactions 

3.1 Numerical methods 
la addition to theoretical and experimental physics, computational physics has become a 
powerful tool for answering relevant physical questions. T h e increase of computer speed and 
the development of special hardware and software have opened the opportunity to model a 
whole system directly. The data analysis following such a virtual experiment is then carried 
out in much the same way as an observer would do with data from a real observation. The 
N-body simulation technique has become one of the most powerful tools for the study of 
astronomical systems of gravitationally interacting suhunits: the solar system, star clusters, 
galaxies, clusters of galaxies and the large scale structure of the universe. 

3 .1 .1 T h e G R A P E - 3 / G R A P E - 5 s y s t e m 

The simplest approach computing the gravitational interaction between particles is direct 
summation. Here the force exerted on a particle is given by adding up the contributions 
from all other particles in the simulation. This offers a large, controllable dynamic range in 
spatial resolution. In addition, there exists no limitation with respect to the geometry of the 
problem. The big disadvantage of this method is that it requires a computer processing power 
that scales with 0{NJ) for the force calculation while all other actions (like time integration) 
scale with O(jV). l b increase the speed of a simulation it is in general possible to follow two 
different paths. One can use highly specialized algorithms (e.g. Treecodes) which can be used 
in combination with general-purpose computers or parallel supercomputers. They reduce the 
number of required inter-particle force calculations to O( jV log jY) but contain approximations 
with respect to force contributions of distant particles. A different approach is to realize the 
time consuming force calculations directly in external hardware which can be connected to a 
standard workstation. 

This approach has been realized by the family of G R A P E (GRAv i t y PipclinE) special-purpose 
hardware devices (Sugimoto et al., 1991); Makino fr Taiji, 1998). They have a specially de
signed, pipelined and highly parallelized architecture to accelerate the computation of grav
itational many-body interactions. Figure .1.1 shows the lutsic structure of a G R A P E system. 
The G R A P E hardware is connected to a host workstation. The host computer sends positions 
and masses of all particles of a simulation to the GRAPE] system. Then G R A P E calculates 
the gravitational interaction (which is the O( .V ' ) part) between the particles and sends the 
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Data transfer via 
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Figure It. 1: Basic structure of G R A P E systems. 

resulting forces back to the host computer. In addition. G R A P E delivers a list of neighbors 
inside a given radius around a particle. This is especially important for the use of G R A P E in 
combination with Smoothed Particle Hydrodynamics (SPH). All other calculations like time 
integration and data diagnostics can then be performed on the host computer. 
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Figure .1.2: Block diagram of the G R A P E - 3 processor board (reproduced from Kawai et al. 
('JIM)) with permission of Atsushi Kawai). 

G R A P E - 3 was the first G R A P E system using multiple pipelines for the force calculation 
(Okumura et aL . 1993). Figure 3.2 shows the architecture of a G R A P E - 3 board. 'Ibis board 
has 8 pipelines And every pipeline is integrated into one G 3 chip (Figure 3.3). Every pipeline 
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can calculate one pairwise gravitational force during each clock cycle according to 

Gm,(x, -xt) (ai) 

where x and Xj are the mass and position of the i-th and j - th particle, G is the gravitational 
constant and e is the softening parameter to suppress the divergence of the forces at x, — x}. 

GRAPE chip 
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! 
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Figure ll.ll: Block diagram of the Gil chip (sec Okumura et al. (199:i((. 

The peak performance of one chip is 0.6 Gflops at a clock cycle of 20 MHz (Okumura et al.. 
19911; see also Kawai et al.. 2000). This corresponds to -It) floating-point operations for the 
calculation of one gravitational interaction between two particles (Okumura et al.. 19&i), 
One GRAPE-11AF board has 8 G R A P E chips in total, resulting in a peak performance of 
4.8 Gflops. T h e round-off error of GRAPE-11 has two main origins. One is the error that is 
generated when the positions are converted from floating-point format to fixed-point format. 
GRAPE-l l performs the subtraction xt — x} in 20-bit fixed-point format. For the pair wise force 
calculation the round-off error due to this is O(10 3/{x, — x})). This means that the error is 
larger for nearby pairs (Okumura et al.. 19911). This error results just from the calculation of 
a distance between two particles. Another source of round-off error is the calculation of the 
force from the given distance Xt — Xj. This part is implemented in 111 bit unsigned logarithmic 
format with an error of about 1 percent. It has been tested by Okumura et al. (19911) that 
the round-off errors with respect to their sine and their sign are independent of the errors res
ulting from other calculations performed on the board. In addition, the round-off errors haw 
no offset. This results in an average mean error of 0. Taking this into account, the relative 
error of a pairwise force calculation is of the order of 2% which is precise enough to perform 
simulations of collisionless systems like galaxies (Hernquist et al.. 19911a: Athanassoula et al.. 
1998. see Hernquist k. Barnes. 1990 for a comparison between different N-Imdy algorithms). 
The CRAPE- : )AP cluster at the MPIA in Heidelberg which is used for the simulations 
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presented in this thesis consists of 10 boards in total. We grouped the boards into several 
subsystems. The fastest consists of three boards which work in parallel, occupying 3 slots 
in a Solflower S F V M E Sbus/VMEbus interface unit with which it is linked to an U L T R A 2 
(Sbus) host workstation. The peak performance of this G R A P E - 3 system is 15 Gflops. 

Since the beginning of summer 1999, GRAPE-5 . the successor of GRAPE-3 , has been on the 
market (Kawai e t al., 2000). The G R A P E - 5 board is connected to a PCI Host Interface Board 
(PIHB; Kawai e t al., 1997) that can be connected to a general-purpose host computer. The 
connection is realized via Mink (see Makino et al. (1997) for details of the implementation) 
which controls the data transfer between the G R A P E - 5 and the PIHB (Figure 3.-1). Every 

Host Computer 

PCI BUS 

Figure 3.4: Basic structure of the G R A P E - 5 system. 

G R A P E - 5 system consists of a G R A P E - 5 processor hoard hosting eight G5 chips, a particle 
index unit, a memory unit that stores 131072 partides a t one time, a neighbor list unit, and 
an on-board interface unit (Figure 3.5). T h c G 5 chip itself hosts two real pipeline units which 
calculate the gravitational forces and an I / O unit which handles the data transfer between 
the pipeline unit and the external I / O port (Figure 3.6). 

The G5 chip works with the virtual multiple pipeline architecture (Makino et al., 1993) where 
one real pipeline acts as multiple virtual pipelines at lower speed. The implementation on 
the G5 chip has two real pipeline units and six virtual pipelines per real pipdine unit. This 
results in 12 virtual pipelines in total per chip. The chip calculates two pairwise gravitational 
interactions per clock cycle at a clock speed of 80 MHz. T h i s translates to 1.6 x HI8 interac
tions per second or 4.8 Gflops if one assumes 30 floating-point operations for the calculation 
of the gravitational force between two particles. Thus the peak speed of a board with eight 
G5 chips is 38.4 Gflops. Therefore the G5 chip is 8 times faster than its predecessor G3. 
In addition, the communication speed is increased by a factor of 10 and the accuracy of the 
force calculation is increased to =s 0.2% (this is ten times more accurate than G3). There
fore G R A P E - 5 is one of the fastest (and cheapest) available computers for the calculation of 
gravitational interactions (Gordon Bell Prize Winner 199U). 

The G R A P E - 5 system at the MPIA in Heidelberg consists of two G R A P E - 5 boards that are 
used in paralld. The boards are connected to a Dec Alpha 20 SE double processor (50()Mhz) 
workstation. The peak performance of this G R A P E - 5 system is 76.8 Gflops. 
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Figure 3.5: Block diagram of the G R A P E - 5 processor board (reproduced from Kawai et al. 
('JIMJC)) with permission of Alsushi Kawai). 
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Figure :t.6: Block diagram of the G R A P E - 5 processor chip (G5 chip). 

3 .1 .2 T i m e i n t e g r a t i o n 

In N-body simulations the particles mow according to the Newtonian equations of motion 

dx 
Tt = v 

The functional form of F depends on the forces that are necessary for the simulations. For 
N-body simulations this reduces to the gravitational forces, ' lb integrate this set of equations 
numerically it is necessary to replace them by linear algebraic relationships. The continuous 
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functions x and v arc replaced l y values at discrete time intervals. The most commonly used 
discretization for N-body simulations is the leapfrog scheme or Verlet method (see Hockney & 
Eastwood. 1981). It is the standard way of integrating the equations of motion of interacting 
particles whose interactions do not explicitly depend on velocity, like stellar dynamics. It 
has been used by a wide variety of authors investigating different problems (Barnes. 1988; 
Hernquist k Quinn. 1988. Barnes. 1988; Barnes k Hernquist, 1992: Hernquist et al.. 199:ta; 
Barnes k Hernquist. 1996; Velazquez k White. 1999 and many others). In this scheme the 
discretization o f the equations (S.2) is realized by 

Here At is the time step and the superscript ft is the time level ( — tiAt. This scheme is 
consistent in the sense that for At —» 0 the discretization (3.3) tends towards the continuous 
equations (>t.2). Another desired consistency property is that the discrete approximations 
and the continuous equations haw the same time symmetry. T h e Newtonian equations of 
motion are time-reversible, i.e., if a particle is integrated forwards in time on a trajectory and 
the time arrow is reversed, the particle will follow the same trajectory backwards returning 
to its starting point. T ime reversible discretizations are obtained by time centered difference 
approximations. In the equations ( :U) the difference (x<n+l>-x<n>) is centered about t , n + i > 

and the difference ( « , n + i t - rf°~^) is centered on (M. T h e accuracy of the discretization 
scheme is given by round-off errors in the computer and truncation errors caused by repres
enting the continuous variables by a discrete set of values. For stable integration schemes, 
round-off errors are smaller than truncation errors and can be neglected. Truncation errors 
can be seen as the difference between the differential equations and their algebraic approx
imations. T h e measure of the smallness of truncation errors is then given by the order p of 
the difference scheme, where the error is <x [At)f for small At. If the overall time step At 
is held constant the leapfrog approximation is time-reversible and is a second-order accurate 
approximation to the equations of motion (see Hockney k Eastwood. 1981). In addition, 
the leapfrog scheme is stable for a small enough time step At. How the timestep has to be 
adjusted depends on the system that has to be integrated. For hydrodynamical simulations a 
criterium could be phrased as no information is allowed to trawl farther than one resolution 
unit within one timestep. For dynamical simulations the timestep must be small enough to 
resolve the dynamics of the system. A typical value for a timestep of a collisionless system 
is H) 2 — H I 3 dynamical time scales. Small errors at any stage of the integration then d o 
not lead to larger cumulative errors. In addition, the leapfrog scheme is easy to implement 
and requires little memory. If the time step is properly adjusted to the parameters of the 
simulations the scheme provides a good compromise between accuracy, stability and efficiency 
(Athanassoula, 1993; Barnes. 1998). 

3.2 The initial conditions 
Determining initial conditions for numerical simulations of disk galaxies is problematic in 
general. Galaxies are compound objects consisting of a luminous disk with interstellar gas. a 
stellar bulge or a bar. and an extended dark halo. The overall goal is lo describe a dynamical 
equilibrium model with physical properties according to observations of the Milky Way and 
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other galaxies. Unfortunately, the distribution function that describes the dynamical evolu
tion of a collisionless system like a galaxy (see Section 11.2.1) is very complex and not mil 
known for systems of such a complexity. Oneway out is to realize only part of the galaxy with 
particles and describe the other components by fixed analytic potentials. The disadvantage 
of those methods is that they do not allow self-consistent interaction between the subsystems. 
In the standard cosmological model where dark matter halos consist of self-gravitating and 
collisionless particles those interactions are of fundamental importance for the evolution of 
the system as a whole. 

.11 S" ction 11.2.1 '<• di sciil" tin. Lf.i<?> of tin dynamics of collisionlcss st. liar sysl ems and 
in Section 11.2.2! we review an approach to construct a model for disk galaxies in dynamical 
equilibrium that is used for the investigations in this thesis. 

3.2.1 D y n a m i c s o f coll isionless stel lar s y s t e m s 

The dynamics of collisionless stellar systems is discussed extensively in the literature (eg. 
Binney & Tremaine. lWi7). Therefore we will focus only on the basic concepts that are 
needed to understand the description of the model for initial conditions in Section 3.2.2. 

Gravitational!/, interacting stars in a galaxy can be assumed to form a collisionless dynamic 
system. Collisionless means that the motion of a star in a galaxy is determined by the overall 
potential of the system rather than by interactions with stars close by. Whether a stellar 
system can be assumed to be collisionless is determined by its relaxation time r^.^,. The 
relaxation time gives the time-scale after which a star that moves in a system of JY stars is 
deflected significantly by close encounters with nearby particles from its mean trajectory. The 
relaxation time can be defined as (see Binney & Tremaine (1987) for details) 

Here r9/vt = fcioa is the crossing time for a system of .V particles with masses m. and the 

CM* 

characteristic radius r , is defined 

* - \w\ (aa) 
G is the gravitational constant. W is the total potential energy of the system, and M = N-m 
is its total mass, vi is the typical vdocity 

CM) 

of a particle in such a system with radius R. Galaxies consisting of N = 14)" particles haw 
relaxation times comparable to the age of the universe and can therefore be assumed to be 
collision Iras systems. It has to be noted that every stellar system can be treated as a col
lisionless system if it is investigated on timescales significantly smaller than its relaxation time. 

In classical mechanics the state of a system of particles is determined by the position x and 
velocity v of every particle. Using a discrete set of Newtonian equations of motion it is 
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then possible to determine the velocities and positions o f every particle at every t ime Fbr 
the large number o f particles involved in stellar dynamical processes it is not possible to 
follow exactly the trajectory o f every particle Since the particles in a collisionless system 
move under the influence o f a smooth global potential <fc(x. (). a continuous description o f 
the system is more useful. The state o f the system can be given by the number of stars 
/ ( x , v . ( ) d i x d 1 v in a volume d^x centered on x and velocities in the range d 3 v centered on 
v . The function / ( x . v , () > (), defined in the 6-dimensional phase-space ( x . v ) . is called the 
phase-space density or the distribution function o f the system. T o And a dynamical equation 
for / ( x . v . (), it can be assumed that the flow of matter through phase space can be described 
by a 6-dimensional vector (x . v) with 

( x ) v ) = ( v , - V * ( x , t ) ) ) (3.7) 

where $ ( x , t ) is the gravitational potential. The flux (ic. v ) is conservative therefore the 
change o f mass in a phase-space volume d x d v is determined by inflow minus outflow, so 

If we substitute? equation (3.7) we obtain the collisionless So It?, man n equation (CBE) 

| £ 4 v | £ = (1. (3.9) 

This equation is the fundamental equation of stellar dynamics. It has the property 

^ = « . (3.10) 

This means that the local phase-space density f around a phase point of a given star always 
remains the same (Biuney k. Tremaine 1987). The potential of a given density distribution 
,'i.xI is given by the Poisson equation 

A * [x,t) = AvGp{x,t)=4nG j / ( x T v , f ) d V (3.11) 

If a distribution function satisfies the Poisson equation (3.11) and the C U E (3.9) it provides 
a self-consistent solution to a collisionless problem. In the following equations we use the 
standard summation convention. 

