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Struktur und Dyvnamik wechselwirkender Galaxien

Die “Merger Hypothese™ sicht den Ursprung von elliptischen Galaxien in Verschmelzun-
gen von Spiralgalaxien. Um diese Hypothese zu testen, wurden stoffreie Simulationen won
verathmelzenden Scheibengalaxien mit unterschiedlichen Massenverhiltnizsen und relativen
Orienticrungen durchgefithrt. Alle Verschmelzungsprodukte wurden bemiiglich ihver photo-
metrischen und kinematischen Kigenschaften untersucht., Es wurden Untersuchungsmethoden
entwickelt, die einen direkten Vergleich mit beobachteten elliptischen CGalaxien erlanben.
Simulierte Verschmelzungen von G alaxien gleicher Masse resultieren in triaxialen End produk-
ten mit einem r"* Flichendichteprofil. Sie rotieren langsam, sind disperaionsgestitzt, zeigen
signifikante Rotation entlang der kleinen Halbachse und haben vornehmlich kastenformige
by IBophoten. Endprodukte von Verschmelzungen mit Massenverhiltnissen von $:1 und
4:1 sind hauptaichlich oblat, rotieren schnell mit wenig Hotation entlang der kleinen Halb-
achse und haben scheibenformige (disky) Isophoten. Alle Eigenachaften stimmen sehr guf mit
den Beobachtungen von massiven elliptischen Galaxien iiberein. Projektionseffekte fithren zu
einer grofen Streuung der Ergebnisse, in Ubereinstimmung mit den Beobachtungen, ohne die
fundamentalen Unterschiede zwischen 1:1 und 1 Veraschmelmingen aufenheben. Der Einflufi
der Bahngoometrie auf die resultievenden Ergebnisse wird diskutiert. Die Geschwindighbeits-
verteilungen entlang der Sichtlinie fiir die simmlierten Gal axien atimmt im allgemeinen nicht
mit den Beobachtungen iiberein. Eine zusitzliche, lninatlich eingefiigte, ausgedehnte stel-
lare Scheibenko mponente mit mindestens 15% der gesamten stellaren Masse kann eine [Ther-
einstimmung mit den Beobachtungen herstellen. Daher muss eine Gaskomponente mit einer
signifikanten Masse in den Vorgingergalaxien vorhanden gewesen sein, um die Entstelung
von dliptischen Galaxien durch Verschmelzungen von Spivalgalaxien 2o erkliven.

Structure and Dynamics of Interacting Galaxies

According to the “merger hypothesis”, elliptical galaxies form by mergers of spiral galax-
ies. To test this hypothesis, sinmlations of collisionless mergers between disk galaxies with
differenft mass ratios and orbital geometries were performed. Every merger remnant was in-
veatigated with respoct to its photometric and kinematic properties. The methods used o
determine the characteristic propertics were developed to resemble the methods used by ob-
servational astronomers. Therefore a sel foonsistent com parison between ainmilated data and
observations was possible 11 merger remnants ave triaxial, rotate slowly, are supported by
anisotropic velocty dispersions, have significant minor-axis rotation and show predominantly
bnxy iosphotes in good agreement with observations of bright, boey, giant elliptical galaxies.
31 and 4:1 remmnants are oblate isoptropic, fast rotators, show a amall amount of minor-axis
rotation and have disky isophotes in perfect agreement with observations of faiok, disky, giant
elliptical galaxies. 2:1 remnants show intermediate propertics. Projection effects lead to a
large spread in the data in good agreement with obeervations. They do not change the funda-
mental diffevences between 111 and 31 merger remnants. The effect of the merger geometry
on the properties of the remnants is discussed. The shape of the LOSVD of the simrmlated
remnants does in general not agree with observations. An additional stellar disk component
with 15% of the total stellar mass and a scale length of 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 obsorved
elliptical galaxies. The progenitor galaxies mmst have contained a significant amount of gas.
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Chapter 1

Introduction

Toomre & Toomre (1972) invented the idea that dynamically hot elliptical galaxies could ori-
ginate from mergers of dynamically cold disk galaxies. This “merger hypothesizs” has become
one of the most popular formation scenarics for elliptical galaxies. Therefore the study of
nearby interacting systems — if they evolve into elliptical galaxies at all - will help to ilumin-
ate the important mechanisms responsible for the obeerved properties of elliptical galaxies in
general. In the local universe there are aeveral candidates for merging gas rich disk galax-
ies using which the hypothesi= can be tested. The “Antemnae” galaxies (NGO 4038 ) are
the classic example of a nearby system composed of teo overlapping late-type spiral galaxies
in an early phase of & merger. The long extended tails most likely have a tidal origin and
are characterist ic for gravitationally interacting apiral galaxies. The merger of the Antennae
galaxics i accompanied by several bursts of star formation in the two mclei and the sur-
ronnding spiral arms. The most intense burst, however, takes place in an off-nucleus region
where the two galaxy disks overlap (Figure 1.1; Mirabel et al., 1988). Here the most massive
star clusters in the Antennae form. They are not visible at optical wavelengths sinee this
region is heavily obscured by dust. However, most of the energy from this region is emitbed
by duat. which is heated by an intense starburst within giant molemlar clonds, This emission
can only be measured at infraved wavelengths. In addition, exploding supernovae in starburst
regions heat the surrounding gas very dfectively. Thee hot gas bubbles are emitting at X-ray

wavelengtha (see Figure 1.1).

The Antennae galaxies, at a distance of X Mpe, have a total infraved luminesity of Ly ==
W' Ly, which is about five times its lumincsity at optical wavelengths. Therefore the An-
tennae galaxies belong to the class of luminous infraved galaxies (LIRCs). At luminosities
Lior = W', LEIRGs become the dominant population of galaxies in the local universe (see
Sanders & Mirabel, 1996). They emit more energy in the infrarved (5 — H{um) than at all
other wavelengths combined. At luminosities of L = W™ Ly (ultra luminous infraved galax-
iea = [JLIRG=) all smivees are very gas and dust-rich interacting systema. A amall peroentage
I== T¥) of ULTRG=s can be considered to be fully relaxed systems with no signs of interaction,
sz 280 already completed the merger process and show no second nucleus, and = W% of
ULIRGs are still interacting, sinee both nuclei can be identified on the images [Rigopoulon
et al., 1999, Clearly, the ULIRCGs in the local neighborhood can not explain the formation of
elliptical galaxies with an age of & —10 Gyrs or more. However, Hibbard & Vaoea (1997 have
shown that ULIRGs are the best local analogues of distur bed high redshift galaxies observed

1



2 CHAPTER 1. INTRODUCIION

Figure 1.1: Different viewa of the Antennae galaxies. Leff: The visible image in the upper
right shows the extended tidal tails, typical for interacting galaxies. The central region as
seen by HST (Hubble Space Telescope) exhibits bright spota of newly born stars and the
two distinet nuelei. The infrared emission measured by IS0 (Infrared Space OYbservatory)
i7 indicated by the eontour lines. The strongest emission comes from an obacured interarm
region eonnecting the two muclei (Mirabelet al., 1998, Right: The X-ray view of the Antennae
galaxies measured by Chandra (Fabbiano et al., 300, Astronomy Picture of the Day (ATOD),
Angust 18], Single point sources (black hole candidates and nentron 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 mergy distribution. ULIRGs are therefore good candidates o represent a primary

state in the forrnation of elliptical galaxy coves.

The question whether gas rich mergers evolve into syatems that resemble present day elli ptical
galaxies is atill not fully explored. The *Toomre Sequence” (Toomre, 1977 see alao Toomoe
& Toomre, 1972) of the 11 foremost examples of ongoing mergers of late-type spiral galaxies
selected from the Mew General Catalouge [ NGO) provides considerable insight into the mer-
ger proce=s. The optically selected sequence represents the proposed stages of merging disk
galaxics, Early-stage mergers have well separated but distorted disk components ( Antennae,
Arp 2495, NGC 4676, and others). Intermediate-stage mergers exhibit distinet muclel in &
common envelope of luminons material with clear signs of interaction as extended tidal tails
je.g NGO HED . Late-stage mergers consist of a dynamically velaxed central part with tidal
appendages emanating from a single nuelens (eg. NGO 821, NGO 7252, Arp 230 Figure
1.2; see Hibbard & wvan Gorkom, 1996G).

A recent study of 3 late-stage mergers has shown that the ll].lllil!.l!‘.lﬂih_‘r' profile in the case of
NGO 3121 and NGU T252 {see Pigure 1Y) will evolve to an 1% law, which is typical for



Figure 1.2: Late-stage mergers in the local universe. Leff: Arp 200, the meost luminous galaxy
in the local universe (Thompson et al., 1997, APOD, June, 17). Bighs: NGC T252,

elliptical galaxies., Howewver, Avp 23] (Figure 1.%), which ia the most luminons galaxy in the
local universe and belongs to the class of ULIRGs, shows an exeess of light in the central
part. This exeess of light is not & common feature among elliptical galaxies, It is found only
in acme cores of ellipticals. However, different processes like powerful expanding super-winds
or massive starbursts with an IMF that is bissed towards massive stars can lead to reduced
central stellar densities when Arp Z3) evolves with time. Observed physical processes taking
place in interacting galaxies in the loeal universe are dominated by gas dynamics and star
formation. The role of stellar dynamics, however, is diffimalt to estimate.

Dynamical modeling has demonstrated that large scale interactions are efficient means of
driving central inflows of gas and therefore can trigeer nuelear starbursta or AGN s as energy
sources for the enormons infrared emission seen in ULIRGs (sec ey, Barnes & Hernguist,
19496). However, the detailed processes leading to a starburst are not well understood. Up
to now, mimerical simulations which include stellar dynamics, gas dynamics, star formation
and its feedback were not able to reproduce all the observed features (Mihos & Hernquist,
1996; Barnes & Hernquist, 1996 see Hibbard & Yun, 199, In particular, there are several
questions that have to be addressed in detail. How mch gas in total is needed to get the high
densities obaerved in centers of elliptical galaxiesT What is the influenee of gas on the global
dynamics of merger remnants? When, where, and how does the gas transform into atars?
Where does the hot X-ray emitting gas, observed in massive giant elliptical galaxies, come
from? Does gas acrete onfo a central black hole? How does the existence of a black hole
influgnce the dynamics of the remnant? What is the influemee of magnetic fields? However,
all these questions involve complicated physical processes that are either poorly understood
theoretically - such as star formation in molecular douds - or involve complicated plysics and
are very difficult to implement numerically, like magnetic Helds ar relativistic hydrod ynamics.
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There exista a lot of detailed information about central and global photometry, global kin-
ematical propecties and spatially resolved local kinematics of giant elliptical galaxies. This
data can be cornparved with dynamical models of interacting galaxies. It is remarkable that
even collisionless dynamical models which cnly involve gravitation have only been investig-
ated to & small extent. In partienlar, it is not dear in how far collisionless mergers sueeeed
ar fail to explain the formation of elliptical galaxies by collisicnless mergers of disk galaxies.

[n this thesia we foms on the properties of purely collisionless merger models and compare
them self-conaistently with mest of the available data of giant elliptical galaxies. We can
thus test whether the merger acenario for collisionless mergers is suocessful. 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 basic questions, we build a findamental basis
for future inves tigations in the field of inberacting galaxies.

The thesis iz structured as follows, We review the most impeortant observations of elliptical
galaxies in general and the obaervational methods relevant for the investigations here in detail.
This is accompanied by an overview of the mmerical work published up until the time of the
beginning of out investigaticms (Chapter 2.1). In Chapter 3§ we discuss the numerical models,
the simulation methods, and our merger survey. The results concerning the global structure
af simulabed rermnants ave given in Chapter 4, the results of our detailed investigation of the
line-of-sight velocity distribitions are given in Chapter & together with a dynamieal model
to explain the discrepancies in relation to observations. In Chapter 6 and 7 we conclude and

give an outlook on future work.



Chapter 2

Elliptical galaxies

In this chapter we give an overview of the status regarding obeervations of elliptical galaxies
and the mmerical work done so far to understand their formation by merging of disk galaxies.

We describe in great detail obaervational and numerical methods and results that are relevant
for the investigations in this thesis. For aspects which are briefly discussed, we vefer to a list

of literature.

2.1 Observations of elliptical galaxies

In the traditional view, galaxics have been classified by their appearance on images. The
most widely nsod elassification scheme is the one invented by Hubble in the year 1936 in his
book The Benbm of the Nebudoe (Hubble, 1956).

Figure 2.1 Classification of galaxies after B P. Hubble

His tuning-fork diagram [Figure 2.1) suggested that galaxies evolve from the right hand side

the so called late-type galaxies which are apital galaxies to the left hand side, the
regiom of elliptical galaxies. Elliptical galaxies have long been thought to be spheroidal dy-
namically relaxed stellar systems. They were believed to follow a universal surface bright ness
diztribution (de Vaucmilenrs, 8], the so called de Vaueouleurs 4 aw
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L CHAPTER 2 ELLIPTICAL GALAXIES

= I exp(—7.67[(rfrea) ™ —1]). (2.2

The acale length e i8 the effective radivs and the factor 303 in equation (21) is chosen
such that half of the total light of the galaxy is emitted inside rg assuming spherical aym-
metry for the galaxy image. L is the surface brightness at r = ror (see Binney & Merrifield,
1948). The only parameter used for the classification of elliptical galaxies was their elliptic ty.
They can appear nearly round or have a rather elongated shape. The type of the elliptical
ia denoted by Fn where n is the ratio of the major and minor axis of the galaxy, afb, by
o= (1= (1 — (hfa)). The types range from nearly round B0 galaxies to elongated E6 el-
lipticals. Mo obaerved elliptical galaxy appears to be more elongated than E7. The flattening
was bolieved to be cansed by simple robation.

It had also been recognized velatively early that most elliptical galaxies and Sk are found in
galaxy custers (eg. Hubble & Humason, 19351). This suggesta that the galaxy environment
playa an important role for the morphological evolution of galaxies, Ideod COemler [1974)
found that rn-gula.rl:r' shaped and probably dynamically relaxed clusters contain more ellipt-
icals [up to 400) than unrelaxed clusters with a disturbed morphology (around 15%). Later
an, Melnick £ Sargent (1977) found a relation between the morphological type of individual
galaxies and the distance from the cluster center: 8 morphology-radius relation. Nearly all
elliptical and lenfirular galaxies in regular clusters are concentrated in the coves of clusters
while moat of the apirals lie at larger distances from the o uster center. Detailed obeervations
by Direzsler [ 1981) sugrest & well-defined relationship between the local density in clusters and
the galaxy type the morphology-density relation (see also Whitmore & Gilmore, 1991). Here
the mumber of ellipticals inereases with inereasing local galaxy density whereas the number
of spirals decreases. Postman & Geller ( 1984) extended the study of the morphology-density
relation to poorer groups of galaxies and defined & single morphology-density relation which
is walid over six orders of magnitude in density. It is still & matter of debate whether the
morphology-radius relationship results from the morphology-density relation or vice versa.
Whitmaore et al. (1993) argue on the basis of Dresaler's data that the distance of & galaxy
from the cluster center is the more fundamental factor in determining the morphology of &
galaxy. This is supported by the study of Sanroma & Salvador-Sole [199)) who showed that
the radial wariations in cluster properties are preserved if one smoothes ot the substrocture
af a cluster. From all these investigations it is not clear whether the complex processes that
dictate the morphology of early fype galaxies are related to the properties of their immediate
surrmindings (local density) or their broader environment .

Starting with the advent of modern CCD cameras, detailed isophotal analysis of massive el-
liptical galaxies has become possible. It has been shown by several anthors that the isophotes
af 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
obeervations (see Faber et al, 1997) opened a window to the centers of cllipticals, revealing
core properties that also correlate with isophotal deviations and other global parameters. It
actually turned out that the deviation from isophotal shape could be 8 more fundamental
parameter for the classification of ellipticals than their apparvent ellipticity (Kormendy &
Bender, 1906).

In the following two sections we review results from kinematical and photometric measure
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menta of giant elliptical galaxies. The cted literature containg relevant information related to
thiz topie but it does not provide & complete overview of the properties of elliptical galaxies.
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Figure 22: Lef The Fundamental Plane at visible wavelengths for Virgo and Coma ellipt-
icals (Bender et al., 1992). Right Tilt of the optical (M/L))y o« M™® and near-infrared
(MJL)) g o ME-15 FP fir Coma ellipticals (Mobasher et al., 1994).

For example, elliptical galaxies follow the Fundamental Plane (FF), a two-dimensional man-
ifold in the three dimensional parameter space of the global parameters which are effective
radiug vy, mean effective surface brightness < £ =4, and central velocity dispersion oy
(Djorgovaki & Davis, 1987 Dressler ef al., 1987, Kelson et al, 1997). Bender et al. [1992)
used the following cmn;].mat.ﬂ system to mprmmt the Pundamental Plane:

#y = (log o + lagren ) V5, (28]
r3 = (logas + 2log Doy — lograr 1/ V3, (2.4)
K3 = (loga? — log Ta — log rar ) /6. (2.4]

If we define the luminesity L and the mass M of a galaxy as L = -I‘:']E,ﬂirf'_;ﬂ and M =
carorar and o and o; are structure constants, the effective radius can be written as ryg =
[ fo ) (ML) :'nEE,__ﬂ]. Then w; is proportional to logl M7, k2 is proportional to log{ A (L).
and ry is proportional to log(M/L1E3. Therefore a possible way to represent the FP edge
on s plothing ks versus k; which is ML veraug M. The tilt of the FP in visible wavelengths
ia 0L.2F (see Figure 2.2). The FP scems to be independent of the environment (Jorgensen
et al., 1996 and does in general also exat for Sk and dwarf ellipticals (Nieto et al., 1990,
Bender et al, 1992 Saglia et al., 1993a). In addition to the optical, & FP can also be found
in the infrared. however with a alightly diffevent slope (Fignre 2.2: Mobasher et al., 19498),
and probably in the X-ray (Fukugita & Peebles, 1999). The biparametric nature of elliptical
galaxies most probably is & consequence of the vivial theorem and the fact that ellipticals have
an almost homologos structure with 8 small and contimons variation of the mass-to-light
ratics at a given luminesity (Bender et al., 102 Pahre et al., 1948).
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2.2 Correlations with izophotal 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 (Laver, 19850 Cavter, 1987, Jedreejewski, 1987, Jedraejewski
et al., 1987; Bender ef al, 1957, Bender, 1988b; Nieto et al., 1991b; Poulain et al., 1992;
Nieto et al., 1994; see Kormendy & Djorgovski, 1989 for a review)]. The deviations can be
measured by mepanding the radial deviations Ary = v(t;] — rg(t;) betwesn the radivs of an
isophote t;] and the best fitting elliptical isophobe rg () in & Fourier series.  Here the §
are the equidistant polar angles from the origin to N isophote points. With Ary = Ar( ).
ri =r(ty) and ry g = rg(t;) the expansion becomes
N1 P A

An=r-rng= Eﬁ;nm (j%) + by min (‘Ehﬂ) ; (2.6
Coofficients with § < 2 characterize the position of the fitbed ellipse relative to the mess-
ured] isophote: ag and a: are the deviations from the long and shert axis, a; and by are the
zero-point-offacts of the axes. The angle between the spmi-major axis of the fitbed ellipse
with respect to the long axis of the isophotes is measnred by b All these coefficients are
minimized by iteratively determining the best fitting ellipge. Coefficients with § > § deseribe
deviations from the elliptical shape. In nearly all elliptical galaxies with significant, deviations
from perfectly elliptical isophotes, the fourt h-order eogine eoefficient o4 dominates the Fourier
spectrum. Figure 2.8 shows the effect of 4 non-zero aq-coefficient. A positive value of a4 cor-
responds to an eongated, pointed or disk-like shape (hereafter called disky) while a negative
value of oy corresponds to an isophote with & booc-like shape (hereafter called boxy). To get
a scale free parameter for the isophotal shape it is convendent to measure isophote shapes by
al = a,/a where @ is the semi-major axis length of the best fitting elliptical isophote.