One can derive a continuity equation by integrating equation (3.9) over all possible velocities: 

Fbr a spatial density of stars f ( x ) and a mean stellar velocity v ( x ) defined by 

v m j f d ' v , q s j / n d ' v . (3.13) 

this simplifies to the continuity equation 

| + 2 H 2 = a (3.i4) 
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If we multiply the C U E by v} and integrate over all velocities we obtain 

- £ S " ' ^ - - " • <3 I5> 

Using the fact that / —-1) for large w and applying the divergence theorem, equation (11.15) 
can be written as 

^ + ^ ^ 4 ^ = 0, (3.16) 

with 

5 ^ = £ j v t y t f v . (3.17) 

Subtracting TTJ times the equation of continuity (3.14) and substituting 

={vt- vi)[v} - V}) = VlV} - VlV} (3.18) 

gives the .leans equations 

do. dv, di 
v-g +^H^J- = -"-XT - a _ * • (3.18) rff o i ( rfz1, oxt • ' 

The .leans equations (3.1111 an tlu similar dyuamiral aualogon lo th< ordinary Eider equa
tion of hydrodynamics. Here uaff is a stress tensor that describes an anisotropic pressure. 
Applying an analogous sequence of steps one can obtain the .leans equations in cylindrical co
ordinates by taking moments of the C U E in cylindrical coordinates (see Binney & Tremaine. 
1987); 

^ ) + u™*) + t a p ) + | ^ = o , (3.2D 
at aH oz « 

In addition, we give the .leans equations for a spherically symmetric system in steady state 
and for Vi = vg = 0, calculated by integrating vr times the C B E in spherical coordinates, as 
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3 .2 .2 A m o d e l for i n d i v i d u a l ga lax ies 

The models for spiral galaxies consist of a disk component, a bulge, and an extended dark 
matter halo. They are constructed in dynamical equilibrium, adopting a method described 
by Hernquist (1993a). This method uses the tact that the lowest (second) order moments 
of the C B B are determined by the density distributions of the components. Since those are 
known from observations one can compute velocity moments and approximate the real dis
tribution function in velocity space by known distribution functions (e.g. Gaussian) having 
these moments. This method is only an approximation but it can be assumed that the system 
initialized this way reaches an equilibrium stale altera short evolution. Hereafter we describe 
the basic properties of the initial model. 

We assume a stel lar disk with a density which decreases exponentially with increasing 
cylindrical radius R = y/x1 + y* (Freeman. 197(1) and is described by isothermal sheets per
pendicular to the disk plane (Bahcall & Soneira. 1980; Spitaer, 1912) 

where Mj is the disk mass, n is the radial scale length, and zo is a characteristic measure 
of the scale height perpendicular to the galactic plane The scale height is assumed to be 
independent of the galactocentric distance (van der Kruit .v Searle, 1981. 1982). To construct 
a velocity ellipsoid of the disk with the density given in equation (3.24) one can use moments 
of the CBE. Observations of velocity dispersions in disk galaxies show that the radial velocity 
dispersion is proportional to the surface density (Freeman. 1970; Lewis k FYcciiiau. 1989; 
Bottema, 1993; Binney & Merrifield, 1998) implying that 

4 « e x p ( - J i / n ) . (3.25) 

For an isothermal sheet (hereu? is independent of z) the vertical velocity dispersion is related 
to the disk surface density, by 

<xxC£(i?)?o. (3.26) 

denervations of edge-on disk galaxies suggest that ZQ does not vary with radius and therefore 
v'l <x E(fl) (van der Kruit k Searle. 1981. 1982; van der Kruit k Freeman, 1984; see Bottema 
(1993) for an overview). 

A small note: For a stellar system in equilibrium with density p. VP = —pVb with the 
"pressure " P = po, (this is related to the functional form of the .leans equation as an 
analogon to the Euler equation, see Binney k Treinaine. 1987). We then get 

p 02 02 

Near the plane of a highly flattened system Poisson's equation can be approximated by 

= \*Gp. ( X ! 
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Combining equations (3.27) and (3.28) gives 

assuming a\ is independent of z. The solution to equation (3.29) for constant a\ is 

/ » = A l s c c h 2 ( i . ) (3.30) 

with 

• J V 

The asymptotic behaviour of p is described by 

(3.31) 

The velocity structure in the radial and vertical directions in the disk plane is determined by 
equation (3.25) and (3.26). ' lb quantify the normalization constant in equation (3.25) it is 
required that the radial dispersion at a critical radius I' = fi^ni is determined by the 'Ibomre 
Q parameter ('Ioomre, 1964). A critical velocity dispersion for the local stability of a thin 
gravitating disk at a given radius Rak is defined by 

or defining the I b o m r e stability parameter Q: 

« - i 5 & > « » * ) 

for the local stability of an axisymmmetric disk. The epicycUc frequency K is defined by 

*-i(SHS)-
Here $ is the total potential arising from all components of the galaxy model. For the models 
used in this thesis we assume a critical radius of Ran — 2.4A. This corresponds to the solar 
radius R® if the model is scaled to the Milky Way. 

'lb compute the an mutual moments of the velocity field of the disk one needs the .leans 
equation in cylindrical coordinates (3.21)). For a star that Ues close to the galactic equator, 
one can evaluate equation (3.21)) at z = 0, and assume that (dw/dz) — 4), to find 
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if wo substitute v with £ in the limit of a thin disk with z — 0. Substituting the azimuthal 
velocity dispersion 

*J = (t*-B«P«trJ+*5 (3.37) 
and R{d$fdR) — where i.v is the circular speed, in equation (11.116) gives the relevant 
second moment of the CUE to compute moments of the azimuthal velocity dispersions ac
cording to 

dispe 
approximation 

£ dR di 
The azimuthal dispersion was chosen to be related to the radial dispersion via the epicyclic 

" * 4 ^ 
where i) is the angular frequency and vc is the circular velocity derived from the potential of 
all components by 

The equations (3.25).(3.26). and (3.39) fully specify the velocity eUipsoid in the disk plane. 
Assuming an exponential surface density profile for the disk and an exponential distribution 
for the radial velocity dispersion, equation (3.38) with equation (3.39) simplifies to 

(3,12) 

In addition some softening has to be applied to at small radii (see Ifernquist (1993a) 
for a detailed description). Velocities are then initialized by drawing v, from a Gaussian 

with dispersion (ti£) , computing VR by drawing from a Gaussian distribution with disper-
sion {VR) , computing from equation (3,12), and determining the random component by 
drawing from a Gaussian with dispersion (oj)1 '2 . 

The dark mat te r halo is assumed to follow a density profile that is characterized by iso
thermal spheres over some radial interval leading lo a phen omenological potential-density pair 
of 

0 . f r ) - M * Qe*P(-^/r 7 ) f 3 4 a l 

* (3,14) 

where Mj, is the total mass of the halo, rc is a cutoff radius, and y is a core radius. The 
normalization constant « is defined by 

a = {I - v ^ 9 c x p ( 9 " i ) | l - e r f ( 9 ) ] } " ,
) (3.45) 
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where q = f/rc. T h e hales are truncated exponentially at r£. In general rc is artificially small 
to reduce the computational task of integrating particles that are only loosely bound and d o 
not affect the luminous component of the galaxy. 

For a non-rotating spherical system with a mass distribution like equation (3.43) we haw 

(3.46) 

The velocity dispersion is defined by the Jeans equation in spherical coordinates (see equation 
3.23) 

Pa dr r a r 

where ..'(r ] is defined as 

0(r)=l-% (3-48) 

and measures the degree of anisotropy. If the system is isotropic (/<(r) — 0. V'R — Vg) one can 
integrate equation (3.47) to give 

_ _ i /<* AS, 

^ = P*lr) f *tr)GM{r)dr, (3.50) 

where $ includes the self-gravity of the halo and of all other components which contribute to 
the gravitational field and Af(r) is the cumulative mass distribution. The absolute speeds of 
the particles arc selected from 

with 

^ M F ( « , r ) d « = l . (3.52) 

The Cartesian wlocitiesare then initialized from v assuming isotropy (see Hernquist. 1993a). 

Observations of the stellar bulge of the Milky Way and external galaxies imply that they 
are spheroidal systems following an r'^' surface density law. A simple density profile that 
reproduces the- r ' ' 1 law was proposed by Hernquist (1991)) and is used for this galaxy model. 
The potential-density pair is 
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and 

with a cumulative mass distribution of 

. 1 i s the total mass of the bulge and a is the scale length. The velocities are initialized in 
the same manner as for the halo. 

For the simulations performed here we use the following s y s t e m of units employed by 
llernquist (1992. 19911b): gravitational constant G = 1, exponential scale length of the disk 
h = 1 and mass of the larger disk M j = 1. In these units the galaxy model has ZQ — 0.2, 
Mb = 5.8, 7 = 1, rc = 10, M„ = 1/3, and a = 0.1. Scaled to the physical properties of the 
Milky Way or M31 this translates to h = 3.5 kpc and Md = 5.6 x 10 ' °M S with a unit time 
of ( = 1.31 x Ml7 yrs and a unit velocity of v = 262 km/s. The dynamical time of the disk 
measured as the rotation period at its half-mass radius is 7\f% = 1.5 X 10s yrs. 

This model has been proven as a valuable collisionless equilibrium model for disk galaxies and 
has been tested with several applications (llernquist, 1992, 1993b; Quinn et al., 1993; Heyl 
etal., 1991; Mihoset al., 1995; Heyl etal . , 1996; Walker et al., 1996; Weil llernquist, 1996; 
Velazquez & While. 1999; Naab et al., 1999). Figure 3.7 shows some spherically averaged 
properties of the initial disk galaxy like the ratio of dark to luminous mass, the density, and 
the circular velocities of the individual components. 

3 .2 .3 D e f i n i t i o n o f t h e m e r g e r p a r a m e t e r s 

For all simulated mergers, the two galaxies approach each other on parabolic Keplerian orbits. 
In addition, we specify the initial separation of the centers of mass of the galaxies rRq>, the 
ratio tj — Mi/Mi < 1 of the total masses M i and Mz (where M2 < M i ) of each of the 
galaxies and the separation at closest approach, namely the pericenter distance rp. Given 
these characteristic values for the galaxy orbits one can calculate the initial positions and 
velocities for the two galaxies as follows: 

M^ Mi 
« ~ j ^ t n e p - S f ) , ) , si = -jj—{r*p-2rp), (3.56) 

Mi l^r^p - 2r, M- y ><„;,, 2.,, 

M 2 ph~ M , / 2 r , 

Z, = Zi m V[, = Vl1 = 0, (3.60) 

where M^,, — XI1 + M j is the total mass of the two galaxies. 
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Figure 3.7: Spherically averaged properties of the initial disk galaxy vs. radius in units of disk 
scale lengths Upper left panel: Cumulative mass of bulge (dotted), disk (straight hue), total 
luminous component (dash-dotted), and halo (dashed) vs. spherical radius. Upper right panel: 
Ratio of cumulative bulge, disk and halo mass and total cumulative mass vs. radius. Lower 
left panel: Density distribution for the different components. Lower right panel: Circular 
velocity of the model and separate contributions from disk, bulge, and halo vs. spherical 
radius. It has to be noted that the circular speed of the disk is underestimated by ^ I.V.! 
since the mass is spherically binned and therefore assumed to be spherically distributed (see 
Biuncy & Ireinainc, 1987). 

In addition to the orbits of the galaxies we have to define the inclinations of the two disks 
relative to the orbital plane. Here we follow Toomre & Toomre (1972) by denning the inclin
ation angle • ranging from i = 0 lo 1 = ISO" as the angle between the spin and the orbit 
planes where i = 0° for a prograde passage in the plane of the orbit, t — 9(P for a passage 
perpendicular to the orbital plane, and • — 1811' for a retrograde passage in the plane of the 
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orbit. The argumoit of pericenter u , ranging from w — —BO* l o u - 9(P, measures the angli 
between the line of nodes and the separation vector a t pericenter (Figure 3.9). 

The lower mass merger partner is sealed by a factor of •/ :1 in radius and a factor of n1'4 

in velocity as expected from the Tully-Pisher relationship (Tully k Fisher. 1977) assuming a 
constant M/L ratio (Barnes, 1998). T h e Tully-Fisher relation describes a correlation between 
absolute magnitudes of spiral galaxies and their rotation vclori ties measured using the Doppler 
broadening in 21cm emission (Tully k Fisher, 1977; Pierce k Tully, 1992; Giovanelli et al., 
1997a; Giovanelli et al., 1997b). For the stellar component of disk galaxies this roughly 
corresponds to a relation between the luminosity La of a disk galaxy and its circular velocity 
Vce which can be described as 

i a « t & ' , (3.61) 

where ttrp ranges between 3 to 4. Here we assume a correlation of 

i j « « i t (3-62) 

iuming centrifugal equilibrium for the disk 

and a given mass to light ratio M/L we get 

(3.63) 
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Figure 3.9: Definition of the angles i and u for the relative orientation of the two galactic 
disks following Toomrc k. 'Ibomre (1972). 

If Mf L is constant &ij cx Jf^ and we can calculate the scaling factors for the length scale A, 
and for the velocities ft,, for a given mass ratio n as 

A , «s n ' / a and A„ (3.65) 

One can also assume a disk with an exponential surface brightness profile. 

£ ( * ) = £ o e x p ( - i (3.66) 

Here and £ 0 the disk scale length and central surface density, and are related to the 
disk mass through 

Md = 2x£0 i i3. (3.67) 

The scaling relations (3.65) then correspond to the assumption that all disk galaxies haw 
comparable values for £Q-

We performed simulations of merging disk galaxies with mass ratios n — 1, n — 1/2, n — 1/3, 
and n — 1/4 . 

The galaxies themselves were represented with two resolutions. In low-resolution simulations 
the more massive galaxy contains 24NXIO disk particles, 6666 bulge particles, and -iODCM) dark 
halo particles. 'The lower mass merger partner contains n times the particles in each compon
ent and its size and velocities are scaled according to equation (3.65). This results in a total 
number of 53X12 luminous particles for 1:1 mergers (n — 1). 39999 luminous particles for 2:1 
mergers (n — 1/2), 35554 luminous particles for 3:1 mergers (n — 1/3), and 33332 luminous 
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particles for 4:1 mergers (IJ = 1/4). The high-resolution simulations contain three times more 
particles hi ever y component. 

The time integration for the low-resolution runs were performed making use of the G R A P E - 3 
hardware (Section It.1.1) using a leapfrog integrator with a fixed time step of At = 0.08. This 
corresponds to as 1/140 times the half mass rotation period of the larger disk. The gravita
tional softening (see equation It. 1) was chosen to bee =0 .1 . Extensive tests of the evolution of 
disk galaxies in isolation haw shown that this value provides the optimal compromise between 
relaxation effects (vertical heating of the disk) due to particle noise/two-body heating and 
errors introduced by a bias in the representation of the potential (Naab. Diploma Thesis, 
1997, Heidelberg: for a discussion of the effects of force softening see Romeo, 1994: Merritt, 
19%; Romeo, 1997; Athauassoula et al., 2000: Dehnen, 2000). A low-resolution 1:1 merger 
used as 1.1 x HI4 CPU seconds with direct summation on our parallel 24 processor G R A P E -
3AF system. Ihc same simulation with high resolution would need •- 1.2 x 10* CP1 seconds 
with the same hardware configuration. Therefore we decided to perform the high-resolution 
simulations in combination with the G R A P E - 5 hardware with a time step of At = 0.04 and a 
softening of * = 0.07. The simulation time for a 1:1 merger then reduces to as 3.8 x 10s C P U 
seconds. The orbital parameters of the simulations we performed are given in Table 3.1. For 
the geometries 1 to 14 we performed simulations with mass ratios n = 1, 1/2, 1/3, and 1/4. 
If we refer to a specific merger the notation will be as follows: the first two integer numbers 
indicate the mass ratio the following character denotes Che resolution and the last integer 
characterizes the merger geometry. For example: a low-resolution merger, denoted by L , 
with TJ— 1/2 (2-1 _) and the orbital geometry u>\ = — 30, 11 = —30, L>2 = &nd 1. = 30 (.8; 
the Number of geometry for this geometry given in Table It.l is 8) will be named as 2-1-L-8: 
a high-resolution merger ( H ) with n — 1/3 (3-1-) and the orbital geometry U) — 30, ij = 0, 
u.'; = 0, and = 0 (_2) will be named as 3 -1 -H .2 and so on. 
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Number of geometry <i w , «2 ^ rP 
1 (i (l 0 (1 
2 :i0 0 0 0 2 30 
3 0 0 0 2 30 
l !Mi 0 0 0 2 30 

5 120 0 0 0 2 30 
6 m 0 0 0 2 30 
7 IKO 0 0 0 2 30 
s -30 -30 30 30 2 30 
S BO -61) -60 2 30 
10 2 30 
II -a) in in in 2 30 
12 -120 -30 i-i -30 2 30 
13 1,0 -30 -120 -30 2 30 
14 lid -30 -60 -m 2 30 
I I -J. 1 -30 :«j :«j 2 
16 -30 -30 30 30 0.5 30 
17 -30 -30 30 30 1 30 
\a -30 -30 30 30 8 30 

Table 3.1: Orbital parameters for the merger simulations. The values for the more massive 
galaxy haw subscript 1. 
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Chapter 4 

Global properties of merger 
remnants 

la this chapter w discuss the photometric and kinematic properties of the remnants result
ing from the simulations described in Chapter 3. ' lb compare our simulated merger remnants 
with observations we analyze the remnants with respect to observed global photometric and 
kinematics! properties of giant elliptical galaxies. These include an elliptical's surface density 
profile, its isophotal deviation from a perfect ellipse, its isophotal twist, velocity dispersion, 
and major- and minor-axis rotation. We present numerical methods to investigate the sim
ulated N-body remnants in a way that allows us to define characteristic values for physical 
quantities that are comparable to the quantities that observational astronomers measure 
(Benderetal., 1988). The chapter is organized as follows: we show some snapshots of charac
teristic mergers and give an overview of the global structure of the merger remnants (Section 
4.1). In Section 4.2 we discuss how we determine the isophotal shape of simulated remnants 
and investigate its properties (isophotal twist, correlation with elbpticity). T h e kinematics 
of the remnants and the correlation with photometric properties are investigated in Section 
4.3 in a statistical way comparing the results from remnants with mass ratios of 1:1, 2:1, .1:1. 
and 4:1. In the last section we discuss some individual remnants with remarkable properties 
(Section 4.4). 