= T
d o = e = ey,
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Boxy with [w, el i n1 Digicy with o o= 10 [0

Figure 2.5 NMustration of a boxy (a4 = 100 = —1.1) and a disky (@1 = 100 = —{1.1) isophotal
shape compared to the corresponding ellipse (dashed). @ and b is the long and short axis,
respectively.

The first systernatic investigation of & magnitude limited sample (brighter than By = 124
mag| of Northern bright elliptical galaxies was carried cut by Bender et al. {1988) and Bender
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et al. (1989). In arder to assign a typical value adg to ewery elliptical galaxy indicating the
characteristic imophotal shape around its half-light radius rog, the a4 fe values were averaged
between v, (seeing radius) and LSryr and mmltiplied by 100, They found that = 1/3 of all
ellipticals show beoxy isophotes, = 1/ disky isophotes, and = 1 7 irregular isophotes where
na characteristic ad-coetficient can be derived (Bender et al., 1980). Heasons for irregular iso-
photes can be a radial change from disky to bocy isophotes inside reg. This indicates a com-
plicated internal structure, like tidal extensions (Nieto & Bender, 1989), non-axisymmetric,
irregular deviat ions dominated by odd Fourier-coefficients or large-scale dust lanes (Moellen-
hoff et al., 1992) that prevent a reliable measurement.

To corvelate the isophotal shapes of elliptical galaxies with other characteristic properties,
Bender et al. (1988] defined a characteristic ellipticity €5 which is the maximmm along the
major axis or, in case of & continuous inerease in ellipticity, the value at ryp. The rotational
suppart of a galaxy can be measured by the ratio of major-axis rotation vy,  at one effective
radius and the central velocity dispersion ag, defined as the mean velocity dispersion between
the center and dl5rar. Theoretical predictions for an oblate. isotropic body that is fattened

by rotation lead to
(vmaj/mothes = 1/ /(1 — €. (27)

This formula is an approxcimation to the original formula derived by Binney (1978). Following
Kormendy (1982] and Davies et al. [ 1953) one can then parametrize the amoint of anisotropic
velocity dispersions in elliptical galaxies by the anisotropy parameter (wpg)/oq)", defined as
the ratio of the observed values for (v, /70 )ans and the theoretical expectation derived from
the measured ellipticity €4, adopting equation [2.7):

= f?lmajfﬂujnm _ [ﬂmj ,-"-a:r.;.]uh
[ tmagfoo)ine vt/ (] —€abe)

(tmag /o) (2.8)
An edge on, rotationally flattened stellar syatem with constant ellipticity will have a value of
It f7a]” = 1. An inclination of the equatorial plane of the galaxy will canze (o fog]™ = 1
(Binney et al., 1982). Since observed ellipticals do not show constant ellipticity along the
major axis it can be assumed that (. foe)” < 0.7 indicates anisotropies in the velocity dis-
peraions (Bender, 1988k, Inaddition to robation along the major-axis, the amount of rotation
along the minor axis can be parametrized by g = (min (40 'mi] + w2 ) (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 ellipticals show significantly larger twists than elongated gal axies
(Figure 2.4). Nicto et al. [19%2) conclude that a large mimber of ellipticals ave intrinsically
triaxial and contain bar-like structures in their centers.

Figure 2.5 shows the correlations between the isophotal shapes of eliptical galaxies and the
dizmu=sed kinematical parameters. Along the major axis, the mean fractional radial depar-
tures from ellipses odyp typically lie in the range of —2 < adyg < 4. Galaxies with higher
values ave generally classified as Slla. The distribution of e versus €.y shows a character-
igtic V-shaped figure. Hound ellipticals have smaller deviations from pure ellipaes than more
Hattened ellipticals (Bender et al., 1980, Figure 2.5). Elongated ellipticals with € = (1.4 are
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Figure 2.4: FLeff: Isophotal twists between the innermost isophote not affected by secing
and 1.5 ror a8 & function of ellipticity. Right Ellipticities as a function of the ellipticity
class according to BSA (A Revised Shapley-Ames Catalonge of Bright Galaxies, Sandage &
Tamman (19817). The discrepancy is due to the fact that the ellipticty classes were derived
at larger radii than the ellipticitics. The plots are reproduced from Bender et al. (1988].

either boxy ar disky, while those with ¢ > 0.4 are mostly disky.

Dhisky ellipticals follow the theoretical predictions for oblate isotropic rotators and almeost all
ahow (©majfoo]™ = 0.7 (loglvmajfma)” > —{L15). They ave therefore assumed to be Hattened
by rotation. In addition, they show only & small amount of minor-axis rotation. The disky
appearance is suppossd to be cansed by embedded weak stellar disks (Carter, 1987 Mieto
et al., 1988: Scorza & Bender, 195 Scorza & Bender, 1901 Rix & White, 1990 Rix & White,
14992; Scorea et al., 19498) which could contribute up to 0% to the total light in the galasxcy.
Therefore, the disk-to-bulge ratics of disky elliptical galaxi ;e overlap with those of Si-gal axics
(Ftie & White, 19%); Kormendy & Bender, 1996; Bender & Saglia, 1999).

The kinematics of bocy ellipticals is generally more complec than that of disky ellipticals.
Rotation is less important heve (bop right panel in Figure 2.3), Although they show a variety
af (tmajfo)” values, they include all of the galaxies with negligible rotation and ave fAattened
due to velocity anisotropy (vme/o)” < 0.7. They are also notable for showing significant
minor-axis rotation | lower right panel of Figure 2.5 Wagner et al., 1988; Franx et al., 1980).
Thiz leads to the conclusion that the stellar body of a typical boxy elliptical galasxy is triaxal.
Ooeazionally, massive boxy ellipticals have kinematieally distinet cores (Franx & Tlingworth,
1988: Jedrzejewski & Schechter, 1988, Bender, 1988a; Franx et al., 1989; Forbes et al., 1994,
Forbes et al., 1990; Forbes ef al, 1996; Koprolin & Zeilinger, ®000). These cores inhibit
fattened, rapid ly rotating disk- or forus-like componenta dominating the light in the eenfral
few lindred parsecs of the galaxy (Bender, 19%a; Rix & White, 1992; Mehlert et al., 1998),
but. they contribute anly a few pereent. to the total light of the galaxy. The fact that these cores
are metal-enhanced shows that gas must have played an important role during the formation
af the central regions (Bender & Surma, 1992 Davies etal., 1993: Bender, 1996; Davies, 19496).

As paointed out by Bender et al. (19849), the deviations from ellipses corvelate with the blue
luminesities L g of ellipticals in the sense that galaxies with log L g aer = 11.1 [eorrespond ing
to masses > lllu_ﬂr{m: see Figure 2.6 (f)] exhibit nearly elliptical ar boxy isophotes (Figure
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Figure 2.0 Kinematical and photometric properties of miant elliptical galaxies. The filled
squares show the values for boxy ellipticals (edgg = ), while the open diamonds represent
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the values for disky ellipticals (all data provided by Ralf Bender). Top leff panet Ellipticity of

the galaxiem va. eleq. Top right panel: Rotational velocity over central velocity dispersion va,

elliptivity (upper limita are indicated by arrows). Ooffom {eff panel! Anisotropy parameter

(tmajfma)” v, ader. Dotfom right panel Amount of minor-axis rotation va. adeq, with tma)
and g, being the maximum velocity along the major and the minor axes, respectivel y

26 (e)). At the low luminosity end with log L g e < 104 [ masses < 10" M), almest all
galaxies show disky isophotes. This is consistent with the finding of Davies et al. (1983) that
faint ellipticals (Mg > —30.5) and bulges comparve well with models for fast isotropic rotators
(zee also Mlingworth, 1977; Davies & Nlingworth, 198%). There are also long-known relations

beetwreen radio activity and other properties of early-type galaxies (Dender et al., 1989). Hadio
activity predominantly oecurs in luminous ellipticala (Heckman, 198%; Cordey, 1986).
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Figure 26: Summary of the main correlations for elliptical galaxies reproduced from the
ariginal paper of Bender et al. (1989). (a) Radio luminosities L g at 1.4 GHz va. the isophote
shape parameter a4) (o = L0 (this is 4.y in the notation nsed throughout this thesis). Error
bars are caleulated assuming a distance uneertainty of 15%. The arrow indicates that for
Fp = 10 W /Hz the data points are either detections or upper limita. (b) Badio luminosities
Lg at 1.4 GHz wa. the blue luminosities Lg. Ervor bars ave caleulated as in (a). (¢} The X-ray
lnminesities Ly in the (1.5-1.5 kev band. The errors ave calmlated azin (a). The straight line
indicates the assumed contribution of discrete K-vay sourees, (d) X-ray luminositics against
the shape parameter. (¢] The isophote-shape parameter a (4] fa va. blue lnminosities Lg. (f)
Masses of the galaxies va their blue lumingsities. The ervar in log M is only a lower limit.
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Radio loud elipticals ave less flattened than ellipticals in general. Very powerful radio sources
seern to be associated with disturbed galaxies, Many radio galaxies are trinxal in shape and
radic-loud ellipticals have predominantly boxy isophotes, while disky ellipticals show no radio
emizsion in general (Bender et al., 1987; see Figure 2.6 (a) ).

Starting in the late 7k, obaervations using the Einsfein Qbservatory (Giaceoni et al, 1979)
revealed significant X-ray emission from elliptical galaxies (Forman et al., 1979). The emis-
sion has been attributed to a hot interstellar medium (gaseous X-ray hale] becanse of the
brightness of the emission as well as the softness of the spectrum (Forman et al., 1885; Can-
izares ef al., 1987). For elliptical galaxies the amount of 3-ray emission excesds the emission
from diserete atellar souress only in bright (log Lpgaer = LILG) ellipticals with boxy isophotes
where the high X-ray luminosities (log Ly ferg /5] = 40) are consistent with emission from
gazenis halos (see Fignre 26 (¢) and (d); Bewing et al., 1999). In contrast, faint and fast
rotating ellipticals with disky isophotes do not show X-ray emission in exeess of their discrete
sources (Bender et al., 1989 Irwin & Sarazin, 1998; Hanlan & Bregman, 300).
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Figure 2.7: Leff: Maximum ellipticity € and characteristic isophotal shape a4 versus Sersic-
index mg,j. In our definition vy = 1T, (reproduced from Caon et al, 19495). Right:
Sersic's shape parameter i = fige versus total apparent blue magnitude for early type gal axies
lopen circles: dIE, open triangles: d800, filled civcles: B, filled triangles: S0, compact Mi2-type
Es: asterisk) in Virgo., The dats for Es and S are taken from Caon et al. (1993). The plot
is reprodueed from Binggeli & Jerjen [ 199E).

Elliptical galaxics show deviations from a universal surface brightness distribution (Burkert,
14998 Hjorth & Madaen, 1995). Sersic (1968) propoeed a generalized de Vaucouleurs law that

can be written as
I(r) = Lae" ™", (2.9)

[ntroducing a scale radius r, it can be rewritten as

I{r) = I, exp (= by [(r/re)er — 1]}, (2.10]
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where [, is the surface brightness at r.. b, can be chosen in such a way that the scale radios
7. ig the radins encireling half of the total luminosity of the galaxy. For the special case of
Ty = i: equation (2.10) reduces to the de Vaueouleurs law, equation (2.2), with &, = 76692,
Caon et al. (1993 ) and D'Onofrio et al. (1994) used the Sersic law to fit the surface bright ness
profile of & sample of dliptical galaxies and Sa. They found that it provides a perfect fit with
a very small scatter. The exponenta lie in the range of 007 < figer < 0.6 and correlate with
the ellipticity g and the isophotal shape @44 in the smae that boxy galaxies have smaller
figer than disky galaxies and more elongated galaxies have higher values of figer (Caon et al.,
109E). The eeponent or profile shape parameter g, also correlates with global parameters as
Tor o the apparent blue magnitude of the galaxy [(Cacn et al., 1995 Binggeli & Jerjen, 1995;
see Figure 2.7). Hecent observations confirmed this trend for smface density profiles | Boselli
et al., 2000; Gavazzi et al., H00). Gavazzi et al. (2000) investigated the surface brightness
profiles of 1157 galaxies with & model combining a de Vanconleurs bulge and an exponential
disk. They found that less than H0% of all elliptical galaxies show pure de Vaucouleurs pro-
files. The majority of E to S3b galaxies is best repeesenbed by a bulge + disk model. The
fraction of exponential-dominated galaxies demeases with inereasing luminosity and pure de
Vaueouleurs prafiles became dominant for galaxies with L = 107 L,

Recent HET observations have shown that early type galaxies basically show two distinet
core properties (Crane et al., 1995 Jaffe et al., 1994 Fisher et al., 1995 Lauer ef al., 19905;
Faber et al., 1997). Galaxies with cores (weak density cusps) show broken power-law sur-
face brightness profiles that change slope significantly at a break radius ry. Cores are found
anly in luminoas ellipticals with My < —22 which can be associated with boxy, slowly o
tating galaxics, A cove galaxy is identified when the values of the inner logarithmic slope
v = —d(log £) fd(logr) are smaller than 0.3, Low-lumingsity elliptical galaxies [ My = —3L5;
mostly disky ellipticals] do not show a break in the profile slope and therefore do not show
cored. Here the average slope is around v = (L8 (Faber et al., 1997). At inbermediate mag-
nitudes [—22 < My < —20.5) core and power-law profiles coexdst.,

All these detailed observations show that elliptical galaxies can be subdivided into two groups
with respect to their structural propertis (Bender, 1988h ; Bender et al., 1958 Kormendy &
Bender, 1996; Bender & Saglia, 1999, Beog ellipticals rotate slowly, have anisotropic velocity
dispersions, hawe shallow corea, and show stronger than average radio and X-ray emission.
Disky ellipticals rotate fast, are supposed to contain faint stellar disks, have power-law inner
profiles and arve radio and X-ray quiet. The distinet physical properties of disky and boy
elliptical galaxies point to the fact that both types of elli pticals conld have different. formation
histories. It has been argued by Kormendy & Bender (1996) and Faber et al. (1997 that the
abserved stellar disks and the high density power law centers in disky ellipticals show that
dissipation was essential for their formation. Sinee 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, 1995 Scorza & Bender, 1995). Boxey ellipticals with
an even higher bulge to disk ratio show a stronger kinematical decoupling at their centers and
no disk at all, indicating & merger origin that could also be responsible for irregular stroctures
and X-ray emission from massive star formation. In this sense the Hubble sequence from Sils
to maszive ellipticals is a sequence of vanishing disks embedded in more prominmt apheraidal
bodies (Kormendy & Bender, 1996).
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2.3 Line-of-sight velocity distributions (LOSVD)

The complete line-ofsight velovity distribntion (LOSVIY) of an elliptical galaxy at a given
position containg all the aceessible information about the kinematics of the system. The
understanding of the dynamics of elliptical galaxies as given only by the first-order moment
af the LOSVD — the bulk motion — and the second-order moment — the velodty dispersion
(2oe Section 2.2) therefore remains incomplete. Theoretical models have shown that it
is not possible to constrain a model for an elliptical galaxy from the rotation velocity and
the veloeity dispersion alone. A large range of masses and central densities is consistent
with & given velocity disperaion profile (Binney & Mamon, 1982 Dejonghe & Merritt, 19492).
Theoretical investigations have indicated furthermore that more detailed information about
higher-order moments of the LOSVDF can help to break the degeneracy between anisofropy
and mass (Dejonghe, 1987 ; Merrifield & Kent, 1990; Gerhard, 1991, 1990; Dejonghe & Merritt,
1992 Merritt, 200 Dehnen & Gerbhard, 1995, 1994 Eeans, 1993, 1994: Cretbon ot al., 19
Cretton et al., 2000k Kronawitter et al., 2000). It iz beyond the scope of this thesis to
dizeuzs these theoretical approaches. We tefer the intercsted reader to the cited papers and
references therein, New obeervational bechniques and analytical tools (Bender, 1990h; Rix
& White, 1992: van der Marel & Franx, 19935 Saha & Williama, 19%) provided the hasis
for measurements of LOSVD for real elliptical galaxies. Several observations have shown
that the simple assumption of Gaussian LOSVDe has to be rejected. Many LOSVDe show
asymmetries or are more or less peaked than a Gaussian (Bender, 190b: Rix & White, 1942;
Bender et al., 19%; Fisher, 1997; Mehlert et al., 2000; Kopralin & Zeilinger, 2000). To get
a quantitative measurement for the deviations of the LOSVD from the Gaussian shape the
velocity profile Pluv) can be parametrized in accordance with Gerhard (1993) and van der
Marel & Franx (1995 by a Gaussian plus third- and fourth-order Ganss-Hermite functions
Izee Bender et al., 194

Py = *':.'airi“l[l + halfy ) + hyHy (w]]. (2.11)
where w = [v —ugy)fog and
afw) = ‘:—Ef ity (2.12)
Hifw) = ﬁ[h@ﬁ — 32w (2.13)
Hyw) = Tlﬂiqw* — 12w +3). (2.14)
Hz and Hy are the standard Hermite polynomials as defined by
F =
(_%) alz) = vH, (z/v2)alz). (2.15)

The H; form a set of arthogonal functions, w = expl—uw? 2] » H;(w) are the Gauss-Hermite
basis functions, and hs and by are their amplitudes which cepresent the skewness and the kur-
tosis of the velodty profile, vespectively. Mote that the shewness kurtosis and hs fhy are not
identical. The skewness and kurtosis are the normalized third- and fourth-order moments of
the LOSVD and are more susceptible to the wings of the line profile which are ill-constr ained
by the observat ions (see van der Marel & Franx, 1948}, v is a normalization constant. Since
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the obeserved LOSV D are not Gaussian, the fit parameters vy, and og, correspond only to
the first order to the real first () and second (o) moment of the velocity distribotion (dif-
ferences of up to 15%, see Bender et al., 19%; Magorrian & Binney, 1994). For h; = 0 and
hy = 0 the resul ting velocity profile is & Ganssian. For asymmetric profiles with the prograde
(leading) wing steeper than the retrograde (trailing) one, h and vy, have opposite signa. This
corresponds to A negative ha as defined by observers (van der Marel & Franx, 1995 Bender
et al., 1904 Fisher, 1997). When wy, and h; have the same sign, the leading wing iz broad and
the trailing wing is narrow. LOSVDs with hy > () have a 'triangular’ or peaked shape, here
the distribution's peak is narrow with broad wings. Flat-tbop LOSVDs have by < () where the
peak is broad and the wings are namrow. Figore 2.8 shows a Ganssian and the correspond -
ing Gianss-Hermite functions of third and fourth arder with amplitudes of 109 of the Gaussian.
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Figure 2.8 (a) Shows a Gaussian (full line), the third-order Gauss-Hermite basis funetion
with the amplitnde by = .1 (dotted line] and the sum of the two (dashed line, see equation
211). In this case the retrograde wing (@ < vy is steeper than the prograde cme. (b)
Same as in (a) but with ha = —il1. In this case the prograde wing is steeper than the
retrograde wing. This is what is observed in elliptical galaxies to radii = rog (Bender et al.,
19494). () Shows & Ganssian (full line), the fourth-order Gauss-Hermite basis function with
the amplitude #iy = 0.1 [dotted line] and the sum of the two (dashed line). The resulting
shape is peaked at the center with broad wings. (d) Same as (] but with iy = —0.1. This
produces s Hat-top shape.

In general there is no reason why collisionless aystems should have perfect Ganssian velocity
distributions. There conld be several origins for deviations from a perfect Ganssian shape. For

example the superposition of a dynamically hot bulge component and a mld, fast rotating disk
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would result in an asymmetric or even bimodal LOSVD which is characterized by a non-zero
hy that has the opposite sign of o [Bender, 1990k Rix & White, 1992 Dender et al., 1984).
Theoretical predictions for LOSV De of oblate anisotropic models indicate a positive value for
hy reaulting in a distribution that is more pealed than a Gaussian (Dehnen & Gerhard, 1955
Grerhard, 19403,

é-l,,_,-'r.H“ 100

Figure 2.9: (a) "The correlation between the global parameters < My = (i in our notation)
and a4 fa £ W0 (adyy in our notation). Filled squares represent boxy ellipticals, open squares
are disky objects. Single sided error bars indicate upper limita. (k) The correlation between
< Hy > and v/og (vme)f o0 in our notation]. Symbols are the same as in (a). The arrow
indicates how the addition of a cold disk conponent with a disk-to-bulge ratio of (L3 would
maove & point from the mean relation (see equation (2.16) shown by the straight line (see
Bender et al. (L944) for details). The fignre is reproduced from Bender et al. [1994).