4.1 Global properties 
'lb give a first overview of the simulations we performed, we show a time sequence of the pro-
grade mergers 1.1J.JJ, 1.1X.15, 2 - l i J i , 3 - l X j S , 3-1-L-15 and 4 .1X .8 (Figures 4.1-4.12). 
Here the particle distribution is plotted in the orbital plnne and then perpendicular to the 
orbital plane, respectively. T h e snapshots are shown at times ( = 0,36,60,96,150, and 200. 
from the upper left to the lower right. For the equal mass merger 1_1_L_8 (Figures 4.1 and 4.2) 
one can clearly recognize the formation of extended tidal tails, shells and loops of luminous 
particles. The remnant becomes spheroidal in the end and is surrounded by tidal debris. The 
2:1 merger 2.1-L.8 (Figures 4.5 and 4.6) also leads to the formation of extended tails but 
does not form extended loops. The 3:1 merger It-IX-8 (Figures 4.7 and 4.8) and the 4:1 mer
ger 4.1 X . 8 (Figures 4.11 and 4.12) are much less violent and lead to more flattened remnants. 

11 



Figure 4.1: Evolution of the luminous particles for the merger l _ l X - 8 seen in the orbital 
plane. For better visualization only 21J% of the luminous particles are shown. Every box has 
a sine of 60 unit lengths. See text for details. 
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• 

Figure 4.2: Same as Figure 4.1. but seen perpendicular to the orbital plane 



Figure 4.3: Evolution of the luminous particles for the merger 1.1X.15 seen in the orbital 
plane. Scales are the same as in Figure 4.1. In contrast to the merger 1_1_L_8 the galactic 
disks are now counter-rotating. 

Figure 4.4: Same as Figure 4.3. hut seen perpendicular to the orbital plane 
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Figure 4.5: Sauic as Figure 4.1. but for the merger 2_1_L_H. 
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Figure 4.6: Same as Figure 4.5, but seen perpendicular to the orbital plane 
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Figure 4.7: Same as Figure 4.1. but for the merger '.i.lS._S. 
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Figure 4.8: Same as Figure 4.7, but seen perpendicular to the orbital plane 
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Figure 4.9: Evolution of the luminous particles for the merger :(_lX_l.r> seen in the orbital 
plane. Scale as in Figure 4.7. In contrast to the merger 3.1.L~8 the large disks is now 
counter-rotating. 
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Figure '1.10: Same as Figure 1.9. hut seen perpendicular to the orbital plane. 
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Figure 4.11: Samp as Figure 4.1. but for the merger 
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Figure 4.12: Same as Figure 4.11. but seen perpendicular to the orbital plaue. 
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Figure 4.lit: Characteristic distribution of matter for 1:1. 2:1. 3:1, and 4:1 merger remnants, 
respectively. T h e column on the left side shows the remnant's cumulative mass distribution 
vs. radius ordered by the different contributions of the progenitor galaxies. The half mass 
radius of the remnants is indicated by an arrow. The column on the right side shows the 
corresponding density contributions. 
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As will be shown later on, equal mass mergers with one retrograde rotating disk (the orbital 
angular momentum and the spin of the disk point in opposite directions) and unequal mass 
mergers where the massive disk rotates in a retrograde sense show interesting kinematical 
properties (Section 4.4). Therefore we show the merger 1.1.L.15 and 3.1-L.15 in Figures 4.3. 
4.4, 4.9, and 4.10. In both cases the retrograde rotating disk forms less extended tidal arms. 
All mergers lead to spheroidal remnants in the end. 

Figure 4.13 shows the distribution of matter and the density profiles for characteristic rem
nants with mass ratios 1:1, 2:1, 3:1, and 4:1 (remnants with geometry 8). It becomes clear 
from this plot that all remnants show a similar amount o f mixing between dark and luminous 
matter inside one effective radius r^i which is the projected half mass radius of the simulated 
remnants. This trend is extended up to large radii, regardless o f the initial mass ratio. There
fore it seems difficult to explain the tilt of the Fundamental Plane (Section 2.1) by a varying 
dark matter content of elliptical galaxies with different masses. The detailed implications 
of the merger scenario for the Fundamental Plane are not discussed in this thesis and need 
further investigation. 

After these first impressions we describe the methods to investigate the merger remnants in 
more detail. T o prepare the analysis of the kinematical and photometric properties o f every 
simulated galaxy *v shift the galaxy to the densest central region which can be assumed to be 
the center o f the potential. Thereafter we transform the luminous part of the remnant (disk 
and bulge particles) to the principal axes of its three-dimensional moment-of-inertia tensor / , 

/ = £ m , * , * r , . (4.1) 
i 

Here m, is the mass o f a particle and i, are the coordinates o f a particle relative to the 
center o f the potential (Barnes, 1992). T h e tensor is evaluated using 40% o f the most tightly 
bound particles since we are basically interested in the properties o f the inner, bound part 
of the galaxy (inside one half-mass radius). If we used all luminous particles, we would 
take unrelaxed, large scale structures like shells and tidal tails into account, resulting in a 
momcnt-of-uier Ua tensor which could be dominated by loosely bound or unbound particles, 
The eigenvalues A of the moment-of-inertia tensor / can be used to determine the three-
dimensional shape of every merger remnant. The axis ratios band c can be computed accord
ing to b= (A 2 /A i ) 1 ' 2 and c = (As /A , ) ' / 2 . T h e triaxiahty parameter T = (1 - & ) / { 1 - c 2 ) 
(de Zeeuw & Franx, 1991) characterizes the shape of the remnant. A value of T = 0 then 
corresponds to a perfectly oblate, lens-like shape and a value o f T = 1 corresponds to a pro
late, cigar-like shape. Figure 4.14 shows the axis ratios o f the merger remnants with orbital 
geometries 1 14 (given by their numbers) for mass ratios o f 1:1, 2:1, 3:1, and 4:1, respectively. 
The value for their triaxiahty parameter can be derived from the location o f the numbers in 
the two-dimensional plot. The arrows indicate the change in shape if 60% of the most tightly 
bound particles instead o f 40% are used to calculate the moment-of-inertia tensor. We find 
that 1:1 and 2:1 merger remnants are more triaxial than 3:1 or 4:1 merger remnants which 
are more oblate?. For all remnants the three-dimensional shape changes with radius (arrows 
in Figure 4.14). The remnants are more triaxial in the inner part and clearly tend to h a w a 
more oblate shape in the outer parts. If real galaxies show the same behaviour it will be very 
difficult to derive uniquely the intrinsic shape o f observed galaxies (Binney & d e Vaucouleurs, 
1981; Franx et al., 1991; Ryden. 1992; Tremblay k Merritt, 199!>; Ryden. 199G; Tremblay 
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Figure 4.14: A x i s ratios of 1:1. 2:1. 3:1. and 4:1 merger remnants. The numbprs indicate the 
axis ratios for the 411% most tightly bound particles o f remnants with orbital geometries given 
in Table 3.1. Solid, dash-dotted, dashed, and dotted lines are contours of triaxiahty 7 ' = 1. 
0.75, 0.5, and 0.25, respectively. The arrows indicate the shift in shape if one uses 60% of the 
most tightly bound particles to calculate the moment-of-inertia tensor. 

b Merritt. Itf9«t>; Bak & Statler. 2000). It is beyond the scope o f this thesis to compare 
the intrinsic shapes o f merger remnants with measurements o f real galaxies and we refer the 
interested reader to the cited literature. 

Figure 4.15 shows the surface density profiles for characteristic 1:1, 2:1, 3:1, and 4:1 merger 
remnants. The profiles are given for projections along the three principal axes for every mass 
ratio. The index is the shape parameter for the best fitting Sersic profile (seeSection 2.2). 
n D = 0.25 corresponds to a d e Vaucouleurs profile. 3:1 and 4:1 remnants show slightly larger 
values for the shape parameters than 1:1 and 2:1 remnants pointing to more exponent! a!-like 
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Figure 4.15: Surface density for characteristic 1:1, 2:1, 11:1, and 4:1 merger remnants seen 
along the long (upper hue), short (middle line), and intermediate axis (lower line) o f the 
moment-of-iner tia tensor, respectively. The offset between the lines is artificial. The dashed 
line shows the best fitting Sersic profile between O.lrcfl and 1.5r<fl • The shape parameter rt»a 
is given for each projection. Question marks indicate fits that are not weU described by a 
Sersic law. 

(n« i — 1) surface density profiles. This is supported by the fact that the Sersic fit does not 
converge for some 3:1 and 4:1 remnants where a two component model with a bulge and an 
exponential disk could give more consistent results. In general, the absolute values of n*a are 
consistent with observations of elliptical galaxies and future investigations will show if the 
profile type of simulated merger remnants can serve as an additional glottal parameter for the 
classification of elliptical galaxies (see Chapter 2.1). 
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4.2 Isophotal shape 
Wo have seen in Section 2.2 that the isophotal shape of an elliptical galaxy is a good indicator 
tin ILS jl.il.il piiip.-n.i.-s. ! Ii.-i.i.nv i| is Y.-iY important to investigate the isophotal shape o£ 
simulated merger remnants. For this analysis wo create an artificial surface density map of 
every simulated remnant seen in projection by binning the mass points of the central It) length 
units into 128 x 128 pixels. As an example wo show the grid used for binning the point mass 
distribution in Figure 4.16 for a characteristic 3:1 merger remnant. 

Figure 4.16: Particle distribution of a 3:1 merger remnant (only 10% of the luminous particles 
are plotted) with the artificial grid at its maximal extrusion over-plotted. The blow-up of 
the central region demonstrates the grid coverage inside the half mass radius which ranges 
between 1.0 and 1.4 length units for the simulated remnants. 

We decided to use "pixels" of a size between as 1/15 to as 1/25 times the half mass radius r^n 
of the remnant. This artificial picture is then smoothed with a Gaussian filter of standard 
deviation fc;*um = 1 . 5 pixels which corresponds to "seeing" values between as r^r/4 and 
as tcfl/7. This roughly imitates the detector properties and the seeing conditions for most of 
the observed galaxies (except the apparently very large ones) at the time when the data was 
taken (see Bender et al., 1988). Figure 4.17 shows an example of a binned picture derived 
directly from the particle distribution in comparison with convolved pictures with <i(;iUiS

 = 

0.5, 1.5, and 3.4) pixels. 

The effect of "seeing" or convolution with a Gaussian reduces the central surface density o f 
the remnant. It spreads "fight" from the center outwards and increases the surface density 
in the outer regions (Figure 4.18 (a), see also Saglia et a l . (lWttb) and references therein). 

http://jl.il.il
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Figure 4.17: RAW surface density contours after binning the particle distribution and the 
surface density convolved with a Gaussian of standard deviation a — 0.5, a — 1.5, and 
a = 3.0 pixels. 

Figure 4.18: Properties of an "observed" merger remnant. Surface densities are convolved 
with a Gaussian of standard deviation a — 0.5 (dashed), «r — 1.5 (solid line, used for all the 
data reduction in this thesis), and a — 3.0 (dotted). 
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The isophotes o f the central parts of the remnants are in general rounder and closer to 
a perfect elliptical shape. Therefore the ellipticities (*) and fourth order deviations from 
perfect ellipses (Q\, see below for the definition) are reduced in the central regions. This 
effect becomes stronger for larger values of <ic, JU«,. Therefore > and the absolute value of aA at 
a given distance from the center are always underestimated for a > 0 but the characteristic 
shape of the curves is conserved (see Figure 4.18 (a) and (b)). Another reason for choosing 
aCmm = l-r> pixels is the following: for T o w n < the surface density still is too noisy 
to get consistent tits for all the low-resolution simulations. We could avoid this problem by 
increasing the distance between two isophote tits, but then we loose resolution in the radial 
direction. If. in contrast, we use rallies of a > 3.4) the isophotes are too distorted due to 
smoothing (see Figure 4.17 and 4.18). Note again that the main reason for the choice of the 
specific seeing parameter was the condition under which the real observation was taken with 
which we compare our results. Any change in the "seeing*1 will change the absolute values of 
the measured properties but will not change the global trend. 

Figure 4.19: Dashed hues show the variation of aA along the apparent long axis for different 
time steps with At = 10 for a 1:1 merger remnant (left) and a 3:1 merger remnant (right). 
The arrow indicates the value of the projected half mass radius rat. The small viewgraph 
shows the time evolution of the effective al^j value assigned to each of the dashed curves. 

The isophotes and their deviations from perfect ellipses are determined following the data re
duction procedure described in Bender et al. (1988) (see Section 2.2). Using their definitions 
for the glottal properties of observed giant elliptical galaxies, we determine for every projection 
the fourth-order Fourier coefficient a I,;( as the mean value of aA x 11)1) between <).25r<tf and 
1.0r<ji, with Tea bang the projected spherical half-mass radius. In case of a strong peak in 
the aA -distribution with an absolute value that is larger than the above absolute mean value, 
we choose the peak value. 

Since the evolutionary state for which we analyze the aA profile of the remnant is somewhat 
arbitrary we investigated the time evolution of the isophotal shape starting as 20 time units 
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after the merger of the bulge components was completed. Beginning at f = 100, after every 
10 time units the luminous part of the remnant was transformed to the principal axes of its 
moment-of-iner tia tensor as described above. The <J4 profile was then analyzed as seen along 
the major axis. Figure 1.1!) shows the a\ profiles at different times for a characteristic 1:1 
and 3:1 merger remnant plotted as dashed lines. Although the details of the individual oi 
profiles vary with time, the global characteristic shape is conserved. This is reflected in the 
time evolution o f the characteristic value ol^I which is shown in the small diagrams of Figure 
-1.19. 

The characteristic ellipticity tea f°r each projection is defined as the isophotal ellipticity a t 
l.Sr^r. Figure 4.20 shows the ellipticity profiles for a characteristic merger remnant (here a 
11:1 merger) at different times starting at t = 101). Once the system has achieved dynamical 
equilibrium, its characteristic shape does not evolve with time and *CQ stays constant. 
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Figure 4.20: Radial change of the ellipticity t at different times (dashed lines) and the time 
evolution of the? characteristic value for a .1:1 remnant. 

Ellipticals on the sky are observed only in projection. T o include projection effects in our 
investigation we determined for each simulation cl^a and for 501) random projections. 
These values were used to calculate a proltahility density for a given simulated remnant to 
be "observed" a t a given location in the a l<ji - <cfl plane. In addition, we determined the 
cumulative probabilities for all geometries a t a given mass ratio assuming that mergers occur 
randomly without preferred relative inclinations. 