Using a procedure similar to the definition for the isophotal parameter ol (Section 2.2)
Bender et al. (199] derived characteristic values hor and e (< Ha > and < Hy > in
their notation] by averaging the values of hy and by up to one rg excluding the central part
af the galaxy. These characteristic values show significant eorrelations with eder and vma) foa.
As shown in Figure (29], < Hy > carrelates with v, /og in the sense that < M3 > becomes
more negative with inereasing tmajfoo. The same correlation is obeerved betwem < Hz =
and #lyr. Bender et al. (19 find that a correlation between < Hy > and vy, fog can be
described by

hier =< Hy = —0.12 x tma|fma. (2.16)

They note that in their sample containing mestly elipticals in low density environments
and some cluster ellipticals, no galaxy shows significantly pesitive values for Ad.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., 2000) and therefore seems
to be independent of the environment. Bender et al. (194) conclude that if rofafion s
present, the prograde usng of the LOSVD i5 alunys stecper than the refrogrode wing. They
alan investigated the local correlation between fy and o /o (see also van der Marel et al.,
14944). Here they find a steeper correlation than the global one for small values of o /o
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Figure 2.10: Local covrelation between M: and oo as measured by Bender ef al. (19494).
Typieal error tears are plotted in the upper right. Open squares represent disky ellipticals,
filled sgquares &1l other ellipticals. The lines show model predictions for teo-integral mod-
els (Dehnen & CGerhavd, 1995, 1994) of different flatteni ng and inclination. This figure is
reproduesd from Bender et al. (19%4).

including all booey ellipticals and a flatter one for large » for made up by disky ellipticals alone
Izee FigureZ 10). Adar hardly correlates with any of the other parameters (see Bender et al.
(14094 for details).



24, NIMERICAL SIMULATIONS OF INTERACTING GALAXIES 14

2.4 Numerical simulations of interacting galaxies

In the 197z, Toomre & Toomre (1972) and later on Toomre (1977) proposed on the basis of
experiments with a restricted 3-body method that early type galaxies could originate from
mergors of disk galaxies, Almost at the same time Ostriker & Tremaine (1975 suggesfed
that dynamical friction and repeated mergers and acoretion of galaxies near the centers of
galaxy clusters could be responsible for the formation of massive ¢D galaxies, This menger
hypothesis has become one of the most popular models for the formation of eliptical galax-
iea. The merger hypothesis has been tested in great detail by many authora. White (1978,
19749) investigated mergers of spherical galaxies, Gerhard (1981), Faronki & Shapivo (1982)
and, later on, Megroponte & White (1983) were among the first who performed self-consistent.
merger sirmilations of disk galaxies. However, the resolution of these simulations was very
low and the number of particles representing each galaxy did not meeeed 500, The aituation
changed with the advent of Treeoodes in the late 19808 (Appel, 1985 Jernigan, 1980; Barnes,
1986; Hernguisk, 1987 Jernigan & Porter, 198Y9). The method allowed simmilations withount
restrictions to the geometry of the problem and redueed the computational effort to siomlate
a system with N particles from ON® to & Nlag N). Using this powerful tool, the merger
hypothesis has been ivestigated by mimerons authors in great detail (see Barnes & Hernquist
(1992 for a vewiew). Using the Treecode, the first fully self-consistent mergers of two equal
mass, rotationally supported disk galaxies embedded in dark halos were performed by Barnes
(1988) and Hernquist (1992). They found that mergers indeed lead to slowly rotating, pres-
sure supported anisotropic systems. The remnants were triaxial and showed both disky and
boxy isedemsity contours in projection (Hernguist, 1992). In addition it was found, in con-
tradiction to the commeon belief, that mergers of equal mass galaxies lead to the formation of
loopa and shells around the remnants in good agreement with observations of shells around
elliptical galaxies (Hernquist & Spergel, 1992). The suface density of the remnants sio-
lated by Barnes (1988) contained a central bulge component and followed an r'/* profile up to
the central resolution limit, determined by the gravitational softening length. The half mass
radiuz of the system was slightly larger than the seale length of the initial disk. The pure
dizk mergers performed by Hernguist (1992) were too diffuse at the center, leading to strong
deviations from the observed de Vaucouleurs profile. This result can be explained by limited
phase space densities at the cenfers of obaerved disk galaxies that are in disagresment with
the high phase space densities at the centers of elli ptical galaxies and bulges (Carlberg, 1986:
Wyse, 1988). Subsequent investigations by Hernguist of al. (1885h) showed that mergers of
progenitors with massive bulge components (25% - 3% of the disk mass) could resolve this
problem leading to core radii and surface brighiness profiles that ave in exeellent agreement
with obaervations. This result is expected sinee the mergers alveady start with galaxies that
contain eliptical like components and therefore d issipation may not. be needed o satisfy phasze
space constraints. Hernguist (19%a) and, subsequently, Heyl et al. (198 and Steinmetz &
Buchner (195) investigated departures from pure ellipses in their equal mass merger rem-
nants. However, Hernquist (199:3a) did not investigate the shape qualitatively. Heyl et al.
(193] created false CCD images of their remnants and used the IRAF implementation of
Jodreejwaki's ellipee fitbing software (Jedrzejewski ot al, L9E7). Steinmetz & Buchner (1995)
used MIDAS and the fitting procedure invented by Bender et al. (19588). Both found disky and
boxy departures from pure ellipses that have the same magnitudes a2 in obaerved 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 confradiction with the observations. Sinee disky and
boxy ellipticals have different vadio and X-ray properties (gee Chapter 2.2) that should not de-

pend on their viewing angle, their isophotes should not change as a result of projection effects.

Hewever, in agreement with obscrvations of boxy ellipticals Barnes (1992) and Heyl et al.
(1996) also found mizalignments between the spin and the minor axis in major merger rem-
nants that seemed to be larger than observed (Franx et al., 1991). Heyl et al. (1996] also
investigated moments of the LOSVD inside 0.5 ren of their remnantzs. They found a signifie-
ant amonnt of shewness but did not investigate the sign or the correlation with radius.

It haz been argued by Kormendy & Bender (1996), Faber et al. (1997) and Rix et al. (19949)
that gaseous mergers lead to distinet 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 ellipticals would form from purely dissipationless mergers,
This idea has theorvetically been addressed in detail by Bekki & Shioya (1997) and Bekki
(1998) and recently by Springel (20000). Deldi & Shioya (1997) simulated mergers including
gaseous dissipation and star formation. They found that the rapidity of gas conanmption
affects the isophotal shapes. Secular star formation however leads to final density profiles
which deviate significantly from the observed r'/*-profiles in radial regimes where all elliptic-
als show almest perfect de Vaucouleurs laws [ Burkert, 19493). These calmlations and models
af Mihos & Hernquist (1996) demonstrate that the effect of gas and star formation changes
the structure of merger remnants &8 such & dissi pative component would most likely lead o
strong deviations from the ' profiles which seema to be a result of dissipationless, viclent
relaxation proceszes. Nevertheless the observations of metal enhaneced, decoupled and rapidly
spinning disk-like cores (see Chapter 2.1; Bender & Surma, 1992 Davies et al., 19495 Bender
& Davies, 1996) show that even in beoxy ellipticals gas mmst have been present. Mumerical
simulations show that these featuves would result naturally from gas infall during the merger
process (Barmes & Hernguist, 1996 Mihos & Hernguist, 1996). The influence of gas on the
elobal structure of elliptical galaxies is not well undersbood as it iz sensitive to uneertain
details about the star formation process (Barnes & Hernguist, 1996).

Recently, Barnes (1998) presented a set of 11 and $: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 & merger of & 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 even quantify the isophotal deviations in detail. According
ta this model, boxy and disky elliptical galaxies should result from equal- and unequal-mass
mergers, respectively (Maab et al., 199%). Dendo & Barnes (2000)) took the sample of Barnes
(198 and investigated rotational support and the line-of=sight velocity distributions alomg
the major axis of the remnant and parametrized it with Gauss-Hermite polynomials. They
found only zero or positive values for ha but again they did not take projection effects into
acconnt. In addition, they compared the rotational support of the remnants with the observa-
tions of Bix et al. ( 1999) and found good agreement. (see Section A1 for our view of this topic).



Chapter 3

Simulations of galaxy interactions

3.1 Numerical methods

In addition to theoretical and experimental physics. computational physics has become s
powerful tool for answering relevant physical questions. The inerease of computer speed and
the development of special hardware and software have opened the opportunity to mode a
whale aystem 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
M-body simulation technique has berome one of the most powerful tools for the study of
aatronomical systems of gravitationally interacting subunita: the solar system, star clusters,
galaxies, clusters of galaxies and the large scale structure of the universe.

3.1.1 The GRAPE-3/GRAPE-5 system

The simplest approach computing the gravitational intevaction between particles is direct
summation. Here the foree exerted on a particle is given by adding up the contributions
from all other particles in the simulation. This offers & large, contrallable dynamic range in
spatial resolution. In addition, there exists no limitation with respect to the geometry of the
prablem, The big disadvantage of this method is that it requires a computer processing power
that seales with & N?) for the force calenlation while all other actions (like time integration)
scale with (3], To increase the speed of & simulation it is in general po=sible to follow teo
different paths. (dne can use highly specialined algorithma (e.g. Treecodes) which can be used
in enmbination with general-purpose compuaters or parellel supercomputers. They veduce the
numkbser of required inter-particle foree caleulations to @A log N') but contain approximations
with mespect to foree eontributions of distant particles. A different. approach is to realine the
time consuming foree caleulations directly in external hardware which can be connected to a
standard workstation,

This approach has bem realized by the family of GRAPE (GRAvity Pipelinkl ] special-purpoae
hardware deviees (Sugimoto et al., 19); Makino & Taiji, 1998). They have a specially de-
signed, pipelined and highly parallelized architecture to accelerate the computation of grav-
itational many-body interactions. Figure 3.1 shows the basic structure of & GRAPE aystem.
The GRAPE 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 GRAPE caleulates

the gravitational interaction (which is the N part] between the particles and sends the

Z1
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Figure 5.1: Basic atructure of GRAPE syatoms.

reanlting forees back to the host computer. In addition, GRAPE delivers a list of neighbora
ingide a given radins around A particle. This is especially important for the nse of GHAPE in
combination with Smoothed Particle Hydrodynamics (SPH). All other calmlations like time
integration amd data diagnostics can then be performed on the host computer.

GRAPE-2 Processor Board
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Figure 3.2: Block diagram of the GRAPE-3 processor board (reproduced from Kawai et al.
(2000 with permission of Atsushi Kawai).

GRAPE-} was the first GRAPE aystem using mmltiple pipelines for the force caleulation
(Olummrs et al., 1993). Figure 3.2 shows the architecture of 4 GRAPE-3 board. This board

has 8 pipelines and every pipeline is integrated into one G chip (Figure 3.3). Every pipeline
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can caleulate one pairwise gravitational foree during each clock cyele according to

Gl (3 — )
F,=_ Lo €1
2 et .

where % and x4 ave the mass and position of the +-th and j-th particle, @ ia the gravitational
constant and ¢ is the softening parameter to suppress the divergence of the forees at x; = .
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Figure 3.5 Block diagram of the GJ chip (see Olummira of al. [1993)].

The peak performance of one chip is (L6 GHops at & clock cycle of 2 MHz (Okumurs et al.,
1995 see also Bawal et al., 2006). This corresponds to 0 floating-point operations for the
calculation of oue gravitatioual interaction between two particles (Okuoura et al,, 19%).
One GRAPE-JAF board has 8 GRAPE chips in total, resulting in a pesk performance of
4.8 GAopa. The round-off error of GRAPE-J has two main origins. (ne is the ervor that is
generated when the positions are converted from Hoating-point format to fized-point format.
GRAPE-1 performs the subtraction x; — x; in H)-bit fixed-point format. For the pairwise foree
caleulation the round-off ervor due to this is C{10 3 /[ x, —z;}). This means that the error is
larger for neartsy pairs (Okumura et al, 1995). This error results just from the calolation of
a distance between two particles. Another source of round-aoff error is the caleulation of the
foree from the given distance xy —x;. This part is implemented in L3 bit unzsigned logarithmic
format with an error of about 1 percent. It has been tested by Okumura et al. (1995 that
the round-off crrors with reapect to their sizse and their sign are independent of the errora res-
ulting from other caleulations performed on the board. In addition, the round-off errors have
no offset. This results in an average mean ervor of 1. Taking this into account, the relative
error of & pairwise foree calmulation is of the arder of 28 which is predse enough to perform
aimulations of collisionless ayatems like galaxies (Hernguist et al., 19%5a; Athanassoula et al.,
19498, see Hernguist & Darnes, 199) for & comparison betareen different M-hody algorithms).
The GRAPE-JAF cluster at the MPIA in Heldelberg which is used for the simmilations
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presented in this thesis — consists of 10 boards in total. We grouped the boards into several
subaystems. The fastest consists of three boards which work in parallel. occupying 3 slots
in & Solflower SFVME Shus/VMEbus interface unit with which it is linked to an UTLTRA 2
(Shus) heat worlstation, The peak performance of this GRATPE-3 aystem = =2 15 Gilops,

Since the beginning of summer 1999, GRAPE-5, the suceessor of GRAPE-J, has been on the
market (Kawai et al., 2000). The GRAPE-} board is connected to a PCI Host Interface Board
(PHIE: Kawai et al., 1997) that can be connected to a general-purpose host computer. The
comnection i3 vealized via Hlink (see Makino et al. (1997) for details of the implementation)
which controls the data transfer between the GRAPE-S and the PHIB (Figure 3.4). Every

Host Computer
; y GRAPE-5
PHIB [ )
! § Processor Board
HIiink
PCl Bus

Figure 3.4: Basic structure of the GRAPE-5 system.

GRAPE-S system consists of a GRAPE-5 processor board hosting eight GO chips, a particle
index unit, & memory unit that stores 131072 particles at one time, a neighbor list unit, and
an on-hoard interface unit (Figure 3.4). The G5 chip itself hosta o real pipeline units which
calculate the gravitational forces and an I/(F unit which handles the data transfer between
the pipeline unit and the external I/ port (Figore 5.6).

The Gb chip works with the virfsal mulfiple pipeline architecture (Making 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 pipeline unit. This
reaults in 12 vir tual pipelines in total per chip. The chip calenlates two pairwise gravitational
interactions per clock eyele at a clock speed of 80 MHz. This translates to 16 = W® interac-
tioma per sscond or 4.8 Gflops if one assumes 30 Hoating-point operations for the caleulation
af the gravitational foree between two partides. Thus the peak speed of A board with eight
G5 chips is 384 GHops. Therefore the GO chip is 8 times faster than its predecessor (3.
In addition, the eommunication speed is inereased by a factor of 10 and the accuracy of the
foree caleulation i inoreased to s 0.2% (this s ten times more accurate than GJF). There
fore GRAPE-S is cne of the fastest (and cheapest) availalele computers for the calenlation of
gravitational interactionz (Gordon Bell Prize Winner 19949).

The GRAPE-I system at the MPIA in Heidelberg consists of two GRAPE-S boards that are
used in parallel. The bosrds are connected to a Dee Alpha 20 8K donble processor (G hhez)

waorkstation. The peak performance of this CRAPE-S aystem is 76.8 Cflops.
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Figure 3.5: Block diagram of the GRAPE-5 processor board (reproduced from Kawai et al.
(20001 ) with permission of Ataushi Kawai).
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Figure 5.6 Block diagram of the GRAPE-L processor chip (G5 chip).
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Pipeline Unit 1

3.1.2 Time integration

In M-body asimulations the particles move according to the Newbonian equations of motion

de

=

dv

— = F. B
md’t (3.2

The functional form of F depends on the forees that ave necessary for the simulations. For
N-body simulations this reduces to the gravitational forees. To 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 are replaced by values at diserete time intervals. The most commonly used
discretization for N-body simulations is the kapfrog schemse or Verlet method (see Hockney &
Eastwood, 1981). & 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 bem used by & wide variety of authors investigating different problems (Barnes, 1988,
Hernguist & Quinn, 1988, Bames, 1988 Barnes & Hernguist, 1992 Hernguist et al., 1905
Barnes & Hernauist, 1996 Velazquez & White, 199 and many others). In this scheme the
dizeretization of the equations (5.2) is realized by

L T L S Y
3 3 {n}
(43} = ylt=gly 3 (:1 Jat. (5.8)

Here At is the time step and the superseript n is the time level ¢ = nAt. This scheme is
consigtent in the sense that for At — () the discretization (53] tends towands the continuons
equations (3.2). Another desived consistency property is that the discrete approxmations
and the contimons equaticns have the same time symmetry. The Newtonian equations of
motion are time-reveraible, Le., if a4 particle is integrated forwards in time cn & trajectory and
the time arrow is reversed. the particle will follow the same trajectory backwards returning
fo its starting point. Time reveraible discretizations are obtained by time centered difference
appreximations. In the equations (3.3) the difference (/" *'! — (™)) is centered about i
and the difference (v 3} _ yln Ii-'] iz centered on ™', The accuracy of the discretization
scheme I8 given by round-off errors in the computer and truncation ervors caused by repres-
enting the contimwous variables by a discrete set of values. For stable integration schemes,
round-off ervors are smaller than truneation errors and can be neglected. Truneation errors
can ke seen as the difference between the differential equations and their algebraic approg-
imations. The measure of the smallness of truncation errors is then given by the arder p of
the difference scheme, where the ervor is o (At)? for small At If the overall time step At
i held constant the leapfrog approximation is time-reversible and is a second-order accurate
approximation to the equations of motion (see Hoclmey & Eastwood, 1981). In addition,
the leapfrog scheme is stable for 4 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
criterinm could be phrased as no information is allowed to travel farther than one resolution
unit within one timeatep. For dynamical simulations the timestep must be amall enough to
resolve the dyn amics of the system. A typical walue for a timestep of a collisionless system
is 7% — 1"* dynamical time scales. Small errors ab any stage of the integration then do
not lead to larger qummilative errors. In addition, the leapfrog acheme i= easy to implement
and requires little memory. If the time step is properly adjusted to the parameters of the
aimulations the scheme provides a good compromise between accuracy, stability and efficiency
(Athanassoula, 1993 Barnes, 195).

3.2 The initial conditions

Determining initial eonditions for numerical simulations of disk galaxies is problematic in
peneral. Galaxies are compound objects consisting of a luminous disk with interstellar gas, a
stellar bulge or a bar, and an ectended dark halo. The overall goal is to deseribe a dynamical
equilibrium mosdel WJLI'L physical properties according to observations of the Milky Way and
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other galaxies. Unfortunately, the distribution function that deseribes the dynamical evolu-
tion of & collisionless aystem like & galaxy (see Section §.2.1) is very complex and not well
known for systems of such a complexify, One way out is to realize only part of the galaxy with
particles and describe the other components by fixed analytic potentiala, The disadvantage
of those methods is that they do not allow self-monsistent interaction between the subsystems.
In the standard eosmological model where dark matter hales consist of self-gravitating and
collisionless particles those interactions are of fundamental importance for the evolution of
the systern as a whale.