Figure 4.21 shows the results for 1:1, 2:1, .1:1. and 4:1 mergers. The contours indicate the 
areas of 50% (thick line), 70% (thin line) and 90% (dashed fine) probability to detect a merger 
remnant with the given properties. Observed data points from Bender et al. (1988) are over-
plotted. Filled boxes are ellipticals with aifB ^ ii while open diamonds indicate those with 
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Figure 4.21: Ellipticiticsc^r versus the characteristic shape parameter a>Ljf for low-resolution 
1:1, 2:1, 3:1, and 4:1 mergers. The contours indicate the 51)% (thick line), the 70% (thin line) 
and the !)((vf (dashed line) probability to find a merger remnant in the endoscd area. The 
error bars for ad^g are derived applying statistical bootstrapping. Errors for t^g are too small 
to be plotted here. Black boxes indicate values for observed boxy elliptical galaxies, open 
diamonds those for observed disky ellipticals (data from Bender et al.. 1988). 

a I,:f > 0. T h e given errors for a ^a &re estimated applying the statistical bootstrapping 
method (see Heyl et al., 1994). The area covered by 1:1 remnants is in very good agreement 
with the observed data for boxy elliptical galaxies (Figure 4.21). In particular, the observed 
trend for more boxy galaxies to have higher duplicities is reproduced. 
The peak of the shape distribution is around <.•!.;( % —0.5 (Figure 4.22) where 2/3 of all 
projected lemuanls show boxy isophotcs. 2:1 remuauls show a double peaked shape distri
bution. They can appear slightly boxy (al^r =: —0.2) or disky (a4di 1.0) depending on 
the merger geometry and the projection angle (Figure 4.22). In contrast to 1:1 mergers, 2/3 
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Figure 4.22: Normalized histograms of the shape parameter a for 1:1. 2:1. 11:1. and 4:1 
low-resolution mergers. 

of the projected remnants show disky isophotes. If the isophote shape is boxy then only the 
area for small ellipticities ( < 0.2 is covered. The disky projections haw ellipticities predom
inantly around * as 0.4 (Figure 4.21). 11:1 and 4:1 remnants show a rather similar behaviour. 
They haw a double-peaked shape distribution with one peak around elliptical and slightly 
boxy isophotes and a clear peak for 0.5 < aA^g < 2.0 and *di as 0.6. For 11:1 and 4:1 mer
gers around H2% of the projections haw a positiw <*l<-fl- Therefore there is a clear trend 
for mergers with mass ratios of 3:1 or 4:1 to produce predominantly disky remnants. The 
distribution of the particles of the massive disk is responsible for the disky appearance of the 
3:1 and 4:1 remnants. To show this behaviour, we investigate the remnant 3-UI . i i as being 
representative for 3:1 and 4:1 mergers. Figure 4.23 shows the different contributions from 
the small and the large progenitor galaxy and the resulting isophotal map. The particles 
originating from the small progenitor accumulate in an elongated lorus-like structure that 
clearly has boxy isophotes. In contrast, the luminous material from the larger progenitor 
galaxy still has a disk-like appearance. In combination, the contribution from the larger 
progenitor since it is three times more massiw dominates the overall properties of the 
remnant. This result holds for all 3:1 and 4:1 merger remnants. The more massiw disk is 
not completely destroyed during the merger ewnt and determines the overall structure of 
the remnant. For equal mass remnants both disk components are destroyed during the mer
ger and they loose the memory of their initial state. Therefore both progenitors contribute 
equally and no dominant contribution from one of the progenitor disks is visible (Figure 4.24). 

The isophotal analysis also provides further information with respect to the change of the 
relative orientation of the major axes of the isophotes. In general we can state that for the 
simulated merger remnants the amount of isophotal twist depends on the projection. This 
is demonstrated in Figure 4.23 for a more elongated and a nearly round projection of a 3:1 
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Figure 4.23: Left row: Characteristic isodcusity contours of the remnant 3 .U1 .S . The two 
upper panels shows the results for the luminous particles originating from the smaller and 
the larger progenitor, respectively. T h e lower panel shows the contours for both components 
together. Right row: Corresponding values for a4^i vs. f.-n for 2M0 random projections of the 
chosen particle subset. 

merger remnant. T o get a quantitative measure for the isophotal twist we determined the 
relative position angle A<t between the isophote at 0.5 ryi and 1.5 r^g for every projection 
of the remnant. Figure 4.26 shows a comparison of isophotal twists for the characteristic 
remnants 1.1 J I . 8 , 2_1_H_8, 3-1-11-8, and 4.1.H-8. The isophotal twist is in general larger 
for proj< ctions that appear m arly round. For • llipt iciii< s I n ; , i ih.ui t,.| --- 0. 1 tin. i*.ipln>t il 
twist is A $ < 20°. T h e distribution of A $ versus 'di for random projections of every 
remnant is almost consistent with observations o f elliptical galaxies. However, the simulated 
remnants have larger isophotal twists a t high eUipticitics than the observed galaxies (see 
Figure 2.4 for comparison). Figure 4.27 shows nine 3:1 merger remnants with different initial 
disk orientations. The geometry o f the merger seems to h a w a stronger influence on the 
isophotal twist than the mass ratio of the progenitor galaxies. However, it becomes clear 
that isophotal twist can be attributed to intrinsic triaxiaJity (see Section 4.1, Figure 4.14). 
The more oblate remnants 3-1_H_4, 3-1-H-5, and 3.1.1L6 clearly show smaller isophotal twist 
than the more prolate remnants 3 .1J I J1 or 3-1Jl-8. 
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Figure 4.24: Left row: Characteristic isodcusity contours of the remnant l . U I J t . The two 
upper panels show results for the luminous particles originating from the two progenitor 
galaxies, respectively. The lower panel shows the contours for both components together. 
Right row: Corresponding values for ffl^I VB- *<fl 2011 random projections of the chosen 
particle subset. 
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Figure 4.25: The real isophotes (dotted) and the best fitting ellipses (solid line) for the merger 
remnant 3.1 J l _ 8 seen in a more elongated (left) and rounder (right) projection. The major 
axes are plotted for every isodensity contour. The change of direction of the axes indicates 
the isophotal twist. The box length is 3 length units. 
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Figure 4.26: Isophotal twists A<t vs. elliptiriry * for the merger remnants 1-1 J I .8 . 2-1 Jl-H 
3.1.1L8. and 4-1 Jl-S. For every mass ratio UN) random projections are shown. 
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Figure 4.27: Isophotal twists for nine 11:1 merger remnants with different orbital geometries. 
For every geometry 50 random projections are shown. 
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4.3 Kinematics 
'lb get kinematic information about the merger remnants »e shift the densest region of the 
twi-dimensional projection to the origin and perform a principal axis analysis o f the two-
dimensional moment-of-inertia lensor. Then w* place a binned slit along the long and short 
apparent axis o f each projection of the remnants and determine the mean velocity and the 
velocity dispersion for every bin. T h e central velocity dispersion <TQ is determined as the 
average projected velocity dispersion o f the stars inside a projected galactocentric distance o f 
O.'Jt'af. We define the characteristic rotational velocity along the major and the minor axis 
as the projected rotational velocity determined around l.rjryr and 0 . 5 ^ , respectively. 
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Figure 4.28: T i m e evolution of the characteristic kinematical parameters: projected central 
velocity dispersion a = OQ. major-axis rotation velocity t i ^ d , — Kmjj at 1.5 ryr, and minor-
axis rotation wloc i ty v^a, = at 0.5 r^r. 

Figure 4.28 shows the time evolution for OQ. and "mm for a 3:1 merger simulation which 
shows a behaviour characteristic for all simulations. T h e derived kinematical properties o f 
the remnants stay nearly constant for a long time period and are therefore a good measure o f 
the intrinsic kinematics of the simulated remnants. Similar to our approach in determining 
the isophotal shape, we construct probability density plots for the kinematical properties o f 
the simulated remnants and compare them with observational data. 

The normalized histograms for ••, are shown in Figure 4.29. There is a clear trend for 
1:1 mergers to produce either non-rotating or slowly rotating ellipticals with V^I/OQ «S 0.2. 
For 2:1 mergers the peak value is around Wnuj/To " 0.3J>. 3:1 and 4:1 merger remnants show 
significant rotation with peaks around i'mjj/<»o * ".5 and 41.75, respectively. Figure 4.31) 
shows the distribution for vmij/a0 versus t^g. The area for slowly rotating boxy ellipticals 
(filled boxes) is almost completely covered by the data of 1:1 mergers while 2:1 mergers haw 
rotational properties similar to faster rotating boxy and slowly rotating disky ellipticals. 3:1 



4.3. KINEMATICS 

and 4:1 arc clearly fast rotating and show high elbpticities. They can be associated with 
observed fast rotating disky ellipticals (open diamonds). There is a clear trend for mergers 
with an increasing mass ratio to produce taster rotating ellipticals with higher ellipticities. 
All simulations are in good agreement with observations although the simulated remnants 
have slightly larger clhpticities than observed (see also Hernquist, 1993b). 

It becomes clear from Figure 4.31) that our models d o not lead to remnants with UmajA'o > ' 
around one effective radius. However, there exist observed ellipticals with higher values of 
t)ma|/<7o- In addition. Rix et al. (1999) observed rotational properties of a small sample of fast 
rotating faint ellipticals up to large radii Si 2 — Sr^n and found that some of the galaxies show 
extremely large values for local v/o 3 around two effective radii. Cretton et al. (24X)0a) 
used the simulations described in this thesis to perform a detailed comparison between the 
observed data and the simulated values. Figure 4.31 shows the results. The data of Rix et al. 
(1999) show bath a steep rise of v/o in the central parts and larger absolute values in the 
outer parts. Therefore our simulated remnants are unable to reproduce this observed trend 
of low-luminosity ellipticals. The implications of this result for the merger picture will be 
discussed in Chapter 6. 

The anisotropy parameter (»mJ|/"O)* is defined as the ratio of the observed value of fm*j/*To 
and the theoretical value for an isotropic oblate rotator (w/")ihco = ^/e/(l — t ) evaluated 
using the observed eUipticity i^a (Binney. 1978). This parameter has been used to de
termine whether a given galaxy with observed Unuj, OQ and t^g is flattened by rotation 
|(«m*j/«b)" > 0-7) or by velocity anisotropy |(Um»j/«7o)" < 0.7] (eg. Davies et al. (1983); 
Bender (1988b): Nieto et al. (1988) and Scorea k. Bender (1995): see Section 2.2). Figure 
4.29 shows the normalized histograms for the (timai/tTo)" values of the simulated remnants. 
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Figure >\.'M): T h e ratio of rotational velocity along the major axis IJ^J and eentral velocity 
dispersion 00 versus characteristic duplicity *,-;[ for 1:1. 2:1. J : 1. and 4:1 mergers. Values for 
observed ellipticals are overplotted. PiUed boxes indicate data for boxy eUiptical galaxies, 
open diamonds show data for disky ellipticals. The dashed line shows the theoretical value 
for an oblate isotropic rotator. 

The 1:1 remnants show a peak at (vm^j/<?o)" as 0.28 with a more extended tail towards lower 
values. T h e anisotropy parameter is almost never larger than (Umj/tTo)* = 0.7. In summary, 
equal mass merger remnants are systems with anisotropic velocity dispersions. 2:1 mergers 
show a median o f (Um^i/oo)* as 0.5 and are slightly more isotropic. 11:1 and 4:1 mergers with 
("m*]/*1©)* 55 0.7 and (Vtuj/tTo)* * 0.8 are consistent with the model prediction for oblate 
isotropic rotators. Since the 3:1 and 4:1 remnants also have disky isophotes they perfectly 
cover the area populated by observed disky ellipticals in the log(i;m»]/'To)""ff'ofl diagram (Fig
ure 4.32). 1:1 merger remnants are predominantly boxy and anisotropic. Therefore they are 
in good agreement with data from boxy ellipticals. 2:1 rem nants cover the intermediate range. 
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Figure 4.111: Comparison of observed local [v/a) (black dots, data from Rix et al.. VMfi) and 
local [v/a) for the simulated merger remnants with geometries 1-14 seen edge on (lines with 
error bars). T h e shaded area corresponds to the range occupied by the edge-on models of 
Kendo & Barnes (24X10). Both distributions are not compatible with the observed data. The 
figure is taken from Cretton et al. (2M)lla). 
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Figure 4..S2: Anisotropy parameter (vmtifoo)' versus ffldl for 1:1. 2:1. 11:1. and 4:1 mergers. 
Values for observed ellipticals are over-plotted. Pilled boxes indicate data for boxy elliptical 
galaxies, open diamonds show data for disky ellipticals. 
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Figure 4.33: Amount of minor-axis rotation l o8 («min /^ / t^ j+t )^) versus a4^r for 1:1, 2:1, 
3:1, and 4:1 mergers. Values for observed ellipticals an? over-plotted. Pilled boxes indicate 
data for boxy elliptical galaxies, open diamonds show data for disky ellipticals. 

Minor-axis rotation in elliptical galaxies, in addition to isopbotal twist (see Section 2.2), has 
been suggested as a sign for a triaxial shape of the main Imdy of elliptical galaxies (Wagner 
et al., 1988; Pranx et al., 1991). We investigate the minor-axis kinematics of the simulated 
remnants by parametrizing the amount of minor-axis rotation as timtn/^/wjj^j + v^tn (Binney, 
1985). Since almost all 1:1 mergers show a significant amount of minor-axis rotation (Figure 
4.33) they cannot be oblate objects from the theoretical point of view. This is consistent with 
the result that 1:1 mergers are intrinsically triaxial (see Figure 4.14). 3:1 and 4:1 remnants 
show significantly less minor-axis rotation than 1:1 merger remnants although the spread in 
the data is very large. This finding is consistent with the more oblate shape of 3:1 and 4:1 
mergers. T h e theoretical expectation is that they also show smaller isophotal twists. This 
trend, however, cannot clearly be seen in the data (see Figure 4,26. but Section 4.4). 
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4.4 Individual examples 
It has boon argued by Naabet al. (1999) on the basis of two high-resolution simulations that 
equal mass mergers lead to slowly rotating, pressure supported systems with boxy isophotes 
and, in contrast, 3:1 mergers lead to last rotating systems with disky isophotes. In the previous 
section we h a w shown that this result is statistically true for all simulated geometries. 2:1 
mergers show intermediate properties while 4:1 mergers have almost the same properties as It:1 
remnants. Further insight into the process of collisionless merging is provided by investigating 
four individual mergers in detail. Part of these show peculiar properties that are not observed. 
Figures 4.34 4.117 show the observed data (open squares) and 51) random projections of the 
simulated remnant over-plot ted with filled circles, respectively. 

Figure 4.34: Same as Figure 2.5 with the observed data plotted as open squares. The meas
urement for 51) random projections of the merger remnant 1-1-LJi are over-plotted (black 
dots). 

The equal mass merger U l i (Figure 4.34) has two |>rograde rotating disks slightly in
clined with respect to the orbital plane. The isophotal shape is clearly boxy with «t4^r as 1.5. 
However, the remnant exhibits significant rotational support. i'mjj/<»o caa reach values up 
to 0.3 0.4 for apparent elliptidties f^g as 41.4. This leads to values for the anisotropy para
meter of foft("mj.j/"o)" 2 1 —0-5 which only covers the less anisotropic part of the observed 
distribution of boxy ellipticals. The distribution for minor-axis rotation is rather broad and 
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projection effects alone can almost aeeoimt for the observed spread in the boxy regime. 

Figure I.I'i; Same as Figure 4.34 for the equal mass merger remnant I . 1 X J 5 

Another example is the equal mass merger 1.1-L.15 which has one retrograde rotating disk, 
in contrast to the merger l . l .L .8. The effect can be seen in Figure 4.115. There is no clear 
correlation between f^t a " d **ldl • Nearly half of the projected remnants show disky isophotes. 
In total, this remnant is almost not rotating and i>m»j/<To < 0.1 for all projections. For the 
anisotropy parameter we get log("m*|/"o)" *S —0.5. This indicates that the remnant is com
pletely supported by anisotropic velocity dispersions. We find a significant amount of disky* 
projections with a high degree of auisotropy and a large amount of minor-axis rotation. Both 
trends are not observed for real elliptical galaxies. However the impact of comparable merger 
geometries on the statistical investigation is only weak for (Umaj/tJo)" versusa4cfl (see Figure 
4.1(2) or not detectable for v„aa/^wjj^j + versus O'l^g (see Figure 4.33). The different 
rotational properties of the two 1:1 mergers discussed here can be understood from the fact 
that the spins of the galaxies were aligned for 1 1 .. s and pointed in opposite directions for 
U l . 1 5 . therefore the resulting angular momentum is larger for the merger 1.1 J..8. 