In Section 3.2.1 we describe the basics of the dynamics of collisionless stellar systems and
in Section 522 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 Dynamics of collisionless stellar systems

The dynamics of collisionless stellar systems 18 discussed extensively in the literature [eg.
Binney & Tremaine, 197). Therefore we will forus only on the basic concepts that are
needed to understand the deseription of the model for initial conditions in Section 3.2.2,

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

_rag N ]
baw = 2 (3.4)

Heve vy ity = terom i8 the crossing time for a system of N particles with masses m, and the
characteristic tadius r, is defined as

s =TT (3.5)
{3 is the gravita tional constant, W is the total potential energy of the system, and M = Nom
is its total mass, wy is the typical velocity

s OGN
1y iRm (5.6

of a particle in such a system with radius B. Galaxies consisting of N = 10" particles have
relaxation times comparable to the age of the universe and can therefore be assumed to be
collisionless systems. It has to be nobed that every stellar system can be treabed as a col-
lisionless system if it is investigated on timescales significan tly 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 Newtonlan equations of motion it is
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then possible to determine the velocitios and positions of every particle ab every time. For
the large number of particles involved in stellar dynamiceal processes it is not possible to
follow exactly the trajectory of every particle. Since the particles in s collisionless system
move under the influence of & smooth global potential #(x, t). a continums desoiption of
the gystem is more useful. The state of the aystem can be given by the mumber of atars
flx v, t)d*xd® in a volume d*x centered on x and velocities in the range d*v centered on
v. The function f(x, v.t) = (1, defined in the G-dimensional phase-space (x,v), i8 called the
phase-space density or the distribution funetion of the system. To find a dynamiecal equation
for fix, v, t], it can be assumed that the flow of matter through phase space can be desoribed
by a fi-limensional vector (x, v) with

(%, %] = (v, —Vi#(x, 1], (3.7)

where $(x,t] i= the gravitational potential. The flux (& ¥) is conservative, therefore the
change of mass in & phaseapace volume dxdy iz determined by inflow mims outflow, a0

af

ﬂt+_ (fx ]+— (fv)=10. (58]
If we aubstitute equation (3.7) we obtain the collisionless Boltzmann equation (CBE)
af :
E+1r-":"_f—":" 'E=”' ERY
This equation is the fundamental equation of stellar dynamics. It has the property
df
o =il (5.140)

This means thaf the loml phase-space densify f oarowmd a phose poiné of a given star abways
remaing the some (Binney & Tremaine, 1987). The potential of a given density distribution
2lx) iz given by the Poisson equation

Sdb(x t) = dnlipix, t) =Ji*.:{".'f_f[x=\r:tjd3‘l.r. [4.11]
If a distribution function satisfies the Poisson equation (3.11) and the CBE (3.9) it provides
a sclf-consistent solution to a collisionless problem. In the following equations we use the
standand sumimation convention,
Omne can derive a continuity equation by integrating equation (3.9) over all possible velod ties:
af 3 af _—_—
d v+f-n,ﬁrd HI’IH v =il (3.12)
For a spatial density of stars 1+(x) and a mean stellar velocity ¥(x) defined by
I-"Ef_fl‘ls'l.l' : EEI}’ﬂ,d‘Ev: (3.13)
this simplifies to the continuity equation

die 3Ar)
ot o,

= ). (3.14)
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If we multiply the CBE by »; and integrate over all velocities we obtain
a y af 9 [ af ;
Ef_fﬂ:rl v +jﬂ’ﬂJ H_zgdzv - Efﬂ;.adav = . (3.15)

Using the fact that f — 0 for lavge o and applying the divergenee theorem, equation (5.15)
can be written as

oy | dvEw) || o

= =g " il, (3.16)

with
— _ 1 3 .
oy = = f‘?l,'i‘l_;,_fl‘l V. [34.17]

Subtracting 77 times the equation of continuity (3.14) and substituting

-cr"":l = (o — Wy — ;) = §iy — 5T (3.18)
givea the Jeans equations
ot o0 a8 gl
st | i DR X - i el - Lk
e ax T Uﬂr‘, gz 31

The Jeans equationz (:§.19) are the stellar dynamical analogon to the ondinary Euler equa-
tion of hydrodynamica. Here I-"ﬂ':f, 15 & stress tensor that describes an anisotropic pressure.
Applying an analogous sequence of steps one can obtain the Jeans equations in oylind rical co-
ardinates by taking momenta of the CBE in cylindrical coordinates (see Binney & Tremaine,
19871:

AMvor)  (wh) | (vTFE) vh—va | P
—— 1 =1 5.2
@ T o '\ ®r “@ml~" =
o) | [1URT) | (ogee) e oL
TS T S wa e @-2)
and
e [Py 3t (LR 1 iw_"ﬂ s A If"“ =1 (3.22)

at AR Az R gz
In addition, we give the Jeans equations for a spherically symmetric system in steady state
and for i = T = (), caleulated by inbegrating % times the CBE in spherical coordinates, as

W) L [ (F+ )] = 2. (3.23)
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3.2.2 A model for individual galaxies

The models for spiral galaxies consist of a disk component, a bulge, and an extended dark
matter halo, They are constructed in dynamical equilibrinm, adopting & method deaeribed
by Hernguist (1993a). This method uses the fact that the lowest (second) order moments
af the CBE are determined by the density distributions of the components, Sinee those ane
known from observations one can compute velocity moments and approximate the real dis-
tribution funetion in velocity space by known distribution fonctions (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 equilibrinm state after a short evolution. Hereafber we deseribe
the basic propertics of the initial model,

We assume a stellar disk with a density which derreases exponentially with ineveasing
eylindrical rading B = = + 4 (Freeman, 1970) and is deseribed by isothermal sheets per-
pendimlar to the disk plane (Baheall & Soneiva, 198): Spitzer, 11042)

pulR,2) = i exp (R /W) sed® (2], (3.21)

where My is the disk mass, b ig the radial scale length, and 20 iz a characteristic measure
af the scale height perpendicular to the galactic plane. The scale height is assumed to be
independent of the galactorentric distanee (van der Kruit & Searle, 1981, 198%). To construct
a velocity ellipsoid of the disk with the density given in equation (3.24) one can use moments
af the CBE. (tservations of velocity dispersions in disk galaxies show that the radial velocity
dispersion is proportional to the surface density (Freeman, 1970; Lewis & Freeman, 1989,
Bottema, 1995 Binney & Merrifield, 1998) implying that

W, oc exp(— B/ A). (3.25)

For an isothermal sheet (here E ig independmt of 2] the vertical velocity dispersion is related
to the disk surface density, £ R), by

2 x FGE(R) 0. (3.26)

Observations of edge-on disk galaxies suggest that z does not vary with radins and therefore
vE o E(R) (van der Kruit & Searle, 1981, 1982; van der Kruit & Freeman, 1984; see Bottema
(193] for an owerview).

A small note: For a stellar system in equilibrinm with density o, VP = —pWd with the
"presure " P = po, (this is related to the functional form of the Jeans equation as an
analogon to the Euler equation, see Binney & Tremaine, 1987). We then get

1o _ a0

PRl i) e JLd
g ds Az l: )

MNear the plane of a highly flattened system Poisson's equation can be approdmated by

pE
. = 1xGp. (3.28)
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Combining equations (3.27) and (3.28) gives

a f1ap £
SR - e, 3.2
a3z (pﬁs) y o’ 330

assuming a7 is independent of 2. The solution to equation (3.29) for constant o7 is

_ 2yE i
p= pgaech (s.;.j (+5.30)
with
L
i i
9= (hﬂm] ; (3.31)

The asymptotic behaviour of o is described by

; 1—(2"fdzg) @ o
wtpayn] AR L ISR (3.2)

The velocity structure in the radial and vertical directions in the disk plane is determined by
equation (.25) and (3.26). To quantify the normalization eonstant in equation (5.25) it is
resquiredd that the radial dispersion at a eritical rading B = B, is determined by the Toompe
{} parameter (Toomre, 1964). A critical velocity dispersion for the local stability of & thin
gravitating disk at a given radins f .y is defined by

SI6GE
TR R = 5 [5.EF)
ar defining the Toomre atability parameter G
_ agk "
Q= goere =1 (3.34)
for the local stability of an axdsymmmetrie disk. The epicyclic frequency & is defined by
PRl (d‘i) 46 1 45)
By A ity W 3.35
= =®r\ar) "\ am o

Here & is the tatal potential arising from all components of the galaxy model. For the models
used in this thesis we assume a eritical radivs of By = 2.4k This corresponds to the solar

rading Hs if the moded iz scaled to the Millky Way.

To compute the azimmthal moments of the wvelocity field of the disk one needs the Jeans
equation in eylindrical coordinates (3.3)). For a star that lies close to the galactic equator,
one can evalnate equation (3.3 at z =10, and assume that (G fFz) =0, to find

Ra(Tud) | i)
v =
S ak o o

+E—E+ﬂ%=u (3.36)
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if we subatitute v with £ in the limit of a thin disk with = = . Substituting the azimuthal
velocity dispers ion

as = (g — )% = 15 + 75 (3.497)

and R(38/3R) = »f, where » is the circular speed, in equation (3.36) gives the relevant
second moment: of the CBE to compute moments of the azimuthal welocity dispersions ac-

eording to

. —= R8EuE) L 5
a; ﬂ—E .E.I_ER - R = = 12 —T,". (3.38)

The azimuthal dispersion was chosen to be related to the radial dispersion via the epicyelic
approximat ion
2
gy = ?Ji% (5.0

where {2 is the angular frequency and . is the cirenlar velocity derived from the potential of
all components by

: 1 didy, :
@ = Rk (3.40)
P o= %. (3.41)

The equations (5.256),0(8.26), and (3.3 fully specify the welocity ellipsoid in the disk plane.
Assuming an exponential surface density profile for the disk and an exponential distribution
for the radial velocity dispersion, equation (.358) with equation (5.39) simplifies to

& R 8] R 3T
i TR T B8R g 8s

(3.42)

. T S 1]
ﬂé—ﬂi_ﬂﬁ. 1-

In addition some softening has to be applied to E at =mall radii (see Hernguist (19975a)
for a detailed dnﬂ:ripti:m]. Veloeities are then initializesd by drawing o, from a Gaussian
with dispersion [E]]’IE: com puting ve by drawing from a Gaussian distribation with disper-
Si01 [ﬁ_]];\i, computing ¥ from equation (3.42), and determining the random component by
drawing from & Gaussian with dispersion (2)"*,

The dark matter halo is assumed to follow s density profile that is chavacterized by iso-

thermal spheres over some radial interval leading to a phen camenalogical potential-density pair
af

Mp o exp(—r2frd)

alr) = o T EiaE (3.43)
_ _GMy(r)  GMua i
Byfr) = ———+ ﬁmﬂe[—(;) —.f]: (3.44)

where M}, is the total mass of the halo, r. is & cutoff radins, and v is & core radins. The
normalization constant o is defined by

a={1—yrgexp (g¥)[1 - erf(g)]} ", (3.45)
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where § = «/r.. The hales are truneated exponentially at +.. In general r, is artificially small
to reduee the computational task of integrating particles that are only locsely bound and do
not affect the luminous component of the galaxy.

For a non-rotating spherical system with a mass distribution like equation (3.43] we have
g =1} (1.46)

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

ii(p vZ) +2ﬁ‘(f~]E =_— (3.47)
o dr ity r dr' i

where Gr) is defined as
_'.a

Air) =1— i; (3.48]

and measures the degree of anisotropy. If the system is isotropic (G(r] =1, F;?_ = EJ 0T CATL
integrate equation (547 to give

e 0 Phh_] Jf o (7] —rlr (3.49)
and
= mjr] fr * on (r) GM () dr, (5,501

where & includes the self-gravity of the halo and of all other components which contribute to
the gravitational field and M(r) is the ummlative mass distribution. The absolute speads of
the particles are selected from

1 a2 ; i i )
Flo,r)=dx (E) v expl—u [ 202 (3.51)
with
=
Jf Flo,ridoe =1 (3.52)
0
The Cartesian welocities are then initialized from ¢ assuming isotropy (see Hernguist, 19923a).

Ohservations of the stellar bulge of the Milky Way and external galaxies imply that they
are sphercidal systems following an v'/* surface density law. A simple density profile that
reproduces the % law was proposed by Hernquist (1499017 and i= used for this galaxy model.
The potential-density pair is

I a 1

fulr) = Ef_’ir+ﬂj

(5,53
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and
—{5 M),
i = 3.
(=" (3.51)
with a enmulative mass distribution of
2
o
Mr=M — J.50
() = My (3.55)

Ay is the total mass of the bulge and @ is the scale length. The velocities ave initialized in
the same manner as for the halo.

For the simulations performed here we use the following system of units employed by
Hernquist (19492, 1949k ): gravitational constant (¢ = 1, exponential acale length of the disk
h =1 and mass of the larger disk Ay = 1. In these unita the galaxy model has 2 = (L2,
My =548 v=1,r.= MW, My=1/3, and @ = (1L.1. Scaled] to the physical properties of the
Milky Way or 231 this translates to & = 3.5 kpe and Mg = 56 = 10"°My with a unit time
of t = L.31 » 1)’ yrs and a unit velocity of » = 262 km/s. The dynamical time of the disk
measured as the rotation period at its halfmass radius is T = 1.5 = P yr=.

This model has been proven as a valuable collisionless equilibrinm model for disk galaxies and
has been tested with several applications (Hernguist, 1992, 19950, Quinn et al., 19%5; Heyl
et al, 199; Mihos et al., 1995 Heyl et al., 1996 Walker eb al., 1996; Weil & Hernquist, 1996;
Velazquez & White, 19949: MNaab et al, 199%). Figure 3.7 shows some spherically averaged
properties of the initial disk galaxy like the ratio of dark to lnminons masas, the density, and
the eircular velocitios of the individual components.

3.2.3 Definition of the merger parameters

For all sirmlates] mergers, the two galaxies approach each other on parabolic Keplerian orbita,
In addition, we specify the initial separation of the centers of mass of the galaxies ryq. the
ratio 7 = Mz /My < 1 of the total masses My and Ms (where My < Afy) of each of the
galaxics and the separation at closest approach, namely the pericenber distance rg. Given
these characteristic values for the galaxy orbits one can caleulste the initial positions and
velocities for the two galaxies as followa:

M,

My . & % - :
rn = _Mm':fk‘“-]‘_"":'fh] 4 rn = -ﬂ"!;l.ni I:f"-WP "Ef'F'.] m"rﬂ.-l
20, ; 20, : e
T Eﬂfrﬁq‘rp —1";;-: fa = —Eﬂl'rmprp—rﬁ!: [(3.57]
— _ﬁ EFEH—ZFE: N ﬂ |21"“E—?.1"E: (2.58]
f‘SE]'I- 'H"flﬂ'l. r!-it"]'l- -H"!;ll:l‘l
M. r M, [2r
B, = —— e By, = —'Ef il ) (3.50)
Taep | Mic Taep | Moy
By o= omy o=y, = gy, =] BRI

where M, = M, + I is the total mass of the two galaxies,
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Figure 17! Spherielly averaged properties of the initial disk galaxy ve. radius in units of disk
scale lengths  Dpper leff panel: Cummlative mass of bulge (dotted), disk (straight line), total
Inminous component (dash-dotted), and halo (dashed) va. spherical radins. Upper right ponel:
Ratio of eummlative bulge, disk and halo mass and total cumulative mass va. radine. Louser
left ponel: Density distribution for the different components. Lower right porel! Circular
velogity of the model and separate comfributions from disk, bulge, and halo s, apherical
radius, It has to be noted that the civcular speed of the disk is underestimated by = 15%
sinee the mass is apherically binned and thevefore asswmesd to be apherically distritated (see
Binney & Tremaine, 1987).

In addition to the orbits of the galaxies we have to define the inclinations of the two disks
relative to the orhital plane. Here we follow Toomre & Toomre (1972) by defining the indin-
ation angle § ranging from ¢ = (0% to ¢ = 180° as the angle between the spin and the arbit
planes where ¢ = 07 for a prograde passage in the plane of the orbit, ¢ = 990° for A passage
perpendicular to the orbital plane, and ¢ = I8P for a retrograde passage in the plane of the
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M,

Figure 3.8 Schematic sketch of the initial conditions for & parebolic cobit for two galaxies
with given masses M, and My, impact parameter rp and initial separation ry..

arbit. The argument of pericenter w, ranging from w = —8F to w =9, measires the angle
between the line of nodes and the separation vector at pevicenter (Figure 3.9).

The lower mass merger partner is scaled by a factor of %'/ in radius and a factor of 5'*
in welocity as expected from the Tully-Fisher relationship (Tully & Fisher, 1977 assuming &
econatant A (L ratio (Barnes, 1998). The Tully-Fisher relation describes a correlation between
abeolute magnitudes of spiral galaxies and their rotation velod ties measured using the Doppler
broadening in 2lem emission (Tully & Fisher, 1977, Pleree & Tully, 1992 Giovanelli et al.,
149497a; Giovanelli et al, 1997h). For the stellar component of disk galaxies this roughly
corresponds to A relation between the luminosity Ly of a disk galaxy and ita civeular velocity
Uepre Which can be describwed as

Ly o ™, (4.61)
where repp ranges between 3 to 4. Here we assume a eorrelation of
Ly vl (5.62)
Assuming centrifugal equilibrinm for the disk
P M P
Ve 0% ?‘i“ (3.63)

and & given ma=s to light ratio M (L we get

My M,

ﬂ;ﬂll_l_ X Fllr_[- s -El_g !
= d

(3.61)
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Figure 3% Definition of the angles § and w for the velative orientation of the two galactic
dizls following Toomre & Toomre [ 1972).

If M/ L is constant Ady o Hj and we can calenlate the scaling factors for the length scale by
and for the velocities by, for A given mass ratio 5 as

ke =2 and h, = nV4 (:5.65)

e can also agame a disk with an exponential surface brightness profile,

El R = Egexp(— (43.66)

B
R
Here Ry and ¥, are the dizk seale length and central surface density, and are related to the
disk mass throngh

Mg = 2xSo K5 (3.67)

The scaling relations (3.65) then correspond to the assumption that all disk galaxies have
comparable values for 2.

We performed simulations of merging disk galaxies with mass ratiee =1, 5=1/2, 5 = 1/4,
and g = 1/4 .

The galaxies themselves were represented with two resolutions. In low-resolution sinmlations
the more massive galaxy contains 20000 disk particles, G666 bulge particles, and 40008 dark
halo particles. The lower mass merger partner confains 1 times the partices in each compon-
ent and its size and velocities are scaled according to equation (5.65). This results in a total
number of K352 Inminous particles for 111 mergers (1 = 1), 39999 lnminous particles for 2:1

EEFE

mergers (n = 1,/2), 35504 luminous particles for 3:1 mergers (n = 1/3), and B2 luminous
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particles for 4:1 mergers (5 = 1/4). The high-resclution simmilations eontain three times more
particles in every component.

The time integration for the low-resolution runs were performed making use of the GRAPE-3
hardware (Section §.1.1) using a leapfrog integrator with & fixed time step of At = (L08. This
corresponds to s 1140 times the half mass rotation period of the larger disk. The gravita-
tional softening (see equation §.1) was chosen to bee = (1.1, Extensive tests of the evolution of
dizk galaxies in isolation have shown that this value provides the optimal compromise between
relaxation effects (vertical heating of the disk) due to particle noise ftwo-body heating and
errors introduoed by a hias in the representation of the potential (Naab, Diploma Thesis,
14947, Heidelberg; for a discussion of the offects of force softening see Romen, 194%4: Merritt,
1996; Romeo, 1997 Athanassoula et al., 2000; Dehnen, 2000). A low-resolution 1:1 merger
used = 1.1 = 10° CPU seconds with direct summation on our parallel 24 processor GRAPE-
JAF system. The same simulation with high resolution would need = 1.2 x 1{® CP1 seconds
with the same hardware configuration, Therefore we decided to perform the high-resolution
simulations in combination with the GRAPE-S hardware with a time step of At =04 and a
softening of ¢ = (L7, The simulation time for a 1:1 merger then reduces to = 1.8 » 1P CPU
seponds. The orbital parameters of the simulations we performed ave given in Table 3.1. For
the geometries 1 to 14 we performed simmlations with mass ratices 5 = 1, /2 173, and 1/4.
If we refer to a specific merger the notation will be as follows: the first two integer mumbers
indicate the mass ratio the following character denotes the resolution and the last infeger
characterizes the merger geometry, For examples: & low-resolution merger, denoted by L,
with 5= 1/2 (2_1_) and the orbital geometry w; = —8, §; = —H), we = 30, and &; = ¥ (_8;
the Number of geometry for this geometry given in Table 3.1 iz 8] will be named as 2.1 T._8;
a high-resolution merger (H) with = 1/3 (3_1_) and the orbitsl geometry wy, = 3, i, =1,
wr =1, and ¢ = (2] will be named as 3_1_ H 2 and so on.
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MNumber of geometry 4, W fa Wy Tp Teep
1 il il il ] 2 H)
2 B il il il 2 B
4 i) il il il 2 M)
4 i) il i il 2 B
b 1) i il il 2 ||
i 1) il il il 2 .H)
T 18] il il i 2 B
B S I { T I I S ||
9 60 &) -0 -80) 2 30
11 i) 1) 1) 1) 2 H)
11 -1x) 0 1) 0 2 30
12 B | B ] -8 2 B
13 il -fi 1240 -2H) 2 M)
14 60 -3 -6 -E0 2
1% 15 50 30 ) 2 LMl
16 B b || B T |
j ) - - Ml M1 4 -H)
18 S T £ I - | S ||

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

Global properties of merger
remnants

In this chapter we discuss the photometric and kinematic properties of the remnants resnlt-
ing from the simulations deseribed in Chapter 3. To compare our simulated merger remnants
with observations we analyze the remnants with reapect to observed global photometvie and
kinematical pro perties 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 rofation. We present numerical methods fo investigate the sim-
ulated M-body remnants in a way that allows us to define characteristic values for physical
quantities that are comparable to the quantities that observaticonal astronomers messure
(Bender et al., 1988). The chapter iz 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, eorrelation with ellipticity). The kinematica
of the remnants and the mrrelation with photometric properties are investigated in Section
4.3 in a statistical way com paring the results from remnants with mass ratics of 1:1, 2:1, R,
and 4:1. In the last section we discuss some individual remnnants with remarkable properties

(Section 4.4).

4.1 Global properties

To give a first overview of the simulations we performed, we show a time sequence of the pro-
grade mergers 1.1 L8 11115 21L& 31L8, 31115 and 4.1 L 8 (Figures 4.1-4.12).
Here the particle distribution is plotted in the arbital plane and then perpendicular to the
orbital plane, respectively. The snapshots are showm at times £ = 00,36, 6,96, 150, and 3K,
from the upper left to the lower right. For the equal mass merger 1.1 L8 (Figures 4.1 and 4.2)
one can clearly recognize the formation of extended tidal tails, shells and loops of lnminons
particlea, The remnant becomes spheroidal in the end and is surrounded by tidal debeis. The
21 merger 2.1_LE (Figures 4.0 and 4.6) also leads to the formation of extended tails but
does not form extended loops. The 51 merger 3.1 L8 (Figures 4.7 and 4.8) and the 4:1 mer-
ger 4.1 LK (Figures 4.11 and 4.12) are much less violent and lead to more flatbened remnanta,

41
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Figure 4.1: Evolution of the luminous particles for the merger 1.1 L 8 seen in the orbital
plane. For better visnalization only 20% of the luminous particles are shown. Every box has

a size of 60 unit lengthsa, See text for details.
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Figure 4.2 Same as Figure 4.1, but seen perpendicular to the orbital plane.



d.1.

GLOGAL PROPERTIES

Figure 4.3 Ewolution of the luminous particles for the merger 1.1 115 seen in the orbital

dizks are now eounter-rotating,

plane. Scales arve the same as in Figure 4.1. In contrast to the merger 1.1 L & the galactic

L

gt
5
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Figure 4.4: Same as Figure 4.5, but seen perpendicular to the orbital plane.

43
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Figure 4.5 Same as Figure 4.1, but for the merger 2.1 _T. 8.
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Figure 4.6: Same as Figure 4.5, but seen perpendicular to the orbital plane.
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4

Figure 4.7: Same a= Figure 4.1, but for the merger 3.1 L &

Figure 4.8 Same as Figure 4.7, but seen perpendicular to the orbital plane.
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Figure 4.4 Ewolution of the lnminous particles for the merger 3.1 L_15 seen in the orbital
plane. Scale a= in Figure 4.7, In contrast to the merger 3.1 L& the large disks is now
counter-rotating.
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Figure 4.1i: Same as Figure 4.4, but seen perpendicular to the orbital plane.
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Figure 4.11: Same as Figure 4.1, but for the merger 4.1 L 8.

Fignre 4.12: Same as Figure 4.11, but seen perpendicular to the orhital plane.
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Figure 4.1 Characteristic distribution of matter for 11, 2:1, &1, and 4:1 merger remnanta,
regpectively. The eolumn on the left side shows the remnant's cnmulative mass distribution
va, rading ordered by the different contributions of the progenitor galaxies. The half mass
rading of the remnants iz indieated by an arrow. The solumn an the right side shows the
corresponding density eontriba tions.
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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 poioh in opposite directions) and unequal mass
mergers where the massive disk rotates in a retrograde sense show inberesting kinematical
propertiea (Section 4.4). Therefore we show the merger 1.1_L_15 and 3.1.L.15 in Figurea 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 rennants in the end.

Figure 4.1 shows the distribution of matter and the density profiles for charvacteristic rem-
nants with mass ratice 1:1, 21, 51, and 41 (remnants with geometry #). It becomes cear
from this plot that all remnants show a similar amount of mixing between dark and luminons
matter inside cne effective rading ryr which is the projected half mass radius of the simmlated
remuants. This trend is extended up to large radii, regardless of 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 combent of elliptical galaxies with different masses. The detailed implications
af the merger scenario for the Fondamental Plane are not discusaed in this thesis and need
further investigation.

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

T =Em,:,-3::,. (4.1

Here iy is the mass of a particle and z; are the coordinates of a partice relative to the
center of the potential (Barnes, 1992). The tensor is evaluated using 407% of the mest tightly
bound particles sinee we are basically interested in the properties of the inner, bound part
af the galaxy [inside one halfmass radivs). If we used all lnminous particles, we would
take nnrelaxed, large scale structures like shells and tidal tails into account, resulting in a
moment-of-iner tia tensor which could be daninated by loosely bound or unbound particles.
The eigenvalues A of the moment-of-inertia tensor f can be used to determine the three-
dimensicnal shape of every merger remnant. The axis ratics band ¢ can be computed acoord-
ing to b= (A A;)" and ¢ = (Az/ X )"2. The triaxiality parameter T = (1 —5%)/(1 —c?)
(de Zeeuw & Franx, 1901) characterizes the shape of the remnant. A walue of T = ) then
corresponds to & perfectly oblate, lens-like shape and a value of T = 1 corresponds to & pro-
late, cigar-like shape. Figure 4.14 shows the axis ratios of the merger remnants with orbital
peometries 1-14 (given by their numbers) for mass ratios of 1:1, 21, §:1, and 41, respectively.
The walue for their triaxiality parameter can be derived from the location of the numbers in
the two-dimensional plot. The arrows indicate the change in shape if 6% of the most tightly
bound particles instead of 40% are used to caleulate the moment-of-inertia tensor. We find
that 1:1 and 21 merger remnants are more triaxial than 5:1 or 4:1 merger remnants which
are more oblate. For all remnants the three-dimensional shape changes with radius [ arrows
in Fignure 4.14). The remnants are more triaxial in the inner part and clearly tend to have &
more oblate shape in the outer parta. If real galaxies show the same behaviour it will be very
difficult to derive uniquely the intrinsic shape of oheerved galaxies (Binney & de Vaucouleurs,
1681; Franx et al., 1401; Byden, 14F2; Tremblay & Merritt, 19405; Byden, 1906; Tremblay
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Figure 4.14: Aswig ratios of 1:1, 21, 31, and 4:]1 merger remunants. The mmbers indicate the
axis ratics for the 4% meost tightly bound particles of remnants with orbital geometries given
in Table 3.1, Salid, dash-dotted, dashed, and dotted lines are contours of triaxialicy T = 1,
(L75, 0.5, and (.25, respectively. The arrows indicate the s hift in shape if one uses G0 of the
most tightly bound particles to ealeulate the moment-of-inertia tensor.

& Merritt, 19946 Bak L Statler, 2000). It is beyond the scope of this thesis to compare
the intrinsic shapes of merger remnants with messurements of real galaxies and we refer the
interestod reader to the cited Literatnre.

Figure 4.15 shows the surface density profiles for characteristic 1:1, 21, &1, and 4:1 merger
remnants. The profiles are given for projections along the three principal axes for every mass
ratio. The indesx iy, is the shape parameter for the beat fitting Sersic profile (see Section 2.2).
Ty = (.20 corresponds to & de Vaueouleurs profile. 3:1 and 4:1 rennants show slightly larger
values for the shape parameters than 1:1 and 21 remnants pointing to more exponential-like
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Figure 4.15: Surface densify for characteristic 1:1, 2:1, #:1, and 4:1 merger vremnants seen
along the long (upper line), short (middle line), and intermediate axis (lower line) of the
momenf=of-iner tia tensor, respectively. The offeet between the lines i= artificial. The dasthed
ling showa the best fitting Sersic profile between 0. 1rer and Livar. The shape parameter figer
is given for each projection. Cuestion marks indicate fits that are not well deseribed by a
Sersic lawr.

[fiser = 1) surface density profiles. This is supported by the fact that the Seraic fit does not
comverge for sorne 3:1 and 4:1 remnants where & two component model with a bulge and an
exponential disk could give more consistent results. In general, the abaalute values of fige ave
consistent with observations of elliptical galaxies and fubure investigations will show if the
profile type of simulated merger remnants can serve as an additional global parameter for the
claszification of elliptical galaxies (see Chapter 2.1).
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4.2 Isophotal shape

We have seen in Section 2.2 that the isophotal shape of an elliptical galaxy is & good indicator
for ita global properties. Therefore it is very important to investigate the isophotal shape of
simulated merger remnants. For this analysis we create an artificial surface density map of

every simulated remnant seen in projection by binning the mass points of the central 10 length
unita into 128 »= 128 pixels. As an example we show the grid used for binning the point mass

diztribution in Figure 4.16 for & characteristic 51 merger remnant.

......................

b

Figure 4.16: Particle distribution of a $:1 merger remnant (only 10% of the lnminous particles
are plotbed] with the artificial grid at its maximal extension 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 8 gsize between = 115 to == 120 times the half mass radins rog
of the remnant. This artificial picture is then smoothed with a Ganssian filter of standard
deviation ayie = 1.0 pixels which corresponds to “seeing” values between == 1y /M and
= et /7. This roughly imitates the detector properties and the seeing conditions for most of
the observed galaxies (cxcept 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 devived
directly fram the particle distribution in comparison with convolved pictures with op ., =
0.5, L.h, and $.0) pixels.

The effect of “seeing™ or convelution with a Ganssian reduces the central surface density of
the remnant. It spreads “light” from the center outwards and increases the surface density
in the cuter regions (Figure 4.18 (a), see also Saglia et al. (1903h) and references therein).
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Figure 4.17: Faw surface density contours after binning the particle distribution and the
surface denzity convolved with a Gaussian of standard deviation ¢ = 0.5, o = 1.5, and

a = 1.0 pixels.
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Figure 4.18: Properties of an “observed” merger remnant. Surface densitics are convolved
with a Cansaian of standard deviation o = (1.5 [dashed), o = 1.5 (=olid line, used for all the
data reduction in this thesis), and o = 3.0 (dotted).
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The isophotes of the central partz of the remnants are in general rounder and closer to
a perfect elliptical shape. Therefore the ellipticities (€) and fourth order deviations from
perfect elipses (@4, see below for the definition) ave reduced in the central regions. This
effect becomes stronger for larger values of oy, Therefore € and the abaohite value of a4 at
a given distanee from the cenber are always underestimated for @ = 0 but the characteristic
shape of the curves is conserved (see Figure 4.18 (a) and (b)), Another reason for choming
Tiiaus = 1.0 pixels is the following: for opae, < L0 the surface density still is too noisy
to get comaistent fita for all the low-resolution simmlations. We could avoid this problem by
increasing the distance between two isophote fita, but then we loose resolution in the radial
direction. If, in contrast, we use values of @ = 50 the isophotes are too distorbed due to
smoothing (see Figure 4.17 and 4.18). Mote again that the main reason for the choice of the
spenific speing parameter was the mondition under which € he real obeervation was taken with
which we compare our results. Any change in the “seeing™ will change the absalute values of
the measured properties but will not change the global trend.

lsophelal shape
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Figure 4.19: Dashed lines show the variation of a4 along the apparent long axis for different
time steps with At = 1 for a 1:1 merger remnant (left] and a §:1 merger remnant (right).
The arrow indicates the value of the projected half mass rading rar. The small viewgraph
shows the time evolution of the effective alg 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 global properties of obaerved giant elliptical galaxies, we determine for every projection
the fourth-order Fourier coefficient ad.g as the mean walue of a4 = 100 between 0.25rg and

Lilrgr, with rog being the projected spherical halfmass radius. In case of a strong peak in
the ad-distribution with an absolute value that is larger than the above absolute mean value,
we choose the peak value.

Sinee the evolutionary state for which we analyze the ed praofile of the remmnant is somewhat
arbitrary we inwvestigated the time evolution of the isophotal shape starting = 20 time units
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after the merger of the bulge componenta was completed. Beginning at ¢ = 10K, after every
W) time units the lnminous part of the remnant was transformed to the princpal axes of its
moment-of-inertia tensor as describved above, The a4 profile was then analyzed as seen along
the major axis. Figure 4.19 shows the el profiles at different times for a characteristic 1:1
and 1 merger remnant plotted as dashed lines. Although the details of the individual od
profiles vary with time, the global characteristic shape is conserved. This is reflected in the
time evolution of the characteriatic value ol which is shown in the small diagrams of Figure
4.14.

The characteristic ellipticity €.q for each projection is defined as the isophotal ellipticity at
Lirgr. Figure 4.3 shows the ellipticity profiles for a characteristic merger remnant (here &

&1 merger) at different times starting at ¢ = 100, (Onee the system has achieved dynamical
equilibrinm, its characteristic shape does not evolwe with time and g stays constant.
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Figure 4.3): Hadial change of the ellipticity € at diffevent times (dashed lines] and the time
evolution of the characteristic value e.q for a 3:1 remnant .

Ellipticals on the sky are obaerved only in projection. To include projection effects in our
investigation we determined far each simulation edyy and eg for 500 random projections,
These values were used to caleulate a probability density for a given simulated remnant to
ke “obecrved” at a given location in the adgr - € plane. In addition, we determined the

cumulative probabilities for all geometries at A given mass ratio assuming that mergera oooir
randomly without preferred relative inelinations.

Figure 4.21 shows the results for 1:1, 2:1, &1, and 4:1 mergers. The contours indicate the
areas of W% (thick line], 7% (thin line] and W% (dashed line) probability to detect a merger
remnant with the given properties. ('hserved data points from Bender of al. [1988] are over-
plotted. Filled boxes are ellipticals with el < 0 while open diamonds indicate those with
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Figure 41.21: Ellipticities €4 versus the characteristic shape parameter ad.g for low-resolution
L:1, 2:1, k1, and 4:1 mergers. The contours indicate the S0% (thick line), the 707 (thin line)
and the 9% (dashed line) probability to find & merger remnant in the encosed area. The
error bars for od g are devived applying statistical bootstrapping. Ermors for e, are too small
to be plotted here. Black boxes indicate values for observed boxy elliptical galaxies, open
dismonds these for observed disky ellipticals (data from Bender et al., 1988).

adygy = (. The given errora for adyy are estimated applying the statistical bootstrapping
method (see Heyl of al, 1984). 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 dlipticities is reproduced.

The peak of the shape distribution iz around adeg = —.5 (Figure 4.22) where 2/3 of all
projected remnants show boey isophotes. 21 remnants s how a double peaked shape distri-
bution. They can appesr slightly boxy (adgr = —0.2) or disky (adg = L] depending on
the merger geometry and the projection angle [ Figure 4.22). In contrast to 1:1 mergers, 2/
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Figure 4.22: Normalized histograms of the shape parameter adog for 1:1, 21, 51, and 4:1
low-resnlution mergers,

of the projected remnants show disky isophotes. If the isophote shape is boxy then only the
area for small ellipticities £ < (1.2 i3 coversd. The disky projections have ellipticities predom-
inantly around e =04 (Figure 421). &1 and 4:1 remnants show a rather similar behaviour.
They have a double-peaked shape distribution with one peak around elliptical and slightly
boxy isophotes and & clear peak for 0L < adog < 20) and €4 = (6. For 31 and 4:1 mer-
gera around 2% of the projections have a positive aleq. Therefore there is a clear trend
for mergers with mas=s ratios of 21 or 4:1 to produce predominantly disky remnants. The
diztribution of the particles of the massive dizk is responsible for the disky appearance of the
1 and 4:1 remmants, To show this bebavieur, we investigate the remoant 3.1HE as being
representative for &1 and 41 mergera.  Figure 4.23 shows the different contributions from
the small and the large progenitor galaxy and the vesulting isophotal map. The particles
originating from the small progenitor acenmulate in an elongated toms-like structure that
clearly has booey 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 - sinee it i8 three times more massive - dominates the overall properties of the
remnant. This result holds for all 1 and 4:1 merger remnants. The more massive disk is
not completely destroyed during the merger evert 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. Therdfore both progenitors contribute
equally and no dominant contribution from cneof 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 astate that for the
simulated merger remnants the amount of isophotal twist depends on the projection. This

is demonstrated in Figure 4.2% for a more elongated and a nearly round projection of a 31
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Figure 4.25 Leff rour Characteristic isodensity contours of the remnant 3.1 H.E The two
upper pancls shows the resulta for the luminous particles originating from the smaller and
the larger progenitor, respectively. The lower panel showa the contours for both componenta
together. Hight rowr Corresponding values for adgr ve. e for 3 random projections of the
chosen particle aubset.

merger remnant. To get a quantitative measure for the isophotal twist we determined the
relative position angle A® between the izophote at (L0 rgp and 1.0 rog for every projection
of the remnant. Figure 4.26 shows a comparison of isophotal twists for the characteristic
remnants 1.1 HE, 21 HE 31 HE and 4.1 HE. The isophotal twist is in general larger
for projections that appear nearly round, For ellipticitics larger than e.q = 1.4 the isophotal
twist iz Ad < H)° The distribution of A® versus e for random projections of every
remnant is almest consistent with obeervations of elliptical galaxies. However, the simmilated
remnants have larger isophotal twista at high elliptidties than the obeerved galaxies (see
Figure 2.4 for pomparison). Figure 4.27 shows nine ;1 merger remnants with different initial
dizk orienfations. The geometry of the merger seems to have a stronger influenees on the
isophotal fwist than the mass ratio of the progenitor galaxies. However, it becomes clear
that isophotal twist can be attributed to intrinsie friaxiality (see Section 4.1, Figure 4.14).
The more oblate remnants 3.1 H 4, 3.1 H.5, and 3.1_H_6 clearly show smaller isophotal tarist
than the more prolate remnants 5.1 H_3 or 3.1 H.E.
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Figure 4.24: Leff rour Characteristic isodensity contours of the remnant 1.1 H 8 The two
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particle subset.
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Figure 4.25: The real isophotes (dotted) and the best fittin g ellipses (zolid line) for the merger
remnant J.1.H_& seen in & more elongated (left) and rounder (right) projection. The major
axes are plotted for every isodensity conbour., The change of direction of the axes indicates
the isophotal tarist. The box length is 3 length units.
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Figure 4.26: Isophotal twista Ad va. ellipticity € for the merger remnant= 1.1 1.8, 2.1 1.8,
J1_HLE and 4.1 H_& For every mass ratio 1) random projections are shown.
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For every geametry 5 random projections are shown.
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4.3 Kinematics

To get kinemat ie information about the merger remnants we shift the densest region of the
two-limensional projection to the origin and perform a principal axis analysi=s of the two-
dimensicnal moment-of-inertia tensor. Then we place a hinned =lit along the long and short
apparent axis af each projection of the remnants and determine the mean velocity and the
velocity dispersion for every bin. The central wvelocity dispersion oy is determined as the
average projocted velodty dispersion of the stars inside a projected galactocmtric distance of
(.2ryr. We define the characteristic rotational velocity along the major and the minor axis
a5 the projected rotational velocity determined around 1.5v.q and (.0r.g. respectively.

asar i i i F— -
1 Crabral volkaoily diepereion
LETE
] N —— 1 LT
QA0
Q80
LR ] Magor axm molatiosn
_i’ﬂ-ﬂj e T s
oaa
any
s - Minzr exin r=iolion
i |
L3 | HJ’L_,;P—_.*%—-‘“‘\——-""R_
IIIJIII:
L i i 4
104 121 0 21

Tims

Figure 4.28 Time evolution of the characteristic kinematical parameters: projected central
velocity dispersion o = gy, major-axis rotation velocity vymgjor = ¥na &t L5 o, and minar-
axia ratation welasdty Yoo = o &t 005 P,

Figure 4.28 shows the time evolution for g, ) and Bmin for a 3:1 merger simulation which
gshows & behaviour charscteristic for all simulations. The derived kinematical properties of
the remnants stay nearly constant for & long time period and are therefore a good measure of
the intrinsic kinematics of the simulated remnants. Similar to our approach in determining
the imophotal shape, we construct probability density plots for the kinematical properties of
the simulated remnants and compare them with observational data.