The merger is the fastest rotator among all the simulated 3:1 remnants. Its shape is 
almost oblate with T * 0.2 (see Figure 4.14). It reaches a maximum value of »m j |A ,o 1 
(Figure 4.36). The isophotes are disky and perfectly follow the observed trend for t^g versus 
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n'lcit- los("m»j/"o)" > I &>r a " projections and is in excellent agreement with observations. 
Minor-axis rotation is w r y small and also in good agreement with obser rations. For this 
merger the more massive disk rotates in retrograde direction and the small disk rotates in 
prograde direction. 

The merger 3 . 1 X . 3 is the slowest rotator among all the simulated 3:1 remnants. Only a 
maximum value of i*n\i]/"o as 0.5 is reached (Figure 4.37). The isophotes are predominantly 
disky but do not strictly follow the observed trend for t^g versus a4dt. Although the remnant 
is disky, log(t)ni*|/t7o)* is generally smaller than —0.2 far all projections, in contradiction 
with obser vat ions. Significant minor-axis rotation can be <dclecled for projections with disky 
isophotes which, is also not observed tor elliptical galaxies. The merger remnant has an almost 
prolate shape with 7 ^ 0.8 (see Figure 4.14). As we haw already seen, the remnant shows 
large isophotal twist already for ellipticities e^i < 0.4 (see Figure 4.27). For this merger both 
disks rotate in a prograde sense. This result is puzzling since one would naively assume that 
the prograde merger rotates faster than the retrograde one. Possible explanations for this 
behaviour will be discussed in Chapter 6. 
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Figure 4.117: Samp as Figure 4.1(6 for the 3:1 merger remnant 3 . l _LJ t 
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Chapter 5 

L O S V D s of merger remnants 

la addition to isophotal shape and global kinematic properties. we determine the buc-of-sight 
velocity distributions (LOSVD) of the simulated merger remnants and compare them in detail 
with observed g!ol>al and local correlations (Benderet al.. lWf 1; see Section 2.3). 

5.1 Line-of-sight velocity distributions 
'lb measure the- line-of-sight velocity distribution of a merger remnant we shifted the densest 
region of every two-dimensional projection to the origin and performed a principal axis ana
lysis of the two-dimensional moment-of-inertia tensor (see Section 4.3). Then we placed a 
slit with a width of 0.3 unit lengths along the apparent long axis of each projected remnant. 
Thereafter we binned all particles tailing within each grid cell in velocity along the line-of-
sight. T h e grid spacing was chosen to be 0.2 which corresponds to % 15% of the projected 
half-mass radius. Figure 5.1 shows a schematic sketch of the grid we used to derive the LOS
VDs for every remnant. The shaded bins indicate the location at one projected half-mass 
radius r^. For the derivation of the amplitudes /13 and In only information up to this radius 
was used. The width of the velocity bias was set to a value of 0,2 for line-of-sight velocities 
v,„ in the range —4 > v** > 4. This results in 80 velocity bins over the whole interval. Using 
the binned velocity data we constructed the histograms of the line-of-sight velocity for each 
bin along the grid. This quantity is called the velocity profile P(v) or line-of-sight velocity dis
tribution (LOSVD) . Subsequently we parametrized the velocity profile using Gauss-Hermite 
basis functions (see Section 2.3) to extract the kinematic parameters of each profile ( im, "fit; 
A*. In). Technically we performed a least squares fit for each profile using the appropriate 
NAG Fortran library subroutines. We checked that the resulting parameters do not depend 
on the chosen bin size for urn- For simulations with low resolution this procedure might 
lead to relatively large errors for the resulting velocity profile To overcome the resolution 
problems Beudo & Barnes (2000) proposed to overlay 5 frames equally spaced over small 
intervals in time. However, it is not clear how susceptible this procedure is to errors in the 
derivation of the three-dimensional shape of the remnant. Cretton et al. (2000a) averaged the 
profiles of 10 different position angles of the sUt between iP and 90° in the equatorial plane. 
This might lead to problems if one takes into account that the specific shape of the velocity 
profiles of the simulated remnants strongly depends on projection effects (see Figure 5.6. later 
this Chapter). The simple approach we followed here was to increase the resolution of the 
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Figure 5.1: Schematic illustration of the artificial grid used to determine the LOSVDs of a 
11:1 merger remnant. The bins a t r^i are marked and can be found in Figures 5.2. 5.3, and 
5.5. 

simulations to L60DIH) luminous particles for 1:1 mergers and 106666 particles for 11:1 mergers, 
whereas Bendo & Barnes (20(1)) only used 6551(2 luminous particles. The large number of 
particles in combination with the relatively large slit width guarantees that at least 2000 
particles tall within each slit inside one effective radius. Because of the large computational 
effort to perform direct summation simulations for particle numbers of =s 40000 (even with 
GRAPE-5) we restricted ourselves to a small subset of mass ratios and orbital geometries. 
We used only mergers with a mass ratio of 1:1 and 11:1 and geometries 8 and 15 since these are 
representative lor the slowly rotating and fast rotating class of collisionless merger remnants 
(Naab et al., 1999, see Chapter 4). 

Figure 5.2 and 5.3 show typical examples for the LOSVDs o f the remnants l . l . IL8and 3 . U 1 . 8 
seen edge on. T h e profiles are shown for each bin inside a radius d of two unit lengths. The 
measured profiles are indicated by open squares while the solid line gives the best Gauss-
llermite fit (as described in Section 2.3) for each bin. Additionally, the number of particles 
and the values for A3 and A4 for each bin are given. Figures 5.4 and 5.5 show a blow up of 
the bins at ±rca (indicated by the shaded bins in Figures 5.2 and 5.2). Here the measured 
LOSVDs (open squares) with the errors and the decomposition into the Gauss-Hermite basis 
functions are given. These plots are characteristic for all simulated remnants and show that 
the LOSVDs o f merger remnants deviate from a pure Gaussian. The absolute values for A3 
(this parameter measures the asymmetries of the LOSVD) he in the range 0.001 < A3 < 0.1 
and are in good agreement with observations. However, the effective A3 is always positive 
(at least here, see below for the discussion of projection effects). This indicates line profiles 
with a steep retrograde wing and a broad prograde wing (note that the sign of wit should be 
multiplied with that of A3 to get a correct measure of the asymmetry of the LOSVD). 
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Figure 5.2: T h e measured L O S V D (open squares) along the major axis of the 1.1JI.8 merger 
remnant shown for the 20 innermost bins starting at the upper left at a distance of d = —1.9 
from the center. The dotted hues indicate the best fitting Gaussian. T h e solid lines give the 
best Hermite fit including the third- and fourth-order Gauss-Hermit*? functions with the given 
amplitudes A3 and hi. The marked plots show the L O S V D at ircfl. 
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Figure 5.3: T h e measured L O S V D (open squares) along the major axis of the 3.1 J l . 8 merger 
remnant shown for the 20 innermost bins starting at the upper left at a distance of d = —1.9 
from the center. The dotted hues indicate the best fitting Gaussian. T h e solid lines give the 
best Hermite tit including the third- and fourth-order Gauss-Hermit*? functions with the given 
amplitudes A3 and hi. The marked plots show the L O S V D at ircfl. 



Figure 5.4: Mean data (open squares) for the L O S V D at d = -1.1 (left) and d = 1.1 (right) 
for the equal-mass merger remnant 1.1.ILK. The errors were derived by bootstrapping. The 
best fitting Gaussian G (long dashes), the sum of G and the third-order Gauss-Hermite basis 
function 11% with amplitude hs (short dashes), the sum of G and the fourth-order Gauss-
Hermite basis function Hf with amplitude h, (dotted), and the sum C x (1 + h^H^ + htlli) 
(thick hue) is shown. 

Figure 5.5: Same as Figure 5.4 but for the 3:1 merger remnant 3.1 Jl-H. Data are taken at 
d = -11.9 .1-i'n andd= ii.9 (right) 
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The parameter measuring the symmetric deviation of the L O S V D from a Gaussian /14 is al
ways positive for radii inside r^|. Here the line profile is more peaked than a Gaussian. At 
larger radii hx can become negative corresponding to a flat-top velocity distribution. The 
errors in the measurements are relatively small (see Figures 5.4 and 5.5) and are consistent 
with the Ills. 

Now we can take each simulated remnant and derive radial profiles for tifl(, C f U , hs, and /14 

with small errors over a large range in radius. Figure 5.6 shows the radial profiles of Van, 
" l o t / " - A 3 , and /14 for projections along the three principal axes of the remnant 3.1 J 1 . S . 

We must note that Vioi and a as plotted here are the true moments of the velocity distribu
tion while if), and t>tl. are the values derived from the best fitting Gaussian. However, the 
difference is less than 141%. This figure already suggests that projection effects change the 
characteristic shape of the kinematic profiles. The velocity dispersion a shows a stronger peak 
at the center of the remnant if the long axis of the slightly prolate shaped remnant is aligned 
with the line-of-sight. /13 is correlated with u r o l for the projection perpendicular to the long 
axis. This corresponds to LOSVDs that haw a steep retrograde wing and broad prograde one 
(see Figure 2.8 and Figures 5.2 and 5.3). For the projections along the two remaining axes the 
LOSVDs are almost symmetric with an /13 that is almost zero or slightly anti-correlated with 
tiflt. The parameter hi is always positive inside r̂ n (aj 1 unit length) describing a L O S V D 
that is more peaked than a Gaussian (see Figure 2.8). Figure 5.7 shows the local correla
tions for /13 versus ffh/<7flt again for the projections along the long, intermediate, and short 
principal axis, respectively. Here we plot the values of lif versus tifli/troi for every bin along 
the slit inside two ryr. However, observations only extend to r^g. It becomes clear from this 
plot that projection effects can also change the shape of this local correlation dramatically. 
Therefore it will l>e necessary to investigate projection effects in detail. 

In addition to projection effects and the mass ratio, the initial merger geometry could haw 
a strong influence on the shape of the LOSVD. The computational effort for high-resolution 
studies of the parameter space is, however, too large. Therefore it is necessary to test whether 
low-resolution simulations result in remnants with comparable kinematic properties and to 
use those to investigate the parameter space, Figure 5.8 and Figure 5.9 show a comparison 
between a high-resolution and low-resolution 1:1 and 3:1 merger, respectiwly. Besides local 
deviations we And in general a good agreement for all measured kinematic data. T h e errors 
for radii larger than r * 1 are significantly larger for low-resolution simulations. However, the 
influence on our conclusions should be small since for further investigations we use only data 
inside one effectiw radius of every remnant and this never gets larger than 1.3 unit lengths. 

Following Bender et al. (19!M) we define a characteristic line-shape parameter h'i^g as the 
mean value of £13 between 41.25 r«i and 41.75 reff for ewry projection. Thereafter we can test 
correlations between all glottal parameters we have defined up to now if we investigate the 
remnants from different viewing angles. Figure 5.14) shows the correlation between hA^g and 
"IM/^O for I'l different orbital geometries of equal-mass mergers seen from 54) random viewing 
augles. respectiwly. The observed correlations (see Figure 2.9) are indicated by a straight 
line. There seem to exist two classes of merger remnants. T h e extremely slowly rotating 
remnants with V^X/OQ < 41.1 result from mergers with counterrotating disks as is indicated 
by the letter (r) in the plot. The data points fall perfectly on the observed correlation. 
This is not surprising since the only limitation here is the spread in hi^g which is always in 
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corotatiug progenitor disks. They clearly show positive values for even for v,MfoQ > 0.15 
and do not follow the correlation of observed ellipticals. 
The correlation between M^g and a I,.( for the equal-mass remnants is shown in Figure 5.11. 
In general, all the data for almost all remnants is consistent with observations. is always 
around zero or own positive and the observational data, allow those values only for boxy 
elliptical galaxies. Retrograde remnants show some very disky projections that do not folio*' 
the observed correlation (see remnant 1.1-L.6 in Figure 5.11). 

Figure 5.12 shows the local correlation between /13 and Ufli/fflt- 'lb be consistent with obser
vations we only use data inside r^g. We can assume that galaxies on the sky haw random 
orientations. Therefore the observed correlation must already contain projection effects. In 
case we want to choose a successful model for elliptical galaxies, the projected properties of 
this model must not be in disagreement with the observed distribution. However, the ob
served distribution is relatively complex (see Figure 2.10). Nevertheless, we approximate the 
observations with two straight lines for comparison. The innermost one shows the correlation 
for —0.3 < wu/«7fH < 0.3. This gives only a mean correlation for all observed ellipticals. The 
slope for boxy ellipticals is slightly steeper, but never becomes positive. For the simulated 
equal-mass merger remnants we can state that there is a correlation between /13 and Ufli/"fli-
The tilt of the correlation depends on the orbital geometry. The mergers with geometries 1 7 
clarify this trend. Here one of the disks changes its sense o f rotation stepwise from corotating 
to counterrotating (see Table 11.1) during the same time that the tilt changes stepwise from 
positive values to negative values. All mergers with counterrotating disks (indicated by (r) 
in Figure 5.12) agree perfectly with the observed distribution. In contrast, most of the coro
tating mergers that rotate faster show a positive slope and are therefore inconsistent with 
observations. 

Now the same correlations can be investigated for the low resolution mergers with a mass 
ratio of 3:1. The correlation between luicg and fioi/^o f°r 15 geometries is shown in Figure 
5.13. All merger remnants rotate fast with t>n>i/ao < 0.5 to Uioi/00 < 0.8. For most of the 
geometries where the massive, disk is rotating in a progxadc sense, is predominantly 
positive for all projections. If the massive disk is rotating in a retrograde sense h'i^g becomes 
zero or slightly negative However, absolute values for hS^a ( and therefore the asymmetry 
in the line profiles) are still too small to fit the observations. No remnant has W^r < —0.05. 
lb summarize, for ill projections with , /oc > 0.1 the properties are nut in agreement with 
observations, since we find no remnant with A3cn £ —0.05. 

Testing the correlation between •[ and o4ofl we find no correlation at all (Figure 5.14). 
Mdf is distribu ted around zero regardless of the isophotal shape. 

For the local relation between /13 and UfliA'fli the slope of the correlation depends on the 
merger geometry, like for equal mass mergers. Prograde mergers, e.g. those with geometries 
1 3 or 8, lead to correlations showing a positive slope over the whole interval. For retrograde 
mergers, e g . geometries 5, 6 or 12, the slope in the outer parts changes sign and points in the 
"observed" direction, but most of the projections still show positive A j for positive velocities. 
In the inner part, —0.3 < W|H/"IH ^ n o merger is able to reproduce the observed trend. 
The slope is either positive or zero with a large spread. 

http://ii.it
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Figure 5.6: Properties of a 11:1 merger remnant measured along a slit aligned with the major 
axis (open squares), the intermediate axis (diamonds) and the small axis (open triangles). 
Rotational velocity v^,. local velocity dispersion a. vm/&. hi, and h i versus radius in units 
of r^n. The values for h'-t and hi along the intermediate (diamonds) and short (triangles) 
have an artificial offset of ±0.05 in radius lo identify individual crror-Iwrs. 
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Figure 5.7: Local correlation between h3 and ' |
m j | / "o f*"" data inside 3 r^. The data is shown 

for -l different projections: along the long (a), the intermediate (b) and the short principal 
axis (c) of the remnant. 
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Figure 5.8: Comparison between the kinematic properties of the 1:1 merger remnants l . l . L -8 
and l . l J I J t with different resolutions. Data for the low-resolution simulation (r>i{&{2 luminous 
particles) are given by open circles, those for the high-resolution simulation (16(X)(X) luminous 
particles) are given by tilled circles. Errors are determined by bootstrapping. 
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Figure 5.11: Comparison between the kinematic properties of the3:1 merger remnants 3.1.L.8 
and3 .U1 .8 with different resolutions. Data for the low-resolution simulation (35554 luminous 
particles) are given by open circles, those for the high-resolution simulation (106666 luminous 
particles) are given by tilled circles. Errors are determined by bootstrapping. 



si CHAPTER 5. LOSVDS OF MERGER REMNANTS 

1_1_L_6 

1_1_L_9 

1-1. I Z 

0 5 1-0 

Figure 5.10: GLobal correlation between /i&fl and Vtox/ao for M different orbital geometries 
of equal mass mergers. Every merger is investigated from 50 random viewing angles (black 
dots). The observed correlation (Bender et al.. 1!>!M) is shown by a straight line. The 
maximum spread around this correlation is indicated by the dashed Unes. The dotted line 
shows /ilicit — 4). Mergers with one retrograde rotating disk are indicated by an (r). The 
typical error is given in the upper right plot. 
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Figure 5.11: GloI»al correlation between n3dt and &\<a /ao for 14 different orbital geometries of 
equal mass mergers. Every merger is investigated from 50 random viewing angles (blaek dots). 
The observed correlation (Bender et &L Wf.1 It is shown by a straight line. The maximum 
spread around this correlation is indicated by the dashed lines. Mergers with one retrograde 
rotating disk are indicated by an (r). T h e typical error is given in the upper right plot. 
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Figure 5.12: Local correlation between /13 and wii/<Tfli for 14 different orbital geometries of 
equal mass mergers. Every merger is investigated from 50 random viewing angles (black dots). 
Data are taken inside roff. The observed correlation (Bender et al.. 1904) is approximated by 
two straight lines (see Figure 2.10 for details). Mergers with one disk rotating retrograde are 
indicated by an (r). The typical error is given in the upper right plot. The small error bar is 
valid for measurements inside 0.7r<jt • the larger one for the rest. 
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Figure 5.1 It: GIOIMII correlation between &fefl and v,mfoo G>r 15 different orbital geometries of 
11:1 mergers. Every merger is investigated from 50 random viewing angles (black dots). The 
observed correlation (Bender et al.. Ill) It is shown by a straight line. T h e maximum spread 
around this correlation is indicated by the dashed Unes. The dotted line shows h-lctt = 
Mergers with the more massive disk rotating retrograde are indicated by an (r). The typical 
error is given in the upper right plot. 
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Figure 5.14: GLobal correlation between /i&ai and a'Uti far 1.1 different orbital geometries of 
11:1 mergers. Every merger is investigated from .10 random viewing angles (black dots). The 
observed correlation (Bender et al., Ill) It is shown by a straight line. The maximum spread 
around this correlation is indicated by the dashed Unes. Mergers with the more massive disk 
rotating retrograde are indicated by an (r). The typical error is given in the upper right plot. 
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Figure 5.15: Local correlation betwen /13 and vfli/«7flt for 15 different orbital geometries of 
11:1 mergers. Every merger is investigated from 50 random viewing angles (black dots). The 
observed correlation (Bender et al.. 1W4) is approximated by two straight lines. Mergers with 
the more massive disk rotating retrograde are indicated by an (r). Errors as in Figure 5.12. 
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5.2 Correlations with other parameters 
Observations suggest that the correlation between A3 on the one hand audu l^i and >Vii/ooon 

the other hand are the strongest among the observed quantities for elliptical galaxies (Bender 
et al., 1994). / i t which defines the symmetric deviation from a Gaussian hardly correlates 
with any other quantity. Our simulated merger remnants show the same trend for In. In the 
following we want to show a set of possible correlations between the parameters we derived 
for the merger remnants l . U U i , l J J L l f i , 3.1.11.3, 3-1-H-15. We find them as being rep
resentative for all co- and counterrotating 1:1 and 3:1 mergers. 

In addition to the previously investigated properties, wv correlate the effective asymmetry 
parameter n3cn with the effective eUipticity t^, the Sersic shape parameter and the an-
isotropy parameter (t>ioi/»To)". We also show correlations for the parameter hi (see Chapter 
2.3). Its characteristic value M^t is determined the same way as hi^g. We correlate h4Gtt 
with Uioi/do, a4ea, e^r, n « and (iiioi/oo)*. The local correlation between hi and t>flt/fflt is 
also analyzed. 

Figure 5.16 and 5.17 show the results for a corotating and a counterrotating equal-mass 
merger with high resolution, h'.i^g does not correlate with any other given parameter. The 
same is true for h4cfl. If one is willing to see a correlation, there is only a slight trend for the 
faster rotating projected remnants to haw a symmetric part of the L O S V D that is closer to 
a Gaussian ( M d l vs. Unn/<?o in Figure 5.16). MOT is in general positive. This fact and its 
measured spread are in good agreement with observations. 

The results for the two 3:1 counterparts are shown in Figure 5.18 and 5.19. Here we just want 
to describe a few trends: projections with small n3^i are closer to a de Vaucouleurs surface 
density profile ( n r a — 0.25): projections where the remnant seems to be more anisotropic 
[smaller ("nrt/"o)*] show a more positive hi^g: rounder and more slowly rotating projected 
remnants haw more positive values of M^t: and, probably the most interesting trend, the 
local correlation of hi versus Ufh/<7fh shows a characteristic hat-like structure. Unfortunately, 
there is no published data available to confirm if this shape is consistent with measurements 
of real elliptical galaxies. 

To summarize the properties of LOS VDs of colli skinless merger remnants we find that they 
indeed show asymmetric line profiles. The deviations from a Gaussian as measured by A3 
and hi are of the same order as observed elliptical galaxies. In general, h , is zero or positive 
for our simulated merger remnants. In contradiction to observations, the LOSVDs haw 
a retrograde wing that is steeper than the prograde wing (see Figure 2.8 for definition). 
All simulated remnants show predominantly positive /14. This indicates that their profile 
shape is more peaked than a Gaussian. This is in good agreement with observations. The 
simulated characteristic values hi^g and ft'ldt hardly correlate with any other global quantity, 
llowewr, one important exception is the local correlation between A3 and vai/oa,. Except for 
counterrotating equal mass mergers, this correlation is not compatible with the observed one. 
In the following section we try to find out in how far the effect of a dissipatiw component 
could change the results. If gas is involved during the merger event this could result in the 
formation of an additional thin stellar disk after the merger is complete and it could change 
tho kinomatical properties of tho morgor remnant. 
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Figure 5.16: Correlations between the line shape parameters h-t and ht and other kinematic 
and photometric properties for 50 random projections of the merger remnant 1.1 J U . 
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Figure 5.17: Correlations between the line shape parameters A, and A, and other kinematic 
and photometric properties for 50 random projections of the merger remnant 1-U1.15. 
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Figure 5.18: Correlations between the line shape parameters /13 and hx and other kinematic 
and photometric properties for 50 random projections of the merger remnant 3-1-11-8. 
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Figure 5.19: Correlations between the line shape parameters /13 and hx and other kinematic 
and photometric properties for 50 random projections of the merger remnant 3.U1.15. 
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5.3 Wliat about a disk? 
As wo haw seen in the previous section, the LOSVDs from simulated eollisionless merger 
remnants are almost never in agreement with observations. The only exception are remnants 
of equal-mass mergers with counter rotating disk components that do not rotate in the end. 
All other remnants show wrong global correlations between hi^g. <*lt n. and f r a l fa and wrong 
local correlations between /13 and wu/ffU- One plausible explanation for Une-of-sight velo
city distributions with negative /13 is the superposition of a spheroidal body with a disk-like 
component (see Chapter 2: Bender et al.. 1994 1. We performed a simple experiment to test 
if the wrong correlations for our remnants result from a Lack of such a disk-like component. 
We artificially added a thin (scale height tt 0 . 0 5 ^ ) , cold (<r( = 0), stellar disk with an 
exponential surface density profile. The disk was placed in the plane defined by the long and 
intermediate axes of the main stellar body and rotates the same way as the main stellar body. 
The disk particles move around the center of the galaxy in centrifugal equilibrium with the 
gravitational potential arising from the total enclosed mass. No additional random motion 
wasadded. Under these simple assumptions only two parameters remain free. The total miss 
of the disk M4 and its scale length r j . Prom now on we always refor measurements to the 
main stellar body of the remnant and we measure Mj in units of the total luminous mass 
of the remnant and r j in units of the projected half-light radius r^|. Figure 5.21) shows a 
sequence of particle distributions for a merger remnant with an additional disk with a scale 
length of T4 = O.JjTjfl and — LOr^i. If seen edge on the large disk looks like a spike coming 
out of both sides of the spheroidal remnant. An observer probably would immediately classify 
a galaxy like this as Sa or SO. However, as soon as the remnant is tilted by only 10* with 
respect to the line-of-sight the disk disappears and is not obviously visible any more. The 
strength of this effect depends on the mass of the disk. For disk masses larger than 40% of 
the mass of the spheroid the disk would still be visible, oven for larger inclinations. 

To test the effect of an additional disk component on the kinematic and photometric prop
erties of the remnants we selected the characteristic merger remnants 3.1.H-8. and 3.1 J L 1 5 
andadded disks with masses of Md = 5 % , 10%, 15%, 20%, 25%, 30%, 35% and 40% of the total 
luminous mans and scale lengths of U = 0.25,0.5,0.75,1.0,1.25,1.5,1.75, and 2.0rdl. There
after the remna nts were analyzed as seen from 50 random viewing angles as described before. 
To select a successful model we expect that projection effects alone do not lead to deviations 
from the observed correlations since we can assume that real galaxies are distributed on the 
sky with random orientations. 

As an example we show the results for the merger 3.1.H -H when we add a sequence of disks 
with a fixed mass of 15% of the total mass but with increasing scale radii (Figures 5.21, 5.22, 
and 5.23). The global relations between /i3dl, **lcfl, and vna/o start to follow the observed 
trend as soon a s a small disk with r j = 0.25rG|| is added. However, for small disks h'igg 
becomes too negative and the L O S V D is more asymmetric than observed (Figures 5.21 and 
5.22). In this case the influence of the disk for radii inside r^g is too strong. If the disk 
gets as large as r^g the influence is smaller and the agreement with observed correlations is 
good. The effect of the disk on the local correlation between A3 and Uflt/ffh is even stronger. 
As soon as a small disk is added the correlations change their previous positive slope to the 
observed slope for —0.3 < fflt/cflt < 0.3 (Figure 5.23). However, for small disks the absolute 
values for A j become loo large for Bhe{va,/aa,\ > 0.3. For scale lengths larger than r^i even 
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Figure 5.20: Sfxmcucc of disks added to the main body of the galaxy. Upper lefi panel: 
Luminous particles of a 3:1 merger remnant (only 2(1% of all particles arc plotted here). 
Upper right panel: Like before, but with an additional disk component having a scale length 
of O.Srcti and a scale height of O..Vtn. Lower left panel: With an additional disk with a scale 
length of rct|. Lower right panet The same model as before, but inclined by 10" with respect 
to the hue-of-sight. Note that the disk component is not easily visible any more 

the slope in the* outer part is in good agreement with observations. 
In Figures 5.24, 5.25, and 5.26 we show the results of adding a sequence of disks with a scale 

length of rj = L .25rm but increasing masses. T h e effect of 5% disk seems to be too small to 
change the initial properties significantly. Remnants with, disk masses of 10% or 15% of the 
total luminous mass can reproduce the observed correlations. For disk masses Mj > 20% the 
absolute values of Mdi are too large (Figures 5.24 and 5.25) and the local asymmetry of the 
LOSVDs lor abe(t*u/ffh) > 0.3 as measured by abs(/i3 > 0.2) is too strong. 
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Figure 5.21: Globalcorrclation between luica and O'lcfl for 50 random projections, respectively. 
From the upper left to the lower right an exponential disk with a fixed mass of 15% of the 
luminous body and increasing scale length is added. 
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Figure 5.22: Same as Figure 5.21 but for h^a vs. tW<Jo-
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Figure 5.2-1: Global correlation l>etwceu nifdi and O'lcfl for 50 random projections, respectively. 
From the upper left to the lower right an exponential disk with a fixed scale length of r j — 1.25 

increasing mass A / j is added. 
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Figure 5.26: Same as Figure 5.25. but for local hs vs. local uflt/aflt-
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Figure 5.27: Mass Aid versus scale radius n for a disk added to the merger remnant 3 . I .L .8 . 
Combinations that are able to reproduce (big dot), almost reproduce (small dot) or tail to 
reproduce (minus sign) the observed correlations are shown. 

If we analyze the properties o f all given combinations o f J l / j and r j we can get an estimate 
of the disk mass and size that is needed to Bt the observed correlations. Figures 5.27 and 
5.28 show the results o f this analysis for the remnant 3 - U I J i and its retrograde counterpart 
3.1.IL15. We placed a minus sign if more than half o f the projections of a given remnant 
clearly fail to reproduce one o f the observed glottal correlations. In addition, we exclude all 
models with significantly positive local A3 for abs (wu / f f l0 < 0.3 and those with a maximum 
abs/13 > 0.2. Disks with r j > 1.75 were also excluded because they result in ellipticities 
e > 0.7 for disk masses AU > 3(1%. T h e models that fit the data best are indicated by a 
large dot. Intermediate models are indicated by a small dot . Although we only apply "soft" 
criteria for the success o f a model, we can estimate an optimal disk-contribution. For both 
3:1 merger simulations we get the best results for disks with scale lengths between l.Or^a and 
1.".. [ and masses ranging between Aij = 10% and A1j = 20% . Both models seem to require 
disks o f comparable dimensions, although the merger remnants show different kinematical 
properties. However, the disk required for remnant 3.1-L-15 can be less massive and slightly 
smaller. Of course this simple model does not place final constraints on the dimension of the 
disk since we did not consider the possible formation mechanism and we did not account for 
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Figure 5.28: Samp as Figure 5.27 for the merger remnant 3.1.1.15. 

the dynamical response of the remnant. 
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Figure 5.29: Correlations for the model where the dynamically active disk component has 
reached a mass of 15% of the mass of the remnant. Both, the luminous particles and the 
additional disk particles are analyzed. 



102 CHAPTER 5. LOSVDS OF MERCER REMNANTS 

0.4 

0.2 it)-: 

d 0.0 ^ ^ ^ ^ 
0.2 

no disk *Lara~"~-

2 0 2 -1 0 
local v n , / a M 

Figure 5.30: Same as Figure 5.29. but without the contribution of the disk particles. 

In the next step we test the dynamical response of the merger remnant to an additional disk 
component that would haw formed after the merger was complete Therefore we place a 
disk with a size o f = l.'J'i, ,.f. realized by 1011)0 massless particles, a t the center o f the 
remnant and evolve the remnant dynamically with time. We increase the total mass of the 
disk every time step at a constant rate o f l l ) r A / . / \ l y r . After the disk mass has reached 
15% of the total mass of the remnant we analyze the remnant again. The result is shown 
in Figure 5.29. The global relations as well as the local correlations resemble those of the 
simple model with r j = 1.25 and a disk mass of M4 = 15%. However, the steep gradient for 
abs(ijflt/aflt) < 0.11 disappears (Figure 5.29). If the same remnant is analyzed without the 
additional disk component we can quantify the influence on the spheroidal component. Figure 
5.30 indicates that the structure of the merger remnant is almost unchanged (see Figures 5.21. 
5.22, and 5.23) besides a small influence on the 'ij-"tii/"tn correlation. 



Chapter 6 

Discussion and Conclusions 

The aim of this thesis was to study the dynamics of interacting disk galaxies represented 
by rollisiontcss particles and the possible formation of elliptical galaxies originating from the 
resulting mergers. After a short summary of the thesis we will discuss the results in a broader 
context. 