The normalized histograms for vmajfoo are shown in Figuee 4.29, There ia a clear trend for
1:1 mergers to produce either non-rotating or slowly rotating ellipticals with sy, fog = 02,
For 2:1 mergers the peak value is around g, fag = (L35, 3:1 and 41 merger remnants show
significant rotation with peaks around wggyfoq = (L5 and 0.75, respectively. Figure 4.30
shows the distribution for wyy /oy versus q. The area for slowly rotating boxy ellipticals
(filled becces) is almost completely covered by the data of 1:1 mergers while 2:1 mergers have
rotaticnal properties similar to faster rotating boxy and slowly rotating disky ellipticals. 31
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Figure 429: Leff: Normalized histograms of v, fag for 1:1, 21, 21, and 41 low-resolution
mergers. Hight: Mormalized histograms of the anisotropy parameter (oma fma )",

and 4:1 are clearly fast rotating and show high ellipticities. They can be assocated with
observed fast rotating disky ellipticals (open diamonds). There is a clear trend for mergers
with an increasing mass ratio to produce faster rotating ellipticals with higher ellipticities.
All simulations arve in gond agreament with observations although the simulated remnants
hawve slightly larger ellipticities than observed (see alzo Hernguist, 199Ih).

It becomes clear from Figure 4.3 that our models do not lead to ramnants with vy, fog = 1
around one effective radiua. However, there exist observed ellipticals with higher values of
tma| {0, In addition, Rix et al. [1999) observed rotational properties of a small sample of fast
rotating faint ellipticals up to large radii = 2 — Jrog and found that some of the galaxies show
extremely large values for local ofa = 1 around two dfective radii. Cretton et al. (2000a)
used] the simulations describved in this thesis to perform a detailed conparison between the
observed data and the sirmlated values. Fignre 4.31 shows the results. The data of Rix et al.
(199 show both a steep rise of oo in the central parts and larger abeolute values in the
outer parts. Therefore our simulated remnants are unable to reproduce this observed trend
af low-lumincsity ellipticals. The implications of this result for the merger picture will be
diseussed in Chapter 6.

The anisotropy  parameter (tma)/@a]” i8 defined as the ratio of the observed value of vma) foa
and the theovetical value for an isotropic oblate rotator (ofaliye, = m evalinabed
using the observed ellipticity €q (Binney, 1978). This parameter has been used to de
termine whether a given galaxy with observed i), oo and eq is Hattened by rotation
[(#majfea)” = 0.7] ar by velocty anisotropy [(vmayfee)® < 0.7] (eg. Davies et al. (1983);
Bender (1988h); Nieto et al. [1985) and Scorza & Bender (1995); see Section 2.2). Figure
4.24 shows the normalized histograms for the I:ﬂm]f-u:r.;.j' values of the simulated remnants.



61 CHAPTER 4. GLODAL PROPERTIES OF MERGER REMNANTS

g T3 T e |

L |
[ 3 = 41 = A
15} L5
I . 1 ¥
- - - * 4
-F? _F? - ¢q. o -u-
: 1) O Tt
LA = e —-(:j._g)
e T,
'l e [l l.-.'.l__l'.
R B o
z p5H "'F_:. £ {
f 2 e pen | - - ] 1
b - * i | . H.ﬁ |
-""i‘l' !I
]r ] { 2- w |
mmﬁ"ﬂ'ﬁ 2 ik By Tyl
l:'ﬁ- a.a {1 0.4 LE 0.8
':m Feny

Figure 4.30: The ratio of rotational velocity along the major axig . and central veloeity
dispersion g versus characteristic ellipticity ey for 1:1, 2:1, 3:1, and 4:1 mergers. Values for
observed ellipticals are overplotted. Filled boxes indicate data for bocy elliptical galaxies,
open diamonds show dats for disky ellipticals. The dashed line shows the theoretical value
for an oblate isotropic rotator.

The 1:1 remnants show & peak a6 (ima)fo0)” = 0.28 with & more extended tail towards lower
values. The anisobropy parameter is almest never larger than () fag)" = 0.7, In summary,
equal mass merger vemnants are systems with anisotropis velodty dispersions, 211 mergers
show a median of (g, /ag)” =2 0.5 and are slightly maore isotropie. 21 and 4:1 mergers with
(#mafTa)” == 0.7 and (vgy)foq)” = 0.8 are consistent with the model prediction for oblate
isotropic rotators. Sinee the 3:1 and 41 remnants also have disky isophotes they perfectly
cover the area populated by observed disky ellipticals in the log(vn,) fog)"-alyr diagram (Fig-
ure L%, 11 merger remnants are predominantly bocy 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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R {units of R_,)

Figure 4.1: Comparison of observed local (o) (black dota, data from Rix et al., 1999 and
local (wfo) far the simulated merger remnants with geometries 1-14 seen edge on (lines with
errar bara). The shaded area corresponds to the range oceupied by the edge-on models of
Bendo & Barnes (2000). Both distributions ave not compatible with the observed data. The
figure is taken from Cretton et al. [ 200ia).
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Figure 4.32: Anisotropy parameter (vmajfma)]” versus edar for 1:1, 2:1, 21, and 4:1 mergers.
Values for observed ellipticals are over-plotted. Filled boses indicate data for boxy elliptical
galaxies, open diamonds show dats for disky ellipticals,
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Minor-axis rotation in elliptical galaxies, in addition to isophotal twist (see Section 2.2], has
bren suggested as & sign for a triaxial shape of the main body of elliptical galaxies [ Wagner
et al., 1988; Franx ot al., 1991). We investigate the minor-axis kinematica of the sinmlated
remunants by parametrizing the amonnt of minor-axis rotation as gy vl;’mj + 24, (Binney,
1985). Sinee almost all 1:1 mergers show a significant amount of minor-axis rotation (Figure
4.3:) they canuot, be oblate objects from the thearetical point of view. This is consistent with
the result that 1:1 mergers are intrinsically triaxial (see Figure 4.14). 1 and 41 remnants
show significantly less minor-axis rotation than 1:1 merger remnants although the spread in
the data iz wery large. This finding is consistent with the more oblate shape of J:1 and 4:1
mergers. The theoretical expectation is that they also show smaller isophotal twista. This
trend , however, cannot cleatly be seen in the data (see Figure 4.26, but see Section 4.4).
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4.4 Individual examples

It has been argued by Naab et 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 eontrast, §:1 mergers lead to fast rotating systems with disky isophotes. In the previons
section we have shown that this result is statistically true for all sinmlated geometries. 2:1
mergers show intermediate properties while 4:1 mergers hawe almeat the same properties as 5:1
remnants. Forther insight into the proeess of collisionless merging is provided by investigating
four individual mergers in detail. Part of these show peculiar properties that are not obaer ved.
Figurves 4.5 4237 show the observed data (open squares) and 5 random projections of the
gimulated remnant over-plotted with filled eircles, respectively.
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Figure 4..M: Same as Figure 2.5 with the observed data plotted as open squarves. The meas-
urement for M random projections of the merger remnant 1.1 L& are over-plotted (black
dots).

The equal mas= merger 1.1 L8 (Figure 4.34) has two prograde rotating disks slightly in-
clined with respect to the arbital plane. The isophotal shape is clearly bocy with ad g = 1.5,
However, the remnant exhibits significant rotational support. wn,) /o can reach values up
to 13-4 for apparvent ellipticties g == (L4, This leads to values for the anisotropy para-
meter of log{ g f7a)” = —0.5 which only covers the less anisotropic part of the observed

distribution of boxy ellipticals. The distribution for mino -axis otation is rather broad and
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prajection effects alone can almost account for the observed spread in the bocy regime.
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Figure 4.3%: Same as Figure 4.4 for the equal mass merger remnant 1.1.L.15

Another example is the equal mass merger 1.1 L _15 which has one retrograde rotating disk,
in contrast to the merger 1.1_L_8 The effect can be seen in Figure 4.35. There is no cear
correlation between €4y and el Mearly half of the projected remnants show disky isophotes.
In total, this remnant is almost not rotating and vma)foa < 0.1 for &ll projections. For the
anisotropy parameter we get log{ vy, fog)” < —{.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 anisotropy and a large amonnt of minor-axis rofation. Both
trends are not observed for real elliptical galaxies. However the impact of comparable merger
geometries on the statistical investigation is only weak for (v fog)” versus adyg (see Figure
4.32) or nat detectable for ?Jmllr-,."'?.l'fluj + w2 versus adg (see Figure 4.3:0). The different
rotatiomal properties of the two 101 mergers discussed here can be understood from the fact
that the spins of the galaxies were aligned for 1.1 L 8 and pointed in opposite divections for
1.1_L_15, therefore the resulting angular momentum is lacger for the merger 1.1 L8

The merger §.1_L_5 is the fastest rotator among all the simulated $:1 remnants. Tts shape is
almest. oblate with T = 0.2 (see Figure 4.14). It reaches a maximum value of vy, faq = 1

(Figure 4.36). The isophotes are disky and perfectly follow the observed trend for e versus
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Fignre 4.36: Same a8 Figure 4.5 for the 31 merger remnant 3.1 L5

adyg. logltmfaa)” = 1 for all projections and is in excellent agreement with observations.
Minor-axis rotation is very small and also in good agreement with observations. For this
merger the more massive disk rotates in retrograde direction and the small disk rotates in

prograde direction.

The merger 3-1.L_F is the slowest rotator among all the simulated §:1 remnants. Onoly &
maximum value of g, /9g = 0.5 is reached (Figure 4.37) . The isophotes are predominantly
dizky but donot strictly follow the obeerved trend for e wersus edgr. Although the remnant
is disky, log{tma/foe)® is generally smaller than —.2 for all projectioms, in contradiction
with oheervations. Significant minor-axis rotation can be detected for projections with disky
isophotes which is also not observed for elliptical galaxies. The merger remnant has an almeost
prolate shape with T == (.8 (see Figure 4.14). As we have already seen. the remnant shows
large isophotal twist alveady for ellipticities g < 0.4 (2o Figure 4.27). For this merger both
dizks rotate in & prograde sense. This result is puzzling since one would naively assume that
the prograde merger rotates faster than the retrograde one. Poesible explanations for this
behaviour will be disoussed in Chapter 6
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Figure 4.37: Same as Figure 436 for the 31 merger remnant 3.1.L3
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Chapter 5

LOSVDs of merger remnants

[n addition to isophotal shape and global kinematic properties, we determine the line-of-aight
velocity distributions I:L{'E\FDJ of the aimmil ated merger remnants and compare them in detail

with observed global and local correlations (Bender et al., 194; see Section 2.0).

5.1 Line-of-sight velocity distributions

Tio 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 &
alit with & width af (1.3 unit lengths along the apparent long axis of each projected remnant.
Thereafter we binned all particles falling within each grig cell in velocity along the line-of-
sight. The grid spacing was chosen to be (L2 which corresponda to = 15% of the projected
halfmass radius. Figure 5.1 showa a achematic sketch of the grid we used to derive the LOKS-
VI for every remnant. The shaded bing indicate the location at one projected half-mass
radius 7. For the derivation of the amplitudes bz and by only informsation up to this redios
was used. The width of the velocity bins was set to a value of 0.2 for line-of-sight velocities
g i the range —4 = wy, = 4. This resultz in 8] velocity bins over the whole interval. Using
the hinned velocity data we constructed the histograms of the line-of-sight velodty for each
bin along the grid. This quantity is called the velocity profile Plu) or line-of-sight velodty dis-
tribution (LOSVDY. Subsequently we parametrized the velodty profile using Ganss-Hermite
baszis functions (see Section 2.3) to extract the kinematic parameters of each profile (o, o,
ha, hy). Technically we performed a least squares fit for each profile uzing the appropriate
NAG Fortran library subrontines. We checked that the resulting parameters do not depend
on the chosen hin size for e, For simulations with lowr resalution this procedure might
lead to relatively large errors for the resulting velocity profile To overcome the resolution
problems Bendo & Barnes [(2000) proposed to overlay b frames equally spaced over small
intervals in time. Howewver, it is not clear how snsceptible this procedure is to errors in the
derivation of the three-dimensional shape of the remnant. Cretton ef al. (30ila) averaged the
profiles of 16 different, position angles of the alit between €F and %1 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 effecta (zee Figure 5.6, later
this Chapter]. The asimple approach we followed here was to inerease the resolution of the

T
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Figure .1: Schematic illustration of the artificial grid used to determine the LOSVDs of &
#1 merger remmnant. The bins at rgy are marked and can be found in Figures 5.2, 5.3, and

| -

alaals

aimulations to LEN0 minous particles for 111 mergers and 106666 particles for 51 mergers,
whereas Bendo & Barnes (2000) only used 66532 lnminous particles. The large mumber of
particles in combination with the relatively large slit width guarantess that at least 2000
particles fall within each slit inside one effective radins. Because of the large computational
effort to perform divect summation simulations for particle mmbers of == 4000 (even with
GRAPE-3) we restricted ourselves to a small subset of mass ratios and orbital geometries
We nused only mergers with & mass ratio of 1:1 and 3:1 and geometries 8 and 15 sinee these are
representative for the slowly rotating and fast rotating class of collisionless merger remnants
(Maab et al., 199, see Chapter 4).

Figure 5.2 and 5.3 show typical examples for the LOSVD=of the remnants 11 T8 and 5.1 H_8
seen edge an. The profiles are shown for each bin inside a radius d of two unit lengths, The
meaaured profiles are indicated by open squares while the asolid line gives the best Gauss-
Hermite fit {as describved in Section 2.3 for each hin. Additionally, the nnmber of particles
and the values for hy and hy for each bin are given. Figures 5.4 and 5.5 show a blow up of
the hins at +r.y (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 Ganss-Hermite basis
functions are given. These plots arve characteristic for all simulated remnants and show that
the LOSVDs of merger remnants deviate from a pure Gaussian. The absolube values for bs
(this parameter measures the ssymmetries of the LOSVI¥) lie in the range (L1001 < hy < (11
and are in good agreement with observations. However, the effective ha iz 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 wq should be
multiplied with that of A3 to get A corvert measure of the asymmetry of the LOSVH.
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Figure 5.2: The measured LOSVD [open aquares) along the major axis of the 1.1 H_8 merger
remnant shown for the 20 innermost bins starting at the upper left at a distance of o = —1.9
from the center. The dotted lines indicate the best fitting Ganssian. The solid lines give the
best Hermite fit including the third- and fourth-order Gauss-Hermite functions with the given
amplitudes Az and Ay, The marked plots show the LOSVEY at +rar.
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Figure h.d: The measured LOSVD (open squares) along the major axis of the 3.1 H_E merger
remnant shown for the 20 innermost bins starting at the upper left at a distance of o = —1.9
from the center. The dotted lines indicate the best fitting Gaussian. The solid lines give the
best Hermite fit including the third- and fourth-order Gauss-Hermite functions with the given
amplitudes Az and Ay, The marked plots show the LOSVEY at +rar.
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The parameter messuring the symmetric deviation of the LOSVD from a Gaussian hy is al-
ways positive for radii inside rep. Here the line profile is more peaked than a Gaussian, At
larger rvadii hy ean become negative corresponding to a flat-top velocity distribution. The
errors in the measurements are relatively small (see Figures 54 and 5.5) and are consistent
with the fits.

Mow we can take each simulated remunant and derive radial profiles for wg,, oge. bs, and by
with small errors over a large range in radins. Figure 5.6 shows the radial profiles of o,
O, WS, By, and by for projections along the three principal axes of the remnant 3.1 T8,
We must note that e and o as plotbted here are the true moments of the velocity distribu-
tion while 1y, and gy, are the values derived from the best fitting Gaussian. Howewver, the
differenee is less than 100, This figure already suggests that projection effects change the
characteristic shape of the kinematic profiles. "The velocity dispersion o shows a sfronger peak
at the center of the remnant if the long axiz of the slightly prolate shaped remnant is aligned
with the line-of-sight. hy is correlated with @, for the projection perpendicular to the long
axia. This correspondas to LOSVDE that have a steep retrograde wing and broad prograde one
jgoe Figure 2.8 and Figures 5.2 and 5.3). For the projections along the two remaining axes the
LOSVDe are alinost symmetric with an fi; that is almost zevo or alightly anti-corvelated with
. The parameter hy is always positive inside rog (= 1 unit length) deseribing a LOSVD
that is more peaked than a Gaussian (see Figure 28], Figure 5.7 shows the local corvela-
tions for by wersus vy fog again for the projections along the long, intermediate, and short
principal axis, respectively. Here we plot the values of by versus wgyfag, for every bin along
the slit inside two rgy. However, obsprvations only extend to rg. It becomes clear from this
plot that projection effocts can also change the shape of this local correlation dramatically.
Therefore it will be necessary to investigate projection effects in defail

In addition to projection effects and the mass ratio, the initial merger geometry could have
a atrong influence on the shape of the LOSVD. The computational effort for high-resalution
studies of the parameter space is, however, too large. Ther efore it is necesaary to test whether
lowe-resolution simulations result in remnants with comparable kinematic properties and to
use these to inwvestigate the parameter space, Figure 58 and Figure 5.9 show a comparizon
between & high-resolution and low-resolution 1:1 and 3:1 merger, respectively. Besides local
deviations we find in general a good agreement for all measured kinematic data. The errors
for radii larger than r = 1 are significantly larger for low=resolition simulations. However, the
influence on our conclusions should be small sinee for further investigations we use only data
ingide one effective radius of every remnant and this never gets larger than 1.3 unit lengths.

Following Dender et al. (19) we define a characteristic line-shape parameter hioy as the
mean value of bz between (0125 req and .75 rer for every projection. Thereafier we can test
correlations between all global parameters we have defined up to now if we investigate the
remnants from diffevent viewing angles, Figure 5.10 shows the correlation between Ao and
o fiTg for 14 different orbital geometries of equal -mass mergers seen from M) random viewing
angles, respectively. The observed correlations (see Figure 28] ave indicated by a straight
line. There seem to exist fwo classes of merger remnants. The extremely slowly rotating
remuants with w, o < 0.1 reault from mergers with counterrotating disks as is indicated
by the letter (v) 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 hlg which is always in
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good agreement with observations, The faster rotating remnants . iy < 0.3 oviginate from
eorotating progenitor disks. They clearly show poaitive values for oy even for o, fog = 0010
and do not follow the correlation of observed ellipticals.

The correlation between by and adyg for the equal-mass remnanta is shown in Figure 511,
In general, all the data for almost all remnants is congistent with observations, hi,g is always
around zero or even poaitive and the observational data allow those walues only for boey
elliptical galaxies. Hetrograde remnants show some very disky projections that do not follow
the observed correlation (see remnant 1.1 L6 in Figure 5.11).