We performed a large set of fully self-consistent collisionless simulations of two merging spiral 
galaxies with mass ratios ol I: I, 2:1. 3:1, and 4:1. For every mass ratio, we simulated mergers 
with different orbital geometries that coarsely cover the parameter space for relative spin 
orientations between the galactic disks (Chapter 3). In general, isophotal shape, ellipticity 
and rotational properties of the simulated remnants change with radius, 'therefore for every 
p i ' i ' • i " I i.•• i ivmnani .!• .I jiui'.ii phup.uiiriiir and kinematic parameter Rpply-
ing the methods used by observational astronomers. We showed that the parameters do not 
change with time once the remnant has reached dynamical equilibrium (Section 4.2) and we 
performed a statistical comparison of the projected properties of simulated merger remnants 
with data of observed elliptical galaxies (Section 4.2 and 4.3). In addition, for individual 
examples, we discussed the kinematic and photometric properties in details (Section 4.4). 
We determined the line-of-sight velocity distribution along the major axis for every projected 
remnant (Chapter 5). After parametrizing the asymmetric and symmetric deviations horn 
a Gaussian we compared it with observations of elliptical galaxies (Section 5.1). Thereafter 
the influence of a thin stdlar disk component on the properties of 3:1 merger remnants was 
investigated and we estimated a possible mass and size for such a component (Section 5.3). 

The derived glottal parameters demonstrate that the observed dichotomy between boxy and 
disky ellipticals could originate from variations in the mass ratios of the progenitor galaxies. 

Equal-mass mergers lead to remnants that predominantly show boxy isophotes, rotate slowly 
and are supported by anisotropic velocity dispersions. They are intrinsically triaxial, show a 
large amount of minor-axis rotation and have significantly twisted isophotes, depending on 
the viewing angle. Their surface density profile is close lo&nr 1 ' 4 law. During the violent mer
ger both progenitor disks are completely destroyed and loose the memory of their initial state. 

A trend for equal-mass mergers to form preferentially boxy ellipticals has already been noted 
before by Steinmete Si Ouchner (1S85) and Heyl eta l . (HUM). However, those investigations 
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suffer from important limitations. Steinmctz & Buchner (1995), on the one hand, neglected 
the bulge component leading to remnants that were too diffuse at the center to follow a do 
Vaucouleurs law. Hcyl et al. (1994), on the other hand, used simulations with only a small set 
of relative orientations which allowed them to draw only weak conclusions. In addition, they 
did not correlate the isophotal shape with kinematic parameters. Our simulations show that 
statistically, the "observed" data o f simulated equal-mass merger remnants agrees perfectly 
with data for otjscrvcd boxy elliptical galaxies with respec t to eUipticity, rotation, anisotropy 
and minor-axis rotation. The observed spread in the da ta can be explained by projection 
effects (see Naab eta l . , 1999). 

Within the group o f equal-mass merger remnants there exist two subgroups with distinct kin
ematics 1 properties (see the double-peaked distribution o f iVm/oo •» Figure 4.29). Those with 
corotating progenitor disks still contain a significant amount of rotation up to V^/OQ «S 0.4. 
They are less anisotropic with logfu^/tTo)" 85 —0.5 and the vast majority of their projected 
remnants shows boxy isophotes. The faster rotating proj ections show asymmetric L O S V D s 
with steep retrograde wings characterized by a positive tui^g. T h i s trend is in contradiction 
to observations by Bender et al. (1991) and Mehlert et al. (20(H)) who find only negative 
M<il lor significantly rotating galaxies. The local correlations for simulated remnants show 
a positive slope for the measured interval, again in contradiction to the observations men
tioned above. Equal-mass mergers with counter rotating progenitor disks almost do not rotate 
("IOIA'O £ 0.1) and show a high degree of velocity anisotropy [(VK«/<TO)" ®* ~~ w contra
diction to observations they haw a significant number of projected remnants that show disky 
isophotes. The kinematic differences to corotating mergers can be explained by the fact that 
mergers with counter rota ting disks will lead to a remnant with a smaller angular momentum 
in the end. T h e reason why the most anisotropic remnants show a relatively large portion o f 
disky projections is unclear and has to be investigated in the future. T h e remnants o f coun-
terrotating equal-mass mergers perfectly follow the observed global and local correlations for 
LOSVDs . 

Remnants of 3:1 and 4:1 mergers are more oblate than equal-mass mergers and rotate fast 
("rot/<?o £ It n a s already been suggested |jy- Da rues (199B) that 3:1 mergers lead to fast 
rotating flattened remnants. However, he did not quantify the results using directly observable 
physical parameters. Almost all o f our simulated 3:1 and 4:1 mergers haw disky isophotes. 
During the merger the large progenitor disk is not completely destroyed and keeps the memory 
of its initial state. After the merger is complete the particles from the large progenitor domin
ate the properties o f the merger remnant. 3:1 merger remnants show small minor-axis rotation 
and are less anisotropic than equal-mass mergers |(»m/(To)" aj 0.7]. They can therefore be 
assumed to be flattened by rotation. Their surface density profile cannot be described by a 
pure r1 '4 law. T h e Sersic shape parameter lies in the range o f (1.28 < n>& < 0.45, pointing 
towards a more exponential-like distribution. These values are consistent with observations 
of giant elliptical galaxies with lower luminosity (Caon et al., 1993; Gavazzi et al.. 2000). 

Like equal-mass mergers, the merger geometry influences the resulting kinematical proper
ties of the 3:1 merger remnants. Pro grade 3:1 mergers tend to haw a more prolate shape, 
rotate more slowly, show a higher degree of anisotropy and a larger amount of minor-axis 
rotation than retrograde mergers. In addition, they have stronger twisted isophotes than 
retrograde mergers- Progrado encounters experience a much stronger tidal perturbation o f 
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the more massive disk component. The formation of strong tidal arms leads to strong radial 
motions. In addition, tidal material looses angular momentum by dynamical friction with 
the outer halo. The detailed influence of these processes on the structure of the remnants 
is still unclear. Further investigations will be needed to understand the dominant processes 
determining the structure of 3:1 merger remnants. The L O S V D s o f 3:1 merger remnants can 
be characterized by positive values of hi for all values o f rotational support. This finding 
contradicts the observations of IXISVDs of fast rotating elliptical galaxies. 

Remnants with a mass ratio of 2:1 show properties that are intermediate between those of 
equal-mass and 3:1 or 4:1 merger remnants with respect la all observed glottal and local para
meters. 

There is a fundamental difference between 1:1 remnants and 3:1 or 4:1 (unequal-mass) rem
nants which does not change with projection effects. They do however lead to a large spread 
in the glottal parameters. This is is in very good agreement with the observed parameter 
distribution (Bender et al., 1988: Bender ct al., 1989). 

We tested different initial conditions like closer or wider passages, cuspy halo profiles (Her nquist 
1991)) resembling the profiles from cosmological large-scale simulations (Navarro et al.. 1997). 
rotating bulges or significantly colder initial disks. The l>asic results remained unchanged. In 
contradiction to the common belief that disky E/SO galaxies are formed involving dissipat-
ive processes like star formation (Kormendy k Bender. 1996: Faber et al. (1997); Bekki k 
Shioya. 1997) we therefore conclude on the basis of isophotal shape and rotation properties 
that pure stellar mergers can in principle explain the observed dichotomy between disky and 
boxy ellipticals. T h e following comparison summarizes the- basic results (plus and minus signs 
indicate whether the result is consistent with observations or not): 

1:1 merger, counterrotating 

• r1 ' * surface density profile: ffi 

• triaxial structure, isophotal twist, 
large amount of minor-axis rotation: 
© 

• no rotation and high degree of velo
city anisotropy: © 

• boxy and disky isophotes depending 
on viewing angle: © 

• follows observed correlations for 
LOSVDs: © © 

1:1 merger, corotating 

• r 1 ' * surface density profile: © 

• triaxial structure, isophotal twist, 
large amount of minor-axis rotation: 
© 

• small rotation and modest degree of 
velocity anisotropy: © 

• I xay isophotes © 

• does not follow observed global and 
local correlations for LOSVDs: 9 9 
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3:1 merger, counterrotating 

• surface density profile with ri ,a ss 
0.4: © 

• oblate structure, isophotal twist, 
small amount of minor-axis rotation: 
© 

• fast rotation and small degree of ve
locity anisotropy: © 

• disky iaiphotcs © 

• does not follow observed global and 
local correlations for LOSVDs: 0 

3:1 merger, corotating 

• surface density profile with nXT =s 
0.4: 0 

• oblate/prolate structure, isophotal 
twist, intermediate amount of 
minor-axis rotation: 0 0 

• significant rolationandintermediate 
degree of velocity anisotropy: © 0 

• disky iaophotcs 0 

• does not follow observed global and 
local correlations for LOSVDs: 0 0 

However, the properties of LOSVDs of most simulated merger remnants are in disagreement 
with oI>serrations. Where they do agree, as in the case of equal-mass mergers with coun
terrotating progenitor disks, we find disky projections which are not observed. The negative 
A3 for observed fast rotating elliptical galaxies indicates an additional stellar disk component 
superimposed o u a spheroidal stellar body. This finding is supported by detailed surface pho
tometry of disky ellipticals (Nieto et a!.. 1991a; Scorza & Bender. 1995; Scorza et al., 1998) 
and kinematical investigations of low-luminosity ellipticals (Rixeta l . . 1999). The comparison 
of rotation properties of low-luminosity elliptical galaxies (Rixeta l . , 1999) with our simulated 
.1:1 merger remnants has shown, that our remnants are dynamically too hot to be in agree
ment with observations (Cretton et al., 200()a) in contrast to the results published by Bendo 
k. Barnes (2001)). But this is only true for the low-luminosity end of giant elliptical galaxies 
and cannot lead to conclusions concerning the glottal population of elliptical galaxies. Since 
dissipative features are observed in all types of elliptical galaxies (see Section 2.1) it cannot 
generally be ruled out that gas dynamics and star formation haw also played an important 
role in the formation of boxy ellipticals. 

We tested the influence of a dissipative component on the dynamics of our 3:1 merger rem
nants by artificially adding a thin stellar disk with a scalable mass and size after the merger 
is complete. We found that a disk with a mass of 15% of the remnant's mass and a scale 
length of r j *s 1 .Or^i leads to properties of the remnant which are in excellent agreement with 
observations. T h e line shapes of the remnants change from having a steep retrograde wing 
to having a steep prograde wing. The remnants particularly follow the observed local correl
ation between h$ and Vfnfo&x. The minor-axis rotation for prograde encounters is reduced to 
the observed value for all projections and all remnants are as isotropic and rotate as fast as 
expected from observations. 
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Those results indicate that for the formation of disky elliptical galaxies a dissipative com
ponent with a mass of at least 15% of the stellar mass o f the progenitor galaxies must haw 
been present during the merger event. This amount of gas must have survived the merger 
itself to form a disk after the merger was complete. T h e gaseous disk could then success
ively have turned into stars that have determined the final properties of present day disky 
elliptical galaxies. We know from simulations of equal-mass merging gas rich galaxies (Mihos 
k Ifernqui-st. lttJfi: Barnes k Henicmist. ltiWi) that a large amount of gas can he driven to 
the center leading to a starhurst or gas can accumulate in dense gas knots where it could 
very effectively be transformed into stars. A t the end of these simulations most of the gas 
has turned into stars located in the very central region of the remnant. Therefore it is not 
clear from these simulations how an extended disk could have formed in equal-mass mergers. 
Recent simulations of gas rich 3:1 mergers indicate that a significant amount of the gas of the 
progenitor galaxies can form a large-scale disk after the merger is complete (Naab k Burkert. 
20K)b). These simulations do not include star formation therefore it is not a t all clear if there 
will be enough gas left to form a disk if the gas is allowed to form stars during the merger, 
(fence we d o not know in how far processes like star formation and energy feedback into the 
interstellar medium will influence the properties of the merger remnant. For a more detailed 
discussion of this topic we refer to Chapter 7. 

'taking all results of this thesis into account we can draw the following conclusions for colli-
sionless mergers of disk galaxies: 

• Global properties of merger remnants like isophotal shape and velocity auisotropy agree 
with observations of elliptical galaxies. The dominant parameter is the mass ratio of 
the progenitor galaxies. 

• Local properties like LOS VD-shapo or rotational support (in case of 3:1 and 4:1 mergers) 
are in disagreement with observations with the exception of counter rota ting equal-mass 
mergers. 

• Merging of equal-mass disk galaxies is the most likely process for the formation of boxy 
and aniso tropic elliptical galaxies. 

• Disky elliptical galaxies cannot have formed from initially gas free 3:1 mergers of disk 
galaxies. 

• A disk, with a mass of as 15% of the initial stellar mass, formed after the 3:1 merger is 
complete leads to a perfoct agreement with observations. Therefore gas must have been 
present during the formation of disky elliptical galaxies. 

Observations show that disky ellipticals have on average lover luminosities than boxy ellipt
icals (Bender et al., 1988). Our results indicate that low-mass elliptical galaxies preferentially 
formed by unequal-mass mergers of disk galaxies whereas equal-mass mergers dominated the 
formation of high-mass ellipticals. This result is puzzling as there is no convincing argu
ment for why low mass ellipticals should have suffered mainly unequal-mass mergers while 
high mass ones should have evolved mainly through equal-mass mergers. However, there is 
a possible solution to this problem. Boxy ellipticals could, predominantly form from mergers 
of early type galaxies. Observations of high redshift clusters suggest this process to be very 
frequent in the early universe (eg. van Dokkum et al., 1009). We tested this formation 
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scenario \iy taking two merger remnants of corota ting equal-mass galaxies and merging them 
on a parabolic orbit. The resulting remnant is indeed very anisotropic (see Figure 6.1). The 
amount of hoxincss and the eUiptidties are larger than observed. However, the IX)SVD fits 
the observed data. Xaab k. Burkert (2D(X)a) also investigated unequal-mass mergers of early 
type galaxies and found a significant amount of disky projections with anisotropic kinematics, 
in contradiction with observations. 
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Figure 6.1: Same as Figure 4.116 but for a merger of two remnants of equal-mass disk merger 

Therefore, some of our problems are still unsolved. Numerical resolution does not seem to 
be the problem. We performed simulations with varying numbers of particles and different 
timestep sizes getting the same results. The errors for the measured quantities are in general 
very small. If they are large, as in the case of a^a for low-resolution simulations, they do not 
have any influence on the basic results at all. 

A possible solution to the problem of making massive ellipticals could be the influence of 
gas. A significant amount of gas must have also been present in equal-mass mergers as we 
know from the existence of metal enhanced and/or kincina. tically decoupled cores. If previous 
simulations of gas rich equal-mass mergers are correct most of the gas settles into the central 
region of the merger remnant. The additional potential could change the orbits of the stars 
(see e.g. Merritt & Quinlan, 1998; Valluri & Merritt, 1998). This could lead to much rounder 
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remnants (as it has been found by Barnes & Hernquist, 1996) thereby avoiding extremely 
boxy or disky shapes. 

The formation of a large-scale disk after an equal-mass merger is complete seems very unlikely 
since most of the gas in simulations is driven to the center. However, we could test the 
influence of such an additional gas disk in the same way as we did for 3:1 mergers (Section 
r>.:t). T h e result for the best fitting disk dimensions is almost the same as for 3:1 mergers 
(Figure 6.2). 
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Figure 6.2: Mass Mj versus scale radius r j for a disk added to the merger remnant 1_1JI_M. 
Combinations that are able to reproduce (big dot), almost reproduce (small dot) or fail to 
reproduce (minus sign) the observed correlations are shown. 

If this behaviour was realistic it would break the strict association of equal-mass mergers 
with boxy ellipticals. The properties like diskutess/boxiness or isotropy/anisotropy would 
then strongly depend on the projection effects. Surprisingly, the spread in the data points 
perfectly agrees with the observed distribution (Figure 6.3). 
In addition, the model follows the observed correlations for the LOSVDs (Figure 6.4). Such 
a merger remnant would however not represent the class of observed massive boxy elliptic
als since observed radio and X-ray emission connected to those galaxies does not depend on 
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Figure t>M: Same as Figure '\.'.t6 but for an equal-mass merger with an additional disk with 
mass of Ma — 15% of the luminous mass and a scale length of ry = 1.25reff. 
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Figure 6.4: Same as figure 5.29 but for an equal-mass merger with a disk with Alj — 15% 
and r j = 1 . 2 5 ^ added after the merger was complete. 

the viewing angle. However, it could represent a class of objects connecting boxy and disky 
galaxiesat intermediate masses (Benderetal., 1988). In addition, previous models of gas-rich 
equal-mass mergers might haw missed important physical processes. A plausible way to form 
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such a large-scale disk is to heat the gas at the time when it still has a significant amount of 
angular momentum and decouple it from the stars. After the merger has taken place, the gas 
would cool down and form a disk. This scenario, however, is very speculative and can only 
be tested with further simulations incorporating more physical processes. Some of them will 
be discussed in Chapter 7. 

Finally, there is at least one problem left. When did massive elliptical galaxies really form? 
The traditional view on the formation and evolution of giant elliptical galaxies is that they 
are very old ste-llar systems and all formed very early a t a redshift of more than two (Searle 
et al., 1 '173). After an intensive initial star formation phase they experienced very little mass 
evolution (Bruzual A. k. Chariot, 19911). It has been argued by many authors that the stellar 
evolution of ellipticals is compatible with pure passive evolution models (e.g. Bower et al., 
1992. Aragon-Salamancaet al., 1993, Bender et al.. 1996 , Ellis etal., 1997. Ziegler & Bender. 
1997) or models with exponentially decaying star formation (Ziegler et al., 1999). Alternat
ively, hierarchical theories of galaxy formation predict that massive galaxies were assembled 
relatively late in many generations of mergers of disk galaxies or smaller subunits and mass 
accretion. It has been argued by Kauffmann (1996) and Kauffmann fr Chariot (1998) that 
this merger scenario is consistent with observations of galaxies at different redshifts. 

We have shown that simulated remnants of merging spiral galaxies have properties resembling 
observed elliptical galaxies. This is an argument for the merger picture. On the other hand 
it is very unlikely that Milky Way sired galaxies could have existed 5 Cyrs or 10 Cyrs ago in 
sufficient numbers to account for the population of ellipticals in total. Probably the process is 
a combination o f dissipative collapse and mergers. Massive ellipticals aud bulges form by early 
dissipative collapse and faint disky and intermediate ellipticals form by mergers of evolved Sb 
or Sa galaxies. However, for a self-consistent model of the formation of ellipticals it will be 
necessary to investigate the merger history of individual galaxies in large-scale cosmological 
simulations to draw conclusions on the masses, mass ratios, orbits, gas contents, halo shapes, 
and time scales of individual mergers. Those mergers haw then to be investigated in great 
detail. Therefore we need further improvements in computer power, in the software for time 
integration of physical processes, and in the way we analyze aud visualize our results, 
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Chapter 7 

O u t l o o k 

Wo haw seen that gas must haw played an important role during the formation of disky 
elliptical galaxies. The observations can be explained if gas with a mass of a t least 15% of the 
initial luminous mass survives the encounter and forms a disk after the merger is complete. 
We haw used this information to resimulate the 11:1 mergers 3.1.L.8 and 3.1.L.15 adding 
a gas component with 20% of the total stellar mass (thereafter 3.1-LG.8 and 3.1.LG.15). 
The gas was r> pr> s< m. ^ \>; SI Mi j> ;nT i s using ail isollicn- mal equation of si al> (Giugold & 
Monaghan, 1977: Lucy, 1977: Managhan, 1992). The N-body /SPH formalism and numerical 
models will not be discussed in detail here (see e.g. Hernquist & Katz, 1989). This first 
step to more self-consistent simulations of unequal-mass mergers focuses on the gas dynamics 
and neglects the effects of star formation. Figures 7.1 and 7.2 show snapshots of the gas 
distribution during the encounter. The prograde and retrograde rotating massiw progenitor 
disks are easily recognizable. Figures 7.3 and 7.4 show the final distribution of stellar and 
gaseous particles for the two mergers. In contrast lo the coUisionless merger the stellar distri
bution here is almost perfectly oblate with T = 0.1 for 3.1.LG.8 and T = 0.06 for 3 .1 .LGJ5 . 
The surface density of the stellar population for the prograde merger has a Sersic index of 
n«w ^ 0.24. T h e retrograde merger 3.1-LG.15 has n*a ss 0.48 and is therefore more expo
nential. The gas in both cases is distributed in a large-scale disk and is surrounded by dense 
gas knots. In case of the merger 3.1J.G.8, the gas disk is clearly tilted in the outer parts. As 
already noted by Barnes k. Hernquist (1996). 1 wised on their SPH simulations of equal-mass 
mergers, e w n a small amount of gas has a strong influence on the stellar population of the 
remnant. In addition to their finding that equal-mass mergers with gas look more round we 
find that unequal-mass mergers with gas are more elongated 

If we investigate the LOVSDso f only the stellar part we find negatiw values for h3 in excellent 
agreement with observations (see upper rows of Figures 7.5 and 7.6), although the inner tilt 
of the local correlation is not reproduced. Therefore the gas must haw changed the dynamics 
of the stars significantly during the merger ewnt. We have seen that a disk, added after 
the merger is complete, does not lead to such a significant change in stellar kinematics. If 
we assume that the gas transforms into stars after it has settled into a disk we can treat 
the gas particles as stellar particles and investigate the remnant again. We still find a good 
agreement of t h c L O S V D s with observations (see lower rows of Figures 7.5 and 7.6). However, 
now the absolute values of lif tend to be slightly too large. Taking the stellar surface density, 
triaxiality, and ellipticity into account, the remnant 3 . 1 X G . 8 (G is for "gas") resembles more 
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a SO than an elliptical one These first results already suggest that negative values for /13 d o 
not have to result from a newly formed stellar disk alone. • • * 

• 

Figure 7.1: Time sequence of the gaseous component of the merger 3A.LG .8. 

i 
• 

Figure 7.2: Time sequence of the gaseous component of the merger 3.1J.G.15. 



115 

Slnr* 

• 111 > ' ( > > 

Gas 
• 

* 

• h i » • « 

m m -

Figure 7.3: Pinal distribution of the stars and the gas of the merger 3-1 .1X1.8. 

Instead, they can result from the influence of a gaseous (collision dominated) component 
during the merger event. Therefore, collisionless and collisional dynamics both determine the 
structure of merger remnants. 

T h e end products of the mergers with gas show properties that are in very good agreement 
with properties of observed elliptical galaxies. In addition, they are in good agreement with 
predictions from observations that suggest that disky elliptical galaxies haw formed from 
processes which, include dissipative physics. Kormendy k. Bender (1996) proposed a modified 
Hubble sequence in the sense that there is a continuous sequence from SO galaxies to disky 
ellipticals to bony ellipticals (Figure 7.7). They predict that the influence of dissipation de-
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Figure 7.4: Pinal distribution of the stars and the gas of the merger 3.1.LG.15. 

creases from the right hand side to the left hand side 

We Bnd strong theoretical evidence that this picture is correct. Coll is ion! res unequal-mass 
mergers lead to remnants that are inconsistent with observations. Adding a significant amount 
of gas, which is likely if one assumes that the mergers must have taken place in the earlier 
phases of the universe, leads todisky ellipticals or even SO galaxies with observed kinematical 
properties. Equal-mass mergers might lead to intermediate type galaxies as discussed before 
and mergers of gas poor early type galaxies make up the population of massive anisotropic 
ellipticals. 
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Figure 7.5: Correlations for the merger :(_1_L_S with gas. Upper row: Correlations with h$ 
for the stellar part only, tower row: Correlations with hs assuming that all the gas turned 
into stars after the disk has formed. 
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Figure 7.6: Same as Figure 7.5 but with a prograde rotating massive disk. 

However, there are a lot of outstanding issues that could, in addition, haw a significant 
influence on the theory of the formation of elliptical galaxies: 

• The interstellar m e d i u m is by far more complex than it is treated in these very 
simplified simulations. We only simulate gas with a temperature of 1111 Kelvin with 
an isothermal equation of state. However, we know that hot massive gaseous coronae 
exist around massive elliptical galaxies at a temperature of some HI6 Kelvin and cold 
molecular gas exists in molecular clouds at a temperature of ^ 10 Kelvin in disks of 
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Figure 7.7: Revised Hubble sequence as proposed by Kormendy k Bender (1996). 

spiral galaxies. These components contain a significant amount o f dynamical mass that 
could (and will, as we have seen) change the properties o f the resulting merger remnant. 
As we know from cosmological simulations, there ovists a severe angular momentum 
problem since cold gas clumps that form relatively early in the universe loose too much 
angular momentum by dynamical friction to lead to the formation o f spiral galaxies 
with smal ler than the observed rotation (see e g . Navarro k Steinmetz, 1997; Steinmeta 
k Navarro. 1999). It is not yet clear, at least to me, why a related problem should 
not exist for merging galaxies. Here we also find the formation o f bound gas clumps 
within tidal tails. These gas clumps loose angular momentum by dynamical friction 
and fall back to the center o f the galaxy to make u p a disk. If there is no problem a t 
all with this we can conclude that the simulated formation of tidal clumps is real and 
those clumps can be associated with dwarf galaxies or massive star clusters. If there 
exists an angular momentum problem, part of the gas must haw been heated by star 
formation processes to keep its angular momentum and form a new large-scale disk after 
the merger is complete as it has been suggested by Rix et al. (1999). Therefore it will 
be necessary to simulate a multi-phase interstellar medium on the scale o f the entire 
galaxy. 

The s p a t ial resolut ion o f the present day simulations does not go far beyond lQ()pc. 
This is the scale o f giant molecular clouds. Properties on smaller scales cannot be 
simulated self-consistently. For example, we can barely resolve the structure of the 
bound clumps that form in tidal tails of interacting galaxies. We do not exactly know 
on which (probably resolution-dependent) scales these clumps could form. On small 
scales they could be the seeds o f s tar clusters. If they are more massive, they could 
be identified with t idal d w a r f galaxies . Those clumps are extremely interesting since 
they do not contain dark matter at all. Therefore they are a priory candidates for 
globular c lusters which do not contain dark matter. Also the question of whether there 
exist dwarf galaxies without dark matter could be addressed. Dwarfs that are observed 
around merging systems could h a w a tidal origin (e.g. Oeeg et al.. 1998). Therefore 
we need high-resolution simulations to resolve the internal structure o f those regions in 
detail (e.g. Kroupa, 1997; Klessen k Kroupa. 1998; Due et al., 2000). 



119 

Wo also want to know when? exactly the dense regions form that will be the seeds of 
star formation. High-resolution simulations could be compared with high-resolution 
observations of nearby merging spirals like the Antennae galaxies or Cartwheel (eg. 
Mirabel e t al.. 1998; Horellou et al., 1998). In addition, it is impossible up to now to 
follow infailing gas on its way to the center. However, this process could be crucial for 
the formation of massive galactic black holes. There is a strong correlation between 
bulge masses and masses of their black holes (Gebhardt et al.. 2000). If bulges of 
spiral galaxies host black holes of the order of UfM,.j and elliptical galaxies host black 
holes of the order llPAf... it is not possible that elliptical galaxies have formed from 
collisionless mergers of spiral galaxies (even if their black holes will merge in the end, 
we would need *s 1000 progenitor galaxies of Milky Way size which is very unlikely). 
Gas accretion during a major merger is a very attractive way of explaining the large 
black hole masses. However, future simulations should be able to follow the infall of gas 
up to the innermost regions where relativistic processes become important. This would 
enable us to calculate accretion rates and estimate the strength of central star bursts 
and the grow rate of nuclear black holes. 

Another related topic are the core propert ies of elliptical galaxies. It has been ar
gued by Fabcr et al. (1997) that the steep central density profiles in disky elliptical 
galaxies originate from central disk-like structures with a power-law density distribu
tion resulting from dissipative processes. Naab k Burkcrt (2000b) found first evidence 
for the formation of such a central power-law gas distribution. The flat cores in massive 
ellipticals are assumed to be a result of black holes interacting with each other or the 
surrounding stars (c.g. Nakano k. Makino, 1999; Cruz & Merritt, 2000). Since the 
dynamical timescale is very short a t the centers of galaxies, it is necessary to use meth
ods of collision dominated dynamics in the inner parts of galaxies in combination with 
collisionless dynamics for the large-scale evolution of the system. The development of 
numerical models to treat those problems is an important step to fully understand the 
dynamics of interacting galaxies in the future (e.g. flemsendorf, 2(110 and others). 

The influence of gas on the stellar dynamics d u r i n g a merger event is not well 
understood. Barnes & Hcrnqiust (1996) already noted that the stellar distribution of 
equal-mass mergers with gas look significantly rounder than their collisionless counter
parts. In contrast, as we haw shown here, 3:1 remnants with gas are significantly more 
flattened than collisionless 11:1 mergers. Furthermore, the difference in the LOSVDs 
point to a major change in the stellar distribution function. However, it is far beyond 
the scope of this thesis to investigate this issue. Specialists working within this field 
might be able to deal with it analytically (Dehnen, private communication). We haw 
already seen thai the formation of a thin stellar • lisk thai forme*I after the collision
less merger is complete cannot be responsible for a significant change of the shape and 
the dynamics of the spheroidal part of the remnant (Section 5.3). Therefore the gas 
itself must influence the stellar population during the merger ewnt. The details of this 
process are still not understood and need further investigation. 

We did not incorporate star format ion into our simulations. The formation of mo
lecular clouds which are the seeds of star formation on scales of lOpc to lOOpc is not 
yet understood. Since we are not able to resolve these small scales it is even more 
problematic to apply simple large-scale star formation rules. It seems plausible that 
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small-scale effects would not change the glottal star formation properties, but it is not 
proven at all. However first steps have been taken in the past (Barnes k Hernquist, 
199(i; Mihos k Hernquist. 1996; Springe). 24X10). Feedltaek from star-forming regions 
through the input of thermal and kinetic energy into the surrounding interstellar me
dium will change the resulting gas flow. First attempts at incorporating star formation 
and feedback by Mihos k Hernquist (199(i) and others indicate that star formation does 
not change large-scale gas flows as for example the bar-induced funneling of gas to the 
center of the merger remnant. Since only very simple rules describing star formation on 
a kpc scale have been applied, the complex small scale processes related to star form
ation are neglected. It has been argued by Bekki k Shioya (1997) and Springel (20(H)) 
that the isophotal shape depends on the star formation history of the merger remnant. 
However, those simulations did not investigate the influence of merger geometry and 
different mass ratios. Therefore it is not yet clear which is the dominant process. 

There must be some influence of the merging process on the d a r k mat te r halos. We 
can expect that the dramatic change of shape of the luminous part will also change 
the shape of the dark matter halos. Collisionless merger simulations show that the 
resulting halos are almost spheroidal. This is not surprising since we start with spherical 
objects. Large-scale collisionless simulations suggest a prolate shape (Warren et al. 
(1992)) whereas a small fraction of dissipative gas (=s 10%) results in halos of a more 
oblate shape (Dubinski. 1994). Observations suggest that halos in real galaxies are 
most likely flattened oblate objects (see Sackett (19W9) for an overview). Therefore it is 
unclear if we need oblate halos already as models for disk galaxies or if oblate halos form 
during the merger process itself. In addition, it has t o be investigated how in detail the 
shape of dark matter halos influences the evolution of merging galaxies. Especially the 
influence of initially rotating dark halos of the progenitor galaxies should be investigated 
in the future. 

A t the present epoch most elliptical galaxies are found in high-density regions like 
galaxy groups or galaxy clusters. Nevertheless, the env i ronmenta l influence at the 
time of their formation is still unclear. Massive old clusters like Coma are most likely 
dynamically relaxed systems with velocity dispersions of as 1000 km/s. Galaxies with 
relative velodties of this order do not merge. There is evidence that younger clusters 
show a significant amount of dynamically cold substructure, probably infailing groups 
of galaxies with velodty dispersions of the order o f 100 km/s. Here merging is very 
likely. Therefore galaxy groups or galaxy clusters in early evolutionary phases are good 
candidates for being the locations of elliptical galaxy formation. It has been shown 
theoretically that the potential of a cluster and repeated close high-speed encounters 
with cluster galaxies can significantly change the morphology of an in falling spiral galaxy 
(Moore e t al.. 1998). Gnedinetal . (2000) argue on the basis of cosmological large-scale 
simulations that bulges and moderate size ellipticals could form at very early phases 
of the universe. However, it is still unclear how massive ellipticals could have formed 
thereafter. More theoretical work has to be done in the future to understand in detail 
possible formation processes and interactions with the environment in detail. 
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