Figure .12 shows the local correlation between fa and w4 foge. To be consistent. with obser-
vations we only use dats inside rogp. We can assume that galaxies on the sky have random
arientations. Therefore the observed correl ation must aleeady contain projection effects. In
caze we wanl to choose & successfil model for elliptical galaxies, the projected properties of
thiz model mmat not be in disagreement with the observed distribution. However, the ob-
served distri bution is velatively complec (gee Fignre 2.160). Nevertheless, we approximate the
obeervations with two atraight lines for comparison. The innermost one shows the correlation
for —0.:F = vag feon = 003 This gives only a mean correlation for all obeerved ellipticals. The
glope for boxy ellipticals is alightly steeper, but never bevomes positive. For the simmlated
equal-mass mer ger remnants we can state that there is a ecorrelation between bz and wy fogy.
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 of rotation stepwise from corotating
bo counterrotating (see Table 3.1) during the same time that the tilt changes stepwise from
positive values to negative values. All mergers with eonnterrotating dislks (indicated by (7]
in Figure [.12) agree perfectly with the obeserved distribution. In contrast, mest of the coro-
tating mergera that rotate faster show a positive slope and ave therefore inconsistent with
obsserva bions,

Now the same orreations can be investigated for the low resclution mergers with a mass
ratio of 1. The correlation between hiog and . fog for 1O geometries is shown in Figure
513 Al merger remnants rotate fast with tegfme < 05 to e foe < 0.8 For mest of the
gevnetries where the massive disk is rofating in a prograde sense, Mgy s predominantly
positive for all projectiona. I the massive disk is rotating in a retrograde sense hig bemmes
zero or alightly negative. However, absolute values for 83,7 ( and therefore the asymmetry
in the line profiles) are still too small to fit the observations. Mo remnant has el = —i0015.
To summarize, for all projections with v, fag = (1.4 the properties ave not in agremsment with
observations, sinee we find no remnant with Al g < —iL05.

Teating the correlation between hiog and ooy we find no correlation at all (Figore b.14).
Il is distribu ted aronnd zevo vegardless of the isophotal shape.

For the local relation between hz and iy, foge the slope of the correlation depends on the
merger geametry, like for equal mass mergers. Prograde mergers. eg. those with geometries
13 or & lead to correlations showing a positive slope over the whole interval. For retrograde
mergers, eg. geometries b, 6 or 12, the slope in the outer parts changes sign and points in the
“nbaerved” direction, but most of the projections still show positive by for poeitive velocd ties,
In the inner part, —0L3 < vy fog < 0.3, no merger is able to reproduce the observed trend.
The slope is either positive or zero with a large spread.
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5.2 Correlations with other parameters

Ohservations suggest that the correlation between by on the one hand and ad g and 1wy, (o on
the other hand are the strongest among the observed quantities for elliptical galaxies (Bender
et al., 1994). fy which defines the symmetric deviation from a Gaussian harvdly correlates
with any other qquantity. Our simulated merger remnants show the same trend for hy. In the
following we want to show a set of possible corvelations between the parameters we derived
for the merger remnants 1.1 H &, 1.1 H 15, 31 HE 31 H15 We find them as being rep-
resentative for all co- and counterrotating 1:1 and &1 mergers.

In addition to the previously investigated properties, we correlate the effective asymmetry
parameter Afop with the effective ellipticity e.q. the Sersie shape parameter my. and the an-
motropy parameter (vwy/oal”. We also show eorvelations for the parameter by (see Chapter
2.3). Itz characteristic value by is determined the same way as Ay, We correlate hdg
with wrea fmo, adeay, a7, Tiser B0 (Veet S0 )™, The local correlation between fiy and g, fogy is
also analymed.

Figure 5.16 angd 5.17 show the results for a corotating and a counterrotating equal-mass
merger with high resolution. Ad.g does not corvelate with any other given parameter. The
same i8 true for Adeg. If one is willing to see & correlation, there is only a alight trend for the
faster rotating projected remnants to have a symmetric part of the LOSVD that i= closer to
a Ganssian [ hdar va. v oo in Figure 5.06). bdar i= in general positive. This fact and its
measured spread ave in good agreement with observations.

The resul fa for the two 31 connber parts are shown in Figure 5,18 and 5.149. Here we just want
to deseribe a few trends: projections with small hi g are closer to a de Vancouleurs surface
density profile (g, = (L23); projections where the remnant seems o be more anisotropic
[smaller (i, fma) ™) show a8 more positive by ronnder and more slowly rotating projected
remnants have more positive values of hdgr: and, probably the most interesting trend, the
local correlation of by versua vy fag shows a characteriatie hat-like structure, Unfortunately,
there is no published data available to confirm if this shape is consistent with measurements
af real elliptical galaxies.

To summarize the properties of LOSVDs of collisionless merger remnants we find that they
indewd show asymmetric line profiles. The deviations from a Gaussian as measured by ha
and hy are of the same order as observed elliptical galaxies. In general, by is mero or positive
for our simulated merger remnants.  In eontradiction to observations, the LOSVDs have
a retrograde wing that is steeper than the prograde wing (see Figure 2.8 for definition).
All simmlated remnants show predominantly pesitive fy.  This indicates that their profile
shape is more peaked than a Ganssian. This is in good agreement. with observations, The
aimulated characteristic values hi.g and Ady hardly correlate with any other global quantity.
However, one imporfant exception is the local correlation between fz and w6 foae. Except for
econnterrotating equal mass mergers, this correlation is not. com patible with the observed one.
In the following section we try to find out in how far the effect of a dissipative component
conld change the vesults. If gas is involved during the merger event this could reanlt in the
formation of an additional thin stellar disk after the merger is complete and it could change
the kinematical properties of the merger remnant.
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Figure 5.16: Correlations between the line shape parameters hy and by and other kinematic
and photometric properties for 5 random projections of the merger remnant 1.1 H 8.
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Figure 5.17: Correlations between the line shape parameters hy and by and other kinematic
and photometric properties for 5 random projections of the merger remnant 1.1 H_15.
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Figure 5.18: Correlations between the line shape parameters hy and by and other kinematic
and photometric properties for 5 random projections of the merger remnant 3.1 H 8.
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Figure 5.19: Correlations between the line shape parameters hy and by and other kinematic
and photometric properties for 5 random projections of the merger remnant 3.1 H_15.
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53 What about a disk?

Az we have seen in the previous section, the LOSVDs from simnlated collizionless merger
remnants are almest never in agreement with observations. The only exception are remnants
af equal-mass mergers with connterrotating disk componenta that do not rotate in the end.
All other remnants show wrong global correlations between fily, eloy, and @y, fo and wmong
local correlations between ha and wagfoqe. One plansible explanation for lineof-sight velo-
city distributions with negative by is the superposition of a spheroidal body with a disk-like
component (see Chapter 20 Bender et al., 1994). We performed a simple experiment to test
if the wrong correlations for our remnants result from a Lack of such & disk-like component.
We artificially added a thin (scale height = (LGrgr ), cold (o, = (), stellar disk with an
exprnential aurface density praofile. 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 bady.
The disk particles move around the center of the galaxy in centrifugal equilibrinm with the
gravitational potential arising from the total enclosed mass. Mo additional random maotion
was added. Under these simple assumptions only two parametera remain free. The total mass
af the disk Ay and its scale length ry. From now on we always refer measurements to the
main stellar body of the remnant and we messure Ay in unita of the total luminos mass
af the remnant and vy in units of the projected half-light radiue rgr. Figure 530 shows a
sequence of particle distributions for a merger remnant with an additional disk with a scale
length of 7y = (Liryy and ryg = Ll If seen edge on the large disk looks like a spile coming
ot of both sides of the spheroidal remnant. An observer probably would immediately classify
a galaxy like this as Sa or 5. However, as soon as the remnant is tilted by only 107 with
regpect to the line-of-sight the disk disappears and is not obviously visible any morve. The
strength of this effect depends on the mass of the disk. For disk masses larger than 400 of
the mass of the spheroid the disk would still be visible, even for larger inclinations.

To test the effect of an additional disk component on the kinematic and photometrie prop-
erties of the rernnants we selected the characteristic merger remnants 3. 1_H_E, and 3.1 115
and added disks with masses of My = 5%, 1, 15%, 20%, 25%, 30%, 315% and 40% of the total
luminous mass and scale lengths of rg = 025 0.5, 075, 10, 1.25, 1.5, 1.75, and 2.0rer. There
after the remna nts were analyzed as seen from 5) random viewing angles as described before.
To select & succesaful model we expect that projection effects alone do not lead to deviations
from the obserwved correlations since we can assume that real galaxies are distvibuted on the
gky with random orientations.

Az an example we show the results for the merger 3.1_H_# when we add a sequence of disks
with a fixed mass of 15% of the total mass but with inreasing scale radii (Figures 521, H22,
and 5.23). The global relatioms between Mot edeq, and tnw (7 start to follow the observed
trend as soon as a amall disk with vy = 0.25r g is added. However, for small disks bl
becomes oo negative and the LOSVD is more asymmetric than observed (Figures 521 and
5.22). In this case the influence of the disk for radii inside rog is too strong.  If the disk
gets as large as ryp the influence is smaller and the agreement with observed correlations is
good. The effect of the disk on the local correlation between fy and v, fog 18 even sironger.
As soon as A amall disk 8 added the correlations change their previous positive slope to the
obeerved alope for —iLE < ug fogy < 0.3 (Figure 5.23). However, for small disks the absolute

values for by become too large for abs{uvg, fog, ) = (L3, For scale lengths larger than rog even
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Figure 5,20 Sequence of disks added to the main body of the galaxy Upper left panel:
Luminous particles of a 1 merger remnant (only 3% of all particdes are plotted here).
Upper right pamel: Like before, but with an additional disk component having a scale length
af (1.0ryr and a scale height of (LGryy. Lower leff panel! With an additional disk with a acale
length of reg. Lower right panet The same model as before, but incined by 10° with respect
to the line-of-ight. Note that the disk component is not easily visible any more

the slope in the ouber part is in good agreement with observations.

In Figurea 5.2, 525, and 5.26 we show the results of adding a sequence of disks with a scale
length of rg = L.20mg but increasing masses. The effect of % disk seems o be too small to
change the initial properties significantly. Remnants with disk masses of 0% or 15% of the
total luminous mass can reproduce the observed correlations. For disk masses My = 200 the
abaolute values of Wiy are too large (Figures 5,24 and 5.25) and the local asymmetry of the
LOSVDe for abs(whgon) = 0.3 as measured by aba(ha = (L2 is too strong,.
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Figure 5.24: Global correlation between Ay and ed.g for 5 random projections, respectively.
From the upper left to the lower right an exponential disk with a fixed seale length of ra = 125
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Figure 5.27: Mass My versus acale radius ra for a disk added to the merger remnant §.1_L8.
Combinations that are able to reproduce [ big dot), almost reprodoce (small dot] or fail to

reproduoe (minus sign) the observed correlations ave showmn,

If we analyze the properties of all given combinations of My and vy we can get an estimate
af the disk mass and size that is needed to fit the observed eorrelations. Figures D27 and
528 show the vesulta of this analysis for the remnant 3.1 H_E and ita retrograde counterpart
F1_H 15, We placed a minus sign if more than half of the projections of a given remnant
clearly fail to reproduce one of the observed global correlations. In addition, we excude 811
models with significantly pesitive local ha for abe(og foa) <0003 and those with a maximum
abshs = 0.2, Dhsks with vy > 1.75 were also excluded because they result in ellipticities
€ = .7 for disk masses Ay > 3%, The models that fit the data best ave indicated by a
large dot. Inter mediate models are indicated by a amall dot. Although we only apply “soft™
criteria for the success of & model, we can estimate an optimal disk-contribution. For both
&1 merger sirmlations we get the best results for disks with scale lengths between 1.0y and
Liryr and masses ranging between MMy = 1M and My = 20%. Both models seem to require
dizks of comparable dimensions, although the merger remnants show diffevent kinematical
propertica. However, the disk requived for remnant 3.1 L_15 can be less massive and alightly
amaller. OF course this simple model does not place final constraints on the dimension of the
dizk since we did not consider the possible formation mechaniam and we did not account for
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Figure 528 Same as Figure 527 for the mer ger remnant 3.1 L_15.

the dynamical response of the remnant.
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Figure 5.2 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.
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Figure 5.3 Same as Figure 5249, 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 wonld have formed after the merger was complete. Therefore we place a
dizk with a size of 7y = 1255, realimed by W00 massless particles, at the center of the
remnant and ewolve the remnant dynamically with time. We increase the total mass of the
disk every time step at a constant rabe of Ll]?_ﬂfft_.,fll:,'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 vy = 1.25 and a disk mass of My = 150, However, the steep gradient for
abalug fogy) = 0. disappears (Figure 5.2 If the same remnant is analyzed without the
additional disk component we can quantify the influence on the spheroidal component. Figure
Lol indicates that the structure of the merger remnant is almost unchanged (see Figures 521,
522, and 5.27) besides a small influenee on the ha-ugy g correlation,



Chapter 6

Discussion and Conclusions

The aim of this thesis was to study the dynamics of inberacting disk galaxies represented
by collisionless particles and the possible formation of elliptical galaxies originating from the
reanlting mergers. After a short snmmary of the thesis we will discuss the results in a broader
coniext.

We performed a large set of fully selfconsistent. eollisionless simulations of two merging spiral
galaxics with masa ratios of 1:1, 2:1, k1, and 4:1. For every mass ratio, we simulated mergers
with diffevent orhbital geometries that coarsely cover the parameter space for relative spin
arientations between the galactic disks (Chapter ). In general, isophotal shape, ellipticity
and rotational properties of the simulated remnants change with radius. Therefore for every
projected merger remnant we derived global photometrie and kinematic parameters apply-
ing the methods used by observational astronomers. We showed that the parameters do not
change with time cnee the remnant has reached d ynamical equilibrinm (Section 4.2) and we
performed A statistical comparison of the projected properties of ainmlated 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-ofsight velority distribution along the major axis for every projected
remnant (Chapter §). After parametrizing the asymmetric and symmetric deviations from
a Ganssian we compared it with observations of elliptical galaxies (Section 5.1). Thereafter
the influenee of a thin stellar disk component on the properties of 3:1 merger remnants was
investigated and we estimated a pozsible mass and size for auch & component (Section b))

The derived global parameters demonstrate that the observed dichotomy between bocy and
dizky ellipticals could originate from variations in the mass ratics of the progenitor galaxies.

Equal-mass mergera 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 to anr' 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 alveady been noted
before by Steinmetz & Buchner (1905) and Heyl et al. [1984). However, those investigations

LiLE
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suffer from important limitations. Steinmetz & Buchner (1995), on the ane hand. neglected
the bulge component leading to remnants that were too diffuse at the center to follow a de
Vaneouleurs law. Heyl et al. (199, on the other hand, used simulations with only a small set
of relative oriemtations which allowed them to draw only weak concusions. In addition, they
did not correlate the isophotal shape with kinematic parameters. Our simulations show that
statistically, the "ohserved™ data of sinmlated equal-mass merger remnants agrees perfectly
with data for obeerved boxy elliptical galaxies with respect to ellipticity, rotation, anisofropy
and minor-axis rotation. The observed spread in the data can be explained by projection
effects (see Maab et al., 19949,

Within the group of equal-mass merger remnants there exist two subgroups with distinet kin-
ematical properties (see the double-peaked distribution of 1y, (g in Figure 4.29). Those with
coratating progenitor disks still contain a significant amount of rotation up to @y fog = 04,
They are less anisotropic with log (i, fog)™ = —(.5 and the vast majority of their projected
remnants shows boxy isophotes. The faster rotating proj ections show asymmetric LOSYVDs
with steep retrograde wings characterized by a positive hilyg. This trend is in contradiction
to observations by Bender et al. (19%4) and Mehlert et al. (2000)) who find only negative
hidg for significantly rotating galaxies. The local correlations for simulated remnants show
a positive slope for the measured inberval, again in contradiction to the observations men-
tioned above. Equal-mass mergers with counterrotating progenitor disks almost do not rotate
(e fmg < 0.1) and show a high degree of velocity anisotropy [(ww o)™ = —1]. In contra-
diction to obser vations they have a significant number of projected remnants that show disky
isophotes. The kinematic differences to covotating mergera can be explained by the fact that
mergers with counterrotating disks will lead to & remnant with a smaller angular momentium
in the end. The reason why the most anisotropic remnants show a velatively large portion of
disky projections is unclear and has to be investigated in the future. The remnants of coun-
terrotating equal-mass mergers perfectly follow the observed global and local corvelations for
LSV D,

Remnants of 3:1 and 4:1 mergers are more oblate than equal-mass mergers and rotate fast
(et f@o < L), i has already been suggested by Barnes (1998) that 1 mergers lead to fast
rotating flat tened remnants. However, he did not quantify the resul ts nsing divectly observable
physical parameters. Almost all of our simulated &1 and 4:1 mergers have disky isophotes,
During the merger the large progenitor dizk is not completely destroyed and keeps the memaory
af ita initial state. After the merger is complete the particles from the large progenitor domin-
ate the propertiesof the merger remnant. 51 merger remnants show small minor-axis rotation
and are less anisotropic than equal-mass mergers [ foa)” = (L7, They can therefore be
assumed to be flattened by rotation. Their surface density profile cannot be deseribed by a
pure r'* law. The Sersic shape parameter lies in the range of .28 < g < (145, pointing
towards a morve exponential-like distribution. These values are consistent with observations
of giant elliptical galaxics with lower lnminozity (Caon ot al., 1993 Gavazzi et al., 3000).

Like equal-mass mergers, the merger geometry influenees the resulting kinematical proper-
ties of the J:1 merger remnants. Prograde 3:1 mergers tend bo have a more prolate shape,
rotate more slowly, show a higher degree of anisotropy and a larger amount of minor-axis
rotation than retrograde mergora. In addition, they hawe stronger twisted isophotes than

retrograde mergers. Prograde encounters experience a much stronger tidal perturbation of
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the more massive disk component. The formation of strong tidal arms leads to strong radial
motions. In addition, tidal material lopses angular momentum by dynamical friction with
the ouber halo, The detailed influence of these processes on the structure of the remnants
is atill unclear. Further imvestigations will be needed to understand the dominant processes
determining the strocture of 1 merger remnanta, The LOSVDe of (1 merger remnants can
be characterized by pesitive values of bz for all value of rotational support. This finding
comtradicts the observations of LOSVDa of fast rofating elliptical galaxies.

Remnants with a mass ratio of 2:1 show properties that are intermediate between those of
equal-mass and &1 or 4:1 merger remnants with respect to all observed global and local para-

There is & fundamental difference between 1:1 remnants and &1 or 41 (unequal-mass) rem-
nanta which does not change with projection effecta. They do however lead to a large spread

in the global parameters. This i= is in very good agreement with the obeerved parameter
distribution (Bender et al., 1988; Bender et al., 1984).

We tested different initial conditions like closer or wider passages, cuspy halo profiles (Hernguist,
149%]1) resembling the profiles from ccsmological large-scale simulations (Mavarro et al., 19497,
rotating bulges or significantly colder initial disks. The basic results remained unchanged. In
contradiction to the common belief that disky E /S0 galaxies are formed involving dissipat-
ive processes like atar formation (Kormendy & Bender, 1996 Faber et al. (1997); Dekld &
Shioya. 197) we therefore conclude on the basis of isophotal shape and rotation properties
that pure satellar mergers can in principle explain the observed dichotomy betwem dislky and
boxy ellipticals. The following comparison summarizes the bazic results [ plus and minus signs
indicate whether the result is consistent with observations or not):

1:1 merger, counterrotating 1:1 merger, corotating

e ' gurface density profile: @ o V4 surface density profile; @

# triaxial structure, isophotal twist, # ftriaxial structure, isophotal bwist,
large amount of minor-axis rota tion: large amount of minor-axis rotation:
& &

& no rotation and high degree of velo- & zmall rotation and modest degree of
city anisotropy: @ velocity anisotropy: @

# booy and disky isophotes depending # ooy isophotes @

on viewing angle: & « does not fallow ohserved global and

e follows observed correlations for loecal correlations for LOSVDs: &8
LOSVDe @&
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3:1 merger, counterrotating 3:1 merger, corotating

s gurface density profile with e = & surface density profile with rig., ==
0.4 & nd: &

& oblate structure. isophotal twist, #& oblate/prolate structure, isophotal
small amaunt of minor-axis rotation: twrigt,  intermediate  amounk  of
& minor-axis rotation: S

# fast rotation and small degree of ve- # gignificant rotation and intermediate
locity anisotropy: @ degree of velocity anisotropy: @8

# (lisky isophoies @ v (isky isophotes @

& does not follow observed global and ® does not follow observed global and
local correlations for LOSVDs: £ local correlations for LOSVDs &5

However, the properties of LOSVDRE of most simulated merger remnants are in disagreement
with observations, Where they do agree, as in the case of equal-mass mergers with coun-
ferrotating progenitor disks, we find disky projections which are not observed. The negative
iy for observed fast rotating elliptical galaxies indicates an additional stellar disk component
superimposed on a spheroidal stellar body. This finding is supported by detailed suface pho-
tometry of disky ellipticals (Nieto et al., 1991a; Scorza & Bender, 199%: Scorza eb al, 1998)
and kinematical investigations of low-luminesity ellipticals (HRix et al., 19949). The comparison
af robation properties of low-luminoeity elliptical galaxies (Fix et al., 1994) with our sinmilated
&1 merger remmants has shown, that our remnants are dynamically too hot to be in agree-
ment with abservations (Cretton et al., Aia) in eontrast to the results published by Bendo
k& Barnes (2000, But this iz only true for the low-luminosity end of giant elliptical galaxies
and cannot lead to condusions oncerning the global 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 have also played an important
role in the formation of boxy ellipticals.

We tested the influence of & 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 7y = 1.0y leads to properties of the remnant which are in exeellent agreement with
abservations. The line shapes of the remmnants change from having & steep retrograde wing
to having a steep prograde wing, The remnants particularly follow the observed local oorrel-
ation between by and g fagy. The minor-axis rotation for prograde enconnters is veduced to
the observed walue for all projections and all remnants are as isotropic and rotate as fast as
expected from observations,
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These 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 of the progenitor galaxies must have
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. The gaseous disk conld then success-
ively have turned into stars that have debermined the final propertics of presmt day disky
elliptical galaxies, We lmow fram simmlations of equal-mass merging gas vich galaxes (Mihos
& Hernquist, 1996; Barnes & Hernquist, 1996) that a large amount of gas can be driven to
the center leading to a starburat or gas can accumulate in dense gas knots where it could
very offectively be transformed into stara. At 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 sinmlations 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 galazdies can form & large-acale disk after the merger is complete (Maab & Burkert.,
Hk). These simulations do not indode star formation therefore it is not at all clear if there
will be enough gas left to form & disk if the gas is allowed to form stars during the merger.
Henee we do not know in how far processes like star formation and energy feedback into the
interatellar medinm will inHuenee the properties of the merger remnant. For & more detailed
dismussion of this topic we refor to Chapter 7.

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

# (ilobal propertics of merger remnants like isophotal shape and velocity anisotropy agres
with obaervations of elliptical galaxies. The dominant parameter is the mass ratio of
the progenitor galaxies,

& Local properties like LOSVD-shape or rotational suppart (in case of 3:1 and 4:1 mergers)
are in disagreement with obeervations with the exception of counterrotating equal-mass
METEETs.

& Merging of equal-mass disk galaxies is the moat likely process for the formation of bocy
andl aniso tropic elliptical galaxies,

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

= A disk, with a mass of = 15% of the initial stellar masa, formed after the 31 merger is
com plete leads to a perfect agreement with observations, Therefore gas mmst have been
present during the formation of disky elliptical galaxies.

Ohservations show that disky ellipticals have on average Lower luminosities than boxy ellipt-
icals (Bender et al., 1988). (hur 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 i3 no convincing argn-
ment for why bow mass ellipticals should have suffered mainly unequal-mass mergers while
high masa cmes should have evolved mainly through equal-mass mergers. However, there is
& possible solution bo this problem. Bocy ellipticals could predominantly form from mergers
af early type galaxies. Observations of high redshift clusters suggest this procesa to be very
frequent in the early universe (eg. van Dokkum et al., 1904%). We tested this formation
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scenario by taking two merger remnants of corotating equal-mass galaxies and merging them
on A parabolic arbit. The resulting remnant is indeed very anizotropic (see Figure G.1). The
amennt of boxiness and the ellipticities are larger than observed. However, the LOSVD fits
the observed data. Naab & Burkert (3000a) also investigated unequal-mass mergers of early
by e galaxics and found a significant amount of disky projections with anisotropic kinematics,
in eontradiction with observations.
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Figure f.1: Same as Figure 4.36 but for & merger of two remnants of equal-mass disk mergera.

Therefore, some of our problems are still unsolved. Numerical resolution does not seem to
be the problem. We performed simmilations with varying numbers of particles and different
timestep sizes getting the same results. The errars for the messured quantities are in general
very small. If they are large, as in the case of adyy for low-resolution sinmlations, 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 mst have also been present in equal-mass mergers as we
know from the existence of metal enhaneed and for kinematically decoupled corves. If previous
aimulations of gas rich equal-mass mergers are coarrect most of the gas settles into the central
region of the merger remnant. The additional potential could change the orbits of the atars
(soe e.g. Merritt & Quinlan, 1908; Vallurl £ Merritt, 1998 ). This could lead to much rounder
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remnants (a2 it has been found by Barnes & Hernquist, 19496) thereby avoiding extremely
boxy ar 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 ia driven to the center. However, we could fest the
influenee of such an additional gas disk in the same way as we did for 31 mergers (Section
L), The vesult for the best fibting disk dimensions is almost the same as for 1 mergers
(Figure 6.2).
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Figure 6.2 Mass My versus scale radius ry for & disk added to the merger remnant 1.1 H_8.
Combinations that are able to reproduce (big dot), almost reproduce (small dot) or fail to
reproduee (minns sign) the obeerved correlations ave showmn.

If this behaviour was realistic it would break the strict assodation of equal-mass mergers
with boxy ellipticals. The properties like diskiness/hboxiness or isotropy fanisobropy wonld
then strongly depend on the projection effects. Surprizsingly, the spread in the dats points
perfectly agrees with the observed distribution (Figurve 6.23).

In addition, the model follows the obaerved correlations for the LOSVDs (Figure 6.4). Such
a merger remnant would however not represent the class of observed massive boxy elliptic-
als sinee observed radio and X-ray emission connected to those galaxies does not depend on
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Figure 6.4: Same s figure 529 but for an equal-mass merger with a disk with My = 15%
and ry = 1.2y added after the merger was complete.

the viewing angle. However, it could represent a class of objects connecting boocy and disky
galaxies at intermediate masses [(Bender et al., 1988). In addition, previous models of gas-rich
equal-mass mergers might have 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 & significant amount of
angular momentum and decouple it from the stars. After the merger has taken place, the gas
winild 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
ke discnased in Chapter 7.

Finally, there i= 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 stellar systems and all formed very early at a redshift of more than two [Searle
et al., 1973). After an intensive initial star formation phase they experienced very little mass
evolution (Bruzual A & Charlot, 1993). It has been argued by many anthors that the stellar
evolution of ellipticals is eompatible with pure passive ewolution models (e.g. Bower et al.,
19492, Aragon-Salamanca et al., 1993, Bender et al., 1996 | Tllis et al., 1997, Ziegler & Bender,
19497) or models with exponentially decaying star formation (Ziegler et al., 1999). Alternat-
ively, hievarchical theories of galaxy formation predict that massive galaxies were assembled
relatively late in many generations of mergera of disk galaxies or amaller subunits and mass
aceretion, It has been argued by Kauffmann (1996) and Kanffmann & Charlot (19498) that
this merger scenario 18 consistent with observations of galaxies at different redshifts.

We have shown that simulated remnants of merging spiral galaxies have properties resembling
obeerved elliptical galaxies. This is an argument for the merger picture. (n the other hand
it is very unlikely that Milky Way sized galaxies could hawe existed 5 Gyrs or 10 Gyrs ago in
sufficent numbsers to account for the population of ellipticals in total. Probably the process is
a ponbina tion of dissipative collapse and mergera. Massive ellipticals and bulges form by early
dizsipative collapee and faint disky and intermediate elli pticals form by mergers of evolved Sb
ar Sa galaxies, However, for a self-consistent model of the formation of ellipticals it will be
necessary to inwestigate the merger history of individual galaxies in large-scale cosmological
aimulations to draw conclusions on the masses, mass ratios, orhits, gas contents, halo shapes,
and time scales of individual mergers. Thoee mergers hawe 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 and visualize our results,
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Chapter 7

Outlook

We have scen that gas must have played an important role during the formation of disky
elliptical galaxies. The observations can be explamed 1f ga= with a mass of at least 15% of the
initial lnminous mass survives the encounter and forms a disk after the merger is complete.
We hawve used this information to resimulate the §1 mergers 31 L_E and 3.1.L.15 adding
a gas component with 3% of the total stellar mass (thereafter 3.1 LG8 and 3.1 LG _15).
The gas was represented by SPH particles nsing an isothermal equation of state (Gingold &
Monmaghan, 1977; Lucy, 1977; Monaghan, 1992). The N-body/SPH formalism and mmerical
models will not be discussed in detail here (see e Hernquist & Kate, 198%). This first
step to more selfconsistent aimulations of nnequal-mass mergers foruses 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 eneounter. The prograde and retrograde rotating massive progenitor
dizks are eazily recognizable. Figures 7.3 and 7.4 show the final distribution of stellar and
gaseons particles for the two mergers. In contrast o the collisionless merger the stellar distri-
bution here is almost pecfectly oblate with T = 0.1 for 3.1_LG_8 and T = 0.06 for 3.1 LG 15,
The surface density of the stellar population for the prograde merger has a Seraic index of
fiser 72 (124, The retrograde merger 5.1 LG 15 has fige = (148 and is therefore more expo-
nential. The gas in both cases is distributed in a large-scale disk and is surrounded by dense
gas knota. In cage of the merger 5.1 LG8, the gas disk is clearly tilted in the outer parta. As
already noted by Barnes & Hernoguist (1996), based an their SPH simulations of equal-mass
mergers, even & 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 invesatiga te the LOWVSDs of anly the stellar part we find negative values for by in excellent
agreement. with observations (see upper rows of Figures 7.0 and 7.46), although the inner tilt
af the loeal correlation is not reproduced. Therefore the gas must have changed the dynamics
af the stara significantly during the merger event. We have seen that & disk, added after
the merger is pomplete, does not lead to such a significant change in atellar 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 imvestigate the remnant again. We atill find a good
agreement of the LOSVDe with observations (see lower rows of Figures 7.0 and 7.6). However,
now the abaolute values of by tend to be alightly too large. Taking the stellar surface density.
triaxiality, and ellipticity into aceount, the remnant 3.1 LGB (G is for “gas”) resembles more

113§
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a 8 than an elliptical one. These frst results already suggest that negative values for by do
not have to result fram a newly formed stellar disk alone.

. &

s E— —

Figure 7.1: Time sequence of the gaseous component of the merger 3.1 LG 8

Figure 7.2: Time sequence of the gaseous component of the merger 3.1 LG_15.
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Figure 7.3 Final distribution of the stars and the gas of the merger J.1.LG_E.

Instead, they can result from the influence of 4 gaseous (collision dominated) component
during the merger event. Therefore, rollisionless and collisional dynamica both determine the
structure of merger remnants.

The end productzs of the mergers with gas show propertics that arve in very good agreement
with properties of observed elliptical galaxies. In addition, they are in good agreement with
predictions frorn observations that suggest that disky elliptical galaxies have formed from
processes which include dissipative physics. Kormendy & Bender (1996) proposed a modified
Hubble sequence in the sense that there iz A contimous sequence from 81 galaxies to disky
ellipticals to bomy ellipticals (Figure 7.7). They predict that the influence of dissipation de-
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Figure 7.4: Final distribufion of the stara and the gas of the merger 3.1_LG 15,

creases from the right hand side to the left hand side

We find strong theoretical evidence that this picture is eorrect.  Caollisionless unequal-mass
mergers lead to remnants that are inconsistent with observations, Adding a significant amount
af gaa, which iz likely if one assumes that the mergers mmat have taken place in the earlier
phases of the universe, leads to disky ellipticals or even 51 galaxies with observed kinematical
propertics. Equal-mass mergera 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 7.6: S8ame as Figure 7.5 but with a prograde rotating massive disk

Howewver, there are a lobt of outstanding issues that could, in addition, have a significant
influence on the theary of the formation of elliptical galaxies:

& The interstellar medium is by far more complex than it is treated in these very
simplifiedd simulations. We only simulate gas with a temperature of HF Kelvin with
an isothermal equation of state. However, we know that hot massive gaseous coronas
exist around massive elliptical galaxies at a temperature of some 10% Felvin and oold
molecular gas exists in malecular clouds at a temperature of = W Kelvin in disks of
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ELU™TICAL GALAXIES
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Fignre 7.7: Hevised Hubble sequence as proposed by Kormendy & Bender (1996).

apiral galaxies. These components contain a significant amount of dynamical mass that
could (and will, a8 we haveseen ) change the properties of the resulting merger remnant.
As we know from cosmological simulations, there exista & severe angular momentium
problem since cold gas clumps that foom relatively early in the universe logse too mch
angular momentium by dynamical friction to lead to the formation of spiral galacies
with smal ler than the observed rotation (=2ee eg. Mavarro & Steinmetz, 1997, Steinmetz
& Mavarmo, 19, 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 of bound gas dumps
within ticlal taila. These gas clumps loose angular momentum by dynamical friction
and fall back to the center of the galaxy to make up a disk. If there is no problem at
all with this we can concude that the simulated formation of tidal clumps is real and
these cumps can be associated with dwarf galaxies or massive star clusters. If there
exists an angular momentum problem, part of the gas must have been heated by star
formation processes to keep its angular momentum and form & new large-scale disk after
the merger is complete as it has been suggested by Rix et al. [1999). Therefore it will
be necesaary to simmlate a multi-phase interstellar medinm on the seale of the entive
galaxy.

The spatial resolution of the present day simulations does not go far beyond 1iMpe.
Thi= is the scale of giant moleenlar clouds. Properties oo smaller scales cannot be
gimmilated self-consistently. For example, we can barely resalve the structure of the
bound clumps that form in tidal tails of interacting galaxies. We do not exactly know
on which [(probably resolution-dependent] seales these cdumps could form. On small
scales they could be the seeds of star clusters. If they are more massive, they could
be identified with tidal dwarf galaxies. Those clumps are extremely interesting sinoe
they do not econtain dark matter at all. Therefore they ave a priory candidates for
globular clusters which do not contain dark matter. Also the question of whether there
exist dwarf galaxies without dark matter could be addressed. Dewarfs that ave observed
around merging systems could have a tidal origin (e.g. Deeg et al., 1998). Therefore
we need high-resolution simulations to resolve the infernal structure of those regions in
detail (e Kroupa, 197, Klessen & Kroupa, 10488; Duc et al., 2000).
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&« We alzo want to know where exactly the dense regions form that will be the seeds of
star formation. High-resolution simmlations conld be comparved with high-resolution
observationa of nearby merging spirals like the Antennae galaxies or Cartwheel (eg.
Mirabel et al., 1998; Herellou et al, 1998). In addition, it is impossible up to now to
follow infalling gas on its way to the center. Howewer, this prooesa could be aucial for
the formation of massive galactic black holes. There is a strong correlation between
bulge maszes and masses of their black holes (Gebhardt et al., 2000). If bulges of
spiral galaxies host black holes of the order of 10F A5 and elliptical galaxies host black
holes of the arder WPM,;, it is not possible that « liptical galaxies have formed from
collisionless mergers of apiral galaxies (even if their black holes will merge in the end,
we would need = 100{ progenitor galaxies of Milky Way size which is very unlikely).
Gas aceretion during & major merger is A very attractive way of explaining the large
black hole masses. However, future simulations shonld be able to follow the infall of gas
up to the innermest regions where relativistic processes become important. This would
enable us to calmilate accretion rates and estimate the strength of central starburats
and the grow rate of melear black holes.

= Another related topic are the core properties of elliptical galaxies. It has been ar-
gued by Faber et al. (1997) that the steep central density profiles in disky elliptical
galaxies originate from central disk-like structures with a power-law density distribuo-
tion resulting from dissipative processes. Naab & Burkert (2000b) found first evidence
for the formation of such a central power-law gas distribution. The flat cores in massive
ellipticals are agsumed to be a result of black holes interacting with each other or the
surronnding stars (e.g. Makano & Makino, 199 Cruz & Merritt, 2000). Sinee the
dynamical timescale is very short at the centera of galaxies, it is necessary to use meth-
ads of mllision 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. Hemsendorf, 2000 and ot hers).

# The influence of gas on the stellar dynamics during 8 merger event is not well
understood. Barnes & Hernquist (1996] already noted that the stellar distribution of
equal-mass mergers with gas look significantly rounder than their mollisionless connter-
parts. In eontrast, as we have shown here, §:1 remnants with gas arve significantly more
flattened than collisionless (11 mergers. Furthermore, the difference in the LOSVDs
point to & major change in the stellar distribution funetion. However, it is far beyond
the scope of this thesis to investigate this issue. Specialists working within this field
might tw able to deal with it analytically (Debnen, private eommunication). We have
already seen that the formation of & thin stellar disk that formed after the eollision-
less merger is complete cannot be responsible for a significant change of the shape and
the dynamics of the spheraidal part of the remnant (Section 5.5, Therefore the gas
itaelf mmst influence the stellar population during the merger event. The details of this
process ave atill not understood and need farther investipation.

& We did not inmrporate star formation into our simulations, The formation of meo-
lecular clouds which are the seeds of star formation on seales of 1pe to W0pe is not
yet understood. Sinee we are not able to resolve these small scales it is even more
problematic to apply simple largescale star formation rules. [t seems plausible that
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small-scal e effects would not change the global atar formation properties, but it is not
proven at all. However first steps have been taken in the past (Barnes & Hernguist,
1996; Mihos & Hernquist, 1996; Springel, 2000). Feedback from star-forming regions
through the input of thermal and kinetic energy into the surrounding interstellar me-
dinm will change the resulting gas flow. Firat atbempts at incorporating star formation
and feedback by Mihos & Hernquist (1996) and others indicate that star formation does
not change large-scale gas flows as for example the bar-indueed funneling of gas to the
center of the merger remnant. Sinee only very sim ple rules deseribing star formation on
a kpe scale have been applied, the complex small scale processes related to star form-
ation are neglected. It has been avgued by Bekki & Shioya (1997) and Springel (2000)
that the isophotal shape depends on the atar formation history of the merger remnant.
However, thoee simulations did not investigate the influence of merger geometry and
different mass ratins. Therefore it is not yet clear which is the dominant process.

There must be some influence of the merging process on the dark matter halos. We
can expect that the dramatie change of shape of the lnminous part will also change
the shape of the dark matter halm. Collisionless merger simulations show that the
reulting hiales ave almost spheroidal. Thisianot surprising sinee we start with spherical
objects. Large-scale collisionless simulations suggest a prolate shape (Warren et al.
(1499%)) wheress a small fraction of dissipative gas (= W%] results in halos of & more
ablate shape (Dubinski, 1994). Observations suggest that halos in real galaxies are
most likely flattened oblate objects (see Sackett (199 for an overview ). Therefore it is
unclear if we need oblate halos already a8 models for disk galaxies or if oblate halos form
during the merger progess itself. In addition, it has to be investigated how in detail the
shape of dark matter halos influences the evolution of merging galaxies. Especially the
influence of initially rotating dark hales of the progenitor galaxies should be investigated
in the future,

At the present epoch most elliptical galaxies are found in high-density vegions like
galaxy groups or galaxy clusters. Nevertheless, the environmental influence at the
time of their formation is atill unclear. Massive old clusters like Coma are most likely
dynamically relaxed aystems with welooty dispersions of = 100 km/s. Galaxies with
relative velodties of this arder do not merge. There is evidence that younger clusters
show a significant. amonnt of dynamically cold substricture, probably infalling groups
of galaxies with velodty dispersions of the order of 100 lonfs. 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 clust er galaxies can significantly change the morphology of an infalling spiral galaxy
(Mdoore et al., 1998). Goedin et al. (20000) argue on the basis of emmological large-scale
simmlations 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
thereafber . More theoretical work has to be done in the future to understand in detail
presible formation processes and interactions with the environment in detail.
